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Abstract: In this review article, we embark on a thorough exploration of cannabinoids, compounds
that have garnered considerable attention for their potential therapeutic applications. Initially, this
article delves into the fundamental background of cannabinoids, emphasizing the role of endogenous
cannabinoids in the human body and outlining their significance in studying neurodegenerative
diseases and cancer. Building on this foundation, this article categorizes cannabinoids into three main
types: phytocannabinoids (plant-derived cannabinoids), endocannabinoids (naturally occurring in
the body), and synthetic cannabinoids (laboratory-produced cannabinoids). The intricate mechanisms
through which these compounds interact with cannabinoid receptors and signaling pathways are
elucidated. A comprehensive overview of cannabinoid pharmacology follows, highlighting their
absorption, distribution, metabolism, and excretion, as well as their pharmacokinetic and pharmaco-
dynamic properties. Special emphasis is placed on the role of cannabinoids in neurodegenerative
diseases, showcasing their potential benefits in conditions such as Alzheimer’s disease, Parkinson’s
disease, Huntington’s disease, and multiple sclerosis. The potential antitumor properties of cannabi-
noids are also investigated, exploring their potential therapeutic applications in cancer treatment and
the mechanisms underlying their anticancer effects. Clinical aspects are thoroughly discussed, from
the viability of cannabinoids as therapeutic agents to current clinical trials, safety considerations, and
the adverse effects observed. This review culminates in a discussion of promising future research
avenues and the broader implications for cannabinoid-based therapies, concluding with a reflection

on the immense potential of cannabinoids in modern medicine.

Keywords: cannabinoids; neurodegenerative diseases; phytocannabinoids; antitumor properties;

endocannabinoids; cannabinoid receptors

1. Introduction
1.1. Background on Cannabinoids

The burgeoning field of research surrounding Cannabis sativa has identified A9-
tetrahydrocannabinol (THC) as one of its key active compounds. This compound, along
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with a plethora of related molecules, both phytochemical and synthetic, exhibits an affinity
for specific neuronal binding sites, contributing to an altered mood and perceptions. These
binding locations are particularly abundant in neural structures such as the substantia
nigra, hippocampus, and cerebellum. One of the clinical manifestations associated with
excessive cannabis consumption is cannabinoid hyperemesis syndrome (CHS), a condition
characterized by recurrent episodes of severe vomiting. This syndrome is exacerbated
by the consumption of high doses of cannabinoids and has imposed a growing burden
on healthcare systems, particularly in the United States. Despite the increasing preva-
lence of CHS, the medical community has yet to reach a consensus on optimal treatment
strategies [1,2].

Beyond their well-documented medicinal applications, cannabinoids have been the
subject of intensive investigations aimed at exploring their therapeutic potential for a
variety of medical conditions, including pain, addiction, obesity, and inflammation, among
others. Recent discoveries have expanded our understanding of the pharmacology of
cannabinoids by revealing the existence of non-CB1 and non-CB2 orphan G-protein-coupled
receptors such as GPR18, GPR55, and GPR119. These receptors operate in conjunction
with the established CB1 and CB2 receptors but have unique characteristics, including
allosteric binding and biased signaling, which could lead to distinct functional outcomes.
A particularly intriguing line of inquiry has revealed the presence of CB1 receptors within
the mitochondria of striated and cardiac muscles, implicating them in the modulation of
intramitochondrial signaling and respiratory processes [3-5].

1.2. Importance of Endogenous Cannabinoids

The endocannabinoid system (ECS) represents a complex neuromodulatory network
that is of paramount significance to the central nervous system (CNS), synaptic plastic-
ity, and adaptive responses to both endogenous and environmental stimuli. Comprising
cannabinoid receptors (CBRs), endogenously synthesized cannabinoids (endocannabi-
noids), and enzymatic pathways for their synthesis and degradation, the ECS serves as a
critical mechanism for neuromodulation. While CB1 cannabinoid receptors are the most
commonly implicated receptors in these interactions, other receptors such as CB2, tran-
sient receptor potential channels, and peroxisome proliferator-activated receptors also
participate [5,6].

Two endogenous cannabinoids that have attracted significant academic attention
are 2-arachidonoyl glycerol (2-AG) and arachidonoyl ethanolamide (anandamide). De-
spite sharing molecular similarities, these cannabinoids diverge in their synthetic and
degradative enzymatic pathways, leading to distinct physiological and pathophysiological
roles [7,8].

The societal ubiquity of cannabis consumption has fueled a wealth of research into the
physiological and pathophysiological functions of endocannabinoids. Marijuana’s preva-
lence as a widely consumed substance in Western societies contributed to the discovery
of the ECS and elucidated its involvement in a plethora of physiological processes. This
intricate system comprises G-protein-coupled CBRs that are activated by lipid mediators,
commonly referred to as endocannabinoids (eCBs). These eCBs are not only synthesized
from cannabis but also encompass a variety of biochemical constituents including pre-
cursors, enzymes, and transporters. Research has revealed an extensive distribution of
components of the ECS throughout various bodily regions and organs, underscoring its
fundamental role in physiology and the potential for targeted interventions for a range of
human ailments [9-12].

Historically, Cannabis sativa (marijuana) has been employed to stimulate appetite,
but rigorous scientific scrutiny of its molecular mechanisms gained momentum following
the identification of THC in the late 1960s. Although marred by societal disapproval due
to misuse, empirical evidence has highlighted the therapeutic potential of marijuana and
its derivatives. Specifically, they have been found to enhance appetite for sweet foods.
The elucidation of distinct CBRs and their endogenous ligands has provided a robust
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physiological framework for understanding the myriad biological effects mediated by
marijuana and other cannabinoids [13,14].

Recent advancements in the field have illuminated the existence of a plethora of
naturally occurring compounds that serve as binding partners to CBRs. eCBs bear a
functional resemblance to endorphins and have been detected in a range of mammalian
species, including humans. Notably, eCBs have been identified in a diverse array of tissues
such as the CNS, peripheral nerves, and reproductive and immune organs like the uterus,
leukocytes, spleen, and testicles. Anandamide, one of the earliest-discovered eCBs, is
present in notably high concentrations in uterine tissue [15]. This suggests a pivotal role
in reproductive processes, a notion corroborated via extensive investigations. Empirical
studies have revealed anandamide’s crucial involvement in orchestrating implantation
processes. A diminished enzymatic activity responsible for the breakdown of anandamide
has been frequently associated with early pregnancy loss [16,17]. The growing body
of scientific literature on eCBs has notably concentrated on the study of anandamide,
reaffirming its significance in both physiological and pathophysiological contexts.

1.3. Overview of Neurodegenerative Diseases and Cancer

THC demonstrates interactions with CBRs, chiefly CB1 and CB2, which are naturally
activated by eCBs. The compound plays a multifaceted role in various physiological and
pathological domains, including the modulation of the release of neurotransmitters, the
regulation of pain perception, and the functioning of the cardiovascular, digestive, and hep-
atic systems. Nonetheless, THC’s psychotropic effects, which are mainly mediated via the
activation of CB1 receptors in the brain, have considerably restricted its clinical applicability.
Contrastingly, the cannabis plant is replete with cannabinoids that exhibit minimal to no
psychotropic activity, many of which have demonstrated therapeutic potential surpassing
that of THC. Among these, cannabidiol (CBD) has gained prominence for its prospective
utility in treating conditions such as inflammation, diabetes, cancer, affective disorders, and
neurodegenerative diseases. Another cannabinoid, D9-tetrahydrocannabivarin (THCV),
shows promise in addressing issues like epilepsy and obesity [18,19].

Neurological disorders, inclusive of neurodegenerative diseases and traumatic brain
injuries, pose considerable challenges to healthcare due to their impact on cognitive, motor,
and behavioral functions. While diverse therapeutic strategies have been explored, none
have provided definitive results. However, accumulated evidence indicates that cannabi-
noids may offer a novel pathway for treatment. Research elucidates the in vivo potential
of both natural and synthetic cannabinoids in ameliorating cognitive decline and motor
impairments. Animal models have demonstrated the efficacy of cannabinoids in enhancing
neurobehavioral function, improving working memory, and reducing neurological deficits
through mechanisms such as modulating inflammation, mitigating edema, and preserving
the neuronal structure [20,21].

CBD’s antioxidative properties have revealed its potential in combating neurodegen-
erative and cardiovascular disorders. Moreover, animal studies have showcased CBD’s
anticancer properties. The co-administration of THC with radiation therapy has also been
observed to induce higher rates of autophagy and apoptosis in cancer cells. The National
Cancer Institute acknowledges the therapeutic potential of Cannabis sativa, particularly
THC and CBD, in alleviating various symptoms associated with cancer, including pain,
appetite loss, nausea, and anxiety. CBD’s complex pharmacological profile allows it to act
as an adaptogen and modulator, interacting intricately with the receptor proteins CB1 and
CB2, among other sites [22].

CBD is increasingly being recognized for its potential as an immunomodulatory entity.
Empirical studies substantiate its efficacy in engendering immunosuppression against
non-infectious inflammatory conditions, such as inflammatory bowel disease, rheumatoid
arthritis, and neurodegenerative disorders. Moreover, CBD has exhibited immunoprotec-
tive qualities against viral infections, including COVID-19. Its interactions with an array
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of cellular targets and signaling pathways have been found to induce specific anti-cancer
responses, which is in alignment with its principal role in ECS-mediated homeostasis [23].

Case reports in the medical literature affirm the therapeutic viability of cannabinoids
derived from Cannabis sativa. However, the clinical adoption of these compounds is
often hindered by the psychotropic side effects that are predominantly attributable to THC.
Advancements in the understanding of the ECS, including the discovery of new receptors,
ligands, and mediators, have facilitated the exploration of novel therapeutic avenues that
could mitigate the adverse psychotropic effects associated with certain plant constituents.
Such scientific innovations have catalyzed the development of FDA-approved medica-
tions that are revolutionizing contemporary medical treatment modalities. For instance,
Nabiximols, an FDA-sanctioned amalgam of THC and non-psychoactive CBD, has demon-
strated utility in alleviating the pain and spasticity related to multiple sclerosis [24,25].
Additionally, DRO and Nabilone have gained FDA approval for their effectiveness in
countering chemotherapy-induced nausea and vomiting in cancer patients. Notably, DRO
has also secured regulatory endorsement for its role in managing anorexia among AIDS
patients [26-29].

1.4. Significance of Studying Cannabinoid Effects

In a comprehensive meta-analysis incorporating 211 studies, the binding affinities
of cannabinoid receptor ligands at human (Hs) and rat (Rn) CB1 and CB2 receptors were
examined. Methodologies in line with the Cochrane procedures guided this nonclinical
investigation. Meta-regression techniques were utilized to identify data variances due to
methodological factors. The Ki values for THC exhibited discernible differences between
HsCB1 and RnCB1. The Kd values for CP55,940 and WIN55,212-2 also displayed significant
discrepancies between HsCB1 and RnCB1, as well as between HsCB1 and HsCB2. Moreover,
SR141716A exhibited affinity to both sets of CBRs [30].

Another exhaustive analysis considered 91 publications consisting of 104 individual
studies with 9958 participants. These studies ranged from randomized controlled trials
(RCTs) to observational research and covered a variety of pain-related conditions including
neuropathic pain, fibromyalgia, and chronic non-cancer pain (CNCP). Pooled event rates
(PERs) revealed that cannabinoids were statistically more effective than a placebo for
achieving a 30% reduction in pain, but no significant difference was found for a 50%
reduction in pain [31].

A discernible uptick has been observed in the usage of synthetic cannabinoid products
among adolescents. A study concentrated on the self-reported psychoactive and somatic
ramifications of synthetic cannabinoid use among adolescents. Notably, all participants
indicated experiencing euphoria and memory alterations. A significant majority, 82%, also
reported negative mood shifts. The concurrent use of marijuana and alcohol was noted by
91% of the subjects. Intriguingly, a robust correlation was observed between the frequency
of synthetic cannabinoid use and the number of other drugs consumed (r = 0.896, p < 0.05).
Consequently, the study concluded that adolescent users of synthetic cannabinoids report
substantial psychoactive effects [32].

Previous research has shown that the stimulation of CB1 receptors affects both motility
and food intake in rodent models and also has implications for human gastrointestinal (GI)
function; however, specific effects on human GI transit times and sensations of fullness
remain undetermined. To shed light on this, a double-blind, randomized study involving
30 healthy volunteers assessed the effects of DRO versus a placebo through a series of
diagnostic tests, including the Ensure® Satiation test and scintigraphic transit testing [33].
In summary, the study posits that the ECS within the human gastrointestinal tract can be
modulated by the non-selective cannabinoid receptor (CBR) agonist DRO to decelerate
gastric emptying. The study further advocates for subsequent investigations involving both
selective and non-selective cannabinoid antagonists to substantiate these initial findings.
Owing to preliminary evidence indicating gender-specific variations in gastric emptying
and fasting gastric volume in response to the acute administration of DRO, it is recom-
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mended that future research on cannabinoids incorporate gender stratification to rigorously
assess their impact [33].

2. Cannabinoids: Types and Mechanisms of Action
2.1. Phytocannabinoids

The historical and medicinal relevance of Cannabis sativa is rich, encompassing both
therapeutic and recreational applications. With over 120 C21 terpenophenolic compounds
known as phytocannabinoids, Cannabis sativa is a prime source of bioactive natural
compounds. THC, discovered in 1971, remains dominant among these, and its discovery
led to the identification of the ECS, which comprises CB1 and CB2 receptors. Despite its
psychotropic effects limiting its medical utility, THC, along with other phytocannabinoids,
holds promise for treating conditions like pain, anxiety, and cachexia. Contemporary
research is exploring the biosynthesis of phytocannabinoids in various species including
Cannabis, Rhododendron, and Radula, as well as the potential for engineering cannabinoids
with enhanced properties via synthetic biology strategies [34,35].

Similar bioactive constituents, namely phytocannabinoids, are also present in hashish
and marijuana, both of which are derivatives of Cannabis sativa L. Traditional pharma-
cology focused primarily on these compounds interacting with CB1 and CB2 receptors.
However, newer insights suggest a more complex interaction profile involving multiple
targets. The molecular pharmacology of key phytocannabinoids, particularly THC and
CBD, is a focal point in understanding their diverse range of actions [36,37].

Intricacies in the composition of phytocannabinoids involve a range of pathways and
variations in side-chain composition as well as the degree of isoprenyl residue oligomer-
ization. The complexity of these compounds extends to their varying origins, which
include not just higher plants but also liverworts and fungi. Factors like heat, light, and
atmospheric oxygen can induce non-enzymatic alterations in these compounds, affecting
key constituents like CBG, CBD, THC, and CBC. Not confined to CBRs, these bioactive
molecules engage with a variety of targets, such as thermo-TRPs and transcription factors
like PPARs, suggesting their potential as an investigational class of drugs with actions
beyond the ECS [38-40].

The limitations of conventional antiepileptic medications, characterized by suboptimal
efficacy and adverse side effects, render the exploration of alternative therapies imperative.
Phytocannabinoids, notably THC and CBD, offer a promising avenue in this context as
they have exhibited anticonvulsant properties with comparatively fewer adverse effects
in both preclinical and initial human studies. With the growing global acceptance of
cannabis-derived products as medical interventions, an understanding of their neurochemi-
cal mechanisms of action is essential. THC functions as a partial agonist at the cannabinoid
1 and 2 receptors (CB1/2), leading to typical outcomes such as euphoria and relaxation.
However, it may also induce dysphoria, anxiety, and manifestations of psychosis in certain
cases [41].

CBD and its propyl analog, cannabidivarin (CBDV), have been the focus of increasing
scientific inquiry due to their wide spectrum of therapeutic attributes, including anti-
inflammatory, anti-nausea, anti-tumor, anti-convulsant, anxiolytic, and neuroprotective
qualities. Despite the plethora of molecular targets with which phytocannabinoids interact
across various body systems, a comprehensive understanding of their mechanisms of action
remains elusive. The nematode C. elegans serves as a vital model organism in this context,
sharing approximately 60% of the genes associated with human pathologies and exhibiting
remarkable neural circuitry and G-protein-coupled receptor (GPCR) signaling similarities
to mammals [42].

With respect to major depressive disorder, compelling evidence suggests that the
activation of CB1 receptors may function as a protective mechanism in humans, either
directly or indirectly. This proposition is further supported by the negative mood effects,
including depression and suicidal thoughts, observed in obese patients treated with CB1
antagonists. Moreover, the silencing of CB1 receptors in specific neural circuits has been
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shown to elevate susceptibility to stress, potentially triggering a cascade of stress-related
disorders, including depression [43,44].

Despite the long-standing recognition of the therapeutic potential of phytocannabi-
noids and their antioxidative capabilities, the operational mechanisms remain under-
explored. Recent investigations have employed density functional theory (DFT) calcula-
tions to scrutinize the radical scavenging abilities of CBD and cannabidiolic acid (CBDA).
These studies highlight the effectiveness of these compounds in neutralizing hydroperoxyl
radicals in polar physiological environments, albeit with diminished efficacy in lipid-rich
media. This focus has also extended to investigating the antiradical properties of eight
key compounds from all the primary families of phytocannabinoids, including cannabinol
(CBN), THC, cannabichromene (CBC), cannabicyclol (CBL), cannabielsoin (CBE), CBD,
cannabifuran (CBF), and cannabigerol (CBG) [45].

The intricate interactions between the CBRs CB1 and CB2 have revealed a fascinating
phenomenon: the formation of complex molecular assemblies known as CB1/2RHet com-
plexes. These complexes are noteworthy for their potential to modulate CB1R-mediated
effects. Investigations have been extended into the impact of various cannabinoid com-
pounds on the formation of these receptor complexes [46]. A model utilizing HEK-293T
cells was employed for this purpose; these cells were subjected to transfection with a
consistent quantity of CBIR-RLuc cDNA while varying amounts of CB2R-GFP2 cDNA
were also introduced. The resulting data were plotted onto a saturable bioluminescence
resonance energy transfer (BRET) curve. Key observations from this experiment include the
BRETmax value, determined to be 214 + 15, and the BRET50 values, identified as 48 + 9,
both of which suggest targeted and specific interactions between CB1R and CB2R [47].

2.2. Endocannabinoids

The isolation of a cannabinoid receptor ligand, arachidonylethanolamide or anan-
damide, from porcine brain tissue has provided significant insights into its physiological
effects. Anandamide effectively interferes with radiolabeled cannabinoid ligand binding
to synaptosomal membranes from rat brains. Moreover, the compound exhibits dose-
dependent inhibitory actions in electrically stimulated mouse vas deferens [48]. Further
investigations reveal that anandamide acts as a cannabinoid agonist, effectively inhibiting
the forskolin-induced activation of adenylate cyclase in N18TG2 cells, similar to the effects
of HU-210, while (+)-HU-211 demonstrates minimal impact [1]. The multifaceted actions of
anandamide encompass the blockage of voltage-gated calcium channels, the activation of
inwardly rectifying potassium currents, G-protein binding, and the induction of multiple
cellular signaling pathways, among other effects [49,50].

2-Arachidonoylglycerol (2-AG), a molecular variant of monoacylglycerol, bears a
structural resemblance to anandamide. It is unique in attaching arachidonic acid at the
second position of its glycerol framework. Studies indicate that 2-AG binds to CBRs
on synaptosomal membranes derived from rat brain tissue, albeit with reduced potency
compared to anandamide [51]. This raises the possibility that arachidonic-acid-containing
monoacylglycerols could function as endogenous ligands for CBRs in specific neural
contexts. Unlike conventional neurotransmitters, which act through vesicular secretion
from synaptic terminals, anandamide and 2-AG may be synthesized on demand via the
stimulation-triggered cleavage of separate phospholipid precursors located within neuronal
membranes [52].

Research indicates the presence of cannabinergic modulation within the basal ganglia,
as evidenced by the effects of the CB1 receptor antagonist SR141716 [53]. This antagonist led
to increased locomotion in mice and induced stereotypies in rats. The activation of CBRs has
also been found to significantly reduce electrically-induced dopamine release in rat striatal
slices and to potentiate the symptoms of neuroleptic-induced catalepsy [54]. Importantly,
blocking the CBRs effectively removed the inhibitory regulation mediated by endogenously
released anandamide, thereby amplifying quinpirole-induced motor activation [55]. The
absence of any observable effects of SR141716A when administered alone, at doses similar
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to those used to augment quinpirole-induced motor activation, suggests that anandamide’s
behavioral effects may be dependent on D2 receptor stimulation, potentially countering
dopamine-D2-facilitated psychomotor activity [56].

Anandamide has been shown to activate transient receptor potential (TRP) channels,
specifically TRPV1, under certain conditions. While both CBRs and TRP channels seem
to contribute to its effects, their individual roles appear to be variable [57]. Anandamide
is also known to activate alpha and gamma peroxisome proliferator-activated receptors
(PPARs), which have a substantial impact on gene transcription. The inhibition of their
degradation via FAAH increases the levels of anandamide as well as other N-acylamides
that modulate PPAR« receptors [58,59].

Both THC and anandamide are classified as low efficacy agonists. Under specific
conditions, such as low receptor density or limited post-receptor effectors, these compounds
may function as antagonists by negating the CB1 receptor signaling initiated by 2-AG [60].

The ECS is a complex network that includes endogenous cannabinoids (eCBs) like
N-arachidonoylethanolamine (anandamide or AEA) and 2-arachidonoylglycerol (2-AG),
biosynthetic enzymes such as NAPE-specific phospholipase D and Diacylglycerol lipase- «,
and degradative enzymes like fatty acid amide hydrolase (FAAH) and monoacylglycerol
lipase (MAGL) [61-64]. The receptors for these substances, termed cannabinoid recep-
tors (CBRs), also form integral components of this system. Notably, these eCBs interact
not just with the primary CBR subtypes (CBIR and CB2R) but also with various other
receptors, including transient receptor potential vanilloid type 1 (TRPV1) cation channels,
GTP-binding protein-coupled receptor GPR55, abnormal-CBD receptor, and peroxisome
proliferator-activated receptors (PPARs) [65,66].

eCBs serve as critical regulators of synaptic transmission through various physio-
logical feedback mechanisms designed to counteract either the overexcitation or inhibi-
tion of synapses. These mechanisms include retrograde signaling, which leads to the
depolarization-induced suppression of inhibition (DSI) at GABAergic synapses and the
depolarization-induced suppression of excitation (DSE) at glutamatergic synapses. The
presynaptic location of CBIR allows eCBs to influence other neurotransmitters, such as
opioid peptides, acetylcholine, and 5-hydroxytryptamine (5-HT), even if CB1Rs may not
be expressed in nigrostriatal dopaminergic neurons [67,68]. Nonetheless, the functionality
of these neurons can be profoundly affected either by the activation or blockade of ECS
components present in nearby neuronal subpopulations like GABAergic, glutamatergic,
and opioidergic neurons that interconnect with dopaminergic neurons. Moreover, dopamin-
ergic neurons can produce extracellular peptide-binding proteins, enhancing retrograde
signaling at both excitatory and inhibitory synapses [69,70].

Additional theories suggest that eCBs modulate dopamine (DA) transmission through
interactions with TRPV1 receptors and the formation of heteromers with metabotropic
receptors such as dopamine D1 and D2 receptors. The presence of CB2R also implies a
direct role of eCBs in modulating dopamine transmission, thus expanding the scope of
their physiological and potentially therapeutic roles [71,72].

2.3. Synthetic Cannabinoids

Phytocannabinoids, predominantly comprising THC, originate from plant sources such
as cannabis. On the other hand, synthetic cannabinoids present in products like Spice include
various compounds such as naphthoylindoles, benzoylindones, and phenylacetylindoles [73].
Notably, the composition of synthetic cannabinoids can vary substantially across different
Spice products and even within the same batch or package (European Monitoring Centre for
Drugs and Drug Addiction 2009). Beyond synthetic cannabinoids, Spice formulations may
include a range of other substances such as additives, preservatives, fatty acids, amides,
esters, and additional psychoactive compounds like the benzodiazepine phenazepam and
an active metabolite of tramadol. Some formulations have even been found to contain
Salvia divinorum, Kratom, or cannabis, although the impact of these additional substances
on the overall effects of Spice remains unclear [74].
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Neurologically, Spice has been associated with a diverse array of symptoms that
include tremors, ataxia, nystagmus, fasciculations, and hypertonicity, as well as hyperflex-
ion and hyperextension. Cognitive impairments affecting attention, concentration, and
memory have also been reported, along with a compromised ability to operate machin-
ery. Palpitations frequently accompany feelings of panic, complicating efforts to discern
whether these symptoms stem from underlying anxiety. Even after the acute phase of
palpitations subsides, residual irregularities may persist. Additional observed symptoms
include xerostomia (commonly known as “cotton mouth”), reddened conjunctiva, changes
in pupil size leading to either constriction (miosis) or dilation (mydriasis), heightened
sensitivity to light, and persistent coughing and inflammation or injury to the lungs [73].

2.4. Cannabinoid Receptors and Signaling Pathways

CB-1R receptors are ubiquitously distributed throughout the nervous system, with pro-
nounced concentrations in regions such as the hippocampus, association cortex, cerebellum,
and basal ganglia, among others [75,76]. In contrast, CB-2R receptors are principally local-
ized in gastrointestinal and lymphatic tissues, as well as specific CNS locations such as the
dorsal nucleus of the vagus nerve, spinal trigeminal nuclei and nucleus ambiguous [76,77].
Both CB-1R and CB-2R function as G-protein-coupled receptors, modulating the release
of neurotransmitters like glutamate, dopamine, and acetylcholine through the inhibition
of adenyl cyclase activity via GO/Gi proteins. Additional neurotransmitter pathways,
including serotonergic, GABAergic, and NMDA (N-methyl-D-aspartate), are indirectly
modulated. A noteworthy observation pertains to the TRPV1 receptor, which has been
identified in the basal ganglia through advanced imaging techniques [78]. The ECS em-
ploys feedback mechanisms to regulate synaptic transmission, affecting cell development,
differentiation, and apoptosis via the MAPK/ERK pathway [79].

Recent studies have classified CBRs in both rats and humans as members of the seven-
transmembrane GTP-binding protein-coupled receptor family. Investigations demonstrated
that exogenous cannabinoids could suppress forskolin or secretin-induced adenylate cy-
clase activity and inhibit the opening of the N-type calcium channel, processes that are
rendered ineffectual when pretreated with pertussis toxin (PTX), thereby implicating the
G1/G0 GTP-binding proteins in these signaling pathways [80].

Furthermore, the CB1 receptor has been identified to contain 472 amino acids in
humans and 473 in rats [81]. A second cannabinoid receptor, CB2, was also successfully
isolated and was found to have a similar architecture consisting of 360 amino acids [82].
Despite sharing only 44% overall similarity, both receptors share 68% resemblance in
their transmembrane domains and are coupled to Gi/Go proteins. Various compounds,
including those with antagonist or inverse-agonist properties such as SR141716A for CB1
and SR144528 for CB2, have been developed to interact with these receptors [83]. It is
posited that CB1 is fundamentally implicated in the regulation of cognition, memory, and
motor activities [84].

3. The Pharmacology of Cannabinoids
3.1. Absorption, Distribution, Metabolism, and Excretion (ADME)

In the realm of drug discovery, a comprehensive selection of target and ligand
molecules from cyano-bacterial species was carried out based on their biological and
pharmacological attributes. These selections were further refined through homology mod-
eling, molecular docking, and molecular dynamics (MD) simulations. A highlight was the
utilization of an in silico tool, Maestro v10.2’s Quikprop, for the assessment of their ab-
sorption, distribution, metabolism, and excretion (ADME) properties. This computational
approach adhered to well-established guidelines such as the Rule of Five and considered
both physicochemical parameters and toxicology measures. The insights gained facilitated
the accurate prediction of pharmacokinetic properties, corroborating the vital role of in
silico methods in drug discovery processes [85].
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In evaluating the pharmacodynamic, pharmacokinetic, and toxicity profiles of the
selected cannabinoids, ADME/TOPKAT prediction proved to be highly instructive. The
compounds exhibited varied levels of human intestinal absorption, blood-brain barrier
penetration, and solubility. Furthermore, the compounds also displayed varying degrees of
plasma protein binding and hepatotoxicity. These analyses collectively contributed to a
nuanced understanding of the complex pharmacokinetic and pharmacodynamic profiles of
the studied cannabinoid compounds [86].

