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Cannabis sativa is a multipurpose plant that has been used in medicine for centuries. Considerable research has focused
on the bioactive compounds of this plant, particularly cannabinoids and terpenes. Among other properties, these
compounds exhibit antitumor effects in several cancer types, including colorectal cancer (CRC). Cannabinoids show
positive effects in the treatment of CRC by inducing apoptosis, proliferation, metastasis, inflammation, angiogenesis,
oxidative stress, and autophagy. Terpenes, such as p-caryophyllene, limonene, and myrcene, have also been reported to
have potential antitumor effects on CRC through the induction of apoptosis, the inhibition of cell proliferation, and
angiogenesis. In addition, synergy effects between cannabinoids and terpenes are believed to be important factors in the
treatment of CRC.
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| 1. Introduction

Cannabis is one of humanity’s oldest plants, yet it has also been a topic of discussion throughout history . This plant is
psychotropic and includes about 500 distinct chemical components, the most important of which are cannabinoids. The
Cannabis indica Lam, Cannabis ruderalis Janisch, and Cannabis sativa Linnaeus are the species with the most
psychotropic secondary metabolites. C. ruderalis yields smaller amounts of A%-tetrahydrocannabinol (A°-THC) and is less
used in medicine, while C. indica is typically employed as a sedative, and C. Sativa as a psychoactive [&. Among them, C.
sativa is the most widely cultivated and exploited for a variety of purposes (2.

Cannabis for medicinal uses has recently been legalized in many countries. Plant material and extracts can be used to
alleviate chronic pain and muscle spasms, reduce nausea during chemotherapy, improve appetite in HIV/AIDS patients,
improve sleep, and reduce tics in Tourette’s syndrome patients. Moreover, it can be used in extreme cases of anorexia,
arthritis, glaucoma, and inflammatory bowel disease . The bulk of medicinal compounds is found in feminine
inflorescences, and medicinal properties are commonly attributed to cannabinoids, although other bioactive substances,
including terpenes, may also contribute to the health effects of cannabis 2. According to the entourage effect theory, the
medicinal benefits of cannabis are increased when all the plant's constituents, such as terpenes, flavonoids, and
cannabinoids, are present and interact with each other. Some researchers believe that the entourage effect may be
especially important when it comes to the potential use of cannabis for cancer treatment [, In fact, cannabinoids and
terpenes are known to have a whole range of potential health benefits, ranging from pain relief I8 to anti-inflammatory
properties €9 Thys, the high interest in these compounds is related to their numerous pharmacological properties.
Regardless, this topic is far from being well understood.

| 2. Bioactive Compounds of Cannabis sativa

Among the multiple bioactive compounds found in C. sativa, the main ones are cannabinoids, terpenoids, flavonoids,
stilbenoids, and alkaloids 2111221 When consumed, these substances can induce a variety of beneficial health effects and
are thought to contribute to the plant’s therapeutic qualities. As for natural products in general, the phytochemical content
of C. sativa varies, depending on distinct factors, including genetics, growing conditions, stage of growth, harvest time,
processing, and storage, among others 3l C. ruderalis and C. indica contain a smaller amount of cannabidiol (CBD) than
C. sativa. In contrast, C. indica has the largest THC content compared to C. sativa, and C. ruderalis has the lowest 2,



2.1. Cannabinoids

Cannabinoids are a type of terpenophenolic compounds with a C,; backbone 4. The diversity of chemical structures of
phytocannabinoids is mainly due to the differences between the isoprenyl groups, the side chain and the resorcinyl core
(151, cannabinoids, according to their chemical structure, can be classified into 11 different classes: cannabigerol (CBG),
cannabidiol (CBD), cannabichromene (CBC), A°-THC, A8-THC, cannabicyclol (CBL), cannabinol (CBN), cannabinodiol
(CBND), cannabielsoin (CBE), cannabitriol (CBT), and miscellaneous-type cannabinoids 141161,

Most cannabinoids originate from cannabigerolic acid (CBGA), as revealed in Figure 1. Its biosynthesis occurs with the
production of CBGA from the alkylation of olivetolic acid with geranyl pyrophosphate (GPP). The primary cannabinoids,
cannabichromenic acid (CBCA), cannabidiolic acid (CBDA), and A°-tetrahydrocannabinolic acid (A%-THCA), are
synthesized in acid form by the enzymes CBCA synthase, CBDA synthase, and THCA synthase. Decarboxylation then
converts the acidic forms of cannabinoids into neutral forms (THC, CBD, and CBC), which are recognized for having
higher pharmacological potential [AI7IEI19 This conversion typically occurs naturally as the plant matures and dries, or
because of heat exposure during processing or cooking 29,
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Figure 1. Biosynthesis of cannabinoids in Cannabis. CBC, cannabichromene; CBCA, cannabichromenic acid; CBD,
cannabidiol; CBDA, cannabidiolic acid; CBGA, cannabigerolic acid; A%>-THCA, A%-tetrahydrocannabinolic acid; A%-THC,
A%-tetrahydrocannabinol.

