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ABSTRACT

The recent announcement of marijuana legalization in Canada spiked many discussions about
potential health benefits of Cannabis sativa. Cannabinoids are active chemical compounds pro-
duced by cannabis, and their numerous effects on the human body are primarily exerted through
interactions with cannabinoid receptor types 1 (CB;) and 2 (CB,). Cannabinoids are broadly
classified as endo-, phyto-, and synthetic cannabinoids. In this review, we will describe the activity
of cannabinoids on the cellular level, comprehensively summarize the activity of all groups of
cannabinoids on various cancers and propose several potential mechanisms of action of canna-

binoids on cancer cells.

Introduction

Cannabinoids are compounds that exert numerous
effects in the human body and include molecules that
are structurally similar to A’-tetrahydrocannabinol
(A’-THC) and interact with cannabinoid receptors
[1]. Cannabinoids affect cell function through var-
ious cellular pathways mediated by two types of
G-protein coupled receptors (GPCRs): the cannabi-
noid receptor type 1 (CB;) and the cannabinoid
receptor type 2 (CB,).

The known types of cannabinoids

There are three major types of cannabinoids: endo-
cannabinoids produced by the human body, phyto-
cannabinoids produced primarily by Cannabis
sativa, and synthetic cannabinoids that are synthe-
sized artificially. All three groups of classical canna-
binoids have a somewhat similar structure because
they are decarboxylated from 2-carboxylic acids
(2-COOH); the main structural difference is due to
different methods of precursor cyclization [2].

Two major endocannabinoids with the defined
activity in  the  human  body  are
N-arachidonoylethanolamine (AEA-anandamide)
and 2-arachidonoylglycerol (2-AG) [3]. Other
endocannabinoid molecules with less clear roles
include oleamide, O-arachidonoyl ethanolamine
which is also known as virodhamine, 2-AG ether
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also known as noladin, pregnenolone, lipoxin A4,
and N-arachidonoyl- dopamine [3] (Table 1).
Endocannabinoids affect our pain sensation and
response, stress response, inflammation response,
appetite, memory, and mood, among other pro-
cesses [1,3]. Immune response, neurotransmission,
energy homeostasis, reproduction, and cell survi-
val/death are all affected by the endocannabinoid
system (ECS) [1]. Whereas anandamide functions
as a ligand for CB,, 2-AG can bind with both CB,
and CB, receptors [4].

Synthetic cannabinoids (SCs) include dronabi-
nol and its analogues nabilone and rimonabant
which are used to treat pain, loss of appetite,
obesity, and other conditions. Most of the SCs
were developed to study the function of ECS,
avoiding restrictions associated with the use of
cannabis and endocannabinoids. SCs can be
broadly divided into synthetic equivalents of
endo- or phytocannabinoids (for example, drona-
binol is similar to A9-THC), analogs of endo- or
phytocannabinoids (i.e., nabilone, HU-210), deri-
vatives of endocannabinoids (i.e., methananda-
mide), or completely new compounds of various
chemical structure and affinity to cannabinoid
receptors [5].

Phytocannabinoids are mainly found in
Cannabis sativa and are represented by over 100
cannabinoids, although only a few of them are
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relatively abundant and believed to be active [6].
All these compounds are defined as cannabinoids
because they are structurally similar to endocan-
nabinoids; however, most of them either do not
bind known cannabinoid receptors or do that very
inefficiently. All cannabinoids derive from canna-
bigerolic acid (CBGA), a molecule produced from
the combination of geranyl pyrophosphate and
olivetolic acid catalyzed by GOT,
a prenyltransferase group enzyme. CBGA is then
converted into four major cannabinoids: cannabi-
gerol (CBG), A’-tetrahydrocannabinolic acid
(THCA), cannabidiolic acid (CBDA), and canna-
bichromenic acid (CBCA) (Figure 1). Whereas
CBG is obtained by direct heat-, light-, or alkyla-
tion-induced decarboxylation events (loss of CO,
group), THCA, CBDA, and CBCA are obtained
through the activity of THCA, CBDA, and CBCA
synthase, respectively. Finally, THCA, CBDA, and
CBCA are converted into the active compounds
A° - tetrahydrocannabinol (THC), cannabidiol
(CBD), and cannabichromene (CBC) through the
heat-induced decarboxylation. Prolonged exposure
to the air also results in the conversion of THCA
into cannabinolic acid (CBNA) and THC into
cannabinol (CBN). Decarboxylising CBNA also
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results in CBN. The most prevalent cannabinoids
are A°-THC, cannabidiol (CBD), and cannabinol
(CBN) [7]. Furthermore, some plants have an
active alternative pathway that generates an almost
mirror image of major cannabinoids from divari-
nic acid instead of olivetolic acid, starting from the
precursor CBGA variant (CBGVA) instead of
CBGA and downstream molecules including
CBCA (CBCVA), CBDA (CBDVA), and THCA
(THCVA) variants, and other compounds
(Figure 1).

The mode of action of cannabinoids

The main mode of action of cannabinoids is based
on their neuromodulator activity through retro-
grade neurotransmission and binding to CB; and
CB, receptors. The two main types of cannabinoid
receptors vary mostly in their localization. CB,
receptors are more abundant and ubiquitously
present in the body; they are mainly localized in
the central nervous system (CNS) and secondarily
in various extra-neural tissues and peripheral
nerve terminals [8,9]. CB, receptors are also
expressed in most regions of the body but are in
abundance in lymph nodes, spleen, bone marrow

Divarinoic acid

e ) @ : D\
Fatty acid Polyketide Fatty acid
Pathway
N-Butyl-CoA Hexanoyl CoA

Olivetolic acid

LCEG_A_/

CBGVA
N 2 o/
CBCVA CBDVA THCVA CBCA  CBDA THCA]
[
[ CBCV  CBDV  A9-THCV CBGV CBG CBC CBD A9-THﬂ
CBNVA-> CBNV CBL<- CBLAV

CBLVA - CBLV
CBEA-C3 —>CBE-C3

CBN <-CBNA
CBA <~ CBEA

() Main biosynthesis pathway
() Vvariant biosynthesis pathway
() Biosynthesis products

() Decarboxylation products
(C) Degradation products
() Isomerization products

Figure 1. Polyketide pathway of cannabinoids synthesis. Dark green (right panel) shows the main biosynthesis pathway, whereas
light green (left panel) shows the variant biosynthesis pathway. Biosynthesis products consist of CBCA, CBDA, THCA and their
variants, CBCVA, CBDVA and THCVA. Decarboxylation products are shown in the blue box, whereas degradation products are in gray.

Delta 8 isomerization products are shown in yellow.
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and appendix [10,11]. Certain level of CB, recep-
tors is also found in CNS, primarily in microglia
but also in neurons [11].

