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Editorial on the Research Topic

Medicinal Cannabis: Evolution of Therapeutic Use, Future Approaches

and Other Implications

Cannabis has been used in even the oldest traditional medicines available. In the last

century, negative attention has prevailed regarding the psychotropic and abuse potential.

For this reason, Cannabis has been banned and declared illegal in many countries. In

recent years, however, there has been a more in-depth evaluation of the legalization of

cannabinoids for medical use in several countries following heightened media attention

and reports of effectiveness, although not always thoroughly backed up by scientific

evidence. The official introduction of pharmaceutical-grade Cannabis inflorescences for

medicinal purposes has allowed physicians and pharmacists, to prescribe and prepare

several Cannabis preparations legally. Such products are currently being administered to

patients without their efficacy being evaluated in controlled studies: for each patient the

composition and route of administration may differ. In addition, many advanced

administration systems have been developed or are still under development, but few

clinical trials have been completed.

In this context, this Research Topic focused on the in-depth analysis of the legal,

technological and pharmacological aspects related to the medical use of Cannabis-based

formulations.

Anil et al. have directed their research specifically on the activity of Cannabis for

medical use in the context of inflammatory processes. Although activities in this area are

plausible, the high number of active molecules produced by Cannabis and simultaneously

administered through the extractive products normally used in therapy, has not yet made

it possible to identify their specific mechanisms of action. Once the modalities of action of
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the active molecules have been clarified, it might be of interest to

use purified mixtures to obtain a more significant activity

potentially (Anil et al.).

Specific literature reviews were then done for some

pathologies such as when Xin et al. investigated the potential

therapeutic effect of CBD in bone diseases. Even in this case,

further studies are needed to evaluate the benefits and risks of

cannabinoids’ use (Xin et al.).

A large part of the clinical research relating to Cannabis for

medical use concerns its use in the context of diseases of the

central nervous system. Ortiz et al. examined evidence

supporting the therapeutic utility of cannabinoids for treating

neurodegenerative diseases, pain, mood disorders, and substance

use disorders. Important considerations were also made on the

methods of formulation and the routes of administration (Ortiz

et al.). Lacroix et al. Also considered Cannabis in neurological

disorders stressing that currently most of the scientific data

supports the potential therapeutic use of Cannabis but, as

much as patients request it, the knowledge is still too little in-

depth. It is therefore certainly urgent to manage clinical trials to

provide stronger and safer evidence (Lacroix et al.).

Procaccia et al. discussed how phytocannabinoid profiles

differed between plants according to chemovar types and

examined the main factors influencing the accumulation of

secondary metabolites in the plant, including genotype, growing

conditions, processing, storage and the delivery route; the authors

highlighted how these factors make the use of Cannabis in therapy

highly complex (Procaccia et al.).

In addition to the more well-known compounds such as THC

and CBD, Cannabis produces over 120 other phytocannabinoids.

The use of THC is associated with acute psychotropic effects that

could potentially be avoided considering that minor cannabinoids

and their chemical counterparts could offer the same potential

benefits without the same adverse effects. In this regard, Walsh

et al. reviewed the literature to provide an overview of the

endocannabinoid system, phytocannabinoid biosynthesis and a

discussion on molecular pharmacology. Potential therapeutic uses

of minor cannabinoids underlining that future studies will have to

rigorously evaluate these compounds’ risk/benefit ratio (Walsh et al.).

The interest in molecules other than cannabinoids such as

terpenes is certainly relevant. This interest has grown even

greater since the possibility of an “entourage” effect between

the active molecules of Cannabis has been postulated.

Accordingly, Finlay et al. in their study examined whether

some terpenes acted directly on cannabinoid receptors. From

the results obtained, it was not possible to exclude the existence of

an entourage effect. Still, this cannot be linked to a direct action of

the terpenes on the cannabinoid receptors. However, the

pharmacological mechanism underlying this substances

activity remains to be thoroughly investigated (Finlay et al.).

Maayah et al. pointed out that full-spectrum Cannabis

extracts have been used in clinical trials to treat various

diseases. However, despite their efficacy, their potential use in

therapymay be limited by possible behavioural side effects. These

researchers then successfully worked on experimental animals to

identify a panel of blood metabolites predicting behavioural

effects (Maayah et al.).

Pennypacker et al. have evaluated whether the products

available on the market in the United States of America are

consistent in the concentration of cannabinoids, with the

literature indications for use in therapy. Overall, the results of

this study have been defined by the authors as alarming as

current product offerings do not reflect scientific evidence

(Pennypacker et al.).

In the regulatory contextMacPhail et al. have analysed the trend

of prescriptions inAustralia over the last 5 years, noting a substantial

increase in prescriptions over time that does not actually reflect a

worsening of the pathological conditions of the population but

rather a greater prescription linked to greater knowledge and

acceptance of this type of therapy (MacPhail et al.).

As regards the use in therapy of medical Cannabis, the current

regulations have been analysed by Baratta et al. in those countries

where clinical studies have recently been conducted. The results of

the trials have been crossed with the pathologies for which the

current legislation provides that it is possible to prescribe Cannabis

allowing relevant considerations (Baratta et al.).