The integral role of ADME studies in both drug discovery and development is well-
documented. These studies not only predict human pharmacokinetic properties but also
help establish correlations with pharmacodynamic assessments in commonly employed an-
imal models for nonclinical investigations. The employment of specialized methodologies,
such as [14C]-5-777469, has proven to be invaluable for the in-depth analysis of specific
agonists like 5-777469, offering nuanced insights into their behavior within human systems
and broadening the understanding of their pharmacological profiles [87].

In the context of pharmacology, it has been observed that serious illness substantially
alters all facets of drug disposition, including absorption, distribution, metabolism, and
excretion (ADME). Such alterations manifest in multiple dimensions, from disrupted
oral absorption and bioavailability to shifts in drug distribution patterns and metabolic
pathways. These modifications suggest that pharmacokinetic models based on healthy
subjects may not be wholly applicable to those with illnesses, thus necessitating more
nuanced approaches for this demographic [88].

In studies focusing on CBRs, the compounds were stringently assessed for their
binding affinities to human and mouse CB2 receptors (CB2Rs), as well as their selectivity
towards human CB1 receptors (CB1Rs). Among the tested compounds, “Compound 2f”
stood out for its strong affinity and selectivity for CB2R. This compound was further
subjected to advanced metabolic pathway analyses, including incubation with human and
rat liver microsomes. Additional in vivo tests were conducted to evaluate the metabolic
stability of [18F]2f, thereby adding to the compound’s potential candidacy for PET tracer
applications [89].

Regarding the neuroprotective potential of cannabinoids, extensive analyses were
carried out on three specific receptors (CB1, CB2, and CB3) and selected phytocannabinoids,
including THC and CBD, as well as endogenous cannabinoids like anandamide (AEA)
and 2-arachidonoylglycerol (2-AG). These studies shed light on the intricate interplay
between cannabinoids and their molecular targets. Furthermore, the ADME profiles of these
compounds indicate favorable drug-like characteristics, thereby supporting their potential
applicability in the treatment of neurodegenerative or other neurological conditions [90].

The foundational premise for the detection of drugs in sweat is anchored in the
pharmacokinetic understanding of a drug’s absorption, distribution, metabolism, and
excretion (ADME) cycle. During this cycle, a fraction of the drug is anticipated to be
excreted through sweat. The presence of lipophilic compounds in the bloodstream is
modulated by factors such as their pKa (acid dissociation constant) values and the pH
of the fluids they enter. Employing a modified Henderson—-Hasselbach equation, which
incorporates both pKa and pH, allows for the theoretical determination of the fluid /plasma
concentration ratio (F/P ratio). Passive diffusion, which is governed by concentration
gradients, typically enables drugs to permeate sweat, with only the unbound fractions
making this transition. Additionally, the more acidic pH of sweat compared to blood creates
a tendency for basic drugs to accumulate within its layers [91].

As for the pharmacokinetics of inhaled cannabinoids, inhalation and intravenous
administration yield similar profiles. Post inhalation, peak plasma concentrations of THC
and CBD are rapidly achieved, typically within 3-10 min. The bioavailability of inhaled
THC is estimated to range between 10 and 35%, a value influenced by various factors
including inhalation patterns, breath-holding durations, and the specifications of the
inhalation device used. CBD, when inhaled, exhibits an average systemic bioavailability of
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approximately 31%, presenting a plasma concentration—time profile analogous to that of
THC [92-94].

3.2. Pharmacokinetics and Pharmacodynamics

The administration of natural cannabis products and cannabinoids predominantly
occurs via inhalation or oral consumption, whereas methods like rectal administration,
sublingual intake, transdermal application, eye drops, or aerosols are generally considered
to have limited practical utility. The pharmacokinetics of THC in particular are strongly
influenced by the mode of administration. For instance, inhalation leads to a swift increase
in plasma concentration and psychotropic effects manifest within seconds to minutes,
reaching a peak within 15-30 min and dissipating over a span of two to three hours.
Contrastingly, oral administration yields delayed psychotropic effects that appear 30 to
90 min post consumption, peaking between 2 and 3 h and lasting 4-12 h, contingent on the
dosage and specific effects [95].

The pharmacokinetics of novel psychoactive substances (NPSs) serve as a crucial
framework for understanding organismal responses to drug administration. While forensic
casework offers data on cannabinoid concentrations in human users, it offers restricted
insights into the pharmacokinetics of individual samples. Preclinical research utilizing
laboratory animals offers more comprehensive data concerning the biological effects of
synthetic cannabinoids, although it often surfaces after these substances have exited market
circulation. In light of these considerations, the pharmacokinetics and pharmacodynamics
of 5SF-MDMB-PICA, an FDA-approved synthetic cannabinoid that is popular in the USA,
have been characterized. A validated analytical methodology has been established that is
capable of quantifying 5F-MDMB-PICA and its primary metabolites in rat plasma. Previous
studies have identified 12 and 22 metabolites of 5SF-MDMB-PICA in vitro [96].

Although CBD is often presumed to mitigate some of the undesirable side effects of
THC, such as its anxiety-inducing properties, controlled clinical investigations have yielded
inconsistent conclusions. Some studies indicate that CBD can attenuate specific acute effects
of THC, while others suggest that CBD may augment THC’s pharmacodynamics, resulting
in more profound drug effects. Yet other findings imply that CBD might not alter either the
pharmacodynamics or pharmacokinetics of THC [97].

The distribution of cannabinoids within bodily tissues is significantly influenced
by their lipophilic nature. THC, for instance, exhibits a substantial distribution volume
(ranging from 5.7-10 L/kg) that is attributable to its lipophilic properties. Similarly, CBD’s
distribution volume is notable, allowing for its efficient penetration into the brain, adipose
tissue, and various organs. The chronic consumption of cannabinoids tends to result in
gradual tissue accumulation, further amplifying their distribution volume. The metabolism
of cannabinoids is primarily hepatic, although extra-hepatic metabolism also occurs in other
organs such as the brain, intestines, and lungs. Cytochrome P450 (CYP 450) enzymes, which
are predominantly found in liver tissue, play a vital role in the metabolic breakdown of THC
into its main components through decarboxylation, epoxidation, and oxidation processes,
leading to D11-hydroxy-THC (D11-OH-THC) and D11-carboxy-THC (D11-COOH-THC).
Tissues expressing CYP 450 enzymes also contribute to the extra-hepatic metabolism of
THC [98,99].

3.3. Factors Influencing Cannabinoid Effects

The question of marijuana serving as a gateway drug has been the subject of extensive
inquiry. A particular computational model replicates observed phenomena frequently cited
to substantiate the gateway effect. However, the model does not indicate a direct causal
relationship between marijuana use and the initiation of using hard drugs. Another facet
of the argument focuses on the relative risk associated with the user’s age at the time of
the initiation of marijuana use. This variant of relative risk associates the initiation of hard
drug use with user characteristics like age rather than solely marijuana use and thus fails
to provide compelling evidence for the existence of a gateway effect [100].
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Legal frameworks and public perception play pivotal roles in the variations in the
availability of synthetic cannabis plant material. Originating primarily in China, these new
psychoactive substances (NPSs) are influenced by law enforcement efforts, media coverage,
and legislative changes in both their country of origin and in destination countries, affecting
their global availability [101].

Maternal marijuana usage during gestation has been scrutinized for its potential
impact on the neurobehavioral development of offspring. Animal models reveal enduring
negative consequences associated with cannabis exposure during gestation and lactation,
particularly with the rise of cannabis use among adolescents. The long-term administration
of cannabinoid agonists in the periadolescent phase in animals has been correlated with
enduring behavioral changes and increased susceptibility to conditions like psychosis or
other neuropsychiatric disorders [102].

Research involving heavy adolescent users of cannabis suggests prolonged deficits in
learning and working memory which endure up to six weeks post cessation. These findings
are particularly concerning given the ongoing process of neuromaturation during adoles-
cence. Rodent models corroborate this, showing more pronounced memory impairments in
animals exposed to cannabinoids during adolescence as opposed to later exposure. More-
over, adult humans who initiated cannabis use in their adolescent years experience greater
cognitive dysfunction compared to those who initiated it later. This adds credence to the
hypothesis that adolescents might be more susceptible to the neurocognitive disruptions
associated with chronic and heavy marijuana usage, although the role of preexisting risk
factors remains an area for further investigation [103].

Scholarly investigations into the potential impact of permissive state medical mari-
juana laws (MMLs) on recreational cannabis use have yielded inconclusive results. One
underexplored avenue is the effect of MMLs on the average potency of consumed marijuana.
It is theorized that heightened potency could indirectly influence individual consumption
patterns as less material would be needed to achieve intoxication, potentially reducing
overall usage. This line of inquiry, while theoretically compelling, has yet to gain substan-
tial attention in academic circles [104]. Cannabinoids, initially synthesized in acidic forms
such as THC, CBD, CBN, CBG, CBC, and CBND, have showcased considerable therapeutic
promise. Their documented benefits range from alleviating nausea in chemotherapy pa-
tients and enhancing appetite in HIV-positive individuals to reducing spasticity in adults
with multiple sclerosis. Additional potential applications include antitumor effects and the
management of conditions like glaucoma, epilepsy, and schizophrenia [105]. An under-
standing of both the pharmacokinetic and pharmacodynamic properties of cannabinoids is
essential to fully appreciating their biological impacts. While pharmacodynamic studies
have confirmed anti-inflammatory, antiviral, and anticancer properties, pharmacokinetic
attributes can vary considerably among individuals. Numerous factors, including prior
consumption habits, pharmacogenetics, body size, health status, diet, and microbiome
composition, along with dosage and the route of administration, influence the cannabinoids’
pharmacokinetic profiles. Empirical research employing subjective self-reports, cognitive
task assessments, and neurophysiological evaluations like electroencephalography (EEG)
and event-related potentials (ERPs) has elucidated some effects of THC consumption. Com-
pared to placebo conditions, THC-infused cigarettes were associated with expected shifts
in mood, behavior, and brain activity. These alterations included diminished task perfor-
mance and attenuated EEG power and ERP components linked to attentional processes
during memory-intensive tasks. Importantly, these effects largely lacked dose dependence.
Furthermore, variations in the concentrations of other cannabinoids like CBC and CBD did
not significantly influence these outcomes, underscoring the primary bioactive role of THC
and its metabolites and affirming the utility of EEG/ERP as biomarkers of its impact [106].
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4. Cannabinoids and Neurodegenerative Diseases
4.1. Alzheimer’s Disease

In the context of Alzheimer’s disease (AD), in which existing therapies offer limited
efficacy, research is gradually turning toward the endogenous cannabinoid system as a
promising therapeutic target. This system comprises CB1 and CB2 receptors, intrinsic
ligands, and enzymes for synthesizing and degrading eCBs. Experimental models of
Alzheimer’s have demonstrated the potential of activating CB1 and CB2 receptors with
non-psychoactive agonists to produce favorable outcomes. These include attenuating the
deleterious effects of beta-amyloid peptides and tau phosphorylation while promoting
brain repair mechanisms. Although much of this evidence is derived from animal models
simulating the pathology of AD, preliminary clinical data supports the role of cannabinoids
in ameliorating the behavioral symptoms associated with Alzheimer’s disease, particularly
when using THC analogs such as nabilone or DRO. Notably, adverse effects like euphoria,
somnolence, and fatigue were generally manageable and did not necessitate the cessation
of treatment [107,108].

Moreover, cannabinoids possess neuroprotective properties that could be crucial in
treating AD. For instance, they can diminish tau phosphorylation and mitigate the negative
impact of beta-amyloid-induced oxidative stress while promoting neurotrophin expression
and neurogenesis. THC itself shows the capacity to inhibit acetylcholinesterase activity,
potentially slowing the progression of the disease [109,110]. CBRs on microglial cells
also present a unique intervention point for mitigating AD-associated neuroinflammation
without inducing psychoactive effects [111,112]. Epidemiological data further corroborate
ECS’s role in AD, especially as nonsteroidal anti-inflammatory drugs (NSAIDs) have been
observed to reduce risk. The findings suggest that eCBs may offer a protective mechanism
against beta-amyloid-induced damage. Indeed, recent studies indicate that inhibiting
endocannabinoid uptake could reverse beta-amyloid-induced neurotoxicity and cognitive
impairment, emphasizing the therapeutic potential of augmenting endocannabinoid levels
in the brain [113-115].

Despite skepticism around the psychoactive properties of cannabis, accumulating
evidence suggests that THC, CBD, and synthetic analogs hold therapeutic potential in
ameliorating memory impairment associated with AD. Specifically, these substances have
displayed consistent efficacy in rodent and human studies, validating the CB1 receptor as
a candidate for therapeutic targeting. Furthermore, the anti-inflammatory capabilities of
cannabis and THC align with the need to mitigate neuroinflammation in neurodegenerative
diseases like AD. To harness the therapeutic utility of THC effectively, it is crucial to discern
its medical attributes from its recreational effects, as supported by preclinical and clinical
findings [116].

Additional research has illuminated the chronic administration of THC and CBD as
promising in mitigating memory impairments during the advanced stages of the pathol-
ogy of AD, as demonstrated in APP/PS1 mice. Interestingly, these compounds failed to
exert similar benefits during the early stages of the disease, leaving Ab deposition and
gliosis unaltered. Therapeutic outcomes in aged APP/PS1 mice correlated with improved
synaptic function, which was characterized by specific changes in metabotropic glutamate
receptor 2/3 and GABA-A Ral levels. Both CB1 receptor agonists and THC have been
shown to induce the release of brain-derived neurotrophic factor (BDNF), implying that
this mechanism could be central to THC’s neuroprotective properties. Given BDNF’s role
in regulating synaptic plasticity, its upregulation could offer a therapeutic pathway to
restore synaptic function in AD patients. However, it should be noted that any therapeutic
endeavor involving cannabinoids must consider the long preclinical phase of AD and the
necessity for early diagnosis for therapies to be effective [117-120].

The therapeutic capacity of THC in targeting intraneuronal amyloid-beta (Ab) has
been found to be promising, although its psychoactive attributes pose social challenges.
A recent study sought to examine a selection of non-psychoactive cannabinoids for their
neuroprotective qualities. Utilizing a well-regarded Alzheimer’s disease drug discovery
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platform, these compounds underwent thorough assessments via assays that evaluate
toxicities pertinent to the aging brain, such as proteotoxicity, trophic support loss, energy
depletion, and oxidative stress. The study also scrutinized the cannabinoids’ effects on
microglial inflammation. Preliminary results indicate that many of these cannabinoids
manifest significant neuroprotective properties across a range of assessments, suggesting
that they are viable candidates for clinical applications in treating neurodegenerative
disorders [121].

The potential therapeutic roles of cannabinoids in addressing late-onset Alzheimer’s
disease (LOAD) and other prevalent conditions among the elderly have increasingly cap-
tured scholarly interest. A host of in vitro and in vivo investigations corroborate the capac-
ity of cannabinoids to mitigate oxidative stress, neuroinflammation, and the formation of
hallmark LOAD markers like amyloid plaques and neurofibrillary tangles. Additionally,
population-based studies suggest that cannabinoids may ameliorate symptoms commonly
associated with dementia, such as behavioral disturbances. This comprehensive review
elaborates on the burgeoning body of evidence suggesting cannabinoids” potential util-
ity in treating LOAD while also offering critical insights into their efficacy, safety, and
pharmacokinetics when administered as treatment in dementia-afflicted populations [122].

4.2. Parkinson’s Disease

The burgeoning interest in cannabinoid treatment for alleviating Parkinsonian symp-
toms, such as dyskinesia and tremors, has been significantly propelled by media coverage
and anecdotal evidence disseminated via online platforms. Carroll et al. executed a rigor-
ous randomized, double-blind, placebo-controlled crossover trial utilizing a standardized
whole-plant extract with a specific THC concentration and a THC:CBD ratio of approxi-
mately 2:1, with the dosage tailored to individual body weight. Despite the double-blind
design, a majority (71%) of the 17 participating Parkinson’s disease patients were able to
correctly identify their treatment arm. The study’s primary findings indicated that the
oral cannabis extract was well-tolerated but yielded no notable changes in Parkinsonian
symptoms. Key outcome measures, such as the Unified Parkinson’s Disease Rating Scale
(UPDRS) and Rush Dyskinesia Rating Scale, along with secondary outcomes like pain
scores and sleep quality assessments, failed to evince any significant treatment effects on
levodopa-induced dyskinesia (LID) [123].

In the realm of neuroprotection for Parkinson’s disease (PD), cannabinoids exhibit con-
siderable promise, particularly in mitigating factors like excitotoxicity, calcium influx, glial
activation, and oxidative damage—all of which are implicated in the progressive degenera-
tion of nigral neurons [124,125]. Although preclinical evidence is robust in supporting the
neuroprotective potential of cannabinoids, clinical investigations remain markedly limited.
Despite the pressing necessity for innovative therapeutic approaches that extend beyond
dopaminergic replacement therapy and the lack of existing effective neuroprotective strate-
gies, the clinical exploration of cannabinoid-based treatments has been constrained. This
dearth of clinical studies persists despite the compelling preclinical data, underscoring the
urgent need for further research to bridge the gap between preclinical promise and clinical
applicability in the treatment of PD [126].

The ECS has been highlighted as a key player in the functioning of the basal ganglia,
which is critically implicated in movement disorders such as Parkinson’s disease (PD).
While preclinical studies suggest that the modulation of cannabinoid (CB) signaling may
alleviate motor symptoms—including levodopa-induced dyskinesias (LIDs)—the clinical
translation of these findings remains insufficiently explored [127,128]. LIDs often manifest
as a result of repetitive dopamine receptor stimulation, leading to a heightened sensitivity
in CB receptor-related striatal signaling. Despite advancements in understanding the
molecular interplay between cannabinoids (CBs) and dopamine (DA), their applicability in
treating PD and LIDs is still an area that demands further investigation [123,129,130].

A limited number of clinical studies exist, such as a Class IIl randomized, double-blind,
placebo-controlled crossover trial exploring the effect of nabilone, a CB1 and CB2 agonist.
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The trial demonstrated a reduction in both Rush Dyskinesia Disability Scale scores and
the total LID time, suggesting the drug’s potential therapeutic efficacy. In the context
of PD, levodopa-induced dyskinesia (LID) has been shown to involve hyperactivity in
the lateral segment of the globus pallidus (GPl). The activation of CBRs in this region
can modulate the reuptake of GABA and potentially enhance neurotransmission, which
could theoretically ameliorate the symptoms of dyskinesia. Supporting this hypothesis, a
controlled clinical study—a randomized, double-blind, placebo-controlled crossover trial
involving seven PD patients—provided empirical evidence that the cannabinoid receptor
agonist nabilone significantly reduced occurrences of LID [66]. Despite the insights gained
from preclinical research, definitive clinical evidence regarding the therapeutic efficacy
of cannabinoid therapies for PD and associated LIDs is still sparse, warranting further
in-depth clinical evaluations [131].

In a study employing a rat model with 6-hydroxydopamine-induced lesions, the post-
lesion-onset administration of THC led to a resurgence of neuronal injury two weeks after
the cessation of the cannabinoid treatment. This finding prompts questions concerning the
nature of THC’s protective effects against 6-hydroxydopamine toxicity—whether they are
inherently neuroprotective and sustained post treatment or merely transient upregulatory
responses. Concurrent investigations probed alterations in the efficacy of CB1 receptors
within the caudate putamen and substantia nigra two weeks post toxin administration.
Emerging research substantiates that the prolonged hyperactivation of these receptors
parallels observations in other Parkinson’s disease models. Importantly, the chronic ad-
ministration of THC appeared to significantly attenuate dopaminergic neuronal injury in
hemiparkinsonian rats, corroborating previous evidence of the neuroprotective properties
of cannabinoids—whether plant-derived, synthetic, or endogenous—across various in vivo
and in vitro models of neuronal damage [132].

The collective body of evidence suggests a role for CB2 receptor activation in mitigating
inflammation and neuronal degeneration within a 6-hydroxydopamine (6-OHDA) model
of Parkinson’s disease (PD). An investigation into the impacts of cannabinoids on neu-
ronal survival post 6-OHDA exposure highlighted microglia-mediated effects. CB receptor
agonists such as 8-THC and 9-THC have been demonstrated to suppress the release of proin-
flammatory cytokines, including tumor necrosis factor-alpha (TNF-«) and interleukins,
from human monocytes [133]. Additional compounds, such as WIN-55,212-2, CBD, and
JWH-133 (a selective CB2 receptor agonist), have been reported to counteract ATP-induced
increases in intracellular calcium concentrations in N13 microglial cell lines. The effects of
JWH-133 and WIN-55,212-2 were completely nullified by the CB2 antagonist SR 144528,
underscoring their CB2-receptor dependency. Interestingly, such antagonistic effects were
absent in CBD-treated cells, indicating the existence of CB2-independent mechanisms that
potentially contribute to the observed neuroprotective effects [134].

4.3. Huntington’s Disease

Since the 1980s, there has been a remarkable surge in the field of cannabinoid pharma-
cology, culminating in the development of innovative cannabinoid-based pharmaceuticals
to address an array of medical conditions. Notable medications that emerged during this
period include Cesamet (nabilone) and Marinol, which received approval for the treat-
ment of chemotherapy-induced nausea and vomiting in oncology patients and anorexia—
cachexia in the context of AIDS therapy, respectively. The most recent addition to this
burgeoning domain is Sativex, an oromucosal spray developed by GW Pharmaceuticals
Plc, comprising equimolar concentrations of THC and CBD for optimal efficacy. Beyond
MS, the multifaceted pharmacological profile of Sativex®—including its demonstrated
analgesic, antitumoral, anti-inflammatory, and neuroprotective properties in preclinical
settings—has catalyzed ongoing research into its applicability for treating additional neu-
rological disorders [135,136].

One neurodegenerative condition that has garnered particular attention in this context
is Huntington’s disease (HD). HD is an autosomal-dominant disorder characterized by
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the presence of excessive CAG repeats in one allele, leading to polyglutamine (polyQ)
expansion in the huntingtin protein. The disease predominantly affects striatal and cortical
neurons and may manifest clinically as chorea or dementia. In an investigation into the role
of CB2 receptors in excitotoxicity-induced striatal neurodegeneration, the anti-inflammatory
compound minocycline was administered to CB2 receptor-deficient mice. The study found
a significant reduction in excitotoxicity-induced seizures and enhanced motor coordination,
and balance, as indicated by performance on a RotaRod test. Moreover, minocycline
alleviated glial activation and decreased the loss of medium-sized spiny neurons in these
CB2-receptor knockout mice. These results underscore the significance of CB2 receptors in
mediating microglia-driven neuroinflammatory processes and suggest that the efficacy of
HU-308, a CB2 receptor agonist, may rely substantially on the modulation of microglial
activation [137].

In the realm of Huntington’s disease (HD), a particular focus has been placed on
the potential use of cannabinoids in treating dystonia, a frequent motor symptom. One
study revealed that a cohort of early-onset HD patients experienced a notable amelioration
of the symptoms of dystonia upon the initiation of cannabinoid treatment, affirming the
therapeutic promise of cannabinoids in mitigating motor dysfunctions, especially dystonia,
in early-onset HD cases [138].

An additional study sought to elucidate the neuroprotective capabilities of cannabi-
noids within the context of neurodegenerative disorders, using an experimental model
that mimicked the mitochondrial complex II deficiency frequently observed in HD. Here,
the effects of THC, a nonselective cannabinoid receptor agonist, and SR141716, a spe-
cific CB1 receptor antagonist, were examined during malonate-induced striatal toxicity.
Contrary to expectations, both THC and SR141716 exacerbated malonate-induced lesions.
These findings indicate the complexity of manipulating the ECS for neuroprotection in
HD and suggest that targeting highly selective CB1 receptor agonists may be necessary to
effectively mitigate neurodegeneration [132].

In a longitudinal study that employed a R6/1 mouse model to investigate the effects
of various cannabinoid treatments on Huntington’s disease (HD), several key observations
were made over a 20-week period. Although changes in female body weight were statis-
tically insignificant and consequently omitted from the report, marked disparities were
noted in male cohorts. Specifically, wild-type mice exhibited a consistent pattern of weight
gain, whereas in R6/1 mice, weight gain reached a plateau after the twelfth week. Various
eight-week treatment regimens with HU210, THC, or URB597, initiated at the 12-week
mark, failed to mitigate behavioral deficits in the R6/1 mice. However, molecular assays
indicated that URB597 effectively preserved CB1 receptors in the striatum, while HU210
resulted in an aggregation of ubiquitin-positive protein [139] (Table 1).

Table 1. A summary of molecular changes occurring in R6/1 and WT mice at 20 wk of age following
chronic cannabinoid drug treatment compared to vehicle treatment.

Brain Region Drug Ré6/1 WT
Aggregate number Striatum HU210 Increased N/A
CBl ligand binding Striatum URB597 Increased None
Hippocampus THC None Decreased
CB1 mRNA Striatum HU210 URB597 None Decreased
GABA ligand binding  Globus pallidus URB597 None Increased
5HT2A ligand binding  Striatum HU210 URB597 None Decreased
Hippocampus URB597 None Decreased
Motor cortex URB597 None Decreased
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The study challenges the extant literature on the subject by revealing no significant
downregulation of CB1 receptors due to chronic drug therapy. This discrepancy may
be attributable to variations in treatment durations and the specific brain regions ana-
lyzed. Moreover, the study underscores the unexpected increase in seizure events in the
R6/1 mice following HU210 treatment, thereby raising questions regarding the safety and
appropriateness of utilizing highly potent cannabinoid agonists in HD therapy (Figure 1).
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Figure 1. The distribution of the CBIR and CB2R in the striatum of the rat.

Collectively, these observations offer nuanced insights into the intricate relationship
between cannabinoids and HD, thereby accentuating the need for further research. The
study highlights the necessity to clarify the role of CB1 receptors in disease progression
and assess the viability of targeted therapeutic interventions [139] (Table 2).
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Table 2. Cannabinoids and neurodegenerative diseases.
Endocannabinoid Endocannabinoid Endocannabinoid

CB1 Receptor CB: Receptor Levels Synthesis Degradation
Alzheimer’s  CBy receptor expression CB, receptor Decreased AEA levelsin ~ DGLalfa and Increased FAAH
disease initially increased, followed  increased in the the midfrontal and DGLbeta levels levels [145].

by a decline during disease ~ entorhinal cortex and  temporal cortex [143]. were increased in Increased MGL levels

progression [140]. parahippocamus [142]. AD patients (Braak  in AD patients (Braak

CB; receptor was
functionally impaired [141].

stage IV) [144].

stage IV) [144].

Parkinson’s

CB; receptor expression

AEA levels increased in

Decreased levels of

disease decreased in the substantia cerebrospinal fluid. anandamide
nigra. A sevenfold increase in membrane
CB; receptor expression 2AG levels in the globus transporter and
increased in dopaminergic pallidus [147]. FAAH [145].
projecting areas [146]
Huntington’s ~ CBy receptor expression CB; receptor AEA and 2AG levels NAPE-PLD and FAAH levels
disease decreased in the caudate expression increased  decreased in the striatum. DGL levels increased and MGL

nucleus, putamen, and
globus pallidus [148].

in striatal
microglia [137].

AEA levels increased and
2AG levels decreased in

decreased in the
striatum [145].

levels decreased in
the cortex [145].

the cortex [145].

4.4. Multiple Sclerosis

The potential therapeutic efficacy of cannabinoids in treating the symptoms associated
with multiple sclerosis (MS) and spinal cord injury has gained some empirical support,
primarily from a limited set of eight clinical trials and a solitary case study focused on
spinal cord injury. Among these, five studies concentrated on the administration of oral
THC, offering preliminary evidence of its beneficial effects for symptom relief in both
MS and spinal cord injury. Although the current corpus of data does not definitively
establish cannabis or particular cannabinoids as effective treatments for muscle spasticity,
spasms, or pain in these conditions, it provides a crucial foundation for future research
endeavors [149].