The specific class of G-proteins with which CB;
/CB, receptors interact belongs to the heterotri-
meric class that consists of three subunits, G,, Gg,
and G,, with the latter two often forming a dimer.
G, subunits are represented by several classes
including, but not limited to, Gas (G stimulatory),
Ga; (G inhibitory), Ga, (G other), Ga 41, and Ga
12113 Both G, and Gg/G, activate or inactivate
different secondary pathways. Whereas Ga, acti-
vates the cyclic AMP (cAMP)-dependent pathway,
Ga; inhibits it, thus preventing cAMP production
from ATP; both reactions occur through the inter-
action with adenylate cyclase, an enzyme that con-
verts ATP into cAMP. cAMP functions as
a secondary messenger that activates protein kinase
A (PKA) which in turn phosphorylates different
targets. The Gg;a subunit interacts with and
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activates phospholipase C beta (PCB). The active
PCB form cleaves phosphoinositol PIP, into inosi-
tol triphosphate (IP3) and diacylglycerol (DAG).
Gayy/3 signals through the interaction with the
RhoGEF domain of the Rho family GTPases, result-
ing in the regulation of cell cytoskeleton remodeling
and the activation of cell migration [12].
Nogueras-Ortiz and Yudowski [13] proposed
three waves of spatiotemporal responses of canna-
binoid binding to CB receptors [13]. The first
wave is initiated by cannabinoids binding to the
CB,/CB, receptors. The interaction with these
receptors activates heterotrimeric G proteins,
thus leading to their dissociation into Ga; and Gg
/G, subunits and resulting in three major events:
a rapid decrease in cAMP levels due to the direct
binding and inhibition of adenylate cyclase by
a Ga; subunit, a decrease in Ca®" conductance,
and an increase in K' conductance (Figure 2).
The second wave consists of the events associated

Wave lli
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and B-arrestin
associated pathways
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Figure 2. Three waves of responses to cannabinoid binding. The first wave is initiated by cannabinoids binding to the CB,/CB,
receptors. The interaction of cannabinoids with one of these receptors activates heterotrimeric G proteins, thus leading to their
dissociation into Ga; and Gg/G, subunits and resulting in three major events: a rapid decrease in cAMP levels due to the direct

binding and inhibition of adenylate cyclase by a Ga; subunit, a decrease in Ca**

conductance, and an increase in K" conductance.

The second wave consists of the events associated with the receptor phosphorylation followed by receptor desensitization. Arrestin
proteins bind to the phosphorylated receptor leading to receptor internalization, thus redirecting all downstream signaling to other
receptors and activating the pathways like mitogen-activated protein family of kinases. The third wave is initiated at the receptors in
the intracellular compartments such as endosomes and lysosomes and can be initialized through either G proteins or B-arrestins.



with the ligand-induced receptor phosphorylation
followed by receptor desensitization through the
phosphorylation of GPCR by the G protein-
coupled receptor kinases. Arrestin proteins bind
to the phosphorylated receptor which leads to its
internalization and unavailability for further sig-
naling, thus redirecting all downstream signaling
to other receptors and activating pathways such as
the mitogen-activated protein family of kinases
[14,15].

The third wave is initiated at the receptors in the
intracellular compartments such as endosomes and
lysosomes and can be triggered through either
G proteins or [-arrestins. The existence of this
wave and its functionality in vivo are unclear, but
several lines of evidence support its importance.
Immunostaining a hippocampal Neuro2A cell cul-
ture demonstrates the enrichment of CB; in the
intracellular compartments and shows the co-
immunoprecipitation of CB; and G proteins isolated
from the endosomal compartments [16]. Treating
Neuro2A cells with the combination of an agonist
that can cross the plasma membrane (WIN-55212-2)
and the receptor blocker (hemopressin) that cannot
cross the plasma membrane demonstrates the phos-
phorylation and activation of the extracellular signal-
regulated protein kinase (ERK), presumably occur-
ring through the activation of the receptor in the
intracellular compartments.

CB; receptor activation

CB; receptors are primarily located in the CNS. In
fact, the human CNS has more CB, receptors than
any other type of GPCRs. CB, receptors are mostly
located at the terminal parts of central and periph-
eral neurons where they are involved in inhibition
of neurotransmission [17]. Many other tissues also
have CB; receptors albeit at much lower numbers.
CB; receptors can regulate various functions,
including cardiovascular, reproductive, and
respiratory functions as well as the neuronal devel-
opment and neuromodulatory processes.
Signaling through the CB; receptor negatively
regulates neurotransmitter release by inhibiting
the phosphorylation of the A-type potassium
channels. In its unphosphorylated form, the
A-type potassium channels sustain a continuous
outward flow of potassium [18]. The activation of
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CB; is also known to negatively regulate the
inward flow of potassium through the D-type
receptors. CB; activation also results in the inhibi-
tion of the N-type calcium channels via a direct
interaction with Ga; and Ga, proteins. Altogether,
this results in the restriction of neurotransmission
leading to cognitive impairment and sedative-like
effects after the consumption of marijuana [19].

CB; receptors in humans are more abundant in
most regions of brain of healthy females as com-
pared to males, as demonstrated by an in vivo
positron emission tomography (PET) [20]. In
addition, CB1 receptors abundance increases with
age in females but not in males [21].

CB, receptor activation

CB, is expressed mostly in cells and tissues of the
immune system, with the highest number being
found in the spleen, lymph nodes, and blood,
namely in the T and B lymphocytes [22,23],
although some evidence exists that CB, receptors
are also found in the peripheral nervous system
and even in the microglia population [24]. The
expression of CB, in the CNS is triggered by
inflammation and is mainly localized to resident
macrophages of microglia [25,26]. This expression
of CB, has been localized primarily to microglia,
the resident macrophages of the CNS.

Anandamide is a principal endogenous ligand
of the CB, receptor. The CB,, in part, exerts its
effects by initiating phospholipase C (PLC) and
the inositol 1, 4, 5-triphosphate (IP;) signaling
pathways. 2-AG was found to initiate ER Ca®*
ion depletion followed by the activation of capaci-
tative Ca** entry (CCE) and a transient increase of
Ca”" ions in mitochondria [27].

The activation of the CB, receptor by 2-AG mod-
ulates immune responses, including the prolifera-
tion, survival, and migration of immune cells [28].
The data indicate that CB, regulates B cell immunity
by promoting an appropriate localization and reten-
tion of marginal zone B cells such that they are able
to respond to foreign antigens, resulting in the early
production of IgM, an essential immune component
of protective immunity against multivalent micro-
organisms [29]. However, phytocannabinoids, such
as A°-THC, have been shown to suppress B and
T lymphocyte proliferation in response to cell-
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specific mitogens [30,31] by suppressing the cytolytic
activity and proliferation and maturation of cyto-
toxic T lymphocytes. However, some evidence exists
that THC exerts such effect independently of CB,
and CB, receptors [32]. Collectively, the data suggest
that the exogenous application of A’-THC inhibits
functional activities of various immunocytes, thus
leading to a decreased resistance to infection.

The activation of other receptors

There are other type of receptors cannabinoids
were shown to interact with, including transient
receptor potential cation channel vanilloid
(TRPV), TRP ankyrin (TRPA), TRP melastatin
(TRPM), peroxisome proliferator-activated recep-
tor gamma (PPARy), N-arachidonoyl glycine
(NAGly, AEA metabolite) receptor GPRIS, the
orphan receptor GPR55, GPR19 and many others
[33,34]. According to human protein atlas (www.
proteinatlas.org), TRPV1 is expressed in most
organs, including brain, liver, gastrointestinal
tract and skin, with the highest expression found
in the latter two. PPARY is also expressed in most
tissues, with the highest expression found in bone
marrow/immune system, kidneys, gastrointestinal
tract, uterus and testes. In contrast, GPR18 is
mainly expressed in bone marrow/immune system
and testes, GPR19 - in the brain, testes and a bit in
bone marrow, and GPR55 - in bone marrow and
testes.