From all the publications collected, it is clear that there is a

great interest in the enormous potential of Cannabis in the

medical field but also a widespread awareness of the extreme

need to conduct in-depth research that clarifies the mechanisms

of action of the quantity of components present in the

phytocomplex of this plant species.
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Terpenoids From Cannabis Do Not
Mediate an Entourage Effect by
Acting at Cannabinoid Receptors
David B. Finlay1, Kathleen J. Sircombe1, Mhairi Nimick1, Callum Jones2

and Michelle Glass1*

1 Department of Pharmacology and Toxicology, University of Otago, Dunedin, New Zealand, 2 Soma Group, Dunedin,
New Zealand

The entourage effect was a proposed explanation for biological observations that
endocannabinoid ligand activities can be modified by other lipids released from cells at
the same time. An increasing volume of anecdotal reports and interest in the plant have
provoked research into the activity of minor chemical constituents of the plant—including
volatile terpenoids such as myrcene, a- and b- pinene, b-caryophyllene, and limonene.
However, to date, no clear interaction has been identified. The current study was designed
to determine whether terpenes in the cannabis plant have detectable receptor-mediated
activity, or modify the activity of D9-tetrahydrocannabinol, cannabidiol, or the
endocannabinoid 2-arachidonylglycerol at the cannabinoid receptors. In addition, we
have utilized a standard radioligand binding paradigm with ability to detect orthosteric and
allosteric interactions of test compounds. With the possible exception of a weak
interaction of b-caryophyllene with CB2, no data were produced to support the
hypothesis that any of the five terpenes tested (either alone or in mixtures) have direct
interactions with CB1 or CB2, as the binding of radioligand ([3H]-CP55,940), D9-
tetrahydrocannabinol, and cannabidiol were unaltered by the presence of terpenes.
Similarly, terpene functional effects were also not detected, either alone or in
combination with D9-tetrahydrocannabinol, cannabidiol, or 2-arachidonoylglycerol. This
study adds to the evidence that the putative entourage effect cannot be explained by
direct effects at CB1 or CB2.

Keywords: cannabis, cannabinoid, terpenoid, terpene, entourage effect, signaling, binding
INTRODUCTION

Cannabinol (CBN) was the first cannabinoid from the cannabis plant for which a structure was
identified (Cahn, 1933). Cannabidiol (CBD) was identified a few years later (Adams et al., 1940a),
and the same research group later came close to identifying the structure of tetrahydrocannabinols,
in a study involving isomerization of CBD (Adams et al., 1940b). Shortly after,
tetrahydrocannabinols were isolated from cannabis resin (Wollner et al., 1942)—though it was
more than 20 years before chemical analytical methods were adequate for resolving the final
in.org March 2020 | Volume 11 | Article 35916
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Finlay et al. Terpenoid Inactivity at Cannabinoid Receptors
structure of the main psychoactive component of cannabis,
(− )D 9 - t e t rahydrocannab ino l (D 9 -THC; Gaoni and
Mechoulam, 1964).

Meanwhile , Loewe was also the first to observe
pharmacological differences between cannabinoids (Loewe,
1946), in a study differentiating D9-THC and a synthetic hexyl
analog, from CBD: the former, but not the latter, caused
catalepsy and central excitation (with some additional species
differences). In the years since, at least 489 different compounds
(ElSohly and Slade, 2005), including at least 113 cannabinoids
(Aizpurua-Olaizola et al., 2016), have been identified from
cannabis. The most abundant of these are D9-THC and CBD
(Aizpurua-Olaizola et al., 2016; Scherma et al., 2018). D9-THC
acts as a partial agonist at type 1 cannabinoid receptors (CB1),
which are found mostly in the central and peripheral nervous
system and mediate the intoxicating effects for which cannabis is
well known (reviewed in Pertwee, 2008a; Pertwee, 2008b). It also
acts at type 2 cannabinoid receptors (CB2), which are most
highly expressed in immune cells (reviewed in Turcotte et al.,
2016). In general, many of the effects of CBD are thought to
occur through non-cannabinoid receptor mechanisms (Turner
et al., 2017). However, CBD has been demonstrated to bind to
CB2 at high (micromolar) concentrations (Pertwee, 2008b)—
although this is also controversial, as some evidence suggests that
at much lower concentrations than this, CBD may behave as an
inverse agonist at CB2 and an antagonist (Thomas et al., 2007) or
allosteric modulator (Laprairie et al., 2015) of CB1.

More recently, interest has also turned to the biological
activity of the less abundant, “minor” phytocannabinoids and
phytoterpenoids, and their ability to produce an “entourage
effect”. This phenomenon was first described for endogenous
glycerol esters (Ben-Shabat et al., 1998), when 2-linoleoylglycerol
and 2-palmitoylglycerol were found to increase the on-target
affinity and efficacy of the endogenous cannabinoid 2-
arachidonoylglycerol (2-AG), with which they co-occur, in
spleen—yet without detectable direct interaction with the
cannabinoid receptors themselves (though these data were not
shown). Similar observations have been described for N-
palmitoylethanolamide and N-oleoylethanolamide (which are
co-synthesized with anandamide) and may potentiate
anandamide-induced relaxation of arteries (Ho et al., 2008).

Since the publication of the Ben-Shabat et al. study, the term
“entourage effect” has been co-opted to refer to the idea that
whole cannabis possesses greater therapeutic potential than its
individual components (Russo, 2011; Worth, 2019), with many
websites suggesting that terpenes can modify the high produced
by D9-THC (e.g., https://www.heylocannabis.com/post/what-
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are-terpenes). Terpenoids are commonly found in plants
(Gershenzon and Dudareva, 2007), and at least 120 have been
found in cannabis (ElSohly and Slade, 2005)—of which some of
the most commonly referenced appear to include linalool,
myrcene, limonene, b-caryophyllene, and a- and b-pinene.
Previous work has suggested that b-caryophyllene may act as a
CB2 agonist (Gertsch et al., 2008), though subsequent studies
have questioned this (Santiago et al., 2019).