Indeed, given the inadequacies of existing treatment modalities for MS, a growing
number of patients are exploring alternative therapeutic approaches, including cannabis
extracts. There is increasing empirical validation for anecdotal claims of symptom alle-
viation through the use of cannabinoids, especially concerning muscle stiffness, spasms,
neuropathic pain, sleep disturbances, and bladder issues. However, investigations tar-
geting symptoms such as tremors and nystagmus have yet to yield favorable outcomes.
In terms of safety profiles, cannabinoids generally appear to be well tolerated, with no
major safety concerns reported during the testing phases. Moreover, improved tolerability
has been observed with extended and gradual dosing regimens [150]. Recent advances in
research methodologies and trial designs are actively being deployed to overcome exist-
ing limitations. Furthermore, burgeoning evidence suggests that cannabinoids may exert
a modulatory influence on the core physiological processes pertinent to MS, including
anti-inflammatory mechanisms, remyelination support, and neuroprotective functions.
Consequently, ongoing clinical trials are investigating whether cannabinoids could not only
provide symptomatic relief but also mitigate the progression of disability in MS patients,
aligning with emerging insights in this research domain [150].

Emerging evidence suggests that the antispasticity effect observed in CREAE mice
following treatment with AM374, an irreversible fatty acid amide hydrolase inhibitor, may
be mediated through CB1/CB2 receptors. Studies have shown that the compound’s anti-
spasticity impact is somewhat diminished with combined pre-treatment using SR141716A
and SR144528, similar to findings involving R-(+)-WIN55212. However, the individual
administration of SR141716A or SR144528 has been reported to exacerbate spasticity in
CREAE mice. Despite these limitations, AM374 still holds promise for alleviating spasticity
by stimulating endogenous CBRs. Additionally, it is noteworthy that multiple sclerosis
patients using an oromucosal spray or oral DRO cannabis extracts can self-adjust dosages
to minimize side effects without compromising therapeutic benefits. Moreover, there is
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evidence that the frequency of adverse events diminishes over the course of treatment
without leading to a rapid adaptation to the medicinal effects of cannabinoids [151,152].

The utility of cannabinoids as immunosuppressive agents in chronic inflammatory con-
ditions is further substantiated by research employing Theiler’s murine encephalomyelitis
virus (TMEV), an animal model that mimics human multiple sclerosis. The administration
of synthetic cannabinoids like WIN 55,212-2, ACEA, and JWH-015 during the established
phase of TMEV infection yielded marked and sustained improvement in neurological
deficits. Specifically, treatment with WIN 55,212-2, a non-selective CB1/CB2 agonist, led to
a significant enhancement in RotaRod performance in TMEV-infected mice both immedi-
ately after treatment and 25 days post treatment. Similar outcomes were noted with ACEA,
a selective CB1 agonist. Although the CB2 selective agonist JWH-015 did not achieve
full restoration of motor function, significant improvement was still observed. Impor-
tantly, these functional gains persisted for at least 25 days after the cessation of treatment,
underscoring the potential long-term benefits of cannabinoid therapy [153].

4.5. Mechanisms of Cannabinoid Action in Neurodegeneration

In the realm of neurodegenerative diseases such as Alzheimer’s, Parkinson’s, and
Huntington’s (AD-PD-HD), neuroinflammation has been identified as a pivotal element
contributing to neuronal degeneration. Various studies have demonstrated the efficacy
of cannabinoids in ameliorating this inflammatory burden. For example, JWHO015, a
selective CB2 receptor agonist, has been shown to counteract the upregulation of CD40
in interferon-gamma-treated mouse microglial cells via interfering with the JAK/STAT
pathway. This action further inhibits the production of proinflammatory cytokines while
simultaneously promoting Ab phagocytosis. Additionally, compounds like CBD and the
synthetic cannabinoids WIN 55212-2 and JWH-133 have been implicated in attenuating
ATP-induced increases in intracellular Ca?*, a critical factor in microglial activation and the
onset of inflammatory responses [111,134].

Acute neurodegeneration, such as the neurodegeneration resulting from cerebral
ischemia due to stroke, trauma, or cardiac arrest, calls for immediate intervention. The
existing research corroborates the neuroprotective properties of cannabinoids (CBs) in
such scenarios, particularly in ameliorating secondary damage following the initial injury.
Intriguingly, endogenous cannabinoids exhibit increased levels of production following
brain trauma, suggesting a potential role in mitigating secondary injuries. For instance,
levels of anandamide (AEA), an endocannabinoid, are elevated following controlled blood
flow disruptions, a change that is attributed to the decreased expression and activity
of the FAAH enzyme. Moreover, studies involving models of middle cerebral artery
occlusion (MCAO) as well as clinical studies on stroke patients have corroborated the
trend of elevated anandamide levels. Interestingly, levels of 2-arachidonoylglycerol (2-AG),
another endocannabinoid, are noted to increase following physical traumas like concussive
head injuries or seizures. However, its levels were found to decrease in mice subjected to
MCAO-induced ischemia [83,154-156].

In the recent literature, cannabinoids have emerged as potent medicinal agents, partic-
ularly in the realms of appetite stimulation and antiemetic treatment for conditions such as
cancer and AIDS. THC and CBD, the principal active compounds within the cannabinoid
class, interact with G-protein-coupled receptors—CB1 receptors predominantly located in
the CNS and CB2 receptors mainly found in immune cells. The body’s endogenous cannabi-
noids (ECBs), notably anandamide, virodhamine, and 2-arachidonoylglycerol (2-AG), bind
to these receptors, facilitating various physiological responses such as cognitive function
and pain perception. Elevated ECB levels have been observed in several neurodegenerative
diseases, suggesting their potentially neuroprotective roles. Intriguingly, cannabinoids
can function as agonists, antagonists, or inverse agonists when binding to CBRs, thereby
modulating their neuroprotective effects. For instance, CBD has been shown to miti-
gate the toxicity caused by beta-amyloid peptides, resulting in reduced levels of reactive
oxygen species, lipid peroxidation, and pro-apoptotic proteins. Additionally, CBD has
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demonstrated an ability to downregulate the production of proinflammatory cytokines and
specific secretase enzymes. These attributes are promising for the use of cannabinoids in the
treatment of neurodegenerative conditions like Parkinson’s and Alzheimer’s diseases [157]
(Figure 2).
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Figure 2. The mechanism of the protein aggression and degeneration that lead to neurodegenerative
phenomena.

Over the past 15 years, scholarly attention has concentrated on elucidating the neu-
roprotective potential of agents that target the ECS, encompassing cannabinoid agonists,
endocannabinoid degradation inhibitors, and allosteric modulators. These compounds
have demonstrated a capacity to neutralize a variety of neurotoxic elements, including
excitotoxicity, oxidative stress, and inflammation, thereby supporting neuronal health and
longevity. Given the complexity of neurodegenerative disorders—which are often char-
acterized by the simultaneous occurrence of multiple deleterious stimuli—an efficacious
neuroprotective strategy necessitates a multifaceted approach to counteract these cytotoxic
agents. In this context, cannabinoids distinguish themselves via their versatile neuroprotec-
tive properties. Unlike other compound classes under investigation for neuroprotective
potential—such as antioxidants, N-methyl-D-aspartate (NMDA) receptor antagonists, and
calcium channel blockers—cannabinoids offer a more comprehensive range of protective
attributes. As a result, they have emerged as viable candidates for therapeutic interventions
in conditions like stroke and traumatic brain injuries (TBI). It is imperative to note that most
existing studies were conducted using animal models and often involve the administration
of cannabinoids prior to the introduction of potentially cytotoxic factors. The relevance
of such administration sequences to human pathology requires cautious interpretation.
Among the various cannabinoids showing promise in preclinical models are Dexanabinol
(HU-211), a synthetic compound with structural similarities to traditional cannabinoids
but lacking cannabinoid receptor affinity; nonselective synthetic agonists like HU-210,
WIN 55,212-2, TAK-937, and BAY 38-7271; and phytocannabinoids, including THC and
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CBD. The endogenous counterparts, such as 2-arachidonoylglycerol (2-AG) and anan-
damide, also hold significant therapeutic potential. These compounds have frequently been
observed to confer a range of neuroprotective outcomes, including improved neurological
function, diminished infarct sizes, and reduced edema and inflammation, alongside the
modulation of immunomodulatory responses [158].

Cannabinoids demonstrate impressive antioxidative abilities by engaging the CB1
and CB2 CBRs to counteract free radical damage and modulate the production of ROS,
as well modulating antioxidative defense mechanisms. The activation of CB1 receptors
=initiates complex signaling pathways that play an essential role in supporting antioxida-
tive responses and cellular survival, including the phosphoinositide 3-kinase (PI3K)/Akt,
mitogen-activated protein kinase (MAPK), and Nrf2 pathways [159-162]. Furthermore,
the activation of CB1 receptors governs key aspects of glutamatergic signaling such as
activating the N-methyl-D-aspartate (NMDA)-receptor-activated regulation of calcium
influx and the orchestration of Ca?*-dependent signaling cascades. CB2 receptors’ neuro-
protective abilities derive from their capacity to reduce microglial activation and the release
of pro-oxidative and proinflammatory agents. CB2 activation therefore plays a crucial
role in mitigating neuroinflammation’s potentially damaging effects while also creating an
environment that is conducive to cell integrity and sustained wellbeing. By harmonizing
all of these intricate mechanisms, cannabinoids exert a multifaceted neuroprotective influ-
ence that promotes balance within an ecosystem conducive to sustained well-being [163]

(Figure 3).
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5. Cannabinoids and Cancer
5.1. Antitumor Effects of Cannabinoids

The investigation into cannabinoids as potential anticancer agents has expanded in
recent years, although it remains relatively nascent. Limited to a small number of human
studies, including one phase I/1I clinical trial and three experimental studies, the body of
evidence does reveal some promise. One of these studies distinguished itself through a
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rigorous methodological approach, aligning closely with the evaluation criteria outlined
by the Cochrane Collaboration Manual. This meticulousness facilitated a more reliable
interpretation of its experimental methodologies and outcomes, accentuating the need for
further high-quality research to substantiate the antitumor effects of cannabinoids. Beyond
merely serving as palliative agents in cancer treatment, cannabinoids hold potential as
primary or adjunctive antineoplastic agents. However, the need for an expansive array
of well-designed clinical trials remains critical for validating the antitumor efficacy of
cannabinoids in oncological settings [164].

Recent advancements have particularly spotlighted the antiproliferative attributes of
CBD, a nonpsychoactive cannabinoid. In a focused in vitro study examining the effects of
CBD on U87 and U373 human glioma cell lines, a significant reduction in the mitochondrial
oxidative metabolism was observed, along with a decrease in cell viability. The antiprolifer-
ative impact was noted within 24 h of exposure to CBD and was partially attenuated by
specific agents like SR144528 and «-tocopherol. Intriguingly, other cannabinoid antagonists
failed to reverse CBD’s effects. For the first time, the study linked CBD’s antiproliferative
activity with the induction of apoptosis, which was confirmed via a cytofluorimetric analy-
sis and single-strand DNA staining. Furthermore, in vivo studies on nude mice implanted
with U87 human glioma cells demonstrated significant tumor reductions following the
subcutaneous administration of CBD, reinforcing its potential role as an antineoplastic
agent. These findings contribute substantially to our understanding of CBD’s antitumor
properties, both in vitro and in vivo, advocating for its further exploration as a potential
antineoplastic agent [165].

The therapeutic potential of Cannabis sativa, particularly its bioactive components like
cannabinoids and terpenes, has garnered substantial attention in contemporary research. In
a study involving female C57BL/6 mice treated with azoxymethane (AOM) and dextran sul-
fate sodium (DSS), THC exhibited both anti-inflammatory and antitumoral properties [166].
THC administration led to marked reductions in the severity of inflammation and tumor
formation, as evidenced via the hematoxylin and eosin staining of the colonic tissue. Addi-
tionally, THC was found to mitigate the production of interleukin-22, a cytokine implicated
in inflammation-driven colon cancer, by intraepithelial cells. Both cannabinoids and ter-
penes such as 3-caryophyllene, limonene, and myrcene have demonstrated promise in
inducing apoptosis, inhibiting cell proliferation, and suppressing angiogenesis in colorec-
tal cancer (CRC). Of significance is the synergistic interaction between cannabinoids and
terpenes, which may amplify therapeutic efficacy in treating CRC [167].

In a separate investigation focused on elucidating the antitumoral mechanisms of
cannabinoid compounds, particularly those that are high in CBD, three extracts of Cannabis
sativa were evaluated. The study centered on their effects on cell mortality, cytochrome
C oxidase activity, and lipid composition in SH-SY5Y neuroblastoma cells. The results
indicated that these extracts induce cell mortality by inhibiting the activity of cytochrome
C oxidase. Importantly, this cytotoxicity was comparable to the cytotoxicity induced by
known cannabinoid agonists like WIN55,212-2. While this effect could be partially attenu-
ated by the selective CB1 receptor antagonist AM281 and antioxidants like x-tocopherol, it
underscores the critical role of oxidative stress in mediating the antitumoral properties of
cannabinoids. Furthermore, the extracts with high CBD contents revealed diverse antitu-
moral effects against human neuroblastoma cells which appeared to operate via multiple
mechanisms, not only by affecting cannabinoid receptor activity but also by disrupting
mitochondrial electron transport and increasing oxidative stress. Interestingly, the study
suggested that whole-plant extracts may offer superior antitumoral effects compared to
isolated cannabinoids. However, the study did not account for the potential mitigating im-
pact of antioxidants, such as x-tocopherol. This omission is noteworthy since a-tocopherol,
a well-known antioxidant commonly used to alleviate adverse reactions in chemotherapy,
could potentially diminish the antitumoral efficacy of cannabinoid-based treatments [168].
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5.2. Cannabinoids in Cancer Therapy

The expression levels of cannabinoid receptors (CB-Rs), particularly CB1-R and CB2-R,
in breast cancer tissues have been illuminated through microarray technology analysis. The
findings indicate that while CB1-R immunoreactivity was observed in 28% of carcinoma
samples, a staggering 72% displayed CB2-R immunoreactivity. This is in stark contrast to
non-transformed mammary tissues, which showed negligible immunoreactivity for both
CB1-R and CB2-R. The association between elevated CB2-R expression and increased tumor
aggressiveness is noteworthy. For instance, tumors devoid of estrogen and /or progesterone
receptors, which generally have a poorer prognosis, frequently exhibit elevated levels of
CB2-R. This trend is also seen in particularly challenging triple-negative tumors, which are
characterized by their lack of both steroid hormone receptors and HER2 /neu receptors.
These tumors often display high CB2-R levels which correlate with poor differentiation,
an increased likelihood of early local recurrence, and distant metastasis. The therapeutic
landscape for breast cancer could potentially be revolutionized by targeting CB-Rs, partic-
ularly CB2-R and CB1-R. This avenue may offer effective treatment options for patients
who experience recurrence post anti-HER2-targeted therapies. Beyond CB1-R and CB2-R,
other CB-Rs like GPR55 also merit attention. The elevated expression of GPR55 has been
observed in metastatic MDA-MB-231 cells, and its proliferative effects are thought to be
linked to extracellular signal-regulated kinase (ERK) activation and the subsequent ex-
pression of the c-FOS proto-oncogene. Furthermore, cannabinoids (CBs) present potential
therapeutic agents for challenging HER2-expressing breast tumors. Combining CBs with
targeted therapies like lapatinib, a tyrosine kinase inhibitor, may potentiate antitumoral
effects and enhance synergy with conventional chemotherapy agents such as cisplatin.
Empirical studies have corroborated the synergistic effect between CBs and other oncologic
agents including cisplatin [169-171].

From a translational standpoint, the synergistic potential of cannabinoids with existing
chemotherapy treatments should not be overlooked. Preclinical studies have demonstrated
that CBD and THC in particular can enhance the effectiveness of conventional chemother-
apies. Although the scientific literature has yet to present data on the possible synergies
between FAAH or MAGL inhibitors and classical chemotherapy or immunotherapies,
cannabinoids have already been successfully employed in a clinical setting to mitigate
the side effects associated with chemotherapy, such as nausea, vomiting, and pain. Re-
cent work has also indicated the utility of MAGL inhibitors like MJN110 in reversing
chemotherapy-induced neuropathy. Consequently, future research endeavors should pri-
oritize combination studies with traditional chemotherapy agents to evaluate potential
synergistic effects on tumor growth inhibition and metastasis reduction while simultane-
ously assessing the ability to alleviate chemotherapy-induced side effects [172,173].

In parallel, CBD has garnered an increasing amount of research interest for its analgesic
properties in neurologically mediated conditions. One notable pharmacological formula-
tion, Nabiximols (Sativex), which is a composite of CBD and THC, has gained regulatory
approval in specific jurisdictions for mitigating spasticity associated with multiple sclerosis
and as an adjunct in cancer-related pain management. CBD’s interaction profile is broad,
encompassing not just the canonical CB1R and CB2R but also other receptors like TRPVs,
5-HT1A, GPR55, and PPARg. In the realm of oncology, CBD has exhibited anticancer
properties through various mechanisms, including the induction of apoptosis and the
inhibition of cell migration and metastasis across diverse cancer types [174].

Adding to the complexity of the cannabinoid landscape are compounds like cannabigerol
(CBG), O-1602, and URB-602, which have shown promising anti-neoplastic effects in
experimental models, notably in decreasing tumor volume and averting the formation of
aberrant crypt foci (ACF) [175].

The ECS has emerged as a focal point of medical research owing to its regulatory role
in an array of physiological and pathological processes, encompassing pain modulation
and memory formation. Deviations in the activity of the ECS have been identified across a
gamut of medical conditions, ranging from oncological to neurodegenerative disorders such
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as Parkinson’s disease, Huntington’s chorea, and multiple sclerosis (MS). Consequently,
pharmacological interventions aiming to modulate the activity of the ECS have gained
considerable momentum, often employing plant-derived or synthetic cannabinoids as
active agents. Such pharmacological strategies have yielded tangible benefits in clinical
contexts such as AIDS-related cachexia and MS-associated spasticity, among other palliative
care applications. Prominent examples of these pharmaceutical agents include Sativex, a
standard plant extract formulation of nabiximols, and synthetic compounds like Nabilone
(Cesamet) and DRO (Marinol). While preliminary evidence suggests a potential utility of
oral cannabinoids in ameliorating chemotherapy-induced nausea and vomiting (CINV),
further empirical investigations are requisite to substantiate and consolidate this therapeutic
application [176].

5.3. Potential Mechanisms of Cannabinoid-Mediated Anticancer Effects

Cannabinoids’ neuroprotective and antioxidant effects are produced via several com-
plex mechanisms, the primary one of which is their effect on mitochondrial function.
CB receptors typically reside on cell membranes. However, 30% of neuronal mitochon-
dria contain CB1 receptors on their outer membranes, evidence that cannabinoids play
an integral role in energy balance through the modulation of the mitochondrial electron
transport chain (mETC), thus impacting learning processes as well as other physiological
processes. The activation of the mitochondrial CB1 receptor pathway involves multiple
components, including the Gai protein, soluble-adenylyl cyclase (sAC), and protein kinase
A (PKA) [177,178]. Studies have also demonstrated that cannabinoids influence OXPHOS
via non-receptor mechanisms, as supported by previous research [179]. Another study
provides further evidence of a correlation between the inhibition of cytochrome C oxidase
activity in SH-SY5Y cell lines and the concentration of THC in Cannabis sativa extracts
and their ability to modulate the metabolism as well as the cannabinoids’ involvement in
mitochondria-related toxicity and oxidative stress [168]. Cannabinoids’ production of ROS
has been shown to cause changes to cell membranes, including the peroxidation of lipids
that affect normal and cancer cells alike [180].

Limonene, a cyclic monoterpene found in citrus fruit peel oils, has been demonstrated
to exert notable anticancer properties both in vitro and in vivo across various types of can-
cer. It can reduce tumor growth while simultaneously inducing apoptosis through multiple
pathways. Limonene displayed significant cytotoxicity against T24 human bladder cancer
cells by inducing G2/M-phase cell cycle arrest, decreasing migration and invasion, increas-
ing apoptosis rates, and upregulating Bax/caspase-3 expression levels while attenuating
Bcl-2 [181]. Limonene produced changes in gene regulation related to apoptosis, signal
transduction, inflammation, and DNA repair within HepG2 cells. D-limonene demon-
strated similar results in colon cancer cells, where it inhibited cell viability by inducing
apoptosis through intrinsic pathway activation and suppressing PI3K/ Akt activity [182].
For gastric cancer cells, however, the activation of the mitochondria-mediated intrinsic
pathway was evidenced. Notably, the combination of limonene and berberine yielded
amazing anticancer effects that surpassed their individual potencies [183]. Neuroblastoma
cells were observed to exhibit autophagy through lipidated Light chain 3 (LC3) indepen-
dent of the generation of ROS or ERK activation and in conjunction with decreased levels
of p62 protein [184]. Lung cancer cell lines also displayed autophagy; D-limonene showed
promising results at curtailing tumor growth in murine models [185]. D-limonene caused
cell apoptosis through two distinct mechanisms in murine T-cell lymphoma cells: at lower
concentrations, it caused the production of H,O, and activated the ERK pathway, while
at higher concentrations, it inhibited protein farnesylation and the production of O, [186].
Niosomes containing 20uM D-limonene showed significant cytotoxicity against HepG2
cell lines as well as other cell lines; when combined with docetaxel, the effect was further
amplified through an escalation in the production of ROS and an increase in the expres-
sion of apoptotic proteins, suggesting the involvement of the mitochondrial apoptosis
pathway [187].
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In an exploration of the mechanistic underpinnings of CBD and CBG treatments, one
study focused on their impact on the expression of genes that are pertinent to cannabinoid
activity and the pathobiology of mesothelioma. Notably absent from this analysis was
CNR?2 as its expression was not observed across any mesothelioma cell lines. The treat-
ments with both CBD and CBG led to the substantial upregulation of key genes associated
with cannabinoid activity and the pathology of mesothelioma across the three mesothe-
lioma cell lines examined [188]. Specifically, noteworthy upregulations were observed for
cannabinoid CB1 receptor (CNR1), G-protein-coupled receptor 55 (GPR55), and 5-HT1a
receptor (HTR1A) when compared to vehicle-treated controls, with an approximately
50-fold increase in the expression of GPR55. Interestingly, the CBD treatment had a variable
impact on the mRNA expression of transient receptor potential vanilloid type 1 (TRPV1).
While it influenced the expression of TRPV1 across most mesothelioma cell lines, an excep-
tion was noted in the case of H2452 cells [188]. The expression of TRPV2 or peroxisome
proliferator-activated receptor gamma (PPARG) demonstrated cell-line-dependent vari-
ability. Moreover, CBD treatment led to a reduction in the endogenous CXCR4 agonist
C-X-C motif chemokine 12 (CXCL12), while CBG’s effects on CXCL12 expression varied
across different cell lines. To delve deeper into the mechanistic landscape, gene pathway
analyses were conducted. Both CBD and CBG were observed to similarly influence cell
cycle regulation pathways. Intriguingly, the Gaq/PLC signaling pathways may have been
disrupted through the upregulation of GPR55 receptors by cannabinoids, affecting calcium
homeostasis [189]. Furthermore, CBG appeared to stimulate the nuclear factor of activated
T cells (NFAT) signaling pathways, a group of transcription factors that could also be
activated via GPR55 receptors. Among the salient findings was the consistent activation of
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) by both CBD and
CBG. NF-kB is implicated in multiple inflammatory pathways, including the release of
various cytokines and chemokines (such as CXCL12-CXCR4), along with cell cycle regu-
lators, anti-apoptotic factors, and adhesion molecules. Overall, these preliminary results
underscore the impact of CBD and CBG on human mesothelioma cell lines, indicating a
clear avenue for further investigation [190].

In a subsequent investigation, a research team explored the antitumoral potential of
WIN 55,212-2 against pediatric osteosarcoma. The study delineated that WIN 55,212-2
induced cell cycle arrest and prompted the upregulation of crucial markers of endoplas-
mic reticulum stress such as GRP78, CHOP, and TRB3, followed by autophagy [191-193].
These findings align with previously reported mechanisms in adult cancers. For example,
Fisher et al. conducted a study on the impact of both THC and CBD on pediatric neu-
roblastoma cells, revealing significant reductions in cell viability. Additionally, CBD was
observed to inhibit xenograft growth in vivo. Although the precise mechanisms underlying
CBD’s antitumoral effects remain to be elucidated, the compound induced apoptosis in
neuroblastoma cells both in vitro and in vivo, effectively causing cell death directly and
indirectly [194].

Collectively, these preclinical findings demonstrate the prospective anticancer efficacy
of cannabinoids against a range of pediatric cancers, albeit via multiple mechanisms. It is
important to recognize that pediatric cancers are heterogeneous, originating from various
cell types and tissues and often driven by specific mutations. One limitation of these
studies is their reliance on long-term cultured cell lines that may not fully represent the
complexity of human cancers. Furthermore, a dearth of studies have corroborated their
findings through animal models or orthotopically xenografted models, consequently failing
to replicate the authentic tissue contexts of these malignancies [195]. Moreover, no clinical
trials have assessed the potential antitumoral effects of cannabinoids in the treatment of
pediatric cancer. Anecdotal evidence exists, however, suggesting potential benefits. For
instance, Foroughi et al. reported two cases of female patients experiencing spontaneous
regressions of low-grade glioma coinciding with cannabis inhalation. While a retrospective
study linked the expression of CBIR to tumor regression, suggesting a plausible mechanism,
Foroughi et al. did not investigate CB1R expression in their reported cases [196,197].
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A growing body of literature supports the notion that the therapeutic benefits of
cannabis are not merely attributable to individual constituents but are the result of syn-
ergistic interactions among various compounds within the plant. For instance, evidence
has emerged that a holistic botanical preparation of cannabis exhibits greater potency
in both in vitro and in vivo models for breast cancer treatment compared to isolated
9-THC [198]. Furthermore, in vivo experiments yielded compelling results, showing addi-
tive effects when cannabis terpenes such as x-humulene and 3-pinene were combined with
WINS55,212-2 in mouse models [199]. These findings suggest that the inclusion of terpenes
enhances the activity of isolated cannabinoids, likely through a synergistic mechanism.
Parallel lines of inquiry have delved into the molecular mechanisms underlying potential
pharmacological interventions against prostate cancer. Various prostate cancer cell lines,
including PC3, DU145, and LNCaP, have demonstrated reduced migration, implicating
cannabinoids as promising agents in combating cancer cell motility. Specifically, the CB1 ag-
onist WIN-55,212 was observed to decrease the activity of RhoA GTPase, a critical regulator
of cell migration [200]. This led to a subsequent disruption in actin/myosin microfilament
formation and a reduction in cell migration. Reinforcing RhoA protein activity resulted
in an increase in microfilament formation and cell spreading, whereas the exogenous CB1
agonist anandamide mimicked the reduction by disrupting actin/myosin microfilaments.
In this context, Roberto et al. reported significant, dose-dependent decreases in the mi-
gration and invasion capabilities of PC3 and DU145 cells when treated with the synthetic
cannabinoid WIN-55,212 [201].

6. Clinical Applications and Challenges
6.1. Cannabinoids as Therapeutic Agents

Emerging combined cancer therapies have generated widespread interest in the use
of cannabis botanicals for treating glioblastoma (GB). Their polypharmaceutical nature
offers distinct advantages over current therapies. They may complement standard-of-care
treatments more effectively by fully harnessing their anticancer properties. Moreover, they
have off-target effects that are less toxic than those of traditional chemotherapeutics. The
use of cannabinoids has already proven successful as palliative care in many GB patients.
Cannabinoids as anticancer agents can be seen in numerous academic publications, demon-
strating tumor-specific cytotoxic and cytostatic effects in experimental models as well as
clinical studies, including those on GB patients [202]. Furthermore, GB stands out in that its
aggressive infiltration within the brain parenchyma limits metastatic spread outside it; this
paradoxical behavior underscores both its complexity and resistance to treatment. Cancer
stem cells (CSCs) play an essential role in the resistance of GB to therapy, with active DNA
repair mechanisms and efficient xenobiotic export systems being key determinants [203].
Therapy-resistant CSCs may lie dormant in protective niches before becoming aggressive
cells that trigger tumor regrowth elsewhere in the brain. The findings of Lah et al. show that
all three cannabinoids induced a significant apoptotic rate of approximately 30% among
GB cancer stem cells at their respective IC50 concentrations, suggesting the significant
inhibition of cell viability mechanisms as cytotoxins, with the significant inhibition of cell
viability mechanisms being a key mechanism of their cytotoxicity and the inhibition of via-
bility mechanisms. Notable among CBG's signaling effects is the activation of caspase-3/7,
which is further amplified with CBD and temozolomide (TMZ) [204].