The analysis of the pharmacokinetics of A’-
THC and anandamide in single- (CB1) and dou-
ble- (CB,/CB,) knockout mice showed the activa-
tion of GPR55 which is another GPCR. Unlike
CB; and CB,, GPR55 is coupled to the Gay; pro-
tein instead of Ga; and Ga, proteins [35]. Gas
activation leads to the activation of RhoA and cell
migration [36], and cannabidiol has been shown to
be an antagonist of GPR55.

TRPV1-TRPV4, TRPA1, and TRPMS8 receptors
are termed the ionotropic cannabinoid receptors.
The TRVPI receptor is known to be activated by
compounds like capsaicin and vanilloids with their
structures similar to that of anandamide [37].
Some data exist that demonstrate the ability of
anandamide to bind TRVP1, making this receptor
an actual novel cannabinoid receptor [37,38]. AEA
was the first endocannabinoid functioning as

endogenous antagonist of TRPMS8 [39]. THC, in
contrast, does not modulate TRPV1 but rather
works against TRPV2 (most potently), TRPV3,
TRPV4, TRPA1, and TRPMS8 [40]. Most fascinat-
ingly, CBD is more active at binding TRPV1 and
TRPMS rather than CB; and CB, [40]. Details on
the signaling through TRPV1 can be found in the
review by Muller et al. [34].

Interaction of cannabinoids with receptors

Cannabinoids may function as both agonists and
antagonists of cannabinoid receptors. A’-THC is
considered a partial agonist of CB; and CB, recep-
tors. The affinity of THC to these receptors is
lower than that of endocannabinoids but higher
than that of the phytocannabinoids A®-THC, A’-
THCV, CBD, cannabigerol, and cannabinol [41].
However, THC may also act as a partial antagonist
of CB receptors, inhibiting the effect of endogen-
ous cannabinoids. The density of receptors may
play a role; the low level of CB receptor expression
may result in THC functioning as an antagonist
[41,42], and an increase in the density may reverse
its function to an agonist [41]. For example, Patel
and Hillard [43] found that A’-THC exhibits the
antagonist activity of CB; similar to that of the
specific synthetic inhibitor SR141716A [43] or
R-(p)-WIN55212 [44,45].

CBD affinity for CB; and CB, does not appear
to be high; the displacement of [* H]CP55940 from
the cannabinoid CB; and CB, receptors has shown
that CBD functions at micromolar concentrations,
which are at least 1,000-fold higher than those
observed while using THC [41]. More recently,
CBD has been suggested to be a CB; and CB,
receptor antagonist and has been shown to inhibit
anandamide uptake and metabolism [46]. It has
been suggested that at low concentrations, CBD
acts as an inverse agonist binding to the same
receptors as other agonists but causing a different
physiological effect [47].

As far as other minor cannabinoids are con-
cerned, the available information is rather limited.
It has been demonstrated that CBG activates the
a2-adrenoceptors and blocks the CB, and 5-HT1A
receptors [48]. Testing the activity of THCV has
demonstrated that it functions as a CB; and CB,


http://www.proteinatlas.org
http://www.proteinatlas.org

receptor antagonist at low concentrations [49] and
as a CB, agonist at higher concentrations [50].

Sex-specific differences in cannabis response

Considering the differences in the expression pat-
tern of CB; receptor and other receptors to which
THC binds [51], it can be hypothesized that males
and females respond to cannabis differently.
Women seem to be more prone to addiction to
cannabis as compared to men. Significantly greater
withdrawal intensity and negative impact of with-
drawal are observed in women [52]. Women are
also more likely to have lifetime panic disorder,
agoraphobia, reported more days of poor physical
health and cannabis-related medical problems
after cannabis cessation [52].

Smoking cannabis is known to increases heart
rate greater in males than in females [53]. Also,
greater sedative effects [53] and dizziness [54] is
observed in women as compared to men. In addi-
tion, women also responded to cannabis extract
with significantly greater fatigue, drowsiness, and
psychomotor suppression compared to women
treated with placebo [55]. Sex-specific differences
in response to cannabis can be due to the different
amounts of endocannabinoids produced, different
rate of metabolism of these cannabinoids and dif-
ferent level of expression of receptors.

Metabolism of endo- and phytocannabinoids
and its significance

Both AEA and 2-AG can be degraded by either
hydrolysis or oxygenation. Hydrolysis is accom-
plished via two distinct routes: AEA is degraded
by fatty-acid amide hydrolase (FAAH) and 2-AG
is degraded by monoacylglycerol lipases (MAGs),
although FAAH is also able to metabolize 2-AG
(very minor pathway). In addition, in some con-
ditions, and/or certain cells, both AEA and 2-AG
can be metabolized by carboxylesterases 1 and 2
(CES1 and CES2); these enzymes metabolize 2-AG
in human leukocytes equally well with MAGs [56].
Oxygenation can occur through several enzymes,
including cyclooxygenase-2, lipoxygenases, and
cytochrome P450, and these enzymes have differ-
ent activity in different tissues [57].
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A®’-THC is metabolized in the liver by micro-
somal hydroxylation and oxidation catalyzed by
enzymes of cytochrome P450 (CYP) complex lead-
ing to the production of various acidic metabolites,
including 11-OH-THC and THCCOOH [58].
Similarly, CBD is also a substrate of CYP450
enzymes which converts CBD through extensive
hydroxylation followed by further oxidations to
many different metabolites, with 7-COOH-CBD
and its derivatives being the most abundant [59].

Metabolism of phytocannabinoids is greatly
influenced by mode of administration and natural
variations in the activity of all metabolic enzymes
[60]. There are also sex-specific differences in
metabolism of cannabis. THC metabolism in
male rats resulted in multiple metabolites, whereas
only a single metabolite 11-OH-THC was pro-
duced in female rats [61]. Brain levels of metabo-
lite 11-OH-THC were higher in THC-exposed
female rats compared to male rats [62]. Similarly,
in human, exposure to THC results in high plasma
THC levels in females [63]. This information must
be taken into consideration when cannabis is
administered.

Cannabinoids as anticancer agents

The balanced expression of CB; and CB, receptors
as well as other associated receptors is extremely
important for the overall health of an organism.
Alterations in the ECS occur in many disease
states. For example, the upregulation of CB; and
CB, receptors and an increase in the endogenous
levels of endocannabinoids have been observed in
many pathological states, including neurodegen-
erative and cardiovascular diseases as well as in
cancer [64].

Changes in endocannabinoid system in cancer

Changes in the endocannabinoid system have been
demonstrated in various cancers. These changes
include the levels of produced endocannabinoids,
the expression of their receptor targets and even
oligomerization of such receptors. It is still not
well understood whether the changes in ECS may
contribute to malignization or are a consequence
of it. One of the main functions of ECS is to
maintain body homeostasis, and thus ECS
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responds to environmental stimuli in transient and
sometime even in persisting manner [65], and thus
may contribute to the process of malignization. On
the other hand, ECS is involved in regulation of
cell division, differentiation and fate [66] and
therefore could change in parallel with the process
of carcinogenesis or could change in response to it.
Another possibility is that ECS in tumors changes
in response to microenvironment/niche signals.