Evidence for cannabis-derived terpenoids having entourage
activity is also sparse. A very recent study has attempted to
examine the six terpenoids referred to above for potential
entourage activity at cannabinoid receptors. When used either
alone or in combination to stimulate AtT-20 cells expressing
CB1 or CB2, D9-THC-induced hyperpolarization was unaffected
(Santiago et al., 2019)—indeed no GIRK channel-related
modulatory effects were detected in this molecular study for
any of the terpenes. In a related GIRK assay paradigm, receptor
desensitization was also unaffected (Santiago et al., 2019).

The current study aimed to clarify the putative molecular
activity of five terpenoids of interest acting specifically (on-
target) through CB1/CB2, in a canonical activity pathway
(cAMP) which can capture receptor effects with high
sensitivity. Effects on orthosteric ligand binding were also
included in the study design, as in addition to detecting
orthosteric interactions this assay has been shown to be very
sensitive to allosteric modulation of CB1 (Ahn et al., 2012;
Ignatowska-Jankowska et al., 2015).
MATERIALS AND METHODS

Drugs
All terpenes were purchased from True Terpenes (Portland, OR).
Terpene molarities were calculated from the density and purity
specified on the supplier’s technical data sheets (Table 1).
Terpenes were diluted to 10 mM in DMSO (Sigma Aldrich, St
Louis, MO, USA), and DMSO content was kept consistent in all
assays at 1:1,000. Terpenes were assessed in assays separately,
and in three different mixtures (Table 2): commercial analysis of
multiple cannabis variants indicate huge variability in terpenoid
formulations between strains (e.g., www.weedmd.com/terpene-
profiles), and these mixtures were therefore intended to capture
some of this variability.

D9-THC was purchased as resin from THC Pharma GmbH
(Frankfurt, Germany), CBD was purchased from Tocris (Bristol,
UK), and 2-AG was purchased from Cayman Chemical
Company (Ann Arbour, MI). Each was constituted in absolute
ethanol at 31.6 mM, and diluted (in vehicle) as required so that
the final ethanol content in assays was 1:1,000. Forskolin was
purchased from Cayman Chemical Company, and prepared in
DMSO at 31.6 mM. All compounds were ≥98% purity, with the
exception of THC which was ≥ 95%.

Radioligand Binding Assays
Competition displacement radioligand binding assays were
performed as previously described (Finlay et al., 2017). In
TABLE 1 | Terpene purity specifications and calculated molarity (True Terpenes,
OR, USA).

Terpene Density (g/ml) Purity Concentration (M)

Myrcene 0.794 97.6% 5.69
a-Pinene 0.859 99.3% 6.26
b-Pinene 0.860 98.2% 6.20
b-Caryophyllene 0.908 91.0% 4.04
Limonene 0.841 99.1% 6.12
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brief, HEK cells expressing either human CB1 receptors N-
terminally tagged with preprolactin signal sequence (pplss) and
3x haemagglutinin (3HA) epitopes (Finlay et al., 2017) or human
CB2 receptor N-terminally tagged with 3HA (Grimsey et al.,
2011) were harvested in 5 mM EDTA in PBS, and “P2”
membranes were prepared in sucrose buffer as previously
described (Finlay et al., 2017). Protein content was estimated
using a BioRad (Hercules, CA) DC protein assay (modified
Lowry assay). For binding assays, radioligand ([3H]-CP55,490,
PerkinElmer, Waltham, MA, USA), non-radiolabelled drugs,
and P2 membrane preparations were diluted in binding buffer
(50 mM HEPES pH 7.4, 1 mM MgCl2, 1 mM CaCl2, 2 mg/ml
NZ-origin BSA, MP Biomedicals, Santa Ana, CA, USA) and
dispensed into 96‐well, polypropylene V‐well plates (Hangzhou
Gene Era Biotech Co Ltd, Zhejiang, China) in a final reaction
volume of 200 µl (membranes were dispensed last). Final
radioligand concentration was 1 nM, and protein content was
3 µg/point for pplss-3HA-hCB1 HEK membranes, and 2 µg/
point for 3HA-hCB2 HEK membranes.

When all components had been dispensed, the plate was sealed
and incubated for 1 h at 30°C. During the incubation, a 96 well
harvest plate (GF/C filters, 1.2 µm pores) was treated with 0.1% w/v
branched polyethyleneimine (PEI; Sigma Aldrich) in water.
Immediately prior to washing, PEI was washed through the filters
using a vacuummanifold (Pall Corporation, Port Washington, NY)
and all wells were washed once with ice cold wash buffer (50 mM
HEPES pH 7.4, 500 mM NaCl, 1 mg/ml BSA. Equilibrated binding
mixture was then transferred to the harvest plate under vacuum,
and samples washed through. Binding wells were rinsed once with
wash buffer and transferred to the harvest plate, and then wells were
washed three more times with 200 µl of wash buffer. The plate was
then removed, and filters allowed to dry overnight.