The phytocannabinoids are essentially produced in glandular trichomes, mainly in female inflorescences. C. sativa mostly
synthetizes cannabinoids of the alkyl type, characterized by a pentyl (Cs) side chain and an isoprenyl (C19) monoterpene
component. In general, A°>-THC and CBD are the prevalent components of this plant and, based on the proportion of
these two, three C. sativa chemotypes are known: (i) drug type, with predominant A-THC; (ii) intermediate type, with
similar amounts of both cannabinoids; and (iii) fiber type, with predominant CBD. CBGA, CBDA, and their decarboxylated
derivatives are the main cannabinoids found in the fiber type 12,

2.2. Terpenes

Terpenes, characterized by multiple five-carbon isoprene units linked together to form a chain of hydrocarbons, comprise
the second-largest class of plant constituents (120 identified so far). These secondary metabolites are synthesized via the
isoprenoid biosynthesis metabolic pathway (Figure 2). Isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl
pyrophosphate (DMAPP), which are generated through the mevalonic acid (MEV) or methylerythritol phosphate (MEP)
pathway, serve as the precursor molecules for this pathway. Afterward, a series of enzyme-catalyzed processes transform



the IPP and DMAPP into several terpene precursors, including GPP, farnesyl pyrophosphate (FPP), and geranylgeranyl
pyrophosphate (GGPP). GPP is responsible for the production of terpene molecules, which are then used in the
production of cannabinoids. Different terpene synthases can further modify these precursors to produce a variety of
monoterpenes, sesquiterpenes, and diterpenes [24122],
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Figure 2. Biosynthetic route of terpenes. CBGA, cannabigerolic acid; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl
pyrophosphate; G3P, glyceraldehyde 3-phosphate; GGPP, geranylgeranyl diphosphate; GPP, geranyl pyrophosphate; IPP,
isopentenyl pyrophosphate; MEP, methylerythritol phosphate; MEV, mevalonic acid; TPC, terpene synthase.

In general, these compounds are synthesized in different parts of the plant, such as the flowers, roots, leaves, and
trichomes, with variable levels, which depend on abiotic and biotic factors L1, Particularly in C. sativa, Chacon and
coworkers found that terpenes may vary between 0.001 and 14.8 mg/g of the dry weight of the plant 22 and are in
general rich in mono- and sesquiterpenes 23], Monoterpenes, structurally characterized by a skeleton with two molecules
of isoprene, are more volatile and contribute to the flavor and aroma of the plant, while sesquiterpenes (structure
containing three molecules of isoprene) are more stable and contribute to the therapeutical benefits of the plant [24. The
monoterpene B-myrcene and the sesquiterpenes p-caryophyllene and a-humulene have been identified in most cannabis
species, including C. sativa. Other typical terpenes synthesized by this species include a-pinene and limonene, among
others (Figure 3) 123, |n addition, terpenoids (i.e., oxygenated terpenes) such as linalool, a-terpineol, guaiol, a- and B-
bisabolol are often found in C. sativa 28, Moreover, in a study by Janatova, among six genotypes of C. sativa, four were
found to have pinocarveol in large amounts. Additionally, one of the genotypes contained significantly higher
concentrations of the major terpenes (limonene, linalool, fenchol, and a-terpineol) when compared to the other genotypes.
As a result, depending on the substances of interest, the genotype selected, as well as the type of extraction, should
always be adjusted.
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Figure 3. Chemical structure of the main terpenes found in C. sativa.

3. Bioactive Compounds in the Prevention and Treatment of Colorectal
Cancer

Studies on cancer prevention have typically focused on the inhibition of carcinogenic processes, such as the formation of
aberrant crypt foci (ACF) 22 and CRC precursor lesions, as well as the inhibition of cancer cell proliferation 28, On the
other hand, studies on cancer therapy typically focus on inducing the apoptosis of cancer cells 24, inhibiting angiogenesis
and metastasis 2%, and reducing inflammation 1. Cannabinoids and terpenes have been shown to be useful in both the
chemoprevention and the treatment of CRC, making them an attractive therapeutic option.