For example, changes in the CB; and CB, expres-
sion have been demonstrated to correlate with cancer
cell motility, invasion, proliferation, adhesion, and
apoptosis [17]. The level of anandamide and AEG is
2-3 times higher in adenomas and colorectal cancers
than in normal mucosa [67]. The number of CB,-
positive receptors is much higher in colon cancer
cells than in the normal epithelial cells. The CB,
receptor agonist N-cyclopentyl-7-methyl-1-(2-mor-
pholin-4-ylethyl)-1,8-naphthyridin-4(1 H)-on-3-car-
boxamide (CB13) increases receptor expression and
leads to apoptosis in the tested cancer cell line [68].

Similarly, the CB; and CB, receptor expression
is upregulated in human hepatocellular carcinoma
compared to non-tumorous tissues [69]; the
authors however suggest that a higher expression
of these receptors may improve survival [69].
A similar scenario has been observed in prostate
cancer; it has been suggested that the increased
densities of these receptors may correlate with
a better prognosis [70].

A higher expression of CB receptors may pre-
dict tumor responsiveness to treatment. For exam-
ple, prostate cancer cells expressing high levels of
CB receptors respond favorably to receptor ago-
nists [70], whereas breast cancer cells with low
expression levels respond to cannabinoids with
an increased proliferation [71].

Other reports, in contrast, demonstrate that
endocannabinoid-degrading enzymes are upregu-
lated in various cancer cell lines as well as in
human tumors [72]. Silencing CB; receptor pro-
motes growth of intestinal adenoma, whereas
overexpression of CB; inhibits cancer [73].
Decrease in the expression of endocannabinoid-
metabolizing enzymes also resulted in the decrease
in the tumor growth. Increase in endocannabi-
noids levels leads to reduction in formation of
precancerous lesions in mouse colon [74] and
inhibition of prostate cancer cell growth [75].

Although the expression level of CB; and CB,
receptors was found to be higher in various can-
cers [76], in many cancers, the CB;/CB, receptors
are downregulated [77]. Wang et al. [73] found
a downregulation of CB; expression in human
colorectal cancer due to methylation of the CB,
promoter and a lower expression of CB; correlated
with the enhanced cancer proliferation in mice
xenografted with a colorectal tumor [73]. In the
regulation of other receptors, many cancers have
been shown to overexpress GPR55 [78]. In fact,
high levels of GPR55 are strongly correlated with
tumor aggressiveness.

In addition to changes in the expression of
cannabinoid receptors in different cancers, there
are changes in the receptor oligomerization. CB,
receptors were shown to interact with many dif-
ferent other GPCRs potentially forming heterodi-
mers and tetramers, including adenosine A2A
receptors [79], dopamine D2 receptors (changing
coupling from Gi to Gs) [80], D2 and adenosine
A2A receptors [81]; opioid pu and & receptors
(resulting in a negative cross-talk) [82], CB, recep-
tors (resulting in a negative cross-talk and cross-
antagonism in neuronal cells) [83], adrenergic [,
receptor (inducing internalization of CB; recep-
tors) [84], and 5HT2A serotonin receptor [85],
cannabinoid-related orphan receptor GPR55 [86]
and several others (discussed in [87]). Information
about the interaction of CB, receptor with other
receptors is scarce; CB, forms heterodimers with
CB, (see above) as well as with GPR55 [88] and
CXCR4 [89].

Above-mentioned interactions typically result in
changes in the function of receptors or produce
negative cross-talks; therefore, if such changes
occur in cancer cells, they can significantly alter
response of cancer cells to endocannabinoids.
Indeed, CB,/CB,, CB,/CXCR4, CB,/GPR55 and
CB,/HER?2 heteromers have been found in breast
and prostate cancer cells [89-91]. Increased levels
of endocannabinoids (anandamide in colon can-
cer) and increased level of receptors and their
dimerization in cancer are paralleled by elevated
levels of degradation enzymes, FAAH and MAGL
[92,93].

The contribution of cannabinoid receptors to
cancer development as well as their relationship
to the prognosis and therapy response is still not



entirely clear. The lack of strong correlation
between the expression of cannabinoid receptors
and cancer progression paralleled by inhibition of
cancer growth in response to treatment with can-
nabinoids may suggest that cannabinoids’ effect on
cancer may also be triggered through cytoplasmic
effects rather than only through the direct involve-
ment of transmembrane CB,/CB, receptors. The
CB,/CB, receptor activation in response to canna-
binoids observed in cancers could either be part of
the feedback mechanism or completely unrelated.
Regardless of the mechanism, research data have
demonstrated positive effects of cannabinoids on
cancer progression, including proliferation, viabi-
lity, vascularization and invasiveness (reviewed in
[94]). Below, we will describe the impact of can-
nabinoids on various cancers and summarize the
details in Table 2.

The effects of CBD on cancer

CBD has been shown to have effects on glioblas-
toma, leukemia, lung cancer, breast cancer, cervi-
cal cancer, prostate cancer, and melanoma (see
Table 2). CBD inhibits cell growth and migration,
causes apoptosis of cancer cells and inhibits their
invasion [95-98]. It also downregulates GSC self-
renewal [99] and angiogenesis [96,100,101] in glio-
blastoma. Inhibition of angiogenesis was demon-
strated on the level of cell proliferation and on the
level of whole organisms in induced tumor models
[102]. Multiple mechanisms of inhibition of angio-
genesis were demonstrated, including cytostasis of
endothelial cells, inhibition of endothelial cell
migration, inhibition of invasion and sprouting
in vitro and down-regulation of pro-angiogenic
factors. All these effects are likely associated with
a down-regulation of MMP2 and MMP9, uroki-
nase-type plasminogen activator (uPA), endothe-
lin-1 (ET-1), platelet-derived growth factor-AA
(PDGF-AA) and chemokine (c-x-c¢ motif) ligand
16 (CXCL16), molecules associated with angiogen-
esis [102].

The effect on CBD on cancer is most well stu-
died in glioblastoma models. The following glio-
blastoma lines have been used for treatment with
CBD: U87, U373, U251, GSC 3832, GSC 387,
SF126, T98 G, U87 MG, and GL261. The IC50
varied from 0.125 to 5.0 pM. Similarly, CBD was
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used to treat athymic nude mice xenografted with
U87, U251, GSC3832, or GSC387. The amounts of
15 mg/kg to 20 mg/kg (0.5 mg/mouse) adminis-
tered over 18-28 days were shown to be effective
in tumor reduction and prolonging the overall
survival of treated animals [96,99,103,104]
(Table 2).

CBD has been shown to downregulate leukemia
cell viability and upregulate apoptosis, and these
effects have also been observed in vivo where CBD
downregulates tumor growth and upregulates
apoptosis [105]. Treatment of leukemia with
CBD  upregulates the accumulation of
P-glycoprotein substrate and increases cytotoxic
effects of vinblastine [106]. CBD also inhibits the
growth of EL-4 (mouse lymphoma), Jurkat, and
MOLT-4 cells at concentrations of 2.5-10.0 uM
[105]. In lung cancer, CBD has been shown to
downregulate tumor invasion, metastasis and
growth [107-109]. Invasion is inhibited in vitro
and in vivo during CBD treatment of A549 lung
cancer cells [110,111]. CBD downregulates colony
formation and migration of cancer cells [112] and
increases survival in a mouse model of human
breast cancer [113]. In MDA-MB-231 breast can-
cer cells, CBD blocks the lisophosphatidylinositol-
stimulated cell migration and invasion [114,115].
In mice xenografted with 4T1, a mammary meta-
static cell line, CBD reduces a primary tumor size
and lung metastasis [97,116]. In cervical cancer,
invasion and metastasis are downregulated by
CBD [108], and CBD halts cell proliferation and
increases apoptosis (Figure 3) [117]. CBD down-
regulates cell viability and tumor growth in pros-
tate cancer and affects the antitumor activity of
first-line agents [118] (Table 2).