The next day, the plate bottom was sealed, and 50 µl of Ultima
Gold XR scintillation fluid (PerkinElmer) was dispensed to each
well. The plate top was then sealed, and the plate was loaded into
a 96 well “rigid” cassette and loaded into a Wallac MicroBeta2®

TriLux Liquid Scintillation Counter (PerkinElmer). Scintillation
was detected after a 30 min delay, for 2 mins per well. Counts
were corrected for detector efficiency. Data were then exported
and analyzed in GraphPad Prism v8 (GraphPad Software Inc., La
Jolla, CA, USA), and presented normalized to total binding
([3H]-CP55,940 alone; 100%), and maximum displacement
(binding in the presence of 10 µM D9-THC).
Functional Assay: Cyclic AMP Signaling
Cellular cAMP was measured using a commercially available
BRET assay (CAMYEL), as previously described (Jiang et al.,
Frontiers in Pharmacology | www.frontiersin.org 38
2007; Cawston et al., 2013). In brief, HEK cells expressing either
N-terminally tagged 3HA-tagged hCB1 (first reported in
Cawston et al., 2013) or HA-3TCS-hCB2 (first reported in
Cawston et al., 2015) were seeded in 10 cm cell culture dishes,
and cultured overnight in high glucose DMEM (Hyclone, GE
Healthcare, Chicago, IL) supplemented with 10% fetal bovine
serum. Cells were then 40–60% confluent, and were transfected
with pcDNA3L-His-CAMYEL encoding the CAMYEL biosensor
(cAMP sensor with YFP-Epac-RLuc). Transfection was
performed by combining 30 µg linear PEI (Polysciences,
Warrington, PA, USA) from stock at 1 mg/ml, with 5 µg of
CAMYEL plasmid, in a total volume of 500 µl of 150 mM sterile
NaCl. Transfection mixture was incubated for 10 mins, then
culture medium was replaced and the transfection mixture was
dispensed. Dishes were returned to the incubator and cultured
overnight. Cells were then lifted with 0.05% trypsin/EDTA
(Gibco Thermo Fisher Scientific, Waltham, MA, USA), and
seeded at high density (60,000 cells per well) in white 96 well
CulturPlates (PerkinElmer) which had been pre-treated with
0.05 mg/ml high molecular weight poly-D-lysine (Sigma) in
PBS, to increase adherence.

On assay day, well contents were aspirated with a strip
vacuum (Integra Biosciences, Hudson, NH, USA), and wells
were washed once with PBS to remove traces of phenol red.
Wells were serum starved for 35 mins prior to stimulation in
“assay medium”—phenol-free, high glucose DMEM (Hyclone)
supplemented with 1 mg/ml BSA and 10 mM HEPES pH 7.4
(Gibco, Thermo). Drugs were prepared at 10x concentration
during serum starvation. Five minutes prior to stimulation, Rluc
substrate coelenterazine-H (Prolume, Pinetop, AZ, USA;
prepared as 5 mM stock in absolute ethanol) was dispensed to
the wells to be assayed (final concentration 5 µM). Forskolin,
cannabinoid agonists, CBD, and terpenes (or their vehicles, as
relevant) were each prepared and mixed together in a dispensing
plate. At the start of the assay run, drugs were transferred into
assay wells with a multichannel and immediately loaded into a
pre-warmed (37°C) plate reader. CAMYEL biosensor emission
signals were detected in a LUMIstar Omega plate reader (BMG
Labtech, Ortenberg, Germany), using simultaneous detection
BRET1 filters (475/30 and 535/30 nm) over a period of
approximately 20 mins.

Inverse BRET ratios (460/535 nm) were plotted in GraphPad
Prism against time. These data were analyzed by “area under the
curve” (AUC) and normalized to a matched basal (vehicle alone,
0%) and 5 µM forskolin (100%) conditions. All terpenes, 2-AG,
and CBD were applied at concentrations of 10 µM, D9-THC was
used at a concentration of 1 µM. Each individual experiment was
carried out in duplicate and repeated at least three times.

Statistics
All statistical tests were performed in GraphPad Prism v8, and
entailed 1-way ANOVAs followed by Holm-Šídák tests when
tested means were found to be statistically significantly different
overall. Tests were run separately for each receptor. For binding
data, tests were performed for total binding versus each terpene
alone, and when terpenes were screened in combination with
other drugs (D9-THC or CBD) then tests were performed for
TABLE 2 | Constitution of terpene mixtures.

Terpene Mixture 1 (%) Mixture 2 (%) Mixture 3 (%)

Myrcene 40 30 50
a-Pinene 20 17 23
b-Pinene 15 13 17
b-Caryophyllene 20 35 5
Limonene 5 5 5
Total 100 100 100
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each matched condition (i.e., D9-THC+terpene was compared to
D9-THC; CBD+terpene was compared to CBD). Significant
differences in figures of binding data (Figures 1 and 2) are
denoted by an asterisk (*, p < 0.05).

For cAMP data, tests were performed for forskolin alone, and
with each other drug (2-AG, D9-THC, CBD, terpene, or terpene
mixture). Separate tests were performed for effects in assays
involving drug combinations. In these cases, post-testing was
performed to compare paired matches of conditions with and
without terpenes (e.g. Fsk+CBD was compared with Fsk+CBD
+Myrcene, etc.). Note that statistical significance for cAMP data
are not shown in Figure 3 or 4—this was in order to avoid
confusion about which pairs of conditions were significantly
different. Instead, important results are referred to in-text.
RESULTS

Radioligand Binding Assays
At concentrations of 10 µM (given in Figures 1 and 2 as log
molar, −5), none of the terpenes tested significantly altered the
binding of [3H]-CP55,940 in membranes containing CB1
(Figure 1A). Similarly, in CB2-containing membranes (Figure
1B), four of the five terpenes alone did not alter radioligand
binding. The exception to this was b-caryophyllene, which
displaced [3H]-CP55,940 to a modest extent (approximately
25% of specific binding). No condition altered binding
sufficiently to justify a full curve.