3.1. Effects of Cannabinoids in CRC-Associated Mechanisms

Over history, there has been increasing evidence of cannabis’s beneficial effects on CRC. Several in vitro and in vivo
experiments showed that natural phytocannabinoids from C. sativa can interact with some of the mechanisms inherent in
cancer. Among them, apoptosis, autophagy, inflammation, migration, invasion, and metastasis are the target mechanisms
that have demonstrated better outcomes in CRC carcinogenesis with cannabinoids. As mentioned earlier, cannabinoids
can exert anticancer effects in part due to their interaction with the ECS. This is a complex cell signaling system present in
all mammals, which is involved in regulating various physiological and cognitive processes, such as appetite, pain, mood,
and memory. It is composed of three main components: endocannabinoids, receptors, and metabolic enzymes.
Endocannabinoids are lipid-based neurotransmitters produced by the body, such as anandamide and 2-
arachidonoylglycerol (2-AG), which bind to cannabinoid receptors (CB1 and CB2) found on the surface of cells, triggering
a cellular response. Cannabinoids then can act on the ECS by mimicking endocannabinoids and binding to CB1 and CB2
receptors. Other receptors interact with endocannabinoids and modulate the ECS, including G-protein-coupled receptor
55 (GPR55), transient receptor potential cation channel subfamily V member 1 (TRPV1), TRPV2, transient receptor
potential cation channel subfamily M member 8 (TRPMS8), and peroxisome proliferator-activated receptors (PPARS)
(Figure 4) 32 The role of ECS in CRC has been reviewed elsewhere B3], However, it is important to note that CRC cells
and tissues express both CB1 and CB2 receptors, and TRPM8, TRPA1l, TRPV1, and TRPV2 receptors, to which
cannabinoids can bind to exert biological effects on CRC [2Z[33],
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Figure 4. Schematic representation of endocannabinoid system components. GPR55, G-protein-coupled receptor 55;
PPARs, peroxisome proliferator-activated receptor; TRPMS8, transient receptor potential cation channel subfamily M
member 8; TRPVL1, transient receptor potential cation channel subfamily V member 1. The figure was partly generated
using Servier Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 unported license.

3.1.1.CBD

Isolated CBD is the most extensively studied cannabinoid in cancer research due to its numerous health benefits and non-
psychoactive nature. This cannabinoid was described as cytotoxic in different types of CRC cells, inhibiting their viability,
namely in HCT116, SW480, SW620, CACO-2, HT-29, and DLD-1 [22[34(35]36] | ee et al. found that CBD suppressed cell
viability through a mechanism dependent on the CB2 receptor and not on CB1. Additionally, normal human colon cells
resisted CBD, establishing its safety for noncancer cells 24, Furthermore, several CRC cell lines (CACO-2, HT-29, DLD-1,
SW620, SW480, COLO205, and HCT116) suffered significant reductions in proliferation after treatment with CBD at
different concentrations (2.5—15 uM) [BAB4ISSIS7IBEIS | this way, its beneficial effects have become a target of study in

different anticancer mechanisms.

Resistance to apoptosis (cell death) is a hallmark of all types of cancer, so several apoptosis-inducing drugs have been
developed as cancer therapies, including for CRC 9. Aviello et al. (38! corroborated that CACO-2 CRC cells, treated with
CBD (10 pM for 24 h), significantly decreased the expression of phospho-protein kinase B (Akt) (p < 0.001) and
upregulated caspase-3 expression in colonic tissues of azoxymethane (AOM)-induced mice (CBD, 1 mg/kg). These data
suggest that CBD can induce apoptosis involving the phosphoinositide 3-kinase (PI13K)/Akt signaling pathway, essential in
the regulation of cell growth, migration, differentiation, and apoptosis. In other CRC cell lines, namely, HCT-116, SW480,

and SW620, this mechanism occurred through the antagonism of several receptors, including CB1, TRPV1, and PPARy
24,

It is well established that oxidative stress and the generation of ROS are significant factors in apoptosis, and this cellular
process can be delayed or prevented by some antioxidants “4. A study confirmed that CBD caused oxidative stress in
HT-29 cells, probably through the generation of ROS, which depleted glutathione (GSH) and inhibited the activities of
catalase, glutathione reductase (GR), and glutathione peroxidase (GPx). These findings were supported by the
observation that malondialdehyde (MDA) levels were markedly increased (p < 0.01) in cells treated with CBD (2.6 + 0.18
nmol/mL) compared to control cells (1.6 = 0.27 nmol/mL), while they were largely unaltered in HT-29 cells exposed to THC
(361 Combined with oxaliplatin, a chemotherapeutic drug for cancer, CBD (4 uM CBD for 24 h) also produced similar
results in oxaliplatin-resistant DLD-1 and co0l0205 cells 29,