Experiments using a spinal nerve ligation neuropathic pain model revealed that
administering CB1 receptor-selective agonist ACEA led to decreased mechanically evoked
responses in spinal neurons. This effect could only be prevented with CB1 antagonists
such as AT1077. When applied systemically and locally in rats suffering chemotherapeutic-
agent-induced neuropathic pain, both the systemic and local administration of ACEA
demonstrated attenuated mechanical allodynia without inducing psychoactive side effects
at the administered doses [205].

Another compound, the CB1/CB2 dual agonist CRA13, demonstrated powerful anti-
hyperalgesic properties in an animal model of neuropathic pain. Both the oral administra-
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tion and local injection of CRA13 were effective at reversing mechanical hyperalgesia caused
by established mechanical hyperalgesia. Importantly, its anti-hyperalgesic action occurred
via peripheral CB1 receptors, as evidenced by its responsiveness to CB1 antagonist [206].
Preclinical studies showed AZD1940, an orally active mixed CB1/CB2 receptor agonist, to
have an analgesic effect in both inflammatory and neuropathic pain models without leading
to the development of tolerance or a high level of brain uptake at effective antinociceptive
doses in rats or primates [207]. Its analgesic action was CB1-receptor-dependent, acting
peripherally without leading to the formation of tolerance; the brain uptake at effective
antinociceptive doses was low. However, clinical studies of AZD1940 yielded mixed results.
While preclinical trials demonstrated promising effects against capsaicin-induced pain
and hyperalgesia in human trials, its analgesic properties failed to reduce post-operative
dental extraction pain in healthy subjects, and mild-to-moderate gastrointestinal and CNS
side effects were reported in clinical studies of this compound [207-209]. While certain
compounds showed promising analgesic and peripheral-site-of-action effects in animal
studies, their translation into human clinical trials yielded variable outcomes and side ef-
fects. Furthermore, harnessing cannabinoids as pain management solutions is both possible
and difficult due to how intricately connected CBRs and pain pathways are.

Cannabis has long been used to treat various conditions, and one such ancient use
was to manage epilepsy. Epilepsy, a chronic neurological condition affecting millions
worldwide, is characterized by recurrent seizures which are often coupled with cognitive
impairments and mood disturbances. Efforts at management typically revolve around
modulating neuronal ion channels as well as GABA/glutamate receptors, yet approxi-
mately one-third of epileptic patients remain resistant to the current treatments available to
them [210]. Cannabinoids may help alleviate epileptic seizures due to the presence of CB1
receptors in key brain areas involved in partial seizure initiation, such as the hippocam-
pus and amygdala [211]. The studies conducted to date have highlighted the significant
anticonvulsive properties of various cannabinoids, especially CBD, and more recently,
CBDV/D9-THCV [212]. Unfortunately, however, its exact antiepileptic mechanisms remain
unknown due to its relatively low affinity for CB1 and CB2 receptors. CBD may exert its
effects through several pathways, including interactions with the equilibrative nucleoside
transporter and GPR55, TPRV-1, and 5-HT1A receptors, as well as the a3 and al glycine
receptors [213,214]. Another possible antiepileptic mechanism of CBD could involve its
interactions with mitochondrial Na2*/Ca2* exchanger [215].

CBD'’s therapeutic potential goes well beyond epilepsy, with applications across a
broad range of both nonpsychiatric and psychiatric disorders including anxiety, depression,
bipolar-disorder psychosis, and sleep disturbances, and a significant amount of research
into its pharmacological effects across various biological systems has been undertaken to
understand its mechanisms of action as medicine. Animal models suggest that CBD may
produce anxiolytic-like effects by activating post-synaptic 5-HT1A receptors located in key
brain regions associated with defensive responses, such as the dorsal periaqueductal grey
dorsal periaqueductal grey bed nucleus of the stria terminalis and the medial prefrontal
cortex [216].

Due to opioids’ shortcomings and risks, cannabis’ potential as an effective pain remedy
has garnered increasing consideration. Legalizing cannabis has proven its safety potential
by leading to a decrease in opioid overdose deaths. In general, healthcare providers have
shown an encouraging outlook towards the therapeutic uses of cannabis for patients,
actively helping to facilitate access to medical cannabis. Patient perspectives support this
sentiment, with many believing in cannabis’ effectiveness as an analgesic and considering
it an alternative medication to opioids. Some patients perceive cannabis to be both safe and
effective for treating multiple medical conditions, prompting their cannabis use. Sometimes
patients combine cannabis use with prescription drugs; the impact on overall well-being
remains uncertain in such instances [217].

Secondary metabolites derived from both cannabinoids and non-cannabinoids have
vast therapeutic potential across a wide range of conditions, from cancers, diabetes, cardio-



Biomolecules 2023, 13, 1388

27 of 45

vascular issues, neurodegenerative disorders, inflammatory diseases, and viral infections
to neurodegeneration disorders and viral infections. Unlike THC—one of the best-studied
cannabinoids—most of these phytochemicals lack psychotropic effects, enabling them to
provide therapeutic benefits without creating the psychoactive responses associated with
THC [218].

6.2. Clinical Trials and Evidence-Based Medicine

Until now, limited and disparate research findings have illuminated the effects of
cannabinoids on mental health during the prepubertal stages. Studies have demonstrated
that providing CBD during peri-pubertal periods may reduce the behavioral abnormalities
seen in animal models of schizophrenia. Preclinical evidence also shows that exposure to
both THC and stress during peri-adolescence could result in impaired fear extinction in
adulthood for mice, though this was not evident among animals who only received either
THC or stress alone [219]. Therefore, further clinical investigations must be conducted
in order to ascertain whether concurrent exposure to cannabis and stress during teenage
years might contribute to long-term anxiety disorders or pathological fear in adulthood.
Studies have demonstrated that frequent cannabis users may suffer neurocognitive deficits,
including reduced psychomotor speed and working memory, but these effects can be effec-
tively and affordably improved through aerobic fitness activities—showing the potential of
physical fitness to ameliorate the cognitive deficits associated with cannabis consumption
in adolescents [220-222].

Multiple sclerosis (MS) spasticity therapy aims to increase functional capacity, facilitate
rehabilitation, prevent contractures, and alleviate discomfort among individuals diagnosed
with MS. Cannabinoids stand out as notable interventions within neurological disorders,
particularly MS. Cannabinoids have proven to be particularly successful at managing
MS-related spasticity in several recently conducted studies, demonstrating its benefits
among complementary medicine approaches like pharmaceutical cannabinoids. Nabix-
imols has emerged from multiple rigorous randomized controlled clinical trials against
placebos to gain approval as an effective medication for alleviating spasticity-related symp-
toms. Notably, one recent enriched-design methodology study demonstrated that adding
Nabiximols provided more effective relief from MS spasticity than simply adjusting an
anti-spasticity medication regimen. Another investigation known as SAVANT explored the
use of oromucosal Nabiximols as adjunctive therapy against moderate-to-severe spasticity
symptoms [223-227].

Studies exploring means of reducing opioid doses for managing chronic pain may not
always produce reliable findings due to the incomplete reporting of dose adjustments and
analgesic outcomes. Notable recent analyses have not yielded evidence that cannabis exerts
any opioid-sparing properties. Preclinical evidence points toward cannabinoids’ effective-
ness for treating inflammatory bowel diseases; preclinical findings demonstrate CBD’s
protective impact against intestinal inflammation. Yet more rigorous clinical trials must
still be conducted on a larger scale to ascertain whether cannabinoids or their derivatives
offer any advantages when treating individuals afflicted with IBDs [228,229].

In a landmark interventional pilot clinical trial, the first of its kind to document
anti-inflammatory effects following cannabinoid administration in humans, a focus was
placed on individuals living with HIV (PWH) and undergoing antiretroviral therapy
(ART). The study successfully completed treatments involving eight participants who
were administered oral cannabinoids. The results displayed significant reductions in
surrogate markers linked to gut mucosal damage, systemic inflammation, immune cell
activation, fatigue, and cellular senescence. These initial outcomes advocate for extended
investigations through larger clinical trials, aiming to determine the feasibility of using
cannabinoid capsules to mitigate chronic inflammation in PWH on ART [230]. Within the
scope of this pilot trial, safety and tolerability were the principal concerns. Additionally, the
study probed the impact of oral cannabinoids on the integrity of the gut mucosal barrier.
This was achieved by monitoring the dynamics of REG-3a and I-FABP throughout the
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treatment period. REG-3a is instrumental in modulating interactions between humans and
gut microbiota, whereas I-FABP is released upon the death of enterocytes. Elevated plasma
levels of these markers were previously noted among pregnant women on ART; however,
these levels were observed to decline following a 12-week regimen of oral cannabinoid
therapy. This corroborates the results of earlier studies elucidating the beneficial impacts
of CBD and palmitoylethanolamide on gut mucosal permeability, which are attributed
to CBD’s activation of CBI1R in the ECS [231]. Although substantial anti-inflammatory
benefits were evident in the trial, the precise mechanisms underlying these effects remain
unclear. An additional layer of complexity is introduced by the dual nature of THC as
both a partial agonist and antagonist for CB1R. Furthermore, THC can interact with other
endocannabinoid receptors to exert anti-inflammatory effects [230,232].

6.3. Safety Considerations and Adverse Effects

Notable precautions regarding cannabis and THC revolve around their neuropsychi-
atric side effects, which often determine their maximum tolerated dose and can result in
discontinuation. Clinical trials conducted using DRO have demonstrated its potential to
exacerbate conditions like mania, depression, and schizophrenia. Recent meta-analyses
conducted on cannabinoids demonstrated an almost threefold increased likelihood of
experiencing adverse mental or nervous system effects compared to comparator groups,
although individual symptoms such as anxiety or depression did not show statistically
significant variations [233]. The FDA recommends pre-screening patients before initiating
THC therapy as well as medical cannabis treatments; pre-screening should extend across
both treatments. Furthermore, THC has the potential for the development of a depen-
dency among individuals with histories of substance use disorders involving nicotine,
alcohol, opioids, or illicit drugs [234]. While recreational users may seek certain effects
specifically from THC use, clinical trial participants have reported adverse side effects
like disorientation, dissociation, euphoria, and hallucinations, which can pose particular
dangers to medically vulnerable populations such as older adults [235]. Recent prescribing
information for newly approved products has highlighted the elevated risk of suicidal
behavior and ideation associated with psychoactive medications, such as antihypertensives,
antidepressants, and opioids [236]. As with CBD recommendations—though with more
emphasis being given to THC-containing products—individuals experiencing depression
or those who are taking medications which share similar risk should exercise extreme
caution when considering medical cannabis products as alternatives. Antipsychotic and
antidepressant users should prioritize selections with reduced potential for drug—drug
interactions (DDIs) in keeping with the principle of prudent medication management.

Cannabinoids are widely perceived as harmless substances by the general population,
and any long-term health implications are overlooked. Comparing cannabinoid users and
non-users within the broader population highlights their potentially negative impact on
cognitive function. There is an increasing amount of evidence linking acute cannabinoid use
to deficits in neurocognitive decision making across areas like processing speed, sustained
attention span, verbal fluency, and executive functioning. Over time, chronic cannabinoid
consumption among teenagers and young adults has shown adverse impacts across various
cognitive domains like learning memory, attention, executive function, and psychomotor
speed [237,238].

Cannabinoids’ growing prevalence, both recreationally and clinically, has increased
the possibility of the co-administration of cannabinoids with selective serotonin reuptake
inhibitors (SSRIs), potentially leading to adverse outcomes. A comprehensive analysis
was performed on adverse event reports submitted through the FAERS of the U.S. Food
and Drug Administration’s Adverse Event Reporting System; the results demonstrated
significant instances in which cannabis or its derivatives caused adverse events that demon-
strated an interaction risk between this substance and other medications. Notably, adverse
events reported have shown an upward trend over time due to the increased availability of
marijuana-derived products, both prescription and over-the-counter (OTC) THC/CBD for
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medical and recreational use. Although direct clinical interactions remain an evolving area
of research, one case report has hinted at an association between cannabis hyperemesis
syndrome and the concurrent use of an SSRI medication [239]. By analyzing a vast dataset
encompassing nearly 15 million patient reports from the FDA, specific cohorts were formed
in order to analyze the frequencies of side effects. This included medications (sertraline,
escitalopram, and citalopram), cannabinoids (THC, CBD, and other cannabinoids) and com-
binations which were metabolized via CYPC219 [240]. The frequencies of sertraline side
effects served as baseline for comparison against the cannabinoids/combinations cohorts;
23 side effects each, with an occurrence rate exceeding 5% on sertraline or escitalopram
labels, were selected for benchmarking purposes. Established pharmacovigilance metrics,
relative risks, and safety signals were employed to identify potential associations between
drug or combination side effects and strict statistical methodologies, such as Benjamini—
Hochberg—Yekutieli tests, to ensure accurate statistical significance with a threshold set
at 0.05 while also compensating for the false discovery rate (FDR) [241]. As is evident by
an increase in adverse events associated with the co-administration of cannabinoids and
SSRIs, careful consideration must be paid when researching potential interactions between
them [240].

7. Future Perspectives and Conclusions
7.1. Promising Avenues for Future Research

THC interacts with the ECS in an interesting fashion by acting as both a partial ago-
nist of CB1 and CB2 receptors and an agonist for GPR55 receptors, while CBD acts as an
antagonist or negative allosteric modulator of these same receptors, leading to its ability to
modulate THC’s psychotropic effects when co-administered. While CBD displays weak
binding to CB1 and CB2 receptors at therapeutic doses, its influence on GPR55 curtails intra-
cellular calcium release, thus potentially mitigating the neuronal hyperactivity associated
with conditions like epilepsy. The administration of CBD has been linked to elevated serum
levels of anandamide (AEA), potentially contributing to its therapeutic effects in schizophre-
nia patients [242]. Unfortunately, however, its exact mechanism for elevating AEA levels
remains incompletely understood and requires further study. Some evidence suggests
that both THC and CBD preferentially bind fatty-acid-binding proteins that are essential
for the intracellular transport of anandamide and its subsequent degradation via FAAH
within cells, contrary to rodent studies which demonstrated an inhibition of FAAH activity.
Such results highlight the limitations of animal models as research tools in cannabinoid
research [243]. Cannabinoids such as THC and CBD exhibit potency anti-inflammatory
actions through COX-2 inhibition, leading to a reduced production of pro-inflammatory
prostaglandins [244]. This may indirectly raise endocannabinoid levels, thereby contribut-
ing to their antiepileptic properties. CBD’s influence on CYP isoenzymes in the brain may
further modulate the production of specific eicosanoids like EETs, EET-EAs, and HETE-
EAs which may exert indirect influence upon receptors via the regulation of downstream
eicosanoid pathways; its influence on CYP isoenzymes, in addition to its inhibition of their
production, show its intricate interaction with various molecular pathways [245]. CBD’s
ability to decrease 5-LOX activity and its related metabolites in human tumor cells raises the
possibility that CBD could have anti-seizure properties [246]. This possibility is particularly
intriguing given the possible link between the targeted inhibitors of Cys-LT synthesis and
reduced seizure risk, although further validation will likely be required before this can be
established [247].

Regarding anxiety modulation, due to their widespread presence in key regions of the
brain associated with emotional responses such as the prefrontal cortex, amygdala, and
hippocampus, CB1Rs have attracted increased scrutiny as potential sources for reducing
anxiety. CB1R has been linked with controlling behavioral responses associated with altered
emotional states [248,249]. Studies have demonstrated that cannabinoid agonists exhibit a
two-pronged approach to controlling anxiety and stress, with lower doses showing attenu-
ated effects, while higher ones could induce anxiety-inducing responses. CB1R-mediated
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responses involve diverse molecular mechanisms, including contradictory roles played
by different areas in modulating anxiety, the activation of specific CB1R populations on
GABAergic or glutamatergic neurons, and the potential engagement of non-CB1R-related
pathways [250-252]. Environmental factors, including stress-induced changes in GABA
responses to CBIR agonists, also play a part. CBIRs are found not only on GABAergic and
glutamatergic neurons but are also present in raphe nuclei to influence serotonergic nerve
cell function. Studies involving mice lacking CB1R-deficient serotonergic neurons have
revealed increased anxiety levels and diminished socialization skills. Neuroinflammatory
processes have long been implicated in anxiety and depression. Both CB1R and CB2R
possess the power to alleviate neuroinflammation, offering multiple avenues for anxiolytic
effects. Notably, CB2R polymorphisms in Japanese individuals with depression have been
linked to altered behavior. The antisense oligonucleotide targeting of CB2R mRNA expres-
sion in mice led to reduced anxiety-like behaviors. Studies involving CB2R-overexpressing
mice and spontaneously anxious mice have indicated that CB2R can play an essential role
in modulating anxiety-like behaviors through its interactions with GABA receptors. The
deletion of CB2R from dopaminergic neurons located in the ventral tegmental area (VTA)
of mice was demonstrated to significantly affect anxiety, depression, and psychomotor
behavior. Given the adverse neurological reactions associated with CBIR antagonism by
rimonabant, other therapeutic avenues involving CB2R modulation may offer promising
solutions [253-257].

7.2. Implications for Cannabinoid-Based Therapies

Immunity plays an integral role in protecting against foreign agents and pathogens,
so for over four decades, researchers have investigated how cannabinoids impact immune
responses against pathogens. Notably, in 1977, a groundbreaking study by Bradley et al.
demonstrated how THC combined with lipopolysaccharide (LPS) caused increased toxicity
while amplifying the lethality of heat-killed bacteria [258]. Subsequent investigations by
this same group explored the effects of THC and cannabis extracts on host resistance to
Listeria monocytogenes and herpes simplex virus, ultimately showing decreased levels of
pathogen resistance in subsequent investigations [259,260]. Subsequent studies revealed the
roles of the ECS in initiating immune responses against pathogens, with specific CB2 geno-
types correlating with susceptibility to certain viral illnesses. Conversely, in vitro studies
demonstrated the microbicidal activity of cannabinoids against various bacteria and fungi,
as well as some instances of the regulation of viral pathogenesis by cannabinoids [261];
moreover, the oral administration of cannabis increased survival in murine models of
malaria with enhanced host immunity, while increased levels were detected within their
lungs and intestines [262]. This was further evidenced by increased host immunity, which
was observed with elevated endocannabinoid levels which increased survival when orally
administered to infected animals, indicating its protective nature. Cannabinoid-based treat-
ments for infectious diseases are determined by two key elements: their anti-inflammatory
and pathogen-targeting capabilities [263,264].

Another intriguing area is vaccination and how Cannabis/CBD treatments impact
vaccine-related immunity. Dotsey et al. explored this connection using a transient CB2
blockade on immune reactions of young and aged mice undergoing vaccination; intensified
antigen-specific immune reactions were noted following immunization [265]. However, a
prospective study of humoral/cellular immune responses during hepatitis B vaccination
among habitual marijuana smokers did not reveal significant alterations to the development
of systemic immunity [266].

Inflammatory bowel disease (IBD) represents a category of autoimmune gastroin-
testinal disorders that includes ulcerative colitis (UC) and Crohn’s disease (CD). Evidence
from various studies has substantiated the anti-inflammatory potential of cannabinoids
in mitigating colitis in murine models. Interestingly, these effects were found to be re-
versed when CBRs were either blocked or deficient. In the realm of preclinical research,
phytocannabinoids have been employed in models of gastrointestinal inflammation, and
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their efficacy has further been examined in clinical trials involving IBD patients [267]. A
study utilizing a DSS-induced murine model of colitis revealed a particular sensitivity to
cannabinoid-based interventions. Intriguingly, cannabis extract treatments outperformed
their pure-cannabinoid counterparts, possibly due to the synergistic interactions and dis-
tinct anti-inflammatory attributes conferred by other phytochemicals present in the whole
plant [267]. Macrophages, which are aberrantly regulated in IBD, play a pivotal role in the
pathogenesis of the disease. These cells are notably abundant in the inflamed mucosa of IBD
patients and display an altered phenotype and function compared to normal conditions,
such as the elevated expression of co-stimulatory molecules and the production of the
inflammatory cytokines IL-12 and IL-23. The research indicated that cannabinoid-based
treatments were effective in inhibiting the infiltration of macrophages into the colons of DSS-
induced mice, with the severity of the disease directly correlating with the average number
of infiltrating macrophages. Moreover, different cannabinoid treatments had varying effects
on cytokine levels in murine models. CBD was observed to reduce interferon-beta and
interleukin-6 levels, whereas THC primarily diminished interleukin-6 levels. CBDE exerted
an impact on TNF-alpha and IL-6, while THCE significantly curtailed the levels of all three
investigated cytokines. Importantly, all the cannabinoid treatments examined influenced
IL-6 and TNF-alpha, key cytokines associated with IBD. CBDE emerged as particularly ef-
fective in downregulating TNF-alpha levels, which is noteworthy considering the frequent
clinical usage of anti-TNF agents due to the cytokine’s central role in disease pathogenesis
in both human and murine models [267,268].

In a comprehensive analysis aimed at evaluating the impact of cannabinoids on lym-
phocyte function, in vitro methodologies were employed. The study particularly focused
on cannabis extracts enriched in CBD Botanical Drug Substance (CBD BDS) or THC Botan-
ical Drug Substance (THC BDS), with concentrations ranging from 20% to 30% of each.
The inclusion of these cannabis extracts alongside pure cannabinoids served a dual pur-
pose. Firstly, it acknowledged the prevalence of cannabis-based medicines over isolated
cannabinoids in patient care. Secondly, it allowed for an exploration of the putative ad-
vantages conferred by the entourage effect. Activated lymphocyte proliferation was the
primary outcome measure under investigation. Anti-CD3 antibodies were employed to
activate mouse splenocytes (C57BL/6 or BALB/c), which were subsequently exposed to
various concentrations of pure cannabinoids or their botanical drug substance counter-
parts. An FACS analysis was then utilized to assess cell proliferation. Interestingly, it was
revealed that the pure cannabinoids were more potent in inhibiting lymphocyte activation
compared to cannabis extracts. Among the pure cannabinoids, CBD was found to be
more effective at curtailing proliferation than THC irrespective of the form in which it
was administered [269]. Similar outcomes were also observed in human peripheral blood
mononuclear cells (PBMCs). Upon the activation of anti-CD3, an increase in the CD8 cell
percentage was noted, an effect that could be efficaciously mitigated by CBD, CBD BDS,
and, to a lesser extent, THC BDS treatments [269].

7.3. Concluding Remarks on the Potential of Cannabinoids

Cannabis is an impressively complex plant, boasting more than 100 cannabinoids in
addition to various terpenes and flavonoids. Our understanding of its effects is further
complicated by cannabinoids” demonstrated activity across numerous receptors. This
characteristic bestows cannabinoids—and by extension, cannabis itself—with the label of
being promiscuous drugs; though often seen as disadvantageous, the promiscuity of a drug
actually provides distinct advantages, the most important of which is the ability to engage
various pathways within an illness with just a single therapeutic agent. Medical cannabis
has seen a rapid expansion in recent years as more patients turn to using it as a solution
for various ailments. With more patients turning to this botanical remedy for treatment
purposes, a growing demand exists among the scientific and medical communities to
investigate how cannabis orchestrates its effects within the body; this goes beyond simply
understanding potential merits and risks. Optimal routes of administration vary according
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to each condition and must also be investigated carefully. As the use of medical cannabis
continues to expand, research initiatives become ever more necessary. These endeavors
must not only dissect how the components of cannabis interact within the body but
also establish safe routes of application for various medical scenarios. Furthermore, an
understanding of all of its complexities must be obtained before effective use can occur
within clinical environments [270].

Cannabinoids and eCBs have quickly become one of the most exciting areas of biomed-
ical and chemical research, witnessing over 1000 publications annually with an expected
upward trajectory. The investigation into cannabinoid delivery systems has also witnessed
tremendous activity, with companies filing patents relating to localized or transdermal
administration. Innovative formulation strategies provide an effective avenue for produc-
ing swift systemic effects with sustained long-term effects, as evidenced by the potential
synergy between intranasal cannabinoid sprays and patches for fast absorption and an
immediate systemic impact. Furthermore, compelling findings include using terpenes from
cannabis sources (CBD and THC) as penetration enhancers to increase the efficacy of thera-
peutic constituents, further underscoring quality control’s important role in shaping the
composition, dosage, and safety profiles of cannabis-derived components. Amid today’s
evolving therapeutic paradigms are possibilities for innovative therapeutic paradigms
combining established cannabinoids in new applications with engineered cannabinoid
derivatives. Nanotechnology presents particularly encouraging avenues, with SEDDS
representing one promising route towards realizing the clinical use of Cannabis, involving
both oral and pulmonary routes of administration [271]. The integration of carbon nan-
otubes is still in its infancy but holds promise as an efficient delivery system; however,
thorough scrutiny is required to optimize cost-effectiveness and the long-term safety of
nano-delivery systems before adopting them into mainstream applications. As the surge in
interest in cannabinoids coincides with advances in pharmacology, pharmaceuticals, and
technology, an enabling environment is set up for the creation of innovative therapeutic
strategies that leverage established cannabinoids and their synthetic derivatives. Science
meets innovation while quality and safety issues come together to shape cannabinoid-based
interventions for therapy in the near future.
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Abbreviations

The following abbreviations are used in this manuscript:

CHS Cannabinoid Hyperemesis Syndrome
THC A9-tetrahydrocannabinol THC
ECS The Endocannabinoid System
CNS Central nervous system

eCBs Endocannabinoids

CBD Cannabidiol

THCV D9-tetrahydrocannabivarin
ROS Reactive Oxygen Species
CBRs Cannabinoid Receptors

DRO Dronabinol

CBG Cannbigerol

CBC Cannabichromene

CBDV Cannabidivarin
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GPCR
CBDA
CBN
CBL
CBE
CBF
TRP
PPAR
TRPV1
DSI
DSE
5-HT
CYP450
D11-OH-THC
D11-COOH-THC
CBND
EEG
ERP
AD

Ab
PSEN1
PSEN2
BDNF
LOAD
PD
LIDs
GP1
HD
MS
CREA
AEA
FAAH
MCAO
NMDA
PEA
OEA
AraS
MAPK
CRC
MAGL
LC3
NFAT
LNCaP
GB
™Z
CSCs
PWH
ART
DDIs
SSRIs
OTC
IBD
ucC

CD
BMT
EAE
MM

G Protein-Coupled Receptor

Cannabidiolic Acid

Cannabinol

Cannabicyclol

Cannabielsoin

Cannabifuran

Transient Receptor Potential

Peroxisome Proliferator-Activated Receptors
Transient Receptor Potential Vanilloid Type 1
Depolarization-Induced Suppression of Inhibition
Depolarization-Induced Suppression of Excitation
5-hydroxytryptamine

Cytochrome P450

D11-hydroxy-THC

D11-carboxy-THC

Cannabinodiol

Electroencephalography

Event Related Potentials

Alzheimer’s Disease

Amyloid Beta

Presenilin-1

Presenilin-2

Brain-Derived Neurotrophic Factor
Late-Onset Alzheimer’s Disease

Parkinson’s disease

Levodopa-Induced Dyskinesias

Globus Pallidus

Huntington’s Disease

Multiple Sclerosis

Chronic Relapsing Experimental Allergic Encephalomyelitis

Anandamide

Fatty Acid Amide Hydrolase

Middle Cerebral Artery Occlusion
N-methyl-D-aspartate
Palmitoylethanolamide
Oleoylethanolamide
N-arachidonoyl-L-serine
Mitogen-Activated Protein Kinase
Colorectal Cancer

Monoacylglycerol Lipase

Light Chain 3

Nuclear Factor of Activated T Cells
Lymph Node Carcinoma of the Prostate
Glioblastoma

Temozolomide

Cancer Stem Cells

People Living with HIV

Antiretroviral Therapy

Drug-Drug Interactions

Selective Serotonin Reuptake Inhibitors
Over the Counter

Inflammatory Bowel Disease
Ulcerative Colitis

Crohn’s Disease

Bone Marrow Transplant

Experimental Autoimmune Encephalomyelitis
Medical Marijuana



Biomolecules 2023, 13, 1388 34 of 45

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Vogel, Z.; Barg, J.; Levy, R; Saya, D.; Heldman, E.; Mechoulam, R. Anandamide, a Brain Endogenous Compound, Interacts
Specifically with Cannabinoid Receptors and Inhibits Adenylate Cyclase. J. Neurochem. 1993, 61, 352-355. [CrossRef] [PubMed]
Hopkins, C.Y.; Gilchrist, B.L. A Case of Cannabinoid Hyperemesis Syndrome Caused by Synthetic Cannabinoids. J. Emerg. Med.
2013, 45, 544-546. [CrossRef] [PubMed]

Sawzdargo, M.; Nguyen, T.; Lee, D.K,; Lynch, K.R.; Cheng, R.; Heng, HH.Q.; George, S.R.; O'Dowd, B.F. Identification and
cloning of three novel human G protein-coupled receptor genes GPR52, YGPR53 and GPR55: GPR55 is extensively expressed in
human brain. Mol. Brain Res. 1999, 64, 193-198. [CrossRef] [PubMed]

Overton, H.A.; Babbs, A J.; Doel, S.M.; Fyfe, M.C.T.; Gardner, L.S.; Griffin, G.; Jackson, H.C.; Procter, M.].; Rasamison, C.M.;
Tang-Christensen, M.; et al. Deorphanization of a G protein-coupled receptor for oleoylethanolamide and its use in the discovery
of small-molecule hypophagic agents. Cell Metab. 2006, 3, 167-175. [CrossRef] [PubMed]

Hansen, K.B.; Rosenkilde, M.M.; Knop, EK.; Wellner, N.; Diep, T.A.; Rehfeld, ].F.,; Andersen, U.B.; Holst, ].].; Hansen, H.S. 2-Oleoyl
Glycerol Is a GPR119 Agonist and Signals GLP-1 Release in Humans. J. Clin. Endocrinol. Metab. 2011, 96, E1409-E1417. [CrossRef]
Luk, T; Jin, W,; Zvonok, A.; Lu, D.; Lin, X.-Z.; Chavkin, C.; Makriyannis, A.; Mackie, K. Identification of a potent and highly
efficacious, yet slowly desensitizing CB1 cannabinoid receptor agonist: An efficacious, slowly desensitizing CB1 agonist. Br. J.
Pharmacol. 2004, 142, 495-500. [CrossRef]

Gonsiorek, W.; Lunn, C.; Fan, X.; Narula, S.; Lundell, D.; Hipkin, R.-W. Endocannabinoid 2-arachidonyl glycerol is a full agonist
through human type 2 cannabinoid receptor: Antagonism by anandamide. Mol. Pharmacol. 2000, 57, 1045-1050.