To test an entourage-related concept that terpenes may act by
modifying the binding of other ligands (particularly those also
from the cannabis plant, CBD and D9-THC), the terpenes and/or
terpene mixtures (Table 2) were tested for their ability to alter
displacement of the radioligand by both of these drugs. CBD
displaced the radioligand in both CB1- and CB2-containing
membranes, as expected (reviewed in Pertwee, 2008b)—[3H]-
CP55,940 binding decreased to mean 59.70% and 20.26% of
specific binding, respectively. However, no terpene or terpene
mixture significantly altered CBD displacement of the
radioligand in either membrane (Figures 2A, B). Similarly, no
significant difference in displacement of the radioligand by D9-
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THC was induced by terpene mixtures for CB1 (Figure 2C),
while at CB2 (Figure 2D) the combination of D9-THC with
mixture 1 slightly but significantly decreased displacement
([3H]-CP55,940 binding was increased from 0% to 8.26% of
the window, reflecting a small reduction in displacement by
D9-THC).

Functional Assay: Cyclic AMP Signaling
Signaling responses to the known cannabinoid agonists 2-AG
and D9-THC were as expected; both significantly inhibited cAMP
production induced by 5 µM forskolin at both CB1 (Figure 3, p <
0.05) and CB2 (Figure 4, p < 0.05). As these agonists were
included as matched controls in assays for each of the five
terpenes tested, five determinations were obtained for each 2-
AG and D9-THC in each of three independent assay replicates
(n=15). At CB1, mean inhibition of the forskolin response by 2-
AG and D9-THC was 42.4% (± 1.7%) and 40.7% (± 1.6%),
respectively (Figures 3A–F). Full concentration-response
curves were performed for D9-THC in the CB1 cell line,
producing a mean pEC50 of 8.50 (± SEM 0.05, n=3).

In the CB2 cell line, the extents of inhibition differed more,
with 2-AG driving 41.7% (± 1.3%) inhibition of the forskolin
response, but D9-THC appearing much lower efficacy—just
20.5% (± 1.6%) of the forskolin response was inhibited
(Figures 4A–F). The D9-THC pEC50 determined in the CB2
cell line was 7.80 (± SEM 0.06, n=3). The effects of CBD at CB1
and CB2 also differed, having no significant effect at CB1, but
acting as an inverse agonist at CB2, consistent with a previous
report (Thomas et al., 2007), here driving a significant increase in
cAMP of 27.0% (± 2.9%) above forskolin alone.

None of the five terpenes screened, either alone or in
mixtures, modified cAMP signaling significantly through either
CB1 (Figure 3) or CB2 (Figure 4). Statistical tests to determine
this were performed by a single 1-way ANOVA for each cell line,
using multiple comparisons to allow comparisons of paired
conditions—i.e., each orthosteric ligand with terpene versus a
matched condition in absence of terpene.

An additional D9-THC condition was also included, to
determine whether 10 µM of any terpene would modify the
cAMP signaling of an approx. EC50 concentration of D9-THC at
A B

FIGURE 1 | Specific binding of [3H]-CP55,940, with displacement by terpenes (10 µM) in membranes containing hCB1 (A) or hCB2 (B). Binding data in all plots are
normalized to total [3H]-CP55,940 binding in the absence of displacer (100%), and in the presence of 10 µM THC (0%). Data are means ± SEM of three
independent determinations. *p < 0.05.
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either CB1 (3.16 nM) or CB2 (30 nM). The purpose of this
condition was to capture terpene-induced alterations to the
potency of the D9-THC response in each cell line. However,
consistent with the data at higher D9-THC concentrations, no
change in cAMP signaling was observed in the presence of any of
the five terpenes at either CB1 (Figure 3G) or CB2 (Figure 4G).
For results from both CB1 and CB2 cell lines, 1-way ANOVAs
were performed but no differences in means were found in the
tested conditions.
DISCUSSION

Overall, these data do not support the idea that any of the five
terpenes tested in this study contribute to a putative entourage effect
directly through the cannabinoid receptors. b-Caryophyllene was
found to bind weakly to CB2 alone, but no other functional or
binding effects were detected for the terpenes alone or in
combination with CBD, or cannabinoid agonists 2-AG and D9-
THC. CBD is increasingly becoming a focus of therapeutic studies
due to positive results in a series of childhood epilepsy clinical trials
(Devinsky et al., 2017; Laux et al., 2019), yet its mechanism of action
remains unclear, with over 65 putative molecular targets identified
(Bih et al., 2015). We were therefore interested to investigate
whether the terpenes could enhance its activity or affinity for
cannabinoid receptors, providing a mechanism for interaction
with the endocannabinoid system. In this study we confirmed low
affinity interactions with CB1 and CB2, as previously reported
(reviewed in Pertwee, 2008b). The extent of displacement
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observed in this study (at 10 µM concentrations) are consistent
with Ki values in the low micromolar range reported for CB2, and
>10 µM for CB1 (McPartland et al., 2007). In the cAMP assay, CBD
showed inverse agonist activity at CB2, again consistent with
previous studies (Thomas et al., 2007), but no activity was
detected at CB1. The terpenes did not modify either the binding
or the functional response of CBD at either receptor.

Radioligand binding experiments can detect both direct
orthosteric interactions with a receptor, and in many cases,
(including for CB1) allosteric modulation (Ahn et al., 2012;
Ignatowska-Jankowska et al., 2015). The assay design used here
provides detection of displacement (such as observed for the
orthosteric ligands, 2-AG and D9-THC; Figures 1 and 2) or
enhancement of binding (as seen for all current positive and
negative allosteric modulators of CB1, Price et al., 2005; Ahn
et al., 2012; Ignatowska-Jankowska et al., 2015). In this light, the
lack of binding modulation by the terpenes (excluding b-
caryophyllene at CB2) suggests a lack of both orthosteric and
allosteric modulation of binding. Significant alterations in
radioligand binding by a terpenoid were detected for b-
caryophyllene alone (which significantly displaced the radioligand
at CB2, Figure 1B) and the combination of 10 µM D9-THC with
mixture 1, also at CB2 (Figure 2D), where the terpene mixture
apparently reduced displacement of the radioligand by D9-THC.
While this may provide some evidence of terpene effects on binding,
it is weak because of the small effect size.