Autophagy and apoptosis are linked and can interact with each other. Autophagy can prevent or delay apoptosis, and
apoptosis can also trigger autophagy. Both processes help regulate cell survival and death, contributing to cellular
homeostasis maintenance “2. CBD has also been shown to induce autophagy in oxaliplatin-resistant DLD-1, colo205
cells, and tumor tissues of BALB/c nude mice (xenograft model, colo205) 2. Microtubule-associated proteins light chain
3 (LC3) and p62 expression, which are commonly used autophagic biomarkers, were both considerably enhanced by the
combination of oxaliplatin and CBD in CRC cells.

Angiogenesis, the recruitment of new blood vessels, is a therapeutic target and an integral component of tumor
development, invasion, and metastasis. This process engages a variety of growth factors, including integrins,
chemokines, vascular endothelial growth factor (VEGF), and fibroblast growth factor 43, Honarmand et al. reported that



CBD treatments (1 and 5 mg/kg) decreased VEGF expression (p < 0.05) in a dose-dependent manner in tumor tissues of
CRC-induced mice when compared to cancer control groups 4],

As stated earlier, adhesion, migration, and invasion mechanisms are involved in metastasis and the spread of cancer to
other tissues. In HCT116 CRC cells, CBD at 1 (p < 0.05) and 2.5 pM (p < 0.001) caused a significant reduction in GPR55-
dependent adhesion and migration to endothelial cells, suggesting that CBD’s antagonistic activity in GPR55 plays a key
role in the reduction in metastasis 4!,

3.1.2. A%-THC

THC has also been reported to have good outcomes in inhibiting cell viability on CRC cells, namely, SW480, HCT-15, HT-
29, and HCA7 [38l46] |n HT-29 cells, THC suppressed cell viability more than CB83 (a synthetic cannabinoid) after 24 h of
treatment at 30 uM 8. Additionally, Shor and coworkers reported that A®>-THC and A8-THC were more toxic to polyp-
derived cells than other cannabinoids, namely, CBD, CBC, CBDV, THCA, CBG, and other minor cannabinoids 47,
Furthermore, THC at 30 uM was shown to trigger significant inhibition of proliferation at 24 h (70.9 £ 5.59, p < 0.01) in HT-
29 CRC cells, compared to untreated cells 28I,

The induction of apoptosis by THC through the activation of the CB1 receptor in CRC cells was first reported in 2007 by
Greenhoug et al. #8. The authors suggested that apoptosis was induced by the activation of the B-cell lymphoma-2 (Bcl-
2) family member BAD protein dependent on the CB1l-mediated Ras-mitogen-activated protein kinase and PI3K/Akt
pathway inhibition. In reality, the inhibition of ERK and Akt activity by THC was complemented by activation of the
proapoptotic BAD. Additionally, THC increased the simultaneous cleavage of the caspase-3 substrate PARP.

Optimizing the delivery method can improve the efficacy of THC treatment for CRC owing to its lipophilicity, tar-like
viscosity, and instability. In fact, De la Ossa et al. suggested an alternative method of THC delivery. The oil-in-water
emulsion solvent evaporation method used by the authors to encapsulate THC into biodegradable microspheres revealed
its ability to prevent cancer cell proliferation in CACO-2 cells 48],

3.1.3. CBG

CBG, a non-psychoactive cannabinoid, has gained a lot of interest due to its ability to be a partial agonist of CB1 and CB2
receptors 9. |n addition to the main receptors of the endocannabinoid system, CBG also acts as an antagonist at
TRPM8, TRPV4, and 5HT15 and an agonist at TRPA1, TRPV1, and TRPV2 receptors (50,

In CRC, CBG treatment had positive results in cell survival, apoptosis, oxidative stress, and in vivo tumor growth. As for
cell survival, CBG was reported to induce a significant decrease in the viability of CACO-2 cells at 30 pM after 3 h of
incubation (p < 0.001). However, after 48 h of incubation, CBG effects on cell viability were significantly decreased even
for lower concentrations (3, 10, and 30 uM). In HCT116 cells, a similar trend was observed, and this effect was repressed
in cells where TRPM8 was suppressed 2. In HCT116 cells, purified CBG exhibited antiproliferative potential at
concentrations 2.5, 5, and 10 pM (28],