Mackie, K.; Devane, W.A.; Hille, B. Anandamide, an endogenous cannabinoid, inhibits calcium currents as a partial agonist in
N18 neuroblastoma cells. Mol. Pharmacol. 1993, 44, 498-503.

Hanus, L.; Abu-Lafi, S.; Fride, E.; Breuer, A.; Vogel, Z.; Shalev, D.E.; Kustanovich, I.; Mechoulam, R. 2-Arachidonyl glyceryl ether,
an endogenous agonist of the cannabinoid CBy receptor. Proc. Natl. Acad. Sci. USA 2001, 98, 3662-3665. [CrossRef]

Porter, A.C.; Sauer, ].-M.; Knierman, M.D.; Becker, G.W.; Berna, M.].; Bao, J.; Nomikos, G.G.; Carter, P.; Bymaster, F.P.; Leese, A.B.;
et al. Characterization of a Novel Endocannabinoid, Virodhamine, with Antagonist Activity at the CB; Receptor. J. Pharmacol.
Exp. Ther. 2002, 301, 1020-1024. [CrossRef]

Huang, S.M.; Bisogno, T.; Trevisani, M.; Al-Hayani, A.; De Petrocellis, L.; Fezza, E.; Tognetto, M.; Petros, T.J.; Krey, ].E; Chu, C.J.;
et al. An endogenous capsaicin-like substance with high potency at recombinant and native vanilloid VR1 receptors. Proc. Natl.
Acad. Sci. USA 2002, 99, 8400-8405. [CrossRef] [PubMed]

Huang, S.M.; Bisogno, T.; Petros, T.J.; Chang, S.Y.; Zavitsanos, P.A.; Zipkin, R.E.; Sivakumar, R.; Coop, A.; Maeda, D.Y,;
De Petrocellis, L.; et al. Identification of a New Class of Molecules, the Arachidonyl Amino Acids, and Characterization of One
Member That Inhibits Pain. J. Biol. Chem. 2001, 276, 42639-42644. [CrossRef] [PubMed]

Michael Rossi, A.; Kuehnle, J.C.; Mendelson, J.H. Marihuana and mood in human volunteers. Pharmacol. Biochem. Behav. 1978, 8,
447-453. [CrossRef] [PubMed]

Abel, E.L. Cannabis: Effects on hunger and thirst. Behav. Biol. 1975, 15, 255-281. [CrossRef]

Schmid, P.C,; Paria, B.C.; Krebsbach, R.J.; Schmid, H.H.O.; Dey, S.K. Changes in anandamide levels in mouse uterus are associated
with uterine receptivity for embryo implantation. Proc. Natl. Acad. Sci. USA 1997, 94, 4188-4192. [CrossRef]

Paria, B.C.; Huet-Hudson, Y.M.; Dey, S.K. Blastocyst’s state of activity determines the “window” of implantation in the receptive
mouse uterus. Proc. Natl. Acad. Sci. USA 1993, 90, 10159-10162. [CrossRef]

Paria, B.C.; Deutsch, D.D.; Dey, S.K. The uterus is a potential site for anandamide synthesis and hydrolysis: Differential profiles of
anandamide synthase and hydrolase activities in the mouse uterus during the periimplantation period. Mol. Reprod. Dev. 1996,
45,183-192. [CrossRef]

Kunos, G.; Osei-Hyiaman, D.; Bétkai, S.; Sharkey, K.A.; Makriyannis, A. Should peripheral CB; cannabinoid receptors be
selectively targeted for therapeutic gain? Trends Pharmacol. Sci. 2009, 30, 1-7. [CrossRef]

Scutt, A.; Williamson, E.M. Cannabinoids Stimulate Fibroblastic Colony Formation by Bone Marrow Cells Indirectly via CB2
Receptors. Calcif. Tissue Int. 2007, 80, 50-59. [CrossRef]

Mori, M.A.; Meyer, E.; Soares, L.M.; Milani, H.; Guimaraes, ES.; De Oliveira, R M.W. Cannabidiol reduces neuroinflammation
and promotes neuroplasticity and functional recovery after brain ischemia. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 2017, 75,
94-105. [CrossRef]

Pazos, M.R,; Cinquina, V.; Gémez, A.; Layunta, R.; Santos, M.; Ferndndez-Ruiz, J.; Martinez-Orgado, J]. Cannabidiol administration
after hypoxia—ischemia to newborn rats reduces long-term brain injury and restores neurobehavioral function. Neuropharmacology
2012, 63, 776-783. [CrossRef] [PubMed]

Hartsel, J.A.; Eades, J.; Hickory, B.; Makriyannis, A. Cannabis sativa and Hemp. In Nutraceuticals; Elsevier: Amsterdam,
The Netherlands, 2016; pp. 735-754, ISBN 978-0-12-802147-7. [CrossRef]

Aziz, A,; Nguyen, L.C.; Oumeslakht, L.; Bensussan, A.; Ben Mkaddem, S. Cannabinoids as Immune System Modulators:
Cannabidiol Potential Therapeutic Approaches and Limitations. Cannabis Cannabinoid Res. 2023, 8, 254-269. [CrossRef] [PubMed]
Coghe, G.; Pau, M.; Corona, F,; Frau, J.; Lorefice, L.; Fenu, G.; Spinicci, G.; Mamusa, E.; Musu, L.; Massole, S.; et al. Walking
improvements with nabiximols in patients with multiple sclerosis. J. Neurol. 2015, 262, 2472-2477. [CrossRef] [PubMed]


https://doi.org/10.1111/j.1471-4159.1993.tb03576.x
https://www.ncbi.nlm.nih.gov/pubmed/8515284
https://doi.org/10.1016/j.jemermed.2012.11.034
https://www.ncbi.nlm.nih.gov/pubmed/23890687
https://doi.org/10.1016/S0169-328X(98)00277-0
https://www.ncbi.nlm.nih.gov/pubmed/9931487
https://doi.org/10.1016/j.cmet.2006.02.004
https://www.ncbi.nlm.nih.gov/pubmed/16517404
https://doi.org/10.1210/jc.2011-0647
https://doi.org/10.1038/sj.bjp.0705792
https://doi.org/10.1073/pnas.061029898
https://doi.org/10.1124/jpet.301.3.1020
https://doi.org/10.1073/pnas.122196999
https://www.ncbi.nlm.nih.gov/pubmed/12060783
https://doi.org/10.1074/jbc.M107351200
https://www.ncbi.nlm.nih.gov/pubmed/11518719
https://doi.org/10.1016/0091-3057(78)90084-9
https://www.ncbi.nlm.nih.gov/pubmed/674253
https://doi.org/10.1016/S0091-6773(75)91684-3
https://doi.org/10.1073/pnas.94.8.4188
https://doi.org/10.1073/pnas.90.21.10159
https://doi.org/10.1002/(SICI)1098-2795(199610)45:2%3C183::AID-MRD11%3E3.0.CO;2-2
https://doi.org/10.1016/j.tips.2008.10.001
https://doi.org/10.1007/s00223-006-0171-7
https://doi.org/10.1016/j.pnpbp.2016.11.005
https://doi.org/10.1016/j.neuropharm.2012.05.034
https://www.ncbi.nlm.nih.gov/pubmed/22659086
https://doi.org/10.1016/B978-0-12-802147-7.00053-X
https://doi.org/10.1089/can.2022.0133
https://www.ncbi.nlm.nih.gov/pubmed/36413346
https://doi.org/10.1007/s00415-015-7866-5
https://www.ncbi.nlm.nih.gov/pubmed/26239223

Biomolecules 2023, 13, 1388 35 of 45

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Flachenecker, P.; Henze, T.; Zettl, U.K. Nabiximols (THC/CBD Oromucosal Spray, Sativex®) in Clinical Practice—Results of a
Multicenter, Non-Interventional Study (MOVE 2) in Patients with Multiple Sclerosis Spasticity. Eur. Neurol. 2014, 71, 271-279.
[CrossRef] [PubMed]

Gonzalez-Rosales, E; Walsh, D. Intractable nausea and vomiting due to gastrointestinal mucosal metastases relieved by tetrahy-
drocannabinol (Dronabinol). J. Pain Symptom Manag. 1997, 14, 311-314. [CrossRef]

Hernandez, S.L.; Sheyner, I.; Stover, K.T.; Stewart, ].T. Dronabinol Treatment of Refractory Nausea and Vomiting Related to
Peritoneal Carcinomatosis. Am. J. Hosp. Palliat. Care 2015, 32, 5-7. [CrossRef]

Beal, J.E.; Olson, R.; Laubenstein, L.; Morales, ]J.O.; Bellman, P; Yangco, B.; Lefkowitz, L.; Plasse, T.F.; Shepard, K.V. Dronabinol as
a treatment for anorexia associated with weight loss in patients with AIDS. J. Pain Symptom Manag. 1995, 10, 89-97. [CrossRef]
DeJesus, E.; Rodwick, B.M.; Bowers, D.; Cohen, C.J.; Pearce, D. Use of Dronabinol Improves Appetite and Reverses Weight Loss
in HIV/AIDS-Infected Patients. J. Int. Assoc. Physicians AIDS Care 2007, 6, 95-100. [CrossRef]

McPartland, J.M.; Glass, M.; Pertwee, R.G. Meta-analysis of cannabinoid ligand binding affinity and receptor distribution:
Interspecies differences: Ligand affinity and receptor distribution of CB1. Br. ]. Pharmacol. 2007, 152, 583-593. [CrossRef]
Stockings, E.; Campbell, G.; Hall, W.D.; Nielsen, S.; Zagic, D.; Rahman, R.; Murnion, B.; Farrell, M.; Weier, M.; Degenhardt, L.
Cannabis and cannabinoids for the treatment of people with chronic noncancer pain conditions: A systematic review and
meta-analysis of controlled and observational studies. Pain 2018, 159, 1932-1954. [CrossRef]

Castellanos, D.; Singh, S.; Thornton, G.; Avila, M.; Moreno, A. Synthetic Cannabinoid Use: A Case Series of Adolescents. |. Adolesc.
Health 2011, 49, 347-349. [CrossRef]

Esfandyari, T.; Camilleri, M.; Ferber, I; Burton, D.; Baxter, K.; Zinsmeister, A.R. Effect of a cannabinoid agonist on gastrointestinal
transit and postprandial satiation in healthy human subjects: A randomized, placebo-controlled study. Neurogastroenterol. Motil.
2006, 18, 831-838. [CrossRef] [PubMed]

Toyota, M.; Shimamura, T.; Ishii, H.; Renner, M.; Braggins, J.; Asakawa, Y. New Bibenzyl Cannabinoid from the New Zealand
Liverwort Radula marginata. Chem. Pharm. Bull. 2002, 50, 1390-1392. [CrossRef] [PubMed]

Iwata, N.; Kitanaka, S. New Cannabinoid-Like Chromane and Chromene Derivatives from Rhododendron anthopogonoides.
Chem. Pharm. Bull. 2011, 59, 1409-1412. [CrossRef] [PubMed]

Morales, P.; Hurst, D.P.; Reggio, P.H. Molecular Targets of the Phytocannabinoids: A Complex Picture. In Phytocannabinoids;
Kinghorn, A.D., Falk, H., Gibbons, S., Kobayashi, J., Eds.; Progress in the Chemistry of Organic Natural Products; Springer
International Publishing: Cham, Switzerland, 2017; Volume 103, pp. 103-131, ISBN 978-3-319-45539-6. [CrossRef]

Howlett, A.C. International Union of Pharmacology. XXVII. Classification of Cannabinoid Receptors. Pharmacol. Rev. 2002, 54,
161-202. [CrossRef]

Kogan, N.M.; Rabinowitz, R.; Levi, P; Gibson, D.; Sandor, P.; Schlesinger, M.; Mechoulam, R. Synthesis and Antitumor Activity of
Quinonoid Derivatives of Cannabinoids. . Med. Chem. 2004, 47, 3800-3806. [CrossRef]

Granja, A.G.; Carrillo-Salinas, F.; Pagani, A.; Gomez-Cafias, M.; Negri, R.; Navarrete, C.; Mecha, M.; Mestre, L.; Fiebich, B.L.;
Cantarero, I.; et al. A Cannabigerol Quinone Alleviates Neuroinflammation in a Chronic Model of Multiple Sclerosis. ].
Neuroimmune Pharmacol. 2012, 7, 1002-1016. [CrossRef]

Carrillo-Salinas, EJ.; Navarrete, C.; Mecha, M.; Feliu, A.; Collado, J.A.; Cantarero, I.; Bellido, M.L.; Mufioz, E.; Guaza, C. A
Cannabigerol Derivative Suppresses Immune Responses and Protects Mice from Experimental Autoimmune Encephalomyelitis.
PLoS ONE 2014, 9, €94733. [CrossRef]

Dos Santos, R.G.; Hallak, J.E.C.; Crippa, J.A.S. Neuropharmacological Effects of the Main Phytocannabinoids: A Narrative
Review. In Cannabinoids and Neuropsychiatric Disorders; Murillo-Rodriguez, E., Pandi-Perumal, S.R., Monti, ]. M., Eds.; Advances
in Experimental Medicine and Biology; Springer International Publishing: Cham, Switzerland, 2021; Volume 1264, pp. 29-45,
ISBN 978-3-030-57368-3. [CrossRef]

Shrader, S.H.; Tong, Y.-G.; Duff, M.B.; Freedman, J.H.; Song, Z.-H. Involvement of dopamine receptor in the actions of non-
psychoactive phytocannabinoids. Biochem. Biophys. Res. Commun. 2020, 533, 1366-1370. [CrossRef]

Smaga, I.; Bystrowska, B.; Gawlinski, D.; Przegalinski, E.; Filip, M. The Endocannabinoid /Endovanilloid System and Depression.
Curr. Neuropharmacol. 2014, 12, 462-474. [CrossRef]

Shen, C.-J.; Zheng, D.; Li, K.-X,; Yang, ].-M.; Pan, H.-Q.; Yu, X.-D.; Fu, ].-Y.; Zhu, Y,; Sun, Q.-X,; Tang, M.-Y.; et al. Cannabinoid CB1
receptors in the amygdalar cholecystokinin glutamatergic afferents to nucleus accumbens modulate depressive-like behavior.
Nat. Med. 2019, 25, 337-349. [CrossRef] [PubMed]

Boulebd, H. Insights on the antiradical capacity and mechanism of phytocannabinoids: H-abstraction and electron transfer
processes in physiological media and the influence of the acid-base equilibrium. Phytochemistry 2023, 208, 113608. [CrossRef]
[PubMed]

Hua, T.; Vemuri, K; Pu, M;; Qu, L.; Han, GW.; Wu, Y;; Zhao, S.; Shui, W.; Li, S.; Korde, A.; et al. Crystal Structure of the Human
Cannabinoid Receptor CB1. Cell 2016, 167, 750-762.e14. [CrossRef] [PubMed]

Navarro, G.; Varani, K; Lillo, A.; Vincenzi, F.; Rivas-Santisteban, R.; Raich, I.; Reyes-Resina, I.; Ferreiro-Vera, C.; Borea, P.A;
Sanchez De Medina, V.; et al. Pharmacological data of cannabidiol- and cannabigerol-type phytocannabinoids acting on
cannabinoid CB1, CB2 and CB1/CB2 heteromer receptors. Pharmacol. Res. 2020, 159, 104940. [CrossRef]


https://doi.org/10.1159/000357427
https://www.ncbi.nlm.nih.gov/pubmed/24525548
https://doi.org/10.1016/S0885-3924(97)00229-7
https://doi.org/10.1177/1049909113504240
https://doi.org/10.1016/0885-3924(94)00117-4
https://doi.org/10.1177/1545109707300157
https://doi.org/10.1038/sj.bjp.0707399
https://doi.org/10.1097/j.pain.0000000000001293
https://doi.org/10.1016/j.jadohealth.2011.08.002
https://doi.org/10.1111/j.1365-2982.2006.00834.x
https://www.ncbi.nlm.nih.gov/pubmed/16918762
https://doi.org/10.1248/cpb.50.1390
https://www.ncbi.nlm.nih.gov/pubmed/12372871
https://doi.org/10.1248/cpb.59.1409
https://www.ncbi.nlm.nih.gov/pubmed/22041081
https://doi.org/10.1007/978-3-319-45541-9_4
https://doi.org/10.1124/pr.54.2.161
https://doi.org/10.1021/jm040042o
https://doi.org/10.1007/s11481-012-9399-3
https://doi.org/10.1371/journal.pone.0094733
https://doi.org/10.1007/978-3-030-57369-0_3
https://doi.org/10.1016/j.bbrc.2020.10.021
https://doi.org/10.2174/1570159X12666140923205412
https://doi.org/10.1038/s41591-018-0299-9
https://www.ncbi.nlm.nih.gov/pubmed/30643290
https://doi.org/10.1016/j.phytochem.2023.113608
https://www.ncbi.nlm.nih.gov/pubmed/36738909
https://doi.org/10.1016/j.cell.2016.10.004
https://www.ncbi.nlm.nih.gov/pubmed/27768894
https://doi.org/10.1016/j.phrs.2020.104940

Biomolecules 2023, 13, 1388 36 of 45

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Devane, W.A.; Hanus, L.; Breuer, A.; Pertwee, R.G.; Stevenson, L.A.; Griffin, G.; Gibson, D.; Mandelbaum, A.; Etinger, A;
Mechoulam, R. Isolation and Structure of a Brain Constituent That Binds to the Cannabinoid Receptor. Science 1992, 258,
1946-1949. [CrossRef]

Wang, H.; Matsumoto, H.; Guo, Y.; Paria, B.C.; Roberts, R.L.; Dey, S.K. Differential G protein-coupled cannabinoid receptor
signaling by anandamide directs blastocyst activation for implantation. Proc. Natl. Acad. Sci. USA 2003, 100, 14914-14919.
[CrossRef]

Maccarrone, M.; Rossi, S.; Bari, M.; De Chiara, V.; Fezza, F.,; Musella, A.; Gasperi, V.; Prosperetti, C.; Bernardi, G.; Finazzi-Agro, A ;
et al. Anandamide inhibits metabolism and physiological actions of 2-arachidonoylglycerol in the striatum. Nat. Neurosci. 2008,
11, 152-159. [CrossRef]

Piomelli, D.; Beltramo, M.; Giuffrida, A.; Stella, N. Endogenous Cannabinoid Signaling. Neurobiol. Dis. 1998, 5, 462-473.
[CrossRef]

Liu, J.; Wang, L.; Harvey-White, ].; Osei-Hyiaman, D.; Razdan, R.; Gong, Q.; Chan, A.C.; Zhou, Z.; Huang, B.X; Kim, H.-Y;; et al.
A biosynthetic pathway for anandamide. Proc. Natl. Acad. Sci. USA 2006, 103, 13345-13350. [CrossRef]

Gonzalez, S.; Mena, M.A.; Lastres-Becker, I.; Serrano, A.; De Yébenes, ].G.; Ramos, ].A.; Fernandez-Ruiz, ]J. Cannabinoid CB1
receptors in the basal ganglia and motor response to activation or blockade of these receptors in parkin-null mice. Brain Res. 2005,
1046, 195-206. [CrossRef]

Bidaut-Russell, M.; Hewlett, A.C. Cannabinoid Receptor-Regulated Cyclic AMP Accumulation in the Rat Striatum. J. Neurochem.
1991, 57, 1769-1773. [CrossRef]

Fan, S.-F.; Yazulla, S. Inhibitory interaction of cannabinoid CB1 receptor and dopamine D2 receptor agonists on voltage-gated
currents of goldfish cones. Vis. Neurosci. 2004, 21, 69-77. [CrossRef]

Navarro, M.; Hernandez, E.; Mufioz, RM.; Del Arco, I.; Villania, M.A.; Carrera, M.R.A.; Rodriguez De Fonseca, F. Acute
administration of the CB1 cannabinoid receptor antagonist SR 141716A induces anxiety-like responses in the rat. NeuroReport
1997, 8, 491-496. [CrossRef]

Muller, C.; Lynch, D.L.; Hurst, D.P.; Reggio, PH. A Closer Look at Anandamide Interaction With TRPV1. Front. Mol. Biosci. 2020,
7,144. [CrossRef]

Russo, R.; LoVerme, J.; La Rana, G.; D’Agostino, G.; Sasso, O.; Calignano, A.; Piomelli, D. Synergistic antinociception by the
cannabinoid receptor agonist anandamide and the PPAR-« receptor agonist GW7647. Eur. |. Pharmacol. 2007, 566, 117-119.
[CrossRef]

Bouaboula, M.; Hilairet, S.; Marchand, J.; Fajas, L.; Fur, G.L.; Casellas, P. Anandamide induced PPARY transcriptional activation
and 3T3-L1 preadipocyte differentiation. Eur. J. Pharmacol. 2005, 517, 174-181. [CrossRef]

Falenski, K'W.; Thorpe, AJ.; Schlosburg, J.E.; Cravatt, B.F.; Abdullah, R.A.; Smith, TH.; Selley, D.E.; Lichtman, A.-H,;
Sim-Selley, L.J. FAAH /~ Mice Display Differential Tolerance, Dependence, and Cannabinoid Receptor Adaptation after
A9-Tetrahydrocannabinol and Anandamide Administration. Neuropsychopharmacology 2010, 35, 1775-1787. [CrossRef]

Xiang, W.; Shi, R.; Kang, X.; Zhang, X.; Chen, P; Zhang, L.; Hou, A.; Wang, R.; Zhao, Y.; Zhao, K.; et al. Monoacylglycerol
lipase regulates cannabinoid receptor 2-dependent macrophage activation and cancer progression. Nat. Commun. 2018, 9, 2574.
[CrossRef]

Ueda, N.; Tsuboi, K.; Uyama, T.; Ohnishi, T. Biosynthesis and degradation of the endocannabinoid 2-arachidonoylglycerol.
BioFactors 2011, 37, 1-7. [CrossRef]

Palese, F; Pontis, S.; Realini, N.; Piomelli, D. NAPE-specific phospholipase D regulates LRRK2 association with neu-
ronal membranes. In Advances in Pharmacology; Elsevier: Amsterdam, The Netherlands, 2021; Volume 90, pp. 217-238,
ISBN 978-0-12-822516-5.

Hillard, C.J.; Edgemond, W.S; Jarrahian, A.; Campbell, W.B. Accumulation of N-Arachidonoylethanolamine (Anandamide) into
Cerebellar Granule Cells Occurs via Facilitated Diffusion. J. Neurochem. 2002, 69, 631-638. [CrossRef]

Pertwee, R.G. GPR55: A new member of the cannabinoid receptor clan?: Commentary. Br. ]. Pharmacol. 2007, 152, 984-986.
[CrossRef]

Sharir, H.; Abood, M.E. Pharmacological characterization of GPR55, a putative cannabinoid receptor. Pharmacol. Ther. 2010, 126,
301-313. [CrossRef] [PubMed]

Ferreira, 5.G.; Teixeira, EM.; Gargao, P.; Agostinho, P.; Ledent, C.; Cortes, L.; Mackie, K.; Kéfalvi, A. Presynaptic CB1 cannabinoid
receptors control frontocortical serotonin and glutamate release—Species differences. Neurochem. Int. 2012, 61,219-226. [CrossRef]
[PubMed]

Heifets, B.D.; Chevaleyre, V.; Castillo, P.E. Interneuron activity controls endocannabinoid-mediated presynaptic plasticity through
calcineurin. Proc. Natl. Acad. Sci. USA 2008, 105, 10250-10255. [CrossRef]

Chung, Y.C; Bok, E.; Huh, S.H,; Park, ].-Y.; Yoon, S.-H.; Kim, S.R.; Kim, Y.-S.; Maeng, S.; Hyun Park, S.; Jin, B.K. Cannabinoid
Receptor Type 1 Protects Nigrostriatal Dopaminergic Neurons against MPTP Neurotoxicity by Inhibiting Microglial Activation. J.
Immunol. 2011, 187, 6508-6517. [CrossRef]

Fernandez-Ruiz, J. The endocannabinoid system as a target for the treatment of motor dysfunction: Endocannabinoids and motor
disorders. Br. J. Pharmacol. 2009, 156, 1029-1040. [CrossRef]

Kannampalli, P.; Sengupta, ].N. Role of principal ionotropic and metabotropic receptors in visceral pain. J. Neurogastroenterol.
Motil. 2015, 21, 147-158. [CrossRef] [PubMed]


https://doi.org/10.1126/science.1470919
https://doi.org/10.1073/pnas.2436379100
https://doi.org/10.1038/nn2042
https://doi.org/10.1006/nbdi.1998.0221
https://doi.org/10.1073/pnas.0601832103
https://doi.org/10.1016/j.brainres.2005.04.010
https://doi.org/10.1111/j.1471-4159.1991.tb06379.x
https://doi.org/10.1017/S0952523804041070
https://doi.org/10.1097/00001756-199701200-00023
https://doi.org/10.3389/fmolb.2020.00144
https://doi.org/10.1016/j.ejphar.2007.03.007
https://doi.org/10.1016/j.ejphar.2005.05.032
https://doi.org/10.1038/npp.2010.44
https://doi.org/10.1038/s41467-018-04999-8
https://doi.org/10.1002/biof.131
https://doi.org/10.1046/j.1471-4159.1997.69020631.x
https://doi.org/10.1038/sj.bjp.0707464
https://doi.org/10.1016/j.pharmthera.2010.02.004
https://www.ncbi.nlm.nih.gov/pubmed/20298715
https://doi.org/10.1016/j.neuint.2012.05.009
https://www.ncbi.nlm.nih.gov/pubmed/22609378
https://doi.org/10.1073/pnas.0711880105
https://doi.org/10.4049/jimmunol.1102435
https://doi.org/10.1111/j.1476-5381.2008.00088.x
https://doi.org/10.5056/jnm15026
https://www.ncbi.nlm.nih.gov/pubmed/25843070

Biomolecules 2023, 13, 1388 37 of 45

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.
96.