The general lack of terpenoids effects on binding is not
sufficient to completely rule out allosteric effects on function,
as binding and functional modulation are separate in theory
A B

C D

FIGURE 2 | Specific binding of [3H]-CP55,940, with displacement by CBD (A, B) or THC (C, D) in the presence and absence of terpenes (all at 10 µM) in
membranes containing hCB1 (A, C) or hCB2 (B, D). Binding data are normalized to total [3H]-CP55,940 binding in the absence of displacer (100%), and in the
presence of 10 µM THC (0%). Data are means ± SEM of three independent determinations. *p < 0.05.
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(reviewed in Lindsley et al., 2016); receptor functional
modulation may not necessarily be predicted by altered
binding and vice versa. However, neither CB1 or CB2 cAMP
signaling was detectably modified by terpenes or terpene
mixtures in this study. Terpenes failed to alter the efficacy
(Emax) of D9-THC or 2-AG, and also showed no ability to
change D9-THC potency at either CB1 or CB2. A change in
potency would have been detected through the signaling assays
carried out at approx. EC50 concentrations of D9-THC) (Figures
3G and 4G). This approach has good sensitivity to detect potency
shifts either toward Emax (i.e., increasing the potency of D9-
Frontiers in Pharmacology | www.frontiersin.org 611
THC) or away from Emax (decreasing the potency of D9-THC).
This negative finding for signaling modulation is particularly
inconsistent for b-caryophyllene, which has previous been
described as a CB2 agonist with affinity in the high nanomolar
range (Gertsch et al., 2008). The reason for this lack of effect is
not clear, although notably our data is consistent with the recent
report by Santiago et al. (2019).

Importantly, this study cannot rule out the existence of an
entourage effect for terpenoids. However, in combination with
Santiago et al. (2019), there is likely now sufficient data to rule
out direct interactions with either cannabinoid receptor as being the
A C

D E F

G

B

FIGURE 3 | hCB1-Mediated inhibition of cAMP production in response to forskolin (Fsk) and drug combinations with 10 µM myrcene (A), a-pinene (B), b-pinene (C), b-
caryophyllene (D), limonene (E), or terpene mixtures (F). Figure (G) shows inhibition of the Fsk response by an approx. EC50 concentration of THC (3.16 nM) in combination
with 10 µM of each of the five terpenes. Data are normalized to forskolin (100%) and basal (0%). cAMP responses were stimulated with forskolin (5 µM), and all cannabinoids
and terpenes were at a final concentration of 10 µM. Data are means ± SEM of three independent determinations.
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mechanism by which an entourage effect is mediated, so attention
must move to other types of effect. Within the endocannabinoid
system, this would mean investigating the effect of terpenoids on
metabolism or synthesis of the endocannabinoids.

Some researchers suggest that an entourage-related mechanism
of action may not be necessary—terpenes may merely have their
own biological activity, and interact functionally with the activity of
D9-THC (Murataeva et al., 2016). Another mechanism which may
help explain putative differences between whole cannabis and D9-
THC alone is that relevant compounds may synergize functionally
through different receptor targets. Such a mechanism has been
Frontiers in Pharmacology | www.frontiersin.org 712
suggested to explain the activity of N-acyl lipids on anandamide, via
effects mediated by TRPV1 receptors (Smart et al., 2002; Ho et al.,
2008). Other non-cannabinoid targets for terpenes have also been
proposed, including the suggestion that limonene may exhibit
anxiolytic-like activity via a GABAergic mechanism (de Almeida
et al., 2012; Lima et al., 2013), although these data do not necessarily
reflect direct GABA receptor effects. In another example, the
terpene linalool has been put forward as a candidate NMDA
receptor antagonist in a study involving both molecular and in
vivo characterization (Elisabetsky et al., 1999). In fact, the spectrum
of possible effects—including both polypharmacy (functional
A B C

D E F

G

FIGURE 4 | hCB2-Mediated inhibition of cAMP production in response to forskolin (Fsk) and drug combinations with 10 µM myrcene (A), a-pinene (B), b-pinene
(C), b-caryophyllene (D), limonene (E), or terpene mixtures (F). Figure (G) shows inhibition of the Fsk response by an approx. EC50 concentration of THC (30 nM) in
combination with 10 µM of each of the five terpenes. Data are normalized to forskolin (100%) and basal (0%). cAMP responses were stimulated with forskolin (5 µM),
and all cannabinoids and terpenes were at a final concentration of 10 µM. Data are means ± SEM of three independent determinations.
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interactions derived from simultaneous effects of multiple drugs
acting in a biological system) and polypharmacology (functional
interactions derived from simultaneous effects of a drug acting at
more than one target)—may help explain the entourage effect, even
if this tangle of complex interactions cannot yet be unfurled by the
limits of current scientific method. Finally, considering the volatility
of the terpenoids (terpenoids, not cannabinoids, give cannabis its
odor), it is possible that its effects may be sensory. This hypothesis
also has precedent; for example, citrus terpenoids (which includes
limonene, the most common naturally occurring terpenoid) have
been shown to have therapeutic effects in humans, as patients who
were hospitalized for depression and were exposed to citrus
fragrance demonstrated improvements in Hamilton Depression
Scores (Komori et al., 1995; reviewed in Russo, 2011).