3.1.4. Minor Cannabinoids

Despite being less studied, minor cannabinoids such as CBDV, CBL, CBGV, CBCA, THCV, and CBGA revealed positive
effects in the cell survival and proliferation of CRC cells. Ben-Ami Shor et al.’s research 4 indicated that the
combinations of CBCA (14.5 or 29 uM), CBDV (23.5 or 47 uM), THCV (20 or 40 uM), and CBGA (25.6 or 51.2 uM)
triggered a decrease in the cell viability of cells derived from human polyps. The combination of CBCA and CBDV also
had synergistic effects, as well as the combination of THCV and CBGA. In HCT116 cells, data revealed cell viability
proportions of 93, 87, and 51% with CBDV; 69, 44, and 45% with CBL; and 93, 75, and 71% for CBGV treatments at 2.5,
5, and 10 pM, suggesting that these cannabinoids exerted antiproliferative effects against CRC cells B4. Despite the
antiproliferative properties demonstrated for the cannabinoids CBCA, CBDV, THCV, and CBGA, the concentrations were
relatively high compared to those of CBD, THC, and CBG, suggesting that their effects are not very strong.

3.2. Effects of Terpenes on CRC

Terpenes have been screened for their potential to prevent CRC when used alone or, in the case of the C. sativa plant, to
enhance the plant’s medicinal properties. These compounds act by inhibiting the growth and proliferation of cancer cells,
and by inducing apoptosis. In addition, there is evidence that some terpenoids may have similar effects to cannabinoids,
such as THC, in terms of their ability to interact with the endocannabinoid system. This interaction can cause changes in
the activity of certain receptors and enzymes, which in turn affect a wide range of physiological processes. Indeed, -



caryophyllene was shown to interact with the CB2 receptor, acting as its full agonist, resulting in a reduction in pain and
inflammation in male rats and mice 24,

Inflammatory bowel diseases are closely associated with an increased risk of CRC 22, In this sense, Bento et al. 2]
emphasized that the preventive treatment of DSS-induced colitis CD1 mice with BCP (50 mg/kg) resulted in a significant
decrease in TNF-a, IL-1B3, keratinocyte-derived chemokine, and interferon-y protein levels (p < 0.05) in mice colon
segments. These proteins are mediators involved in cellular migration and adhesion. The authors also revealed that the
decrease in the inflammatory mediators was associated with the factor nuclear kappa B (NFkB) signaling pathway, as
BCP decreased the activation of the p65 NFkB subunit.

3.3. Effects of Cannabis sativa Extracts on CRC

Interactions between terpenes/terpenoids and cannabinoids may intensify their pharmacological effects. In reality, there is
growing evidence that these substances interact more favorably when used in combination than when used alone. This is
known as the “entourage effect” in modern parlance, an effect attributed to cannabis’s medical properties 241,

Janatova et al. 28] suggested that the compounds responsible for the cytotoxicity of C. sativa ethanolic (EtOH) extracts in
CACO-2 and HT29 cell lines were THC and CBD. However, in the same work, a specific genotype containing high
concentrations of myrcene, -elemene, B-selinene, and a-bisabolol oxide positively affected the selectivity of cytotoxic
activity, due to synergistic effects. In another study conducted by Nallathambi and coworkers, the authors reported an
increment in cytotoxic effects of a C. sativa EtOH extract in CRC cells (HCT 116, HT-29, and CACO-2) when this was
combined with a THCA-rich fraction 28, In addition to the EtOH extract, fractions obtained from it were also evaluated.
The combination of a CBGA-rich fraction and a THCA-rich fraction resulted in a noticeable increase in apoptosis. The
CBGA-rich fraction included other compounds such as CBN (3.67%), CBCA (3.53%), terpenes (0.72%), diterpenes
(0.33%), and short free fatty acids (0.37%), which may have played a role in the outcome.

| 4. Conclusions

Data suggest that cannabinoids exert advantages in the treatment of CRC, mostly by inducing apoptosis, although some
evidence also points out that they may target other key therapeutic events, such as proliferation, metastasis,
inflammation, angiogenesis, oxidative stress, and autophagy. The currently available data on this subject refer mostly to
the C. sativa major cannabinoids, i.e., CBD, THC, and CBG, but several pieces of evidence suggest that minor
cannabinoids and other bioactive compounds such as terpenes also may hold potential as therapeutic agents for CRC.
Data also suggest that certain combinations of cannabinoids and terpenes in C. sativa extracts can lead to a synergistic
action known as the “entourage effect,” which has been linked to certain pharmacological benefits. The potential
therapeutic benefits of the cannabinoids and terpenes from this plant make them key candidates for further drug
development.
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