Garcia, M.C,; Cinquina, V.; Palomo-Garo, C.; Rabano, A.; Fernandez-Ruiz, J. Identification of CB, receptors in human nigral
neurons that degenerate in Parkinson’s disease. Neurosci. Lett. 2015, 587, 1-4. [CrossRef]

Spaderna, M.; Addy, PH.; D'Souza, D.C. Spicing things up: Synthetic cannabinoids. Psychopharmacology 2013, 228, 525-540.
[CrossRef]

Ogata, J.; Uchiyama, N.; Kikura-Hanajiri, R.; Goda, Y. DNA sequence analyses of blended herbal products including synthetic
cannabinoids as designer drugs. Forensic Sci. Int. 2013, 227, 33—41. [CrossRef]

Navarrete, F.; Garcia-Gutiérrez, M.S.; Aracil-Fernandez, A.; Lanciego, J.L.; Manzanares, J. Cannabinoid CB; and CB, Recep-
tors, and Monoacylglycerol Lipase Gene Expression Alterations in the Basal Ganglia of Patients with Parkinson’s Disease.
Neurotherapeutics 2018, 15, 459-469. [CrossRef]

Sierra, S.; Luquin, N.; Rico, A.J.; Gémez-Bautista, V.; Roda, E.; Dopeso-Reyes, 1.G.; Vazquez, A.; Martinez-Pinilla, E,;
Labandeira-Garcia, ].L.; Franco, R.; et al. Detection of cannabinoid receptors CB; and CB; within basal ganglia output neurons in
macaques: Changes following experimental parkinsonism. Brain Struct. Funct. 2015, 220, 2721-2738. [CrossRef]

Duncan, M.; Mouihate, A.; Mackie, K.; Keenan, C.M.; Buckley, N.E.; Davison, ].S.; Patel, K.D.; Pittman, Q.J.; Sharkey, K.A.
Cannabinoid CB; receptors in the enteric nervous system modulate gastrointestinal contractility in lipopolysaccharide-treated
rats. Am. J. Physiol.-Gastrointest. Liver Physiol. 2008, 295, G78-G87. [CrossRef] [PubMed]

Morgese, M.G.; Cassano, T.; Cuomo, V.; Giuffrida, A. Anti-dyskinetic effects of cannabinoids in a rat model of Parkinson’s disease:
Role of CBy and TRPV1 receptors. Exp. Neurol. 2007, 208, 110-119. [CrossRef]

Valjent, E.; Pages, C.; Rogard, M.; Besson, M.-].; Maldonado, R.; Caboche, J. A9-tetrahydrocannabinol-induced MAPK/ERK
and Elk-1 activation in vivo depends on dopaminergic transmission: THC and ERK activation in vivo. Eur. J. Neurosci. 2001, 14,
342-352. [CrossRef] [PubMed]

Mackie, K.; Hille, B. Cannabinoids inhibit N-type calcium channels in neuroblastoma-glioma cells. Proc. Natl. Acad. Sci. USA
1992, 89, 3825-3829. [CrossRef]

Leterrier, C.; Bonnard, D.; Carrel, D.; Rossier, J.; Lenkei, Z. Constitutive Endocytic Cycle of the CB; Cannabinoid Receptor. J. Biol.
Chem. 2004, 279, 36013-36021. [CrossRef]

Griffin, G.; Tao, Q.; Abood, M.E. Cloning and pharmacological characterization of the rat CB(,) cannabinoid receptor. . Pharmacol.
Exp. Ther. 2000, 292, 886-894.

Sugiura, T.; Waku, K. Cannabinoid Receptors and Their Endogenous Ligands. J. Biochem. 2002, 132, 7-12. [CrossRef] [PubMed]
Herkenham, M.; Lynn, A.B; Little, M.D.; Johnson, M.R.; Melvin, L.S.; De Costa, B.R.; Rice, K.C. Cannabinoid receptor localization
in brain. Proc. Natl. Acad. Sci. USA 1990, 87, 1932-1936. [CrossRef] [PubMed]

Vijayakumar, S.; Manogar, P.; Prabhu, S.; Pugazhenthi, M.; Praseetha, PK. A pharmacoinformatic approach on Cannabinoid
receptor 2 (CB2) and different small molecules: Homology modelling, molecular docking, MD simulations, drug designing and
ADME analysis. Comput. Biol. Chem. 2019, 78, 95-107. [CrossRef]

Altyar, A.E.; Youssef, ES.; Kurdi, M.M.; Bifari, R.J.; Ashour, M.L. The Role of Cannabis sativa L. as a Source of Cannabinoids
against Coronavirus 2 (SARS-CoV-2): An In Silico Study to Evaluate Their Activities and ADMET Properties. Molecules 2022, 27,
2797. [CrossRef]

Sekiguchi, K.; Kanazu, T.; Takeuchi, M.; Hasegawa, H.; Yamaguchi, Y. Non-clinical evaluation of the metabolism, pharmacokinetics
and excretion of 5-777469, a new cannabinoid receptor 2 selective agonist. Xenobiotica 2014, 44, 48-58. [CrossRef] [PubMed]
Cvan Trobec, K.; Kerec Kos, M.; Trontelj, J.; Grabnar, I.; Tschirner, A.; Palus, S.; Anker, S.D.; Springer, J.; Lainscak, M. Influence of
cancer cachexia on drug liver metabolism and renal elimination in rats: Drug liver metabolism and renal elimination in cancer
cachexia. J. Cachexia Sarcopenia Muscle 2015, 6, 45-52. [CrossRef] [PubMed]

Caillé, F,; Cacheux, F; Peyronneau, M.-A; Jego, B.; Jaumain, E.; Pottier, G.; Ullmer, C.; Grether, U.; Winkeler, A.; Dollé, F; et al.
From Structure—Activity Relationships on Thiazole Derivatives to the In Vivo Evaluation of a New Radiotracer for Cannabinoid
Subtype 2 PET Imaging. Mol. Pharm. 2017, 14, 4064-4078. [CrossRef] [PubMed]

Basha, F.H.; Waseem, M.; Srinivasan, H. Promising Action of Cannabinoids on ER Stress-Mediated Neurodegeneration: An In
Silico Investigation. J. Env. Pathol. Toxicol. Oncol. 2022, 41, 39-54. [CrossRef]

De La Torre, R.; Pichini, S. Usefulness of Sweat Testing for the Detection of Cannabis Smoke. Clin. Chem. 2004, 50, 1961-1962.
[CrossRef] [PubMed]

Solowij, N.; Broyd, S.J.; Van Hell, H.-H.; Hazekamp, A. A protocol for the delivery of cannabidiol (CBD) and combined CBD and
A9-tetrahydrocannabinol (THC) by vaporisation. BMC Pharmacol. Toxicol. 2014, 15, 58. [CrossRef]

Martin, ].H.; Schneider, J.; Lucas, C.J.; Galettis, P. Exogenous Cannabinoid Efficacy: Merely a Pharmacokinetic Interaction? Clin.
Pharmacokinet. 2018, 57, 539-545. [CrossRef]

Ohlsson, A.; Lindgren, J.-E.; Andersson, S.; Agurell, S.; Gillespie, H.; Hollister, L.E. Single-dose kinetics of deuterium-labelled
cannabidiol in man after smoking and intravenous administration. Biol. Mass. Spectrom. 1986, 13, 77-83. [CrossRef]
Grotenhermen, F. Pharmacokinetics and Pharmacodynamics of Cannabinoids: Clin. Pharmacokinet. 2003, 42, 327-360. [CrossRef]
Krotulski, A.].; Garibay, N.; Walther, D.; Walton, S.E.; Mohr, A.L.A.; Logan, B.K.; Baumann, M.H. Pharmacokinetics and
pharmacodynamics of the synthetic cannabinoid, 5SF-MDMB-PICA, in male rats. Neuropharmacology 2021, 199, 108800. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.neulet.2014.12.003
https://doi.org/10.1007/s00213-013-3188-4
https://doi.org/10.1016/j.forsciint.2012.09.006
https://doi.org/10.1007/s13311-018-0603-x
https://doi.org/10.1007/s00429-014-0823-8
https://doi.org/10.1152/ajpgi.90285.2008
https://www.ncbi.nlm.nih.gov/pubmed/18483180
https://doi.org/10.1016/j.expneurol.2007.07.021
https://doi.org/10.1046/j.0953-816x.2001.01652.x
https://www.ncbi.nlm.nih.gov/pubmed/11553284
https://doi.org/10.1073/pnas.89.9.3825
https://doi.org/10.1074/jbc.M403990200
https://doi.org/10.1093/oxfordjournals.jbchem.a003200
https://www.ncbi.nlm.nih.gov/pubmed/12097154
https://doi.org/10.1073/pnas.87.5.1932
https://www.ncbi.nlm.nih.gov/pubmed/2308954
https://doi.org/10.1016/j.compbiolchem.2018.11.013
https://doi.org/10.3390/molecules27092797
https://doi.org/10.3109/00498254.2013.805853
https://www.ncbi.nlm.nih.gov/pubmed/23763649
https://doi.org/10.1002/jcsm.12012
https://www.ncbi.nlm.nih.gov/pubmed/26136411
https://doi.org/10.1021/acs.molpharmaceut.7b00746
https://www.ncbi.nlm.nih.gov/pubmed/28968497
https://doi.org/10.1615/JEnvironPatholToxicolOncol.2022040055
https://doi.org/10.1373/clinchem.2004.040758
https://www.ncbi.nlm.nih.gov/pubmed/15502075
https://doi.org/10.1186/2050-6511-15-58
https://doi.org/10.1007/s40262-017-0599-0
https://doi.org/10.1002/bms.1200130206
https://doi.org/10.2165/00003088-200342040-00003
https://doi.org/10.1016/j.neuropharm.2021.108800
https://www.ncbi.nlm.nih.gov/pubmed/34547333

Biomolecules 2023, 13, 1388 38 of 45

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Zamarripa, C.A.; Spindle, TR.; Surujunarain, R.; Weerts, EIM.; Bansal, S.; Unadkat, J.D.; Paine, M.F,; Vandrey, R. Assessment
of Orally Administered A9-Tetrahydrocannabinol When Coadministered with Cannabidiol on A9-Tetrahydrocannabinol Phar-
macokinetics and Pharmacodynamics in Healthy Adults: A Randomized Clinical Trial. JAMA Netw. Open 2023, 6, €2254752.
[CrossRef]

Lucas, C.J.; Galettis, P.; Schneider, J. The pharmacokinetics and the pharmacodynamics of cannabinoids. Br. J. Clin. Pharmacol.
2018, 84, 2477-2482. [CrossRef] [PubMed]

Diao, X.; Scheidweiler, K.B.; Wohlfarth, A.; Zhu, M.; Pang, S.; Huestis, M.A. Strategies to distinguish new synthetic cannabinoid
FUBIMINA (BIM-2201) intake from its isomer THJ-2201: Metabolism of FUBIMINA in human hepatocytes. Forensic Toxicol. 2016,
34, 256-267. [CrossRef]

Morral, A.R.; McCaffrey, D.F; Paddock, S.M. Reassessing the marijuana gateway effect: Marijuana gateway effect. Addiction 2002,
97,1493-1504. [CrossRef] [PubMed]

Stansfield, C.R.; Somerville, R.F; Hassan, V.R.; Kolbe, E.; Partington, H.K.; Walsh, K.A.].; Johnson, C.S. Effects of external
influences on synthetic cannabinoid trends in New Zealand, 2014 to 2020. Forensic Sci. Int. 2020, 316, 110485. [CrossRef]

Day, N.L.; Goldschmidt, L.; Day, R.; Larkby, C.; Richardson, G.A. Prenatal marijuana exposure, age of marijuana initiation, and
the development of psychotic symptoms in young adults. Psychol. Med. 2015, 45, 1779-1787. [CrossRef]

Tapert, S.; Schweinsburg, A.; Brown, S. The Influence of Marijuana Use on Neurocognitive Functioning in Adolescents. Curr.
Drug Abus. Rev. 2008, 1, 99-111. [CrossRef]

Sevigny, E.L.; Pacula, R.L.; Heaton, P. The effects of medical marijuana laws on potency. Int. J. Drug Policy 2014, 25, 308-319.
[CrossRef]

Agarwal, C.; Mathé, K.; Hofmann, T.; Csdka, L. Ultrasound-Assisted Extraction of Cannabinoids from Cannabis sativa L. Optimized
by Response Surface Methodology. J. Food Sci. 2018, 83, 700-710. [CrossRef] [PubMed]

Ilan, A.B.; Gevins, A.; Coleman, M.; ElSohly, M.A.; De Wit, H. Neurophysiological and subjective profile of marijuana with
varying concentrations of cannabinoids: Behav. Pharmacol. 2005, 16, 487-496. [CrossRef] [PubMed]

Volicer, L.; Stelly, M.; Morris, J.; McLaughlin, J.; Volicer, B.]. Effects of dronabinol on anorexia and disturbed behavior in patients
with Alzheimer’s disease. Int. ]. Geriatr. Psychiatry 1997, 12, 913-919. [CrossRef]

Walther, S.; Mahlberg, R.; Eichmann, U.; Kunz, D. Delta-9-tetrahydrocannabinol for nighttime agitation in severe dementia.
Psychopharmacology 2006, 185, 524-528. [CrossRef] [PubMed]

Inestrosa, N.C.; Alvarez, A.; Pérez, C.A.; Moreno, R.D.; Vicente, M.; Linker, C.; Casanueva, O.1; Soto, C.; Garrido, J. Acetyl-
cholinesterase Accelerates Assembly of Amyloid-B-Peptides into Alzheimer’s Fibrils: Possible Role of the Peripheral Site of the
Enzyme. Neuron 1996, 16, 881-891. [CrossRef]

Eubanks, L.M.; Rogers, C.J.; Beuscher; Koob, G.F,; Olson, A J.; Dickerson, T.].; Janda, K.D. A Molecular Link between the Active
Component of Marijuana and Alzheimer’s Disease Pathology. Mol. Pharm. 2006, 3, 773-777. [CrossRef]

Ehrhart, J.; Obregon, D.; Mori, T.; Hou, H.; Sun, N.; Bai, Y.; Klein, T.; Fernandez, F; Tan, J.; Shytle, R.D. Stimulation of cannabinoid
receptor 2 (CB;) suppresses microglial activation. . Neuroinflamm. 2005, 2, 29. [CrossRef]

Facchinetti, F.; Del Giudice, E.; Furegato, S.; Passarotto, M.; Leon, A. Cannabinoids ablate release of TNF? in rat microglial cells
stimulated with lypopolysaccharide. Glia 2003, 41, 161-168. [CrossRef]

Stella, N.; Schweitzer, P.; Piomelli, D. A second endogenous cannabinoid that modulates long-term potentiation. Nature 1997, 388,
773-778. [CrossRef]

Marsicano, G.; Goodenough, S.; Monory, K.; Hermann, H.; Eder, M.; Cannich, A.; Azad, S.C.; Cascio, M.G.; Gutiérrez, S.0;
Van Der Stelt, M; et al. CB1 Cannabinoid Receptors and On-Demand Defense Against Excitotoxicity. Science 2003, 302, 84-88.
[CrossRef]

Van Der Stelt, M.; Mazzola, C.; Esposito, G.; Matias, I.; Petrosino, S.; Filippis, D.D.; Micale, V.; Steardo, L.; Drago, F.; Iuvone, T,;
et al. Endocannabinoids and f-amyloid-induced neurotoxicity in vivo: Effect of pharmacological elevation of endocannabinoid
levels. Cell. Mol. Life Sci. 2006, 63, 1410-1424. [CrossRef] [PubMed]

Koppel, J.; Vingtdeux, V.; Marambaud, P.; d’Abramo, C.; Jimenez, H.; Stauber, M.; Friedman, R.; Davies, P. CB, Receptor
Deficiency Increases Amyloid Pathology and Alters Tau Processing in a Transgenic Mouse Model of Alzheimer’s Disease. Mol.
Med. 2014, 20, 29-36. [CrossRef] [PubMed]

Aso, E.; Sanchez-Pla, A.; Vegas-Lozano, E.; Maldonado, R.; Ferrer, I. Cannabis-Based Medicine Reduces Multiple Pathological
Processes in ARPP/PS1 Mice. J. Alzheimer’s Dis. 2014, 43, 977-991. [CrossRef] [PubMed]

Aso, E.; Andrés-Benito, P; Ferrer, I. Delineating the Efficacy of a Cannabis-Based Medicine at Advanced Stages of Dementia in a
Murine Model. J. Alzheimer’s Dis. 2016, 54, 903-912. [CrossRef] [PubMed]

Marsicano, G.; Lafenétre, P. Roles of the Endocannabinoid System in Learning and Memory. In Behavioral Neurobiology of the
Endocannabinoid System; Kendall, D., Alexander, S., Eds.; Current Topics in Behavioral Neurosciences; Springer: Berlin/Heidelberg,
Germany, 2009; Volume 1, pp. 201-230, ISBN 978-3-540-88954-0. [CrossRef]

Butovsky, E.; Juknat, A.; Goncharov, L; Elbaz, J.; Eilam, R.; Zangen, A.; Vogel, Z. In vivo up-regulation of brain-derived
neurotrophic factor in specific brain areas by chronic exposure to Delta9-tetrahydrocannabinol. J. Neurochem. 2005, 93, 802-811.
[CrossRef] [PubMed]

Schubert, D.; Kepchia, D.; Liang, Z.; Dargusch, R.; Goldberg, J.; Maher, P. Efficacy of Cannabinoids in a Pre-Clinical Drug-Screening
Platform for Alzheimer’s Disease. Mol. Neurobiol. 2019, 56, 7719-7730. [CrossRef]


https://doi.org/10.1001/jamanetworkopen.2022.54752
https://doi.org/10.1111/bcp.13710
https://www.ncbi.nlm.nih.gov/pubmed/30001569
https://doi.org/10.1007/s11419-016-0312-2
https://doi.org/10.1046/j.1360-0443.2002.00280.x
https://www.ncbi.nlm.nih.gov/pubmed/12472629
https://doi.org/10.1016/j.forsciint.2020.110485
https://doi.org/10.1017/S0033291714002906
https://doi.org/10.2174/1874473710801010099
https://doi.org/10.1016/j.drugpo.2014.01.003
https://doi.org/10.1111/1750-3841.14075
https://www.ncbi.nlm.nih.gov/pubmed/29437231
https://doi.org/10.1097/00008877-200509000-00023
https://www.ncbi.nlm.nih.gov/pubmed/16148455
https://doi.org/10.1002/(SICI)1099-1166(199709)12:9%3C913::AID-GPS663%3E3.0.CO;2-D
https://doi.org/10.1007/s00213-006-0343-1
https://www.ncbi.nlm.nih.gov/pubmed/16521031
https://doi.org/10.1016/S0896-6273(00)80108-7
https://doi.org/10.1021/mp060066m
https://doi.org/10.1186/1742-2094-2-29
https://doi.org/10.1002/glia.10177
https://doi.org/10.1038/42015
https://doi.org/10.1126/science.1088208
https://doi.org/10.1007/s00018-006-6037-3
https://www.ncbi.nlm.nih.gov/pubmed/16732431
https://doi.org/10.2119/molmed.2013.00140.revised
https://www.ncbi.nlm.nih.gov/pubmed/24722782
https://doi.org/10.3233/JAD-141014
https://www.ncbi.nlm.nih.gov/pubmed/25125475
https://doi.org/10.3233/JAD-160533
https://www.ncbi.nlm.nih.gov/pubmed/27567873
https://doi.org/10.1007/978-3-540-88955-7_8
https://doi.org/10.1111/j.1471-4159.2005.03074.x
https://www.ncbi.nlm.nih.gov/pubmed/15857384
https://doi.org/10.1007/s12035-019-1637-8

Biomolecules 2023, 13, 1388 39 of 45

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Ahmed, A.; Van Der Marck, M.; Van Den Elsen, G.; Olde Rikkert, M. Cannabinoids in late-onset Alzheimer’s disease. Clin.
Pharmacol. Ther. 2015, 97, 597-606. [CrossRef]

Carroll, C.B.; Bain, P.G; Teare, L.; Liu, X,; Joint, C.; Wroath, C.; Parkin, S.G.; Fox, P.; Wright, D.; Hobart, J.; et al. Cannabis for
dyskinesia in Parkinson disease: A randomized double-blind crossover study. Neurology 2004, 63, 1245-1250. [CrossRef]

Kim, S.H.; Won, S.J.; Mao, X.O.; Jin, K.; Greenberg, D.A. Molecular Mechanisms of Cannabinoid Protection from Neuronal
Excitotoxicity. Mol. Pharmacol. 2006, 69, 691-696. [CrossRef]

Pérez-Olives, C.; Rivas-Santisteban, R.; Lillo, J.; Navarro, G.; Franco, R. Recent Advances in the Potential of Cannabinoids
for Neuroprotection in Alzheimer’s, Parkinson’s, and Huntington’s Diseases. In Cannabinoids and Neuropsychiatric Disorders;
Murillo-Rodriguez, E., Pandi-Perumal, S.R., Monti, ].M., Eds.; Advances in Experimental Medicine and Biology; Springer
International Publishing: Cham, Switzerland, 2021; Volume 1264, pp. 81-92, ISBN 978-3-030-57368-3. [CrossRef]
Garcia-Arencibia, M.; Garcia, C.; Fernandez-Ruiz, J. Cannabinoids and Parkinsons Disease. CNS Neurol. Disord.-Drug Targets
2009, 8, 432-439. [CrossRef]

Brotchie, ].M. Nondopaminergic mechanisms in levodopa-induced dyskinesia. Mov. Disord. 2005, 20, 919-931. [CrossRef]
[PubMed]

Ferrer, B.; Asbrock, N.; Kathuria, S.; Piomelli, D.; Giuffrida, A. Effects of levodopa on endocannabinoid levels in rat basal ganglia:
Implications for the treatment of levodopa-induced dyskinesias. Eur. J. Neurosci. 2003, 18, 1607-1614. [CrossRef] [PubMed]
Mesnage, V.; Houeto, J.L.; Bonnet, A.M.; Clavier, I.; Arnulf, I.; Cattelin, F; Le Fur, G.; Damier, P.; Welter, M.L.; Agid, Y.
Neurokinin B, Neurotensin, and Cannabinoid Receptor Antagonists and Parkinson Disease: Clin. Neuropharmacol. 2004, 27,
108-110. [CrossRef] [PubMed]

Chagas, M.H.N.; Zuardi, A.W.; Tumas, V.; Pena-Pereira, M.A.; Sobreira, E.T.; Bergamaschi, M.M.; Dos Santos, A.C.; Teixeira, A.L,;
Hallak, J.E.; Crippa, ].A.S. Effects of cannabidiol in the treatment of patients with Parkinson’s disease: An exploratory double-blind
trial. J. Psychopharmacol. 2014, 28, 1088-1098. [CrossRef] [PubMed]

Sieradzan, K.A ; Fox, S.H.; Hill, M,; Dick, J.P.R.; Crossman, A.R.; Brotchie, ].M. Cannabinoids reduce levodopa-induced dyskinesia
in Parkinson’s disease: A pilot study. Neurology 2001, 57, 2108-2111. [CrossRef]

Lastres-Becker, I.; Molina-Holgado, F; Ramos, ].A.; Mechoulam, R.; Fernandez-Ruiz, ]. Cannabinoids provide neuroprotection
against 6-hydroxydopamine toxicity in vivo and in vitro: Relevance to Parkinson’s disease. Neurobiol. Dis. 2005, 19, 96-107.
[CrossRef]

Klegeris, A.; Bissonnette, C.J.; McGeer, P.L. Reduction of human monocytic cell neurotoxicity and cytokine secretion by ligands of
the cannabinoid-type CB, receptor: Antineurotoxic action of cannabinoids. Br. J. Pharmacol. 2003, 139, 775-786. [CrossRef]
Martin-Moreno, A.M.; Reigada, D.; Ramirez, B.G.; Mechoulam, R.; Innamorato, N.; Cuadrado, A.; De Ceballos, M.L. Cannabidiol
and Other Cannabinoids Reduce Microglial Activation In Vitro and In Vivo: Relevance to Alzheimer’s Disease. Mol. Pharmacol.
2011, 79, 964-973. [CrossRef]

Lopez-Sendon Moreno, J.L.; Garcia Caldentey, J.; Trigo Cubillo, P.; Ruiz Romero, C.; Garcia Ribas, G.; Alonso Arias, M.A.A;
Garcia De Yébenes, M.].; Tolén, R.M.; Galve-Roperh, I.; Sagredo, O.; et al. A double-blind, randomized, cross-over, placebo-
controlled, pilot trial with Sativex in Huntington’s disease. J. Neurol. 2016, 263, 1390-1400. [CrossRef]

Russo, E.; Guy, G.W. A tale of two cannabinoids: The therapeutic rationale for combining tetrahydrocannabinol and cannabidiol.
Med. Hypotheses 2006, 66, 234—246. [CrossRef]

Palazuelos, J.; Aguado, T.; Pazos, M.R; Julien, B.; Carrasco, C.; Resel, E.; Sagredo, O.; Benito, C.; Romero, J.; Azcoitia, I.; et al.
Microglial CB2 cannabinoid receptors are neuroprotective in Huntington’s disease excitotoxicity. Brain 2009, 132, 3152-3164.
[CrossRef] [PubMed]

Saft, C.; Von Hein, S.M.; Liicke, T.; Thiels, C.; Peball, M.; Djamshidian, A.; Heim, B.; Seppi, K. Cannabinoids for Treatment of
Dystonia in Huntington’s Disease. |. Huntington’s Dis. 2018, 7, 167-173. [CrossRef] [PubMed]

Dowie, M.J.; Howard, M.L.; Nicholson, L.EB.; Faull, R.L.M.; Hannan, A.J.; Glass, M. Behavioural and molecular consequences of
chronic cannabinoid treatment in Huntington’s disease transgenic mice. Neuroscience 2010, 170, 324-336. [CrossRef]

Farkas, S.; Nagy, K.; Palkovits, M.; Kovacs, G.G.; Jia, Z.; Donohue, S.; Pike, V.; Halldin, C.; Mathé, D.; Harkany, T.; et al.
[125I]SD-7015 reveals fine modalities of CB1 cannabinoid receptor density in the prefrontal cortex during progression of
Alzheimer’s disease. Neurochem. Int. 2012, 60, 286-291. [CrossRef] [PubMed]

Ramirez, B.G.; Blazquez, C.; Del Pulgar, T.G.; Guzman, M.; De Ceballos, M.L. Prevention of Alzheimer’s Disease Pathology by
Cannabinoids: Neuroprotection Mediated by Blockade of Microglial Activation. J. Neurosci. 2005, 25, 1904-1913. [CrossRef]
[PubMed]

Solas, M.; Francis, P.T.; Franco, R.; Ramirez, M.]. CB, receptor and amyloid pathology in frontal cortex of Alzheimer’s disease
patients. Neurobiol. Aging 2013, 34, 805-808. [CrossRef] [PubMed]

Jung, K.-M.; Sepers, M.; Henstridge, C.M.; Lassalle, O.; Neuhofer, D.; Martin, H.; Ginger, M.; Frick, A.; DiPatrizio, N.V.; Mackie, K.;
et al. Uncoupling of the endocannabinoid signalling complex in a mouse model of fragile X syndrome. Nat. Commun. 2012, 3,
1080. [CrossRef]

Mulder, J.; Zilberter, M.; Pasquaré, S.J.; Alpar, A.; Schulte, G.; Ferreira, S.G.; Kofalvi, A.; Martin-Moreno, A.M.; Keimpema, E.;
Tanila, H.; et al. Molecular reorganization of endocannabinoid signalling in Alzheimer’s disease. Brain 2011, 134, 1041-1060.
[CrossRef]

Bisogno, T. Endogenous Cannabinoids: Structure and Metabolism. ]. Neuroendocr. 2008, 20, 1-9. [CrossRef]


https://doi.org/10.1002/cpt.117
https://doi.org/10.1212/01.WNL.0000140288.48796.8E
https://doi.org/10.1124/mol.105.016428
https://doi.org/10.1007/978-3-030-57369-0_6
https://doi.org/10.2174/187152709789824642
https://doi.org/10.1002/mds.20612
https://www.ncbi.nlm.nih.gov/pubmed/16007614
https://doi.org/10.1046/j.1460-9568.2003.02896.x
https://www.ncbi.nlm.nih.gov/pubmed/14511339
https://doi.org/10.1097/00002826-200405000-00003
https://www.ncbi.nlm.nih.gov/pubmed/15190231
https://doi.org/10.1177/0269881114550355
https://www.ncbi.nlm.nih.gov/pubmed/25237116
https://doi.org/10.1212/WNL.57.11.2108
https://doi.org/10.1016/j.nbd.2004.11.009
https://doi.org/10.1038/sj.bjp.0705304
https://doi.org/10.1124/mol.111.071290
https://doi.org/10.1007/s00415-016-8145-9
https://doi.org/10.1016/j.mehy.2005.08.026
https://doi.org/10.1093/brain/awp239
https://www.ncbi.nlm.nih.gov/pubmed/19805493
https://doi.org/10.3233/JHD-170283
https://www.ncbi.nlm.nih.gov/pubmed/29562549
https://doi.org/10.1016/j.neuroscience.2010.06.056
https://doi.org/10.1016/j.neuint.2011.11.004
https://www.ncbi.nlm.nih.gov/pubmed/22222721
https://doi.org/10.1523/JNEUROSCI.4540-04.2005
https://www.ncbi.nlm.nih.gov/pubmed/15728830
https://doi.org/10.1016/j.neurobiolaging.2012.06.005
https://www.ncbi.nlm.nih.gov/pubmed/22763024
https://doi.org/10.1038/ncomms2045
https://doi.org/10.1093/brain/awr046
https://doi.org/10.1111/j.1365-2826.2008.01676.x

Biomolecules 2023, 13, 1388 40 of 45

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Van Laere, K,; Casteels, C.; Lunskens, S.; Goffin, K.; Grachev, L.D.; Bormans, G.; Vandenberghe, W. Regional changes in type 1
cannabinoid receptor availability in Parkinson’s disease in vivo. Neurobiol. Aging 2012, 33, 620.e1-620.e8. [CrossRef]

Pisani, V.; Madeo, G.; Tassone, A.; Sciamanna, G.; Maccarrone, M.; Stanzione, P; Pisani, A. Homeostatic changes of the
endocannabinoid system in Parkinson’s disease: eCB Changes in PD. Mov. Disord. 2011, 26, 216-222. [CrossRef] [PubMed]
Glass, M.; Dragunow, M.; Faull, RL.M. The pattern of neurodegeneration in Huntington’s disease: A comparative study
of cannabinoid, dopamine, adenosine and GABAA receptor alterations in the human basal ganglia in Huntington’s disease.
Neuroscience 2000, 97, 505-519. [CrossRef] [PubMed]

Mechoulam, R. The Pharmacohistory of Cannabis Sativa. In Cannabinoids as Therapeutic Agents, 1st ed.; Mechoulam, R., Ed.;
Chapman and Hall/CRC: Boca Raton, FL, USA, 2019; pp. 1-20, ISBN 978-0-429-26066-7.