It is often very difficult to distinguish between studies that
support the idea of biological activity of terpenoids (including
many reviewed by Russo, 2011) and studies that specifically
address the putative entourage effect of whole cannabis, of which
there are far fewer. It is worth nothing that even in human subjects,
evidence is adduced against entourage—a notable instance is a study
comparing the analgesic effects of pure D9-THC (dronabinol) with
smoked marijuana in a rigorous (randomized, placebo-controlled,
double-dummy, double-blind) clinical study. Although both groups
demonstrated modest improvements in pain-related endpoints,
peak changes in pain sensitivity and tolerance did not differ
between marijuana and dronabinol groups (Cooper et al., 2013);
indeed the author of this study has stated that she “has only ever
seen evidence against the entourage effect” (Chen, 2017).
Frontiers in Pharmacology | www.frontiersin.org 813
As the use of cannabis and cannabis extracts is becoming
more prevalent, it remains important to investigate the potential
pharmacological properties of terpenoids used in conjunction
with cannabinoids. As some commentators note that “There
really isn’t the science out there to support (the entourage
hypothesis for whole cannabis)” (Worth, 2019), the research
community must be reminded to view common opinion with
some skepticism if it is not based on robust science.
DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article/
supplementary material.
AUTHOR CONTRIBUTIONS

DF performed experiments, contributed to data analysis, and
wrote the paper. KS and MN performed experiments and
contributed to data analysis. CJ contributed to the writing of
the manuscript. MG gave oversight to the project, analyzed the
data, and wrote the paper.
FUNDING

All research costs were paid by Soma Group.
REFERENCES

Adams, R., Hunt, M., and Clark, J. H. (1940a). Structure of Cannabidiol, a Product
Isolated from the Marihuana Extract of Minnesota Wild Hemp. I. J. Am.
Chem. Soc. 62 (1), 196–200. doi: 10.1021/ja01858a058

Adams, R., Pease, D. C., Cain, C. K., Baker, B. R., Clark, J. H., Wolff, H., et al.
(1940b). Conversion of cannabidiol to a product with marihuana activity. A
type reaction for synthesis of analogous substances. Conversion of cannabidiol
to cannabinol. J. Am. Chem. Soc. 62 (8), 2245–2246. doi: 10.1021/ja01865a508

Ahn, K. H., Mahmoud, M. M., and Kendall, D. A. (2012). Allosteric modulator
ORG27569 induces CB1 cannabinoid receptor high affinity agonist binding
state, receptor internalization, and Gi protein-independent ERK1/2 kinase
activation. J. Biol. Chem. 287 (15), 12070–12082. doi: 10.1074/jbc.M111.316463

Aizpurua-Olaizola, O., Soydaner, U., Öztürk, E., Schibano, D., Simsir, Y., Navarro,
P., et al. (2016). Evolution of the Cannabinoid and Terpene Content during the
Growth of Cannabis sativa Plants from Different Chemotypes. J. Nat. Prod. 79
(2), 324–331. doi: 10.1021/acs.jnatprod.5b00949

Ben-Shabat, S., Fride, E., Sheskin, T., Tamiri, T., Rhee, M. H., Vogel, Z., et al.
(1998). An entourage effect: inactive endogenous fatty acid glycerol esters
enhance 2-arachidonoyl-glycerol cannabinoid activity. Eur. J. Pharmacol. 353
(1), 23–31. doi: 10.1016/s0014-2999(98)00392-6

Bih, ,. C. I., Chen, T., Nunn, A. V.W., Bazelot, M., Dallas, M., andWhalley, B. J. (2015).
Molecular Targets of Cannabidiol in Neurological Disorders. Neurotherapeutics: J.
Am. Soc. Exp. Neurother. 12 (4), 699–730. doi: 10.1007/s13311-015-0377-3

Cahn, R. S. (1933). 326. Cannabis indica resin. Part IV. The synthesis of some 2: 2-
dimethyldibenzopyrans, and confirmation of the structure of cannabinol. J.
Chem. Soc. (Resumed) 1400–1405. doi: 10.1039/jr9330001400

Cawston, E. E., Redmond, W. J., Breen, C. M., Grimsey, N. L., Connor, M., and
Glass, M. (2013). Real-time characterization of cannabinoid receptor 1 (CB 1 )
allosteric modulators reveals novel mechanism of action. Br. J. Pharmacol. 170
(4), 893–907. doi: 10.1111/bph.12329
Cawston, E. E., Connor, M., Di Marzo, V., Silvestri, R., and Glass, M. (2015).
Distinct Temporal Fingerprint for Cyclic Adenosine Monophosphate (cAMP)
Signaling of Indole-2-carboxamides as Allosteric Modulators of the
Cannabinoid Receptors. J. Med. Chem. 58 (15), 5979–5988. doi: 10.1021/
acs.jmedchem.5b00579

Chen, A. (2017). Some of the Parts: Is Marijuana’s “Entourage Effect” Scientifically
Valid? Retrieved February 20, 2020, from https://www.scientificamerican.com/
article/some-of-the-parts-is-marijuana-rsquo-s-ldquo-entourage-effect-
rdquo-scientifically-valid/.