Massi et al. [119] suggest that CBD effects on
glioblastoma are likely mediated through a CB;-,
CB,-, and TRPV1-independent pathway involving
the upregulation of caspase 3, cytochrome ¢, and
ROS as well as a decrease in glutathione [119]
(Figure 3). Many cancers have also been shown
to overexpress GPR55 [78], and exposure of the
metastatic colon cancer cell line HCT116 to can-
nabidiol reveals a substantial reduction in adhe-
sion and migration, which is inhibited when
GPR55 is knocked down by siRNA [120].
However, studies on CBD’s effects on leukemia,
namely on EL-4 cells and Jurkat cells, have shown
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that the enhanced apoptosis and decreased PARP expression
is CB2 receptor-dependent since the CB2-selective antagonist
inhibits the reduction of cell viability [105]. It has been
shown that CBD increases the levels of Nox4 and p22phox
and decreases the amount of phosphorylated p38 MAPK
(pp38). Similarly, Ramer et al. (2010a) have demonstrated
that the CBD-induced antitumor effect is reversed by antago-
nists to CB;, CB,, and TRPV1 receptors in cervical and lung
cancer [108]. CBD has also appeared to upregulate the tissue
inhibitor of matrix metalloproteinases-1 (TIMP-1), and the
siRNA-mediated knockdown of TIMP-1 reverses the effect of
CBD on tumor cells invasiveness (Figure 3) [108]. In contrast
to the report of McKallip et al. [105], CBD exposure resulted
in the upregulation of pp38; both pp38 and pp42/44 appeared
to be the upstream targets that likely regulate the TIMP-1
expression [108]. TIMP-1 inhibits cancer cell invasiveness by

CBD

forming inhibitory complexes with MMP-2 and MMP-9
[111]. The proapoptotic activity of CBD is associated with
the upregulation of COX-2 and activation of PPARy by the
COX-2-derived products PGD2 15d-PGJ2 [107].
Pretreating cancer cells with the PPARy inhibitor GW9662

reduces cancer cell apoptosis. CBD also affects cell metabo-

and

lism as indicated by changes in reactive oxygen species (ROS)
produced in the mitochondria [17]. High levels of ROS
production have been associated with triggering apoptosis
[121], and CBD modulates ROS and ERK pathways to down-
regulate Id-1 [97,116]. Furthermore, pretreatment with anti-
oxidants N-acetyl cysteine and a-tocopherol diminishes the
pro-apoptotic effect of CBD.

Moreover, CBD inhibits the self-renewal and
stemness. Stem cell key regulators such as Idl,
Sox2, and p-STAT3 are inhibited by CBD in

Glioblastoma Colon cancer

Leukemia Cervical cancer

Lung cancer
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Figure 3. Molecular aspects of anti-cancer effects of CBD. The effect of CBD on glioblastoma is in part mediated through CB;, CB,
and TRPV1 receptors. This leads to the increased levels of cytochrome ¢, caspase 3 and ROS as well as decreased levels of glutathione
and increase expression of ERK and mTOR. More downstream effects include: decrease in stemness due to the decrease in Id1, Sox2
and p-STAT3; decrease in cancer aggressiveness due to the decrease in pAkt; decrease in proliferation due to the decrease in Ki67.
The effect on colon cancer is in part mediated through GPR55 which leads to the decrease in adhesion and migration. The effect on
leukemia is mediated through CB, receptor which leads to inhibition of PARP, increased levels of Nox4 and p22phox and reduced
levels of pp38MAPK, resulting in increased frequency of apoptosis. In cervical cancer and lung cancer, CBD activates CB,, CB, and
TRPV1 receptors leading in part to upregulation of COX-2. The proapoptotic activity of CBD in lung cancer is associated with the
upregulation of COX-2 and activation of PPARy by the COX-2-derived products PGD2 and 15d-PGJ2. CBD exposure also leads to
upregulation of pp38 and pp42/44 which in turn likely upregulates the TIMP-1 expression. TIMP-1 forms inhibitory complexes with

MMP-2 and MMP-9 leading to inhibition of cancer invasiveness.



a ROS-dependent manner. The transcriptional
regulator Id-1 plays a critical role in modulating
the invasiveness of glioblastoma; the overexpres-
sion of Id1 promotes a stem-like phenotype [96].
By silencing the marker of stemness, Sox2 has
been shown to stop the proliferation and lead to
the loss of tumorigenicity in vivo [122]. CBD also
upregulates mTOR, reduces the expression of
PLCGI [96] and inhibits pAKT (a marker of glio-
blastoma aggressiveness) and Ki67 (a marker of
proliferation) [99].

In vivo effects were shown to be mediated
through the lipoxygenase (LOX) pathway, specifi-
cally through the lipoxygenase-catalyzed arachido-
nic acid metabolism [103,104,119]. Massi et al.
(2008) have demonstrated the importance of
LOX and COX pathways and the endocannabinoid
system in controlling tumor growth. In vivo in the
CBD-treated tumor tissues, CBD augments NRF2,
an activator of the antioxidant response element
(ARE) present in the promoters of ROS-
detoxifying enzymes, including NQO1, GST,
HMOX-1, and xCT [99]. xCT, a critical determi-
nant of growth and invasion of cancer cells, reg-
ulates cysteine metabolism.

Finally, it is important to stress out that differ-
ent processes of cancer growth and stages of can-
cer can be affected by cannabinoids in different
manner. Proliferation, migration, invasiveness and
metastases are affected differently. For example,
recent work using CBD and synthetic CB ligands
demonstrated that glioblastoma cell invasion can
be inhibited in a receptor and cell type specific
manner that is independent of proliferation and
apoptosis [123].

The effects of THC treatment

Like CBD, THC has been shown to have effects on
glioblastoma, breast cancer, oral cancer, lung can-
cer, lymphoma, and leukemia. THC inhibits prolif-
eration, upregulates apoptosis, downregulates
angiogenesis, induces autophagy, inhibits cell
migration and metastasis. Notably, the THC-
induced cell growth inhibitory effects and suppres-
sion of tumor growth in xenografted tumors have
been achieved at higher concentrations when com-
pared to the effects of CBD (Table 2). THC upre-
gulates apoptosis, downregulates angiogenesis [101]
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and increases autophagy in glioblastoma [124]. It
also shows pro-apoptotic, anti-proliferative, anti-
angiogenic and anti-invasive effects in vitro and
in vivo in breast cancer cells ErbB2 [125-127]. In
glioblastoma, THC reduces cell viability and tumor
growth; THC combined with the chemotherapeutic
agent temozolomide (TMZ) enhances the antitu-
mor activity of TMZ in tumor xenografts [128].
When combined with synthetic cannabinoids,
THC has various effects on glioblastoma growth
[129-132]. In breast cancer, A>~THC inhibits the
proliferation of MCF7 and MCF7-ARI1 cell lines
[133-136], as well as the proliferation of estrogen
receptor-negative/progesterone  receptor-positive
breast cancer cells [134,137-139]. In oral squamous
cell carcinoma, A°-THC induces apoptosis [140]. In
A549 and SW-1573 non-small cell lung cancer cells,
THC inhibits the EGF-induced invasion, tumor
growth, and lung metastasis in an in vivo mouse
model injected with A549 cells [140,141]. A°-THC
inhibits cell viability, increases apoptosis in lym-
phoma [142] and induces apoptosis when com-
bined with other cytotoxic agents [143]. THC also
increases the sensitivity of leukemia cells to che-
motherapy [143].