Zajicek, ].P.; Apostu, V.I. Role of Cannabinoids in Multiple Sclerosis. CNS Drugs 2011, 25, 187-201. [CrossRef] [PubMed]
Pertwee, R.G. Pharmacology of cannabinoid CB1 and CB2 receptors. Pharmacol. Ther. 1997, 74, 129-180. [CrossRef] [PubMed]
Zajicek, J.; Ball, S.; Wright, D.; Vickery, J.; Nunn, A.; Miller, D.; Cano, M.G.; McManus, D.; Mallik, S.; Hobart, J. Effect of dronabinol
on progression in progressive multiple sclerosis (CUPID): A randomised, placebo-controlled trial. Lancet Neurol. 2013, 12, 857-865.
[CrossRef]

Arévalo-Martin, A; Vela, J.M.; Molina-Holgado, E.; Borrell, J.; Guaza, C. Therapeutic Action of Cannabinoids in a Murine Model
of Multiple Sclerosis. J. Neurosci. 2003, 23, 2511-2516. [CrossRef]

Panikashvili, D.; Simeonidou, C.; Ben-Shabat, S.; Hanus, L.; Breuer, A.; Mechoulam, R.; Shohami, E. An endogenous cannabinoid
(2-AQG) is neuroprotective after brain injury. Nature 2001, 413, 527-531. [CrossRef]

Franklin, A.; Parmentier-Batteur, S.; Walter, L.; Greenberg, D.A ; Stella, N. Palmitoylethanolamide Increases after Focal Cerebral
Ischemia and Potentiates Microglial Cell Motility. J. Neurosci. 2003, 23, 7767-7775. [CrossRef]

Muthian, S.; Rademacher, D.].; Roelke, C.T.; Gross, G.].; Hillard, C.J. Anandamide content is increased and CB; cannabinoid
receptor blockade is protective during transient, focal cerebral ischemia. Neuroscience 2004, 129, 743-750. [CrossRef]

Hetz, C.; Saxena, S. ER stress and the unfolded protein response in neurodegeneration. Nat. Rev. Neurol. 2017, 13, 477-491.
[CrossRef]

Fernandez-Ruiz, ].; Moro, M.A.; Martinez-Orgado, J. Cannabinoids in Neurodegenerative Disorders and Stroke/Brain Trauma:
From Preclinical Models to Clinical Applications. Neurotherapeutics 2015, 12, 793-806. [CrossRef] [PubMed]

Kang, K.A.; Wang, Z.H.; Zhang, R.; Piao, M.].; Kim, K.C.; Kang, S.S.; Kim, Y.W.; Lee, ].; Park, D.; Hyun, ]. W. Myricetin Protects
Cells against Oxidative Stress-Induced Apoptosis via Regulation of PI3K/Akt and MAPK Signaling Pathways. Int. J. Mol. Sci.
2010, 11, 4348-4360. [CrossRef] [PubMed]

Jazvinsé¢ak Jembrek, M.; Radovanovi¢, V.; Vlaini¢, ].; Vukovi¢, L.; Hanzi¢, N. Neuroprotective effect of zolpidem against glutamate-
induced toxicity is mediated via the PI3K/ Akt pathway and inhibited by PK11195. Toxicology 2018, 406407, 58—69. [CrossRef]
[PubMed]

Jazvinscak Jembrek, M.; Vlaini¢, J.; Cadez, V; éegota, S. Atomic force microscopy reveals new biophysical markers for monitoring
subcellular changes in oxidative injury: Neuroprotective effects of quercetin at the nanoscale. PLoS ONE 2018, 13, e0200119.
[CrossRef]

Zakharova, 1.O.; Sokolova, T.V.; Bayunova, L.V,; Zorina, LI; Rychkova, M.P; Shpakov, A.O.; Avrova, N.FE. The Protective Effect of
Insulin on Rat Cortical Neurons in Oxidative Stress and Its Dependence on the Modulation of Akt, GSK-3beta, ERK1/2, and
AMPK Activities. Int. . Mol. Sci. 2019, 20, 3702. [CrossRef]

Sénchez-Blazquez, P.; Rodriguez-Mufioz, M.; Vicente-Sdnchez, A.; Garzon, J. Cannabinoid Receptors Couple to NMDA Receptors
to Reduce the Production of NO and the Mobilization of Zinc Induced by Glutamate. Antioxid. Redox Signal. 2013, 19, 1766-1782.
[CrossRef]

Rocha, EC.M.; Dos Santos Junior, J.G.; Stefano, S.C.; Da Silveira, D.X. Systematic review of the literature on clinical and
experimental trials on the antitumor effects of cannabinoids in gliomas. J. Neurooncol. 2014, 116, 11-24. [CrossRef]

Massi, P.; Vaccani, A.; Ceruti, S.; Colombo, A.; Abbracchio, M.P; Parolaro, D. Antitumor Effects of Cannabidiol, a Nonpsychoactive
Cannabinoid, on Human Glioma Cell Lines. . Pharmacol. Exp. Ther. 2004, 308, 838-845. [CrossRef]

Becker, W.; Alrafas, H.R.; Wilson, K.; Miranda, K.; Culpepper, C.; Chatzistamou, I.; Cai, G.; Nagarkatti, M.; Nagarkatti, P.S.
Activation of Cannabinoid Receptor 2 Prevents Colitis-Associated Colon Cancer through Myeloid Cell De-activation Upstream of
IL-22 Production. iScience 2020, 23, 101504. [CrossRef]

Silva-Reis, R.; Silva, A.M.S.; Oliveira, P.A.; Cardoso, S.M. Antitumor Effects of Cannabis sativa Bioactive Compounds on Colorectal
Carcinogenesis. Biomolecules 2023, 13, 764. [CrossRef]

Sanchez-Sanchez, L.; Garcia, J.; Fernandez, R.; Noskova, E.; Egiguren-Ortiz, J.; Gulak, M.; Ochoa, E.; Laso, A.; Oiarbide, M.;
Santos, ].I; et al. Characterization of the Antitumor Potential of Extracts of Cannabis sativa Strains with High CBD Content in
Human Neuroblastoma. Int. J. Mol. Sci. 2023, 24, 3837. [CrossRef]

Ligresti, A.; Moriello, A.S.; Starowicz, K.; Matias, I.; Pisanti, S.; De Petrocellis, L.; Laezza, C.; Portella, G.; Bifulco, M.; Di Marzo, V.
Antitumor Activity of Plant Cannabinoids with Emphasis on the Effect of Cannabidiol on Human Breast Carcinoma. J. Pharmacol.
Exp. Ther. 2006, 318, 1375-1387. [CrossRef] [PubMed]

Sultan, A.S.; Marie, M.A.; Sheweita, S.A. Novel mechanism of cannabidiol-induced apoptosis in breast cancer cell lines. Breast
2018, 41, 34-41. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neurobiolaging.2011.02.009
https://doi.org/10.1002/mds.23457
https://www.ncbi.nlm.nih.gov/pubmed/21412829
https://doi.org/10.1016/S0306-4522(00)00008-7
https://www.ncbi.nlm.nih.gov/pubmed/10828533
https://doi.org/10.2165/11539000-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/21323391
https://doi.org/10.1016/S0163-7258(97)82001-3
https://www.ncbi.nlm.nih.gov/pubmed/9336020
https://doi.org/10.1016/S1474-4422(13)70159-5
https://doi.org/10.1523/JNEUROSCI.23-07-02511.2003
https://doi.org/10.1038/35097089
https://doi.org/10.1523/JNEUROSCI.23-21-07767.2003
https://doi.org/10.1016/j.neuroscience.2004.08.044
https://doi.org/10.1038/nrneurol.2017.99
https://doi.org/10.1007/s13311-015-0381-7
https://www.ncbi.nlm.nih.gov/pubmed/26260390
https://doi.org/10.3390/ijms11114348
https://www.ncbi.nlm.nih.gov/pubmed/21151442
https://doi.org/10.1016/j.tox.2018.05.014
https://www.ncbi.nlm.nih.gov/pubmed/29859204
https://doi.org/10.1371/journal.pone.0200119
https://doi.org/10.3390/ijms20153702
https://doi.org/10.1089/ars.2012.5100
https://doi.org/10.1007/s11060-013-1277-1
https://doi.org/10.1124/jpet.103.061002
https://doi.org/10.1016/j.isci.2020.101504
https://doi.org/10.3390/biom13050764
https://doi.org/10.3390/ijms24043837
https://doi.org/10.1124/jpet.106.105247
https://www.ncbi.nlm.nih.gov/pubmed/16728591
https://doi.org/10.1016/j.breast.2018.06.009
https://www.ncbi.nlm.nih.gov/pubmed/30007266

Biomolecules 2023, 13, 1388 41 of 45

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Leyva-Illades, D.; DeMorrow, S. Orphan G protein receptor GPR55 as an emerging target in cancer therapy and management.
Cancer Manag. Res. 2013, 5, 147-155. [CrossRef] [PubMed]

Niphakis, M.J.; Cognetta, A.B.; Chang, ].W.; Buczynski, M.W.,; Parsons, L.H.; Byrne, F; Burston, J.J.; Chapman, V.; Cravatt, B.F.
Evaluation of NHS Carbamates as a Potent and Selective Class of Endocannabinoid Hydrolase Inhibitors. ACS Chem. Neurosci.
2013, 4, 1322-1332. [CrossRef] [PubMed]

Curry, Z.A.; Wilkerson, J.L.; Bagdas, D.; Kyte, S.L.; Patel, N.; Donvito, G.; Mustafa, M.A.; Poklis, J.L.; Niphakis, M.].; Hsu, K.-L.;
et al. Monoacylglycerol Lipase Inhibitors Reverse Paclitaxel-Induced Nociceptive Behavior and Proinflammatory Markers in a
Mouse Model of Chemotherapy-Induced Neuropathy. J. Pharmacol. Exp. Ther. 2018, 366, 169-183. [CrossRef]

Seltzer, E.S.; Watters, A.K.; MacKenzie, D.; Granat, L.M.; Zhang, D. Cannabidiol (CBD) as a Promising Anti-Cancer Drug. Cancers
2020, 12, 3203. [CrossRef]

Pagano, E.; Borrelli, F.; Orlando, P.; Romano, B.; Monti, M.; Morbidelli, L.; Aviello, G.; Imperatore, R.; Capasso, R.; Piscitelli, F,;
et al. Pharmacological inhibition of MAGL attenuates experimental colon carcinogenesis. Pharmacol. Res. 2017, 119, 227-236.
[CrossRef]

Miicke, M.; Weier, M.; Carter, C.; Copeland, J.; Degenhardt, L.; Cuhls, H.; Radbruch, L.; Hauser, W.; Conrad, R. Systematic review
and meta-analysis of cannabinoids in palliative medicine: Cannabinoids in palliative medicine. . Cachexia Sarcopenia Muscle 2018,
9, 220-234. [CrossRef]

Noskova, E.; Fernandez, R.; Garcia, J.; Ochoa, E.; Dominguez-Fernandez, C.; Adell, A ; Laso, A.; Andrés, M.E; Gonzalez-Coloma, A ;
Astigarraga, E.; et al. Screening System of Cannabis sativa Extracts Based on Their Mitochondrial Safety Profile Using Cytochrome c
Oxidase Activity as a Biomarker. Int. . Mol. Sci. 2023, 24, 1315. [CrossRef]

Harkany, T.; Horvath, T.L. (S)Pot on Mitochondria: Cannabinoids Disrupt Cellular Respiration to Limit Neuronal Activity. Cell
Metab. 2017, 25, 8-10. [CrossRef] [PubMed]

Figar, Z.; Singh, N.; Hroudova, J. Cannabinoid-induced changes in respiration of brain mitochondria. Toxicol. Lett. 2014, 231,
62-71. [CrossRef] [PubMed]

Han, K.H.; Lim, S.; Ryu, J.; Lee, C.-W.; Kim, Y.; Kang, J.-H.; Kang, S.-S.; Ahn, Y.K,; Park, C.-S.; Kim, ].]. CB; and CB; cannabinoid
receptors differentially regulate the production of reactive oxygen species by macrophages. Cardiovasc. Res. 2009, 84, 378-386.
[CrossRef] [PubMed]

Ye, Z.; Liang, Z.; Mi, Q.; Guo, Y. Limonene terpenoid obstructs human bladder cancer cell (T24 cell line) growth by inducing
cellular apoptosis, caspase activation, G2/M phase cell cycle arrest and stops cancer metastasis. . BUON Off. ]. Balk. Union Oncol.
2020, 25, 280-285.

Hafidh, R.R.; Hussein, S.Z.; MalAllah, M.Q.; Abdulamir, A.S.; Abu Bakar, F. A High-throughput Quantitative Expression Analysis
of Cancer-related Genes in Human HepG2 Cells in Response to Limonene, a Potential Anticancer Agent. Curr. Cancer Drug
Targets 2018, 18, 807-815. [CrossRef]

Zhang, X.-Z.; Wang, L.; Liu, D.-W.; Tang, G.-Y.; Zhang, H.-Y. Synergistic Inhibitory Effect of Berberine and d-Limonene on Human
Gastric Carcinoma Cell Line MGC803. . Med. Food 2014, 17, 955-962. [CrossRef]

Russo, R.; Cassiano, M.G.V.; Ciociaro, A.; Adornetto, A.; Varano, G.P.; Chiappini, C.; Berliocchi, L.; Tassorelli, C.; Bagetta, G.;
Corasaniti, M.T. Role of D-Limonene in Autophagy Induced by Bergamot Essential Oil in SH-SY5Y Neuroblastoma Cells. PLoS
ONE 2014, 9, e113682. [CrossRef]

Yu, X; Lin, H.; Wang, Y.; Lv, W,; Zhang, S.; Qian, Y.; Deng, X.; Feng, N.; Yu, H.; Qian, B. D-limonene exhibits antitumor activity by
inducing autophagy and apoptosis in lung cancer. OncoTargets Ther. 2018, 11, 1833-1847. [CrossRef]

Del Toro-Arreola, S.; Flores-Torales, E.; Torres-Lozano, C.; Del Toro-Arreola, A.; Tostado-Pelayo, K.; Guadalupe Ramirez-Duefias, M.;
Daneri-Navarro, A. Effect of d-limonene on immune response in BALB/c mice with lymphoma. Int. Immunopharmacol. 2005, 5,
829-838. [CrossRef]

Manassero, C.A.; Girotti, ].R.; Mijailovsky, S.; Garcia De Bravo, M.; Polo, M. In vitro comparative analysis of antiproliferative
activity of essential oil from mandarin peel and its principal component limonene. Nat. Prod. Res. 2013, 27, 1475-1478. [CrossRef]
Colvin, EK,; Hudson, A.L.; Anderson, L.L.; Kumar, R.P.; McGregor, 1.S.; Howell, VM.; Arnold, J.C. An Examination of the
Anti-Cancer Properties of Plant Cannabinoids in Preclinical Models of Mesothelioma. Cancers 2022, 14, 3813. [CrossRef]
Lauckner, ].E; Jensen, J.B.; Chen, H.-Y.; Lu, H.-C.; Hille, B.; Mackie, K. GPR55 is a cannabinoid receptor that increases intracellular
calcium and inhibits M current. Proc. Natl. Acad. Sci. USA 2008, 105, 2699-2704. [CrossRef] [PubMed]

Kurosawa, M.; Arakaki, R.; Yamada, A.; Tsunematsu, T.; Kudo, Y.; Sprent, J.; Ishimaru, N. NF-«B2 Controls the Migratory Activity
of Memory T Cells by Regulating Expression of CXCR4 in a Mouse Model of Sjogren’s Syndrome. Arthritis Rheumatol. 2017, 69,
2193-2202. [CrossRef] [PubMed]

Notaro, A.; Sabella, S.; Pellerito, O.; Di Fiore, R.; De Blasio, A.; Vento, R.; Calvaruso, G.; Giuliano, M. Involvement of PAR-4 in
Cannabinoid-Dependent Sensitization of Osteosarcoma Cells to TRAIL-Induced Apoptosis. Int. J. Biol. Sci. 2014, 10, 466—478.
[CrossRef] [PubMed]

Hernandez-Tiedra, S.; Fabrias, G.; Davila, D.; Salanueva, f.]. ; Casas, J.; Montes, L.R.; Antén, Z.; Garcia-Taboada, E.; Salazar-Roa, M.;
Lorente, M.; et al. Dihydroceramide accumulation mediates cytotoxic autophagy of cancer cells via autolysosome destabilization.
Autophagy 2016, 12, 2213-2229. [CrossRef] [PubMed]


https://doi.org/10.2147/CMAR.S35175
https://www.ncbi.nlm.nih.gov/pubmed/23869178
https://doi.org/10.1021/cn400116z
https://www.ncbi.nlm.nih.gov/pubmed/23731016
https://doi.org/10.1124/jpet.117.245704
https://doi.org/10.3390/cancers12113203
https://doi.org/10.1016/j.phrs.2017.02.002
https://doi.org/10.1002/jcsm.12273
https://doi.org/10.3390/ijms24021315
https://doi.org/10.1016/j.cmet.2016.12.020
https://www.ncbi.nlm.nih.gov/pubmed/28076767
https://doi.org/10.1016/j.toxlet.2014.09.002
https://www.ncbi.nlm.nih.gov/pubmed/25195527
https://doi.org/10.1093/cvr/cvp240
https://www.ncbi.nlm.nih.gov/pubmed/19596672
https://doi.org/10.2174/1568009617666171114144236
https://doi.org/10.1089/jmf.2013.2967
https://doi.org/10.1371/journal.pone.0113682
https://doi.org/10.2147/OTT.S155716
https://doi.org/10.1016/j.intimp.2004.12.012
https://doi.org/10.1080/14786419.2012.718775
https://doi.org/10.3390/cancers14153813
https://doi.org/10.1073/pnas.0711278105
https://www.ncbi.nlm.nih.gov/pubmed/18263732
https://doi.org/10.1002/art.40230
https://www.ncbi.nlm.nih.gov/pubmed/28804991
https://doi.org/10.7150/ijbs.8337
https://www.ncbi.nlm.nih.gov/pubmed/24795528
https://doi.org/10.1080/15548627.2016.1213927
https://www.ncbi.nlm.nih.gov/pubmed/27635674

Biomolecules 2023, 13, 1388 42 of 45

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.
211.
212.

213.

214.

215.

216.

Salazar, M.; Carracedo, A.; Salanueva, f.].; Hernéndez-Tiedra, S.; Lorente, M.; Egia, A.; Vazquez, P; Blazquez, C.; Torres, S.;
Garcia, S.; et al. Cannabinoid action induces autophagy-mediated cell death through stimulation of ER stress in human glioma
cells. J. Clin. Investig. 2009, 119, 1359-1372. [CrossRef]

Fisher, T.; Golan, H.; Schiby, G.; PriChen, S.; Smoum, R.; Moshe, I.; Peshes-Yaloz, N.; Castiel, A.; Waldman, D.; Gallily, R.; et al. In
Vitro and In Vivo Efficacy of Non-Psychoactive Cannabidiol in Neuroblastoma. Curr. Oncol. 2016, 23, 15-22. [CrossRef]

Borrell, B. How accurate are cancer cell lines? Nature 2010, 463, 858. [CrossRef]

Sredni, S.T.; Huang, C.-C.; Suzuki, M.; Pundy, T.; Chou, P.; Tomita, T. Spontaneous involution of pediatric low-grade gliomas:
High expression of cannabinoid receptor 1 (CNR1) at the time of diagnosis may indicate involvement of the endocannabinoid
system. Childs Nerv. Syst. 2016, 32, 2061-2067. [CrossRef]

Foroughi, M.; Hendson, G.; Sargent, M.A.; Steinbok, P. Spontaneous regression of septum pellucidum/forniceal pilocytic
astrocytomas—Possible role of Cannabis inhalation. Childs Nerv. Syst. 2011, 27, 671-679. [CrossRef]

Blasco-Benito, S.; Seijo-Vila, M.; Caro-Villalobos, M.; Tundidor, I.; Andradas, C.; Garcia-Taboada, E.; Wade, J.; Smith, S.;
Guzman, M.; Pérez-Gomez, E.; et al. Appraising the “entourage effect”: Antitumor action of a pure cannabinoid versus a
botanical drug preparation in preclinical models of breast cancer. Biochem. Pharmacol. 2018, 157, 285-293. [CrossRef]

LaVigne, J.; Hecksel, R.; Streicher, ]. M. In Defense of the “Entourage Effect”: Terpenes Found in Cannabis sativa Activate the
Cannabinoid Receptor 1 In Vivo. FASEB J. 2020, 34, 1. [CrossRef]

Nithipatikom, K.; Gomez-Granados, A.D.; Tang, A.T.; Pfeiffer, A.W.; Williams, C.L.; Campbell, W.B. Cannabinoid Receptor Type 1
(CBq) Activation Inhibits Small GTPase RhoA Activity and Regulates Motility of Prostate Carcinoma Cells. Endocrinology 2012,
153, 29-41. [CrossRef]

Roberto, D.; Klotz, L.H.; Venkateswaran, V. Cannabinoid WIN 55,212-2 induces cell cycle arrest and apoptosis, and inhibits
proliferation, migration, invasion, and tumor growth in prostate cancer in a cannabinoid-receptor 2 dependent manner. Prostate
2019, 79, 151-159. [CrossRef]

Allister, S.D.M.; Chan, C.; Taft, R.J.; Luu, T.; Abood, M.E.; Moore, D.H.; Aldape, K.; Yount, G. Cannabinoids selectively inhibit
proliferation and induce death of cultured human glioblastoma multiforme cells. ]J. Neurooncol. 2005, 74, 31-40. [CrossRef]
[PubMed]

Doherty, G.J.; De Paula, B.H.R. Cannabinoids in glioblastoma multiforme—Hype or hope? Br. ]. Cancer 2021, 124, 1341-1343.
[CrossRef] [PubMed]

Lah, T.T.; Novak, M.; Pena Almidon, M.A.; Marinelli, O.; Zvar Bagkovi¢, B.; Majc, B.; Mlinar, M.; Bosnjak, R.; Breznik, B.;
Zomer, R.; et al. Cannabigerol Is a Potential Therapeutic Agent in a Novel Combined Therapy for Glioblastoma. Cells 2021, 10,
340. [CrossRef] [PubMed]

Stachtari, C.C.; Thomareis, O.N.; Tsaousi, G.G.; Karakoulas, K.A.; Chatzimanoli, FI1.; Chatzopoulos, S.A.; Vasilakos, D.G.
Interaction of a Cannabinoid-2 Agonist with Tramadol on Nociceptive Thresholds and Immune Responses in a Rat Model of
Incisional Pain. Am. J. Ther. 2016, 23, e1484—e1492. [CrossRef] [PubMed]

Gardin, A.; Kucher, K ; Kiese, B.; Appel-Dingemanse, S. Cannabinoid Receptor Agonist 13, a Novel Cannabinoid Agonist: First in
Human Pharmacokinetics and Safety. Drug Metab. Dispos. 2009, 37, 827-833. [CrossRef] [PubMed]

Kallioméki, J.; Annas, P.; Huizar, K.; Clarke, C.; Zettergren, A.; Karlsten, R.; Segerdahl, M. Evaluation of the analgesic efficacy
and psychoactive effects of AZD1940, a novel peripherally acting cannabinoid agonist, in human capsaicin-induced pain and
hyperalgesia. Clin. Exp. Pharmacol. Physiol. 2013, 40, 212-218. [CrossRef]

Banister, S.D.; Krishna Kumar, K.; Kumar, V.; Kobilka, B.K.; Malhotra, S.V. Selective modulation of the cannabinoid type 1 (CB;)
receptor as an emerging platform for the treatment of neuropathic pain. Med. Chem. Commun. 2019, 10, 647-659. [CrossRef]
[PubMed]

Kallioméki, J.; Segerdahl, M.; Webster, L.; Reimfelt, A.; Huizar, K.; Annas, P; Karlsten, R.; Quiding, H. Evaluation of the analgesic
efficacy of AZD1940, a novel cannabinoid agonist, on post-operative pain after lower third molar surgical removal. Scand. J. Pain
2013, 4, 17-22. [CrossRef] [PubMed]