Cooper, Z. D., Comer, S. D., and Haney, M. (2013). Comparison of the analgesic
effects of dronabinol and smoked marijuana in daily marijuana smokers.
Neuropsychopharmacology 38 (10), 1984–1992. doi: 10.1038/npp.2013.97

de Almeida, A. A. C., Costa, J. P., de Carvalho, R. B. F., de Sousa, D. P., and de
Freitas, R. M. (2012). Evaluation of acute toxicity of a natural compound
(+)-limonene epoxide and its anxiolytic-like action. Brain Res. 1448, 56–62.
doi: 10.1016/j.brainres.2012.01.070

Devinsky, O., Cross, J. H., and Wright, S. (2017). Trial of Cannabidiol for Drug-
Resistant Seizures in the Dravet Syndrome. N. Engl. J. Med. 377 (7), 699–700.
doi: 10.1056/NEJMc1708349

Elisabetsky, E., Brum, L. F. S., and Souza, D. O. (1999). Anticonvulsant properties
of linalool in glutamate-related seizure models. Phytomedicine 6 (2), 107–113.
doi: 10.1016/S0944-7113(99)80044-0

ElSohly, M. A., and Slade, D. (2005). Chemical constituents of marijuana: The
complex mixture of natural cannabinoids. Life Sci. 78 (5), 539–548.
doi: 10.1016/J.LFS.2005.09.011

Finlay, D. B., Cawston, E. E., Grimsey, N. L., Hunter, M. R., Korde, A., Vemuri, V. K.,
et al. (2017). Ga s signalling of the CB 1 receptor and the influence of receptor
number. Br. J. Pharmacol. 174 (15), 2545–2562. doi: 10.1111/bph.13866

Gaoni, Y., and Mechoulam, R. (1964). Isolation, Structure, and Partial Synthesis of
an Active Constituent of Hashish. J. Am. Chem. Soc. 86 (8), 1646–1647.
doi: 10.1021/ja01062a046
March 2020 | Volume 11 | Article 359

https://doi.org/10.1021/ja01858a058
https://doi.org/10.1021/ja01865a508
https://doi.org/10.1074/jbc.M111.316463
https://doi.org/10.1021/acs.jnatprod.5b00949
https://doi.org/10.1016/s0014-2999(98)00392-6
https://doi.org/10.1007/s13311-015-0377-3
https://doi.org/10.1039/jr9330001400
https://doi.org/10.1111/bph.12329
https://doi.org/10.1021/acs.jmedchem.5b00579
https://doi.org/10.1021/acs.jmedchem.5b00579
https://www.scientificamerican.com/article/some-of-the-parts-is-marijuana-rsquo-s-ldquo-entourage-effect-rdquo-scientifically-valid/
https://www.scientificamerican.com/article/some-of-the-parts-is-marijuana-rsquo-s-ldquo-entourage-effect-rdquo-scientifically-valid/
https://www.scientificamerican.com/article/some-of-the-parts-is-marijuana-rsquo-s-ldquo-entourage-effect-rdquo-scientifically-valid/
https://doi.org/10.1038/npp.2013.97
https://doi.org/10.1016/j.brainres.2012.01.070
https://doi.org/10.1056/NEJMc1708349
https://doi.org/10.1016/S0944-7113(99)80044-0
https://doi.org/10.1016/J.LFS.2005.09.011
https://doi.org/10.1111/bph.13866
https://doi.org/10.1021/ja01062a046
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Finlay et al. Terpenoid Inactivity at Cannabinoid Receptors
Gershenzon, J., and Dudareva, N. (2007). The function of terpene natural products in
the natural world. Nat. Chem. Biol. 3 (7), 408–414. doi: 10.1038/nchembio.2007.5

Gertsch, J., Leonti, M., Raduner, S., Racz, I., Chen, J.-Z., Xie, X.-Q., et al. (2008).
Beta-caryophyllene is a dietary cannabinoid. Proc. Natl. Acad. Sci. 105 (26),
9099–9104. doi: 10.1073/pnas.0803601105

Grimsey, N. L., Goodfellow, C. E., Dragunow, M., and Glass, M. (2011).
Cannabinoid receptor 2 undergoes Rab5-mediated internalization and
recycles via a Rab11-dependent pathway. Biochim. Biophys. Acta (BBA) -
Mol. Cell Res. 1813 (8), 1554–1560. doi: 10.1016/j.bbamcr.2011.05.010

Ho, W.-S. V., Barrett, D. A., and Randall, M. D. (2008). “Entourage” effects of N-
palmitoylethanolamide and N-oleoylethanolamide on vasorelaxation to
anandamide occur through TRPV1 receptors. Br. J. Pharmacol. 155 (6),
837–846. doi: 10.1038/bjp.2008.324

Ignatowska-Jankowska, B.M., Baillie, G. L., Kinsey, S., Crowe,M., Ghosh, S., Owens, R. A.,
et al. (2015). A Cannabinoid CB1 Receptor-Positive Allosteric Modulator Reduces
Neuropathic Pain in the Mouse with No Psychoactive Effects.
Neuropsychopharmacology 40 (13), 2948–2959. doi: 10.1038/npp.2015.148

Jiang, L. I., Collins, J., Davis, R., Lin, K.-M., DeCamp, D., Roach, T., et al. (2007).
Use of a cAMP BRET Sensor to Characterize a Novel Regulation of cAMP by
the Sphingosine 1-Phosphate/G 13 Pathway. J. Biol. Chem. 282 (14), 10576–
10584. doi: 10.1074/jbc.M609695200

Komori, T., Fujiwara, R., Tanida, M., Nomura, J., and Yokoyama, M. M. (1995).
Effects of citrus fragrance on immune function and depressive states. Neuro.
Immuno. Modulation 2 (3), 174–180. doi: 10.1159/000096889

Laprairie, R. B., Bagher, A. M., Kelly, M. E. M., and Denovan-Wright, E. M. (2015).
Cannabidiol is a negative allosteric modulator of the cannabinoid CB1
receptor. Br. J. Pharmacol. 172 (20), 4790–4805. doi: 10.1111/bph.13250

Laux, L. C., Bebin, E.M., Checketts, D., Chez, M., Flamini, R., Marsh, E. D., et al. (2019).
Long-term safety and efficacy of cannabidiol in children and adults with treatment
resistant