THC’s anticancer effects appear to be directly
related to its ability to bind to CB,, CB,, and other
G protein-coupled receptors. In contrast to CBD,
THC causes tumor cell death by directly engaging
these receptors [119,144]. The activation of CB,;
/CB, receptors triggers the accumulation of cera-
mide, activating autophagy and apoptosis [124].
The link between the THC-dependent activation
of CB receptors and the activation of apoptosis
through the ceramide pathway has been supported
by the following experiments: pretreatment with
CB; and CB, specific receptor antagonists
SR141716 (SR1) and SR144528 (SR2), respectively,
prevents apoptosis; the inhibition of serine palmi-
toyl-transferase which is an enzyme that catalyzes
the first step of ceramide biosynthesis by ISP-1
also prevents apoptosis; and the pharmacologic
or genetic inhibition of autophagy prevents the
efficient induction of glioma cell death by THC
[128]. Curiously, none of these events prevents the
CBD-induced apoptosis. In contrast to the effect of
CBD, the manipulation of the antioxidant machin-
ery does have a significant effect on apoptosis in
treatments with THC, further indicating that THC
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and CBD trigger glioma cell death through differ-
ent pathways [128].

Regarding the molecular mechanisms of action,
THC, like CBD, results in the downregulation of Id1
[145], the inhibition of the AKT and ERK [106,143]
pathways, and an increase in caspase-3 levels [141].
Furthermore, THC, in some of the studies, down-
regulates MMP-2, matrix metalloproteinase which
promotes cell migration in glioblastoma [130], upre-
gulates the components of the ER stress pathway,
namely p8 and TRB3, decreases S6 phosphorylation,
inhibits Akt and mTORC via TRB3, and reduces
p70S6 kinase phosphorylation (mTORCI substrate)
by triggering autophagy in glioblastoma [124] (Figure
4). The activation of the ER stress pathway and autop-
hagy appears to be a critical component of the inhibi-
tion of THC-induced tumor growth as autophagy-

deficient tumors do not respond to the growth-
inhibiting activity of THC. Additionally, exposure to
ISP-1 prevents the THC-induced ER dilation, elF2a
phosphorylation, the upregulation of p8, ATF4,
CHOP, and TRB3, and autophagy, thus further sup-
porting the importance of the de novo synthesis and
ceramide accumulation for the THC-induced action.
Support for the role of elF2a phosphorylation at Ser51
and the regulation of p8 expression and its down-
stream targets in response to THC has come from
studies using elF2a S51A knock-in mice; cells from
these mice lack the upregulation of p8, ATF4, CHOP
and TRB3 as well as autophagy in response to THC.
Similarly, siRNAs against p8 are also effective in abro-
gating autophagy in response to THC. THC also
induces caspase-3 in an ATGl-, ATG5-, and
AMBRA1-dependent manner because the selective

Glioblastoma
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Figure 4. Molecular aspects of anti-cancer effects of THC. The effect of THC on leukemia is in part mediated through CB;, CB,
receptors. Binding of THC to these receptors leads to downregulation of pAct and Erc and decreases in cancer aggressiveness. The
effect on glioblastoma is mediated through CB; receptor. The activation of CB; receptors triggers the accumulation of ceramide,
leading to elF2a phosphorylation, the upregulation of p8, ATF4, CHOP, and TRB3, and resulting in autophagy. TRB3 can also inhibit
Akt, which in turn leads to the decreased in the expression of mTORC and reduction in the phosphorylated form of 7056 kinase, also
leading to autophagy. THC, in some of the studies, down-regulates Id1 leading to decrease in stemness and MMP-2 (matrix
metalloproteinase) leading to the change in cell migration. ISP1, elF2a S51A, sip8 and siTRB3 inhibit this process at multiple steps.



knockdown of these genes prevents caspase-3 activa-
tion and THC-induced apoptosis (Figure 4).

The effects of combining CBD and THC treatment

THC and CBD are definitely not similar in their influ-
ence on various cancers and cancer stages. Very little is
known about it, however. Due to different levels of
affinity of CBD and THC for cannabinoid receptors
and effects on other receptors, combining CBD and
THC in one treatment may be beneficial for cancer
therapy. The effects of combination therapy with CBD
and THC have been reported in glioblastoma and
melanoma. Treating a U87 MG mouse xenografted
with 7.5 mg/kg of THC and CBD has been demon-
strated to be more effective in reducing tumor growth
than THC or CBD alone [128]. The combination of
CBD and THC enhances the antitumor effect of oral
chemotherapy drug temozolomide (TMZ) on glioblas-
toma [128]. Using T98 G, U87 MG and GL261 glio-
blastoma cells, Scott et al. (2014) have demonstrated
that adding a THC/CBD mixture potentiates the effect
of gamma radiation on apoptosis [101]. However, in
glioblastoma, combining 0.1 uM of THC and CBD
downregulates cell viability and invasion and upregu-
lates apoptosis, but this effect is not larger than the
effect observed with either cannabinoid alone [145].

In melanoma, CBD combined with THC down-
regulates cell viability and tumor growth; 1.0 uM
THC and CBD has a similar effect on apoptosis as
5.0 uM of CBD or THC alone [146]. More recently,
treating HL60 leukemia cells with CBD and THC has
revealed that they have a superior effect when used
together compared to being used alone, and they are
synergistic with the anti-leukemia drugs cytarabine
and vincristine [147] (Table 2). The greatest induction
of apoptosis occurs when chemotherapy is followed by
cannabinoid administration. Combining CBD, THC
and cytotoxic drugs sensitize leukemia to cytotoxic
effects and reduce the therapeutic dose of anti-
leukemia drugs.

The effects of CBN, CBG and CBC treatments

Cannabinol (CBN) is a weak agonist at CB, and CB,
receptors and is a metabolite of A®-THC [148]. CBN
has been demonstrated to increase the animal survival
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rate in mice xenografted with Lewis lung adenocarci-
noma by 27% [149]. CBN inhibits the proliferation of
MDA-MB231 and MDA-MB436 breast cancer cells by
decreasing Id1 expression [116], but it increases the
proliferation of human MCEF-7 breast cancer cells
through Her2 upregulation [150,151]. Cannabigerol
(CBG), a less common phytocannabinoid than CBD
and THC, has been shown to have an effect on color-
ectal cancer. It increases apoptosis in Caco-2 and HCT
116 cells through ROS production and selectively inhi-
bits the growth of colorectal cancer in an HCT 116
xenograft likely via TRPMS8 [152]. CBG has also shown
its activity in breast and prostate cancer cells [153].