Bradford, H.F. Glutamate, GABA and epilepsy. Prog. Neurobiol. 1995, 47, 477-511. [CrossRef] [PubMed]

Karler, R.; Turkanis, S.A. The Cannabinoids as Potential Antiepileptics. J. Clin. Pharmacol. 1981, 21, 4375-448S. [CrossRef]
Iannotti, EA.; Hill, C.L.; Leo, A.; Alhusaini, A.; Soubrane, C.; Mazzarella, E.; Russo, E.; Whalley, B.].; Di Marzo, V.; Stephens, G.J.
Nonpsychotropic Plant Cannabinoids, Cannabidivarin (CBDV) and Cannabidiol (CBD), Activate and Desensitize Transient
Receptor Potential Vanilloid 1 (TRPV1) Channels in Vitro: Potential for the Treatment of Neuronal Hyperexcitability. ACS Chem.
Neurosci. 2014, 5, 1131-1141. [CrossRef]

Kollipara, R.; Langille, E.; Tobin, C.; French, C.R. CBD can be combined with additional cannabinoids for optimal seizure
reduction and requires GPR55 for its anticonvulsant effects. bioRxiv 2023. [CrossRef]

Goerl, B.; Watkins, S.; Metcalf, C.; Smith, M.; Beenhakker, M. Cannabidiolic acid exhibits entourage-like improvements of
anticonvulsant activity in an acute rat model of seizures. Epilepsy Res. 2021, 169, 106525. [CrossRef]

Ryan, D.; Drysdale, A.].; Lafourcade, C.; Pertwee, R.G.; Platt, B. Cannabidiol Targets Mitochondria to Regulate Intracellular Ca?t
Levels. J. Neurosci. 2009, 29, 2053-2063. [CrossRef]

Chaves, Y.C.; Genaro, K.; Crippa, J.A.; Da Cunha, ].M.; Zanoveli, ]. M. Cannabidiol induces antidepressant and anxiolytic-like
effects in experimental type-1 diabetic animals by multiple sites of action. Metab. Brain Dis. 2021, 36, 639-652. [CrossRef]


https://doi.org/10.1172/JCI37948
https://doi.org/10.3747/co.23.2893
https://doi.org/10.1038/463858a
https://doi.org/10.1007/s00381-016-3243-7
https://doi.org/10.1007/s00381-011-1410-4
https://doi.org/10.1016/j.bcp.2018.06.025
https://doi.org/10.1096/fasebj.2020.34.s1.04020
https://doi.org/10.1210/en.2011-1144
https://doi.org/10.1002/pros.23720
https://doi.org/10.1007/s11060-004-5950-2
https://www.ncbi.nlm.nih.gov/pubmed/16078104
https://doi.org/10.1038/s41416-021-01265-5
https://www.ncbi.nlm.nih.gov/pubmed/33623077
https://doi.org/10.3390/cells10020340
https://www.ncbi.nlm.nih.gov/pubmed/33562819
https://doi.org/10.1097/MJT.0000000000000131
https://www.ncbi.nlm.nih.gov/pubmed/25370921
https://doi.org/10.1124/dmd.108.024000
https://www.ncbi.nlm.nih.gov/pubmed/19144772
https://doi.org/10.1111/1440-1681.12051
https://doi.org/10.1039/C8MD00595H
https://www.ncbi.nlm.nih.gov/pubmed/31191856
https://doi.org/10.1016/j.sjpain.2012.08.004
https://www.ncbi.nlm.nih.gov/pubmed/29913883
https://doi.org/10.1016/0301-0082(95)00030-5
https://www.ncbi.nlm.nih.gov/pubmed/8787032
https://doi.org/10.1002/j.1552-4604.1981.tb02624.x
https://doi.org/10.1021/cn5000524
https://doi.org/10.1101/2023.02.15.528525
https://doi.org/10.1016/j.eplepsyres.2020.106525
https://doi.org/10.1523/JNEUROSCI.4212-08.2009
https://doi.org/10.1007/s11011-020-00667-3

Biomolecules 2023, 13, 1388 43 of 45

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

Lucas, P.; Walsh, Z.; Crosby, K.; Callaway, R.; Belle-Isle, L.; Kay, R.; Capler, R.; Holtzman, S. Substituting cannabis for prescription
drugs, alcohol and other substances among medical cannabis patients: The impact of contextual factors: Cannabis substitution.
Drug Alcohol. Rev. 2016, 35, 326-333. [CrossRef]

Kostanda, E.; Khatib, S. Biotic stress caused by Tetranychus urticae mites elevates the quantity of secondary metabolites,
cannabinoids and terpenes, in Cannabis sativa L. Ind. Crops Prod. 2022, 176, 114331. [CrossRef]

Loss, C.M.; Teodoro, L.; Rodrigues, G.D.; Moreira, L.R.; Peres, FF,; Zuardi, A.W.; Crippa, J.A.; Hallak, J.E.C.; Abilio, V.C.
Is Cannabidiol During Neurodevelopment a Promising Therapy for Schizophrenia and Autism Spectrum Disorders? Front.
Pharmacol. 2021, 11, 635763. [CrossRef] [PubMed]

Karoly, H.C.; Milburn, M.A.; Brooks-Russell, A.; Brown, M.; Streufert, J.; Bryan, A.D.; Lovrich, N.P; DeJong, W,
Cinnamon Bidwell, L. Effects of High-Potency Cannabis on Psychomotor Performance in Frequent Cannabis Users. Cannabis
Cannabinoid Res. 2022, 7, 107-115. [CrossRef]

Wallace, A.L.; Wade, N.E.; Lisdahl, K.M. Impact of 2 Weeks of Monitored Abstinence on Cognition in Adolescent and Young
Adult Cannabis Users. |. Int. Neuropsychol. Soc. 2020, 26, 776-784. [CrossRef] [PubMed]

Gonzalez, R.; Schuster, R.M.; Mermelstein, R.].; Vassileva, ].; Martin, E.M.; Diviak, K.R. Performance of young adult cannabis
users on neurocognitive measures of impulsive behavior and their relationship to symptoms of cannabis use disorders. J. Clin.
Exp. Neuropsychol. 2012, 34, 962-976. [CrossRef]

Collin, C.; Ehler, E.; Waberzinek, G.; Alsindi, Z.; Davies, P.; Powell, K.; Notcutt, W.; O’Leary, C.; Ratcliffe, S.; Novdkova, I; et al. A
double-blind, randomized, placebo-controlled, parallel-group study of Sativex, in subjects with symptoms of spasticity due to
multiple sclerosis. Neurol. Res. 2010, 32, 451-459. [CrossRef] [PubMed]

Markova, J.; Essner, U.; Akmaz, B.; Marinelli, M.; Trompke, C.; Lentschat, A.; Vila, C. Sativex ® as add-on therapy vs. further
optimized first-line ANTispastics (SAVANT) in resistant multiple sclerosis spasticity: A double-blind, placebo-controlled
randomised clinical trial. Int. J. Neurosci. 2019, 129, 119-128. [CrossRef]

Meuth, S.G.; Henze, T.; Essner, U.; Trompke, C.; Vila Silvan, C. Tetrahydrocannabinol and cannabidiol oromucosal spray in
resistant multiple sclerosis spasticity: Consistency of response across subgroups from the SAVANT randomized clinical trial. Int.
J. Neurosci. 2020, 130, 1199-1205. [CrossRef]

Wade, D.T.; Collin, C.; Stott, C.; Duncombe, P. Meta-analysis of the efficacy and safety of Sativex (nabiximols), on spasticity in
people with multiple sclerosis. Mult. Scler. 2010, 16, 707-714. [CrossRef]

Serpell, M.G.; Notcutt, W.; Collin, C. Sativex long-term use: An open-label trial in patients with spasticity due to multiple sclerosis.
J. Neurol. 2013, 260, 285-295. [CrossRef]

Ambrose, T.; Simmons, A. Cannabis, Cannabinoids, and the Endocannabinoid System—Is there Therapeutic Potential for
Inflammatory Bowel Disease? J. Crohn’s Colitis 2019, 13, 525-535. [CrossRef] [PubMed]

Kienzl, M.; Storr, M.; Schicho, R. Cannabinoids and Opioids in the Treatment of Inflammatory Bowel Diseases. Clin. Transl.
Gastroenterol. 2020, 11, €00120. [CrossRef] [PubMed]

Mboumba Bouassa, R.-S.; Comeau, E.; Alexandrova, Y.; Pagliuzza, A.; Yero, A.; Samarani, S.; Needham, J.; Singer, J.; Lee, T.;
Bobeuf, F; et al. Effects of Oral Cannabinoids on Systemic Inflammation and Viral Reservoir Markers in People with HIV on
Antiretroviral Therapy: Results of the CTN PT028 Pilot Clinical Trial. Cells 2023, 12, 1811. [CrossRef] [PubMed]

Couch, D.G.; Cook, H.; Ortori, C.; Barrett, D.; Lund, J.N.; O’Sullivan, S.E. Palmitoylethanolamide and Cannabidiol Prevent
Inflammation-induced Hyperpermeability of the Human Gut In Vitro and In Vivo—A Randomized, Placebo-controlled, Double-
blind Controlled Trial. Inflamm. Bowel Dis. 2019, 25, 1006-1018. [CrossRef]

Mboumba Bouassa, R.-S.; Needham, J.; Nohynek, D.; Singer, J.; Lee, T.; Bobeuf, F; Samarani, S.; Del Balso, L.; Paisible, N.;
Vertzagias, C.; et al. Safety and Tolerability of Oral Cannabinoids in People Living with HIV on Long-Term ART: A Randomized,
Open-Label, Interventional Pilot Clinical Trial (CTNPT 028). Biomedicines 2022, 10, 3168. [CrossRef]

Whiting, P.E; Wolff, R.E; Deshpande, S.; Di Nisio, M.; Duffy, S.; Hernandez, A.V.; Keurentjes, ].C.; Lang, S.; Misso, K.; Ryder, S.;
et al. Cannabinoids for Medical Use: A Systematic Review and Meta-analysis. JAMA 2015, 313, 2456. [CrossRef]

Stuyt, E. The Problem with the Current High Potency THC Marijuana from the Perspective of an Addiction Psychiatrist. Mo. Med.
2018, 115, 482-486.

Tramer, M.R. Cannabinoids for control of chemotherapy induced nausea and vomiting: Quantitative systematic. BM]J 2001, 323,
16. [CrossRef]

Gobbi, G.; Atkin, T.; Zytynski, T.; Wang, S.; Askari, S.; Boruff, J.; Ware, M.; Marmorstein, N.; Cipriani, A.; Dendukuri, N.; et al.
Association of Cannabis Use in Adolescence and Risk of Depression, Anxiety, and Suicidality in Young Adulthood: A Systematic
Review and Meta-analysis. JAMA Psychiatry 2019, 76, 426. [CrossRef]

Sarne, Y. Beneficial and deleterious effects of cannabinoids in the brain: The case of ultra-low dose THC. Am. |. Drug Alcohol.
Abus. 2019, 45, 551-562. [CrossRef]

Emrich, H.M.; Leweke, EM.; Schneider, U. Towards a Cannabinoid Hypothesis of Schizophrenia: Cognitive Impairments Due to
Dysregulation of the Endogenous Cannabinoid System. Pharmacol. Biochem. Behav. 1997, 56, 803-807. [CrossRef] [PubMed]
Tacopetti, C.L.; Packer, C.D. Cannabinoid Hyperemesis Syndrome: A Case Report and Review of Pathophysiology. Clin. Med. Res.
2014, 12, 65-67. [CrossRef] [PubMed]

Vaughn, S.; Strawn, J.; Poweleit, E.; Sarangdhar, M.; Ramsey, L. The Impact of Marijuana on Antidepressant Treatment in
Adolescents: Clinical and Pharmacologic Considerations. . Pers. Med. 2021, 11, 615. [CrossRef]


https://doi.org/10.1111/dar.12323
https://doi.org/10.1016/j.indcrop.2021.114331
https://doi.org/10.3389/fphar.2020.635763
https://www.ncbi.nlm.nih.gov/pubmed/33613289
https://doi.org/10.1089/can.2020.0048
https://doi.org/10.1017/S1355617720000260
https://www.ncbi.nlm.nih.gov/pubmed/32307027
https://doi.org/10.1080/13803395.2012.703642
https://doi.org/10.1179/016164109X12590518685660
https://www.ncbi.nlm.nih.gov/pubmed/20307378
https://doi.org/10.1080/00207454.2018.1481066
https://doi.org/10.1080/00207454.2020.1730832
https://doi.org/10.1177/1352458510367462
https://doi.org/10.1007/s00415-012-6634-z
https://doi.org/10.1093/ecco-jcc/jjy185
https://www.ncbi.nlm.nih.gov/pubmed/30418525
https://doi.org/10.14309/ctg.0000000000000120
https://www.ncbi.nlm.nih.gov/pubmed/31899693
https://doi.org/10.3390/cells12141811
https://www.ncbi.nlm.nih.gov/pubmed/37508476
https://doi.org/10.1093/ibd/izz017
https://doi.org/10.3390/biomedicines10123168
https://doi.org/10.1001/jama.2015.6358
https://doi.org/10.1136/bmj.323.7303.16
https://doi.org/10.1001/jamapsychiatry.2018.4500
https://doi.org/10.1080/00952990.2019.1578366
https://doi.org/10.1016/S0091-3057(96)00426-1
https://www.ncbi.nlm.nih.gov/pubmed/9130308
https://doi.org/10.3121/cmr.2013.1179
https://www.ncbi.nlm.nih.gov/pubmed/24667219
https://doi.org/10.3390/jpm11070615

Biomolecules 2023, 13, 1388 44 of 45

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Benjamini, Y.; Yekutieli, D. The control of the false discovery rate in multiple testing under dependency. Ann. Statist. 2001, 29,
1165-1188. [CrossRef]

Deutsch, D.G. A Personal Retrospective: Elevating Anandamide (AEA) by Targeting Fatty Acid Amide Hydrolase (FAAH) and
the Fatty Acid Binding Proteins (FABPs). Front. Pharmacol. 2016, 7, 370. [CrossRef]

Elmes, M.W.; Kaczocha, M.; Berger, W.T.; Leung, K.; Ralph, B.P.; Wang, L.; Sweeney, ] M.; Miyauchi, ].T.; Tsirka, S.E.; Ojima, L;
et al. Fatty Acid-binding Proteins (FABPs) Are Intracellular Carriers for A9-Tetrahydrocannabinol (THC) and Cannabidiol (CBD).
J. Biol. Chem. 2015, 290, 8711-8721. [CrossRef] [PubMed]

Takeda, S.; Misawa, K.; Yamamoto, I.; Watanabe, K. Cannabidiolic Acid as a Selective Cyclooxygenase-2 Inhibitory Component in
Cannabis. Drug Metab. Dispos. 2008, 36, 1917-1921. [CrossRef]

Devinsky, O.; Patel, A.D.; Thiele, E.A.; Wong, M.H.; Appleton, R.; Harden, C.L.; Greenwood, S.; Morrison, G.; Sommerville, K.;
On behalf of the GWPCARE1 Part A Study Group. Randomized, dose-ranging safety trial of cannabidiol in Dravet syndrome.
Neurology 2018, 90, e1204—e1211. [CrossRef]

Massi, P; Valenti, M.; Vaccani, A.; Gasperi, V.; Perletti, G.; Marras, E.; Fezza, F.; Maccarrone, M.; Parolaro, D. 5-Lipoxygenase and
anandamide hydrolase (FAAH) mediate the antitumor activity of cannabidiol, a non-psychoactive cannabinoid. J. Neurochem.
2008, 104, 1091-1100. [CrossRef]

Ghosh, A.; Chen, F; Thakur, A.; Hong, H. Cysteinyl Leukotrienes and Their Receptors: Emerging Therapeutic Targets in Central
Nervous System Disorders. CNS Neurosci. Ther. 2016, 22, 943-951. [CrossRef]

Rossi, S.; De Chiara, V.; Musella, A.; Sacchetti, L.; Cantarella, C.; Castelli, M.; Cavasinni, F.; Motta, C.; Studer, V.; Bernardi, G.;
et al. Preservation of Striatal Cannabinoid CB; Receptor Function Correlates with the Antianxiety Effects of Fatty Acid Amide
Hydrolase Inhibition. Mol. Pharmacol. 2010, 78, 260-268. [CrossRef]

De Chiara, V.; Angelucci, E; Rossi, S.; Musella, A.; Cavasinni, F.; Cantarella, C.; Mataluni, G.; Sacchetti, L.; Napolitano, E;
Castelli, M.; et al. Brain-Derived Neurotrophic Factor Controls Cannabinoid CB; Receptor Function in the Striatum. J. Neurosci.
2010, 30, 8127-8137. [CrossRef]

Rubino, T.; Guidali, C.; Vigano, D.; Realini, N.; Valenti, M.; Massi, P.; Parolaro, D. CB1 receptor stimulation in specific brain areas
differently modulate anxiety-related behaviour. Neuropharmacology 2008, 54, 151-160. [CrossRef] [PubMed]

Rey, A.A.; Purrio, M.; Viveros, M.-P; Lutz, B. Biphasic Effects of Cannabinoids in Anxiety Responses: CB1 and GABAB Receptors
in the Balance of GABAergic and Glutamatergic Neurotransmission. Neuropsychopharmacology 2012, 37, 2624-2634. [CrossRef]
[PubMed]

Haller, J.; Bakos, N.; Szirmay, M.; Ledent, C.; Freund, T.F. The effects of genetic and pharmacological blockade of the CB;
cannabinoid receptor on anxiety: Anxiety and cannabinoids. Eur. J. Neurosci. 2002, 16, 1395-1398. [CrossRef]

Su, E; Yi, H.; Xu, L.; Zhang, Z. Fluoxetine and S-citalopram inhibit M1 activation and promote M2 activation of microglia in vitro.
Neuroscience 2015, 294, 60-68. [CrossRef]

Onaivi, E.S.; Ishiguro, H.; Gong, ].-P.; Patel, S.; Meozzi, P.A.; Myers, L.; Perchuk, A.; Mora, Z.; Tagliaferro, P.A.; Gardner, E.; et al.
Functional Expression of Brain Neuronal CB2 Cannabinoid Receptors Are Involved in the Effects of Drugs of Abuse and in
Depression. Ann. N. Y. Acad. Sci. 2008, 1139, 434—449. [CrossRef]

Garcia-Gutiérrez, M.S.; Manzanares, J. Overexpression of CB2 cannabinoid receptors decreased vulnerability to anxiety and
impaired anxiolytic action of alprazolam in mice. J. Psychopharmacol. 2011, 25, 111-120. [CrossRef]

Garcia-Gutiérrez, M.S.; Garcia-Bueno, B.; Zoppi, S.; Leza, ].C.; Manzanares, J. Chronic blockade of cannabinoid CB2 receptors
induces anxiolytic-like actions associated with alterations in GABAA receptors: Chronic blockade of CB2 receptors is anxiolytic.
Br. J. Pharmacol. 2012, 165, 951-964. [CrossRef]

Liu, Q.-R.; Canseco-Alba, A.; Zhang, H.-Y.; Tagliaferro, P.; Chung, M.; Dennis, E.; Sanabria, B.; Schanz, N.; Escosteguy-Neto, J.C.;
Ishiguro, H.; et al. Cannabinoid type 2 receptors in dopamine neurons inhibits psychomotor behaviors, alters anxiety, depression
and alcohol preference. Sci. Rep. 2017, 7, 17410. [CrossRef] [PubMed]

Bradley, S.G.; Munson, A.E.; Dewey, W.L.; Harris, L.S. Enhanced susceptibility of mice to combinations of delta 9-tetrahydrocannabinol
and live or killed gram-negative bacteria. Infect. Immun. 1977, 17, 325-329. [CrossRef] [PubMed]

Morahan, P.S.; Klykken, P.C.; Smith, S.H.; Harris, L.S.; Munson, A.E. Effects of cannabinoids on host resistance to Listeria
monocytogenes and herpes simplex virus. Infect. Immun. 1979, 23, 670-674. [CrossRef] [PubMed]

Bradley, S.G. Drugs of Abuse and Infections. In Drugs of Abuse, Immunity, and Immunodeficiency; Friedman, H., Specter, S.,
Klein, T.W., Eds.; Advances in Experimental Medicine and Biology; Springer: Boston, MA, USA, 1991; Volume 288, pp. 119-125,
ISBN 978-1-4684-5927-2. [CrossRef]

Kraft, B.; Wintersberger, W.; Kress, H.G. Cannabinoid receptor-independent suppression of the superoxide generation of human
neutrophils (PMN) by CP55 940, but not by anandamide. Life Sci. 2004, 75, 969-977. [CrossRef] [PubMed]

Akinola, O.; Ogbeche, E.O.; Olumoh-Abdul, H.A.; Alli-Oluwafuyi, A.O.; Oyewole, A.L.; Amin, A.; AbdulMajeed, W.L,;
Olajide, O.].; Nafiu, A.B.; Njan, A.A; et al. Oral Ingestion of Cannabis sativa: Risks, Benefits, and Effects on Malaria-Infected Hosts.
Cannabis Cannabinoid Res. 2018, 3, 219-227. [CrossRef] [PubMed]

Bachmann, M.E; Oxenius, A. Interleukin 2: From immunostimulation to immunoregulation and back again. EMBO Rep. 2007, §,
1142-1148. [CrossRef]

Ito, T.; Connett, ].M.; Kunkel, S.L.; Matsukawa, A. The linkage of innate and adaptive immune response during granulomatous
development. Front. Immun. 2013, 4, 10. [CrossRef]


https://doi.org/10.1214/aos/1013699998
https://doi.org/10.3389/fphar.2016.00370
https://doi.org/10.1074/jbc.M114.618447
https://www.ncbi.nlm.nih.gov/pubmed/25666611
https://doi.org/10.1124/dmd.108.020909
https://doi.org/10.1212/WNL.0000000000005254
https://doi.org/10.1111/j.1471-4159.2007.05073.x
https://doi.org/10.1111/cns.12596
https://doi.org/10.1124/mol.110.064196
https://doi.org/10.1523/JNEUROSCI.1683-10.2010
https://doi.org/10.1016/j.neuropharm.2007.06.024
https://www.ncbi.nlm.nih.gov/pubmed/17692344
https://doi.org/10.1038/npp.2012.123
https://www.ncbi.nlm.nih.gov/pubmed/22850737
https://doi.org/10.1046/j.1460-9568.2002.02192.x
https://doi.org/10.1016/j.neuroscience.2015.02.028
https://doi.org/10.1196/annals.1432.036
https://doi.org/10.1177/0269881110379507
https://doi.org/10.1111/j.1476-5381.2011.01625.x
https://doi.org/10.1038/s41598-017-17796-y
https://www.ncbi.nlm.nih.gov/pubmed/29234141
https://doi.org/10.1128/iai.17.2.325-329.1977
https://www.ncbi.nlm.nih.gov/pubmed/330405
https://doi.org/10.1128/iai.23.3.670-674.1979
https://www.ncbi.nlm.nih.gov/pubmed/313368
https://doi.org/10.1007/978-1-4684-5925-8_13
https://doi.org/10.1016/j.lfs.2004.02.007
https://www.ncbi.nlm.nih.gov/pubmed/15193957
https://doi.org/10.1089/can.2018.0043
https://www.ncbi.nlm.nih.gov/pubmed/30498786
https://doi.org/10.1038/sj.embor.7401099
https://doi.org/10.3389/fimmu.2013.00010

Biomolecules 2023, 13, 1388 45 of 45

265.

266.

267.

268.

269.

270.

271.

Dotsey, E.; Ushach, I; Pone, E.; Nakajima, R.; Jasinskas, A.; Argueta, D.A.; Dillon, A.; DiPatrizio, N.; Davies, H.; Zlotnik, A.; et al.
Transient Cannabinoid Receptor 2 Blockade during Immunization Heightens Intensity and Breadth of Antigen-specific Antibody
Responses in Young and Aged mice. Sci. Rep. 2017, 7, 42584. [CrossRef]

Sohal, A.; Chaudhry, H.; Dhaliwal, A.; Sharma, R.; Singla, P; Sodhi, S.; Gupta, G.; Dukovic, D.; Kowdley, K. 51364 Effect of
Cannabis on Mortality and Resource Utilisation in Patients with Acute on Chronic Liver Failure: Nationwide Analysis. Am. J.
Gastroenterol. 2022, 117, €979-980. [CrossRef]

Yekhtin, Z.; Khuja, I.; Meiri, D.; Or, R.; Almogi-Hazan, O. Differential Effects of D9 Tetrahydrocannabinol (THC)- and Cannabidiol
(CBD)-Based Cannabinoid Treatments on Macrophage Immune Function In Vitro and on Gastrointestinal Inflammation in a
Murine Model. Biomedicines 2022, 10, 1793. [CrossRef]

Aswad, M.; Hamza, H.; Pechkovsky, A.; Zikrach, A.; Popov, T.; Zohar, Y.; Shahar, E.; Louria-Hayon, I. High-CBD Extract (CBD-X)
Downregulates Cytokine Storm Systemically and Locally in Inflamed Lungs. Front. Immunol. 2022, 13, 875546. [CrossRef]
Khuyja, I; Yekhtin, Z.; Or, R.; Almogi-Hazan, O. Cannabinoids Reduce Inflammation but Inhibit Lymphocyte Recovery in Murine
Models of Bone Marrow Transplantation. Int. J. Mol. Sci. 2019, 20, 668. [CrossRef] [PubMed]

Manoharan, R.; Kemper, J.; Young, J. Exploring the medical cannabis prescribing behaviours of New Zealand physicians. Drug
Alcohol. Rev. 2022, 41, 1355-1366. [CrossRef] [PubMed]

Knaub, K.; Sartorius, T.; Dharsono, T.; Wacker, R.; Wilhelm, M.; Schon, C. A Novel Self-Emulsifying Drug Delivery System
(SEDDS) Based on VESIsorb®Formulation Technology Improving the Oral Bioavailability of Cannabidiol in Healthy Subjects.
Molecules 2019, 24, 2967. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/srep42584
https://doi.org/10.14309/01.ajg.0000862096.44539.ce
https://doi.org/10.3390/biomedicines10081793
https://doi.org/10.3389/fimmu.2022.875546
https://doi.org/10.3390/ijms20030668
https://www.ncbi.nlm.nih.gov/pubmed/30720730
https://doi.org/10.1111/dar.13476
https://www.ncbi.nlm.nih.gov/pubmed/35604868
https://doi.org/10.3390/molecules24162967
https://www.ncbi.nlm.nih.gov/pubmed/31426272

	Introduction 
	Background on Cannabinoids 
	Importance of Endogenous Cannabinoids 
	Overview of Neurodegenerative Diseases and Cancer 
	Significance of Studying Cannabinoid Effects 

	Cannabinoids: Types and Mechanisms of Action 
	Phytocannabinoids 
	Endocannabinoids 
	Synthetic Cannabinoids 
	Cannabinoid Receptors and Signaling Pathways 

	The Pharmacology of Cannabinoids 
	Absorption, Distribution, Metabolism, and Excretion (ADME) 
	Pharmacokinetics and Pharmacodynamics 
	Factors Influencing Cannabinoid Effects 

	Cannabinoids and Neurodegenerative Diseases 
	Alzheimer’s Disease 
	Parkinson’s Disease 
	Huntington’s Disease 
	Multiple Sclerosis 
	Mechanisms of Cannabinoid Action in Neurodegeneration 

	Cannabinoids and Cancer 
	Antitumor Effects of Cannabinoids 
	Cannabinoids in Cancer Therapy 
	Potential Mechanisms of Cannabinoid-Mediated Anticancer Effects 

	Clinical Applications and Challenges 
	Cannabinoids as Therapeutic Agents 
	Clinical Trials and Evidence-Based Medicine 
	Safety Considerations and Adverse Effects 

	Future Perspectives and Conclusions 
	Promising Avenues for Future Research 
	Implications for Cannabinoid-Based Therapies 
	Concluding Remarks on the Potential of Cannabinoids 

	References