Cannabichromene (CBC) is another relatively
rare cannabinoid that also exhibits the anticancer
activity; the relatively high potency has been
shown in breast cancer and prostate cancer. The
IC50 for MCF-7 and MDA-MB-231 breast cancer
cells and DU-145 prostate cancer cells were 14.2
and 20.4 pM [153]. CBC has been shown to have
a stronger anticancer activity than THC but lower
than CBG [153].

The effects of treatment with THC-A

THCA is a precursor of THC; it is abundant in
cannabis but is converted to THC through heat-
induced decarboxylation, a process that occurs
during the combustion of cannabis flowers (smok-
ing) or during the oil extraction and cooking pro-
cesses to obtain cannabis-infused oils and edibles.
Some data related to the effect of THCA on cancer
are scarce, but THCA has been shown to decrease
cell proliferation in MCF-7 and MDA-MB-231
breast cancer cells and DU-145 prostate cancer
cells, with IC50 9.8 uM, 18.2 uM and approxi-
mately 25 uM, respectively [153].

The effects of endocannabinoids and
cannabinoid analogues

Endocannabinoids demonstrate a higher efficacy
in binding to cannabinoid receptors than phyto-
cannabinoids. Both AEA and 2-AG have been
shown to be more active than A’-THC at CB, and
CB, receptors (reviewed in [41]). Among endo-
cannabinoids, the effect of AEA on cancer cells is
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better studied than the effect of 2-AG. AEA has
been shown to be active against the human breast
cancer line MCF7 [133-135] as well as the human
prostate cancer line DU-145 [133], with an IC50 of
1.0-1.4 puM. Specifically, AEA inhibits the prolif-
eration of HBCC breast cancer cells and prostate
cancer DU-145 cells by down-regulation of prolac-
tin receptor PRL [133]. AEA inhibited the prolif-
eration of MCF-7 and EFM-19 cells with ICs,
values between 0.5 and 1.5 uM; AEA did not result
in cell toxicity or apoptosis but rather due to the
cell cycle arrest — reduction of cells in the S phase
of the cell cycle [133-135]. Similarly, 2-AG has
also been able to inhibit the proliferation of
human breast cancer MCF?7 cells and also through
the long-form PRL receptor [133]. In addition,
2-AG inhibited proliferation of pancreatic ductal
adenocarcinoma cells and promoted an immuno-
suppressive microenvironment via increasing the
suppressive immune cell population of myeloid-
derived suppressor cells [154]. AEA at
a concentration of 5.0 uM reduces the growth of
MCL lymphoma cells [142].

A metabolically stable analogue of anandamide,
Met-F-AEA, has been shown to be active against
NPA and ARO thyroid carcinoma cell lines where
it causes a 50% decrease in cell growth at
a concentration of 5.0 uM [155].

Several synthetic cannabinoids have been devel-
oped, and both their affinity for cannabinoid
receptors and their activity in cancer cell lines
have been tested. For example, HU-210, CP55940
and R-(+)-WIN55212 synthetic cannabinoids have
been shown to have a higher CB; and CB, agonist
efficacy than A’-THC. WIN-55,212-2 is an ami-
noalkylindole derivative with a chemical formula
completely different from endocannabinoids.
WIN-55,212-2 is a highly potent CB;, CB, and
TRPV1 receptor agonist [156] that has demon-
strated its activity against C6.9 glioma cells [131],
MDA-MB-231 breast cancer cells at 10.0 pM
[157], human melanoma B16 cells [158], ARO
cells of thyroid cancer [159], an NCTC-2472
bone cancer cell xenograft [160], and MCL lym-
phoma cells [142,161], with IC50 s ranging from
10 to 150 pM. WIN-55212-2 and R(+)-
methanandamide have been shown to induce

apoptosis in MCL lymphoma cells [162], and
WIN-55,212-2 also causes paraptosis in MCL lym-
phoma cells [161].

JWH-015 [163] and JWH-133 [164] are CB,
selective agonists (over 200-fold over CB,;). JWH-
133 has been shown to inhibit C6.9 glioma xeno-
graft growth [130] and ARO cell thyroid carci-
noma in mice [159]. Other chemicals in the JWH
series, JWH-015, JWH-018, JWH-073, JWH-122
and JWH-210 also exhibit antiestrogenic and
anticancer properties, including inhibiting growth
in MCF-7 and MDA-MB-231 breast cancer
[163,165], MIA PaCa2 pancreatic cell xenografts
[132] and 66.1 bone cancer xenografts [166]. Like
THC, JWN-133 appears to regulate tumor growth
through the ceramide biosynthetic pathway and
downregulate MMP-2 because the application of
fumonisin Bl appears to abrogate tumor growth
and regulate the aforementioned pathways.

KM-233 is a structural analog of A*>-THC with
an affinity for CB, and CB, receptors; the affinity
to the former is greater by approximatelyl3-fold
[167]. KM-233 reduces the growth of U87 MG
glioma xenografts by 80% over the 20-day applica-
tion period [168]. Its action appeared to be similar
to the activity of THC; treating U87 MG glioma
cells with KM-233 causes a time-dependent
change in the phosphorylation profiles of MEK,
ERK1/2, Akt, BAD, STAT3 and p70S6 K, as well as
an increase in cleaved caspase 3 [168].

Other analogues include O-1663, Hu-210 and
arachidonyl-2K-chloroethylamide (ACEA). O-1663
is a non-classical cannabinoid and a derivative of
CBD. Its activity was found to be higher than that
of CBD in inhibiting the growth of MDA-MB-231
and 4T1 breast cancer cells, reducing tumor
growth and preventing metastases in a 4T1 xeno-
graft model [113]. Hu-210 is a synthetic cannabi-
noid with an activity up to 800-fold higher than
that of THC [169]. Hu-210 functions as a CB,/CB,
agonist and inhibits DU-145 prostate cancer cell
growth at lower concentrations than anandamide
[133]. Arachidonyl-2X-chloroethylamide (ACEA)
is a synthetic preferential agonist of the CB, recep-
tor [170]. ACEA decreases the proliferation of
MIA PaCa2 pancreatic cancer cells [171].



Comparing the effects of pure cannabinoids and
cannabis extracts

A great majority of the data on the effects canna-
binoids on cancer are obtained from experiments
that use phytocannabinoids, endocannabinoids
and synthetic cannabinoids in their pure form.
Very few reports have demonstrated the effect of
actual cannabis extracts on cancer cells.
Armstrong et al. (2015) have demonstrated that
THC-enriched extracts are nearly twice as efficient
in treating CHL-1 xenografts in mice than pure
THC; a comparable reduction in tumor growth
has been achieved with 7.5 mg/kg of THC-
enriched extracts and 15 mg/kg of THC only
[146]. Similarly, the effect of cannabis extract
enriched with ~70% of CBD is more potent in
inhibiting cell proliferation than a pure CBD com-
pound [153]. Finally, in a reasonably comprehen-
sive study, the effect of CBD, THC, CBN, CBG,
CBC, CBDV, THCV, CBGV, THCA, THCVA and
CBGA cannabinoids has been compared to the
effect of cannabis extracts enriched with the cor-
responding cannabinoids; it has been observed
that the enriched extracts have a significantly
stronger effect on the growth of DU-145 and
LNCaP human prostate cancer cells [118]. More
recently, the effect of 12 different extracts was
tested on 12 different cancer cell lines; there was
a positive correlation observed between the level of
THC in extracts and the anti-cancer properties of
these extracts on A549 adenocarcinomic human
alveolar basal epithelial cells [172]. Comparison
to the effect of pure THC demonstrated that
most of the extracts had much stronger anti-
cancer effect [172]. Thus, it appears that the antic-
ancer properties of extracts are more potent than
those of pure cannabinoids.

The effect of full extracts in comparison to
purified cannabinoids can be explained by the
presence of other molecules, such as terpenoids,
flavonoids, amino acids, sugars and other mole-
cules. The additional effect of molecules besides
cannabinoids is often called “the entourage effect.”
It is believed that this effect is mainly caused by
terpenoids, but this is not well documented.
Terpenoids alone exhibit anti-cancer properties.
Limonene inhibits the development of chemically
induced rodent cancers, including skin, liver and
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mammary gland [173], induces autophagy [174]
and activates immune system by inducing NO
production (reviewed in [173]). Little to no infor-
mation exists on potential synergism between can-
nabinoids and terpenoids in terms of their anti-
cancer properties. One report demonstrated that
CBN capacity to inhibit breast cancer cell growth
by the inhibition of breast cancer resistance pro-
tein (BCRP, an ABC transporter) was potentiated
by limonene [175]. On the other hand, botanical
extract prepared from dry flowers was more potent
for the inhibition of triple-negative breast cancer
cells in vitro and in vivo as compared to pure
THC, and reconstitution experiment using pure
THC supplemented with top five most abundant
terpenoids (p-caryophyllene, linalool, a-humulene,
nerolidol 1 and P-pinene), present in the extract
did not demonstrate an additive effect [176].
Therefore, much more effort is needed to demon-
strate whether the entourage effect is due to the
presence of terpenoids or other molecules.

Clinical trials

Clinical trials have begun to determine the effects
of cannabinoid formulations in humans. The
results of very few clinical trials are published in
order to conclude whether cannabis or/and canna-
binoids are effective for treatment of cancer. The
route of administration is important and can
include direct tumor injection, ingestion, inhaling,
transdermal and others. Bioavailability of cannabi-
noids and terpenoids directly depend on the mode
of administration; ingestion results in as a little as
6-20% of all active compounds reaching blood-
stream [177], whereas upon inhaling 10-60%
becomes bioavailable [178,179]. Onset time and
duration of action also differ; whereas inhalation
leads to the onset within minutes and lasts only
couple hours, oral administration results in onset
at 60-90 min with the effects lasting 6-8 h [180].
Therefore, direct comparison of the effectiveness
of specific formulation is only possible if the
administration route is similar.

An early Phase 1 study was conducted in which
recurrent glioblastoma patients who had failed
standard therapy were administered THC intracra-
nially; under these conditions, THC administra-
tion was safe and no significant adverse effects
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were reported [181]. Since the analysis of the
safety of intracranial THC administration was the
primary goal of the study, no comparison group
between THC treatment and controls were estab-
lished to demonstrate the efficacy. Some patients
responded to THC treatment, however, overall, no
significant clinical benefit was observed; samples
obtained pre- and post-treatment indicated that
the mechanisms previously defined in mouse
models were activated in these patients [181].

A Phase 2 safety study of Sativex in combination
with TMZ (NCT01812603) was conducted in patients
with grade 4 glioblastoma multiforme exposed to the
maximum tolerated dose of Sativex, a spray that con-
tained a 1:1 ratio of A>-THC and CBD. The study has
confirmed the feasibility and safety of individualized
dosing and provided preliminary evidence that Sativex
combined with temozolomide offers some efficacy in
patients with recurrent glioblastoma multiforme
because the one-year survival rate has been higher in
the treatment group than placebo [182]. Since many
glioblastoma patients display a resistance to TMZ
[183], this is likely clinically relevant.

Other studies have investigated the safety of syn-
thetic cannabinoid formulations in patients with solid
tumors (NCT01489826, NCT02423239), but these
studies have not yet been completed. A double-blind,
placebo-controlled clinical trial has been set to begin
the investigation of the effects of cannabis for pain and
inflammation in patients receiving radiation therapy
for lung cancer (NCT02675842). The results of
upcoming clinical trials will help guide future research
in the field of cannabinoids and cancer treatment in
humans.

Conclusions

Cannabinoids have great promise. Although the
exact mechanism is not understood, in some mod-
els, cannabinoids have been shown to decrease
cancer cell growth and invasion, and similar effects
have been observed in mouse models. More
research is necessary to investigate whether there
is a role for cannabinoids in treatment of cancer in
humans. For example, T98 G has much higher
MGMT expression and methylation levels and is
much more resistant to TMZ than U87 MG;
nevertheless, combining THC with TMZ greatly
reduces tumor growth in T98 G xenografts, while

no effect has been observed in either therapy
alone [128].

It appears that an increase in the CB; and CB,
receptor expression may be beneficial for cancer
cell response to phytocannabinoids. Therefore,
chemicals that increase the density of these recep-
tors in cancer cells may function synergistically
with cannabinoids, such as THC and CBD.
However, caution needs to be exercised because
both THC and CBD have the activity of partial
antagonists, and in some cancers, an overall
increase in the CB;/CB, expression may increase
an antagonistic effect of THC/CBD, leaving the
agonistic effect intact. It should also be noted
that repeated exposure to THC may lower the
density of cannabinoid receptors in neurons,
which is especially noticeable for the CB, receptor,
resulting in tolerance and a reduced efficiency of
THC in triggering a therapeutic effect [184]. It
remains to be shown whether a similar effect is
observed in cancer cells.

In addition, caution must be exercised as to the
potential negative effect of cannabinoids on
healthy tissues surrounding tumor or on entire
organism. Due to the versatility of cannabinoids
in binding multiple receptors and activating/inhi-
biting multiple signaling pathways, their effect on
healthy tissues may be unpredictable and more
studies are needed, using in vitro and in vivo
models, to ensure that we are aware of all potential
negative effects of these molecules when they are
used in cancer therapy.

Immune system plays a critical role in prevention of
malignization and immunotherapy nowadays is one
of the therapies of choice for many cancers. Due to the
modulating effect of CBD on immune system [185], it
can potentially interfere with immunotherapy. Very
few reports suggest that [186] and therefore studies are
needed to demonstrate what immunotherapy drug if
any can be used in combination with cannabinoids in
general, and with CBD in particular, for treatment of
cancer.

The use of cannabinoids to alleviate side-effects,
such as lack of appetite, nausea and pain is also an
important direction of research and potential clin-
ical trials. Similarly, the use of cannabinoids for
potentiation of the effects of chemo- or radiother-
apy is also understudied; in this case, cannabinoids
may allow to decrease the amount of



chemotherapy drug or dose of radiation to achieve
the same anti-cancer effect and at the same time to
decrease potential side-effects.

Finally, it remains to be shown whether cancers
in males and females respond to cannabis in
a different manner and whether there are specific
combinations of cannabinoids and terpenoids that
are better suitable for females or males.

Highlights

Endocannabinoids and phytocannabinoids can be used for
cancer therapy

Cannabis extracts have stronger anti-tumor capacity than
single cannabinoids

Combination of several cannabinoids may have more
potent effect on cancer.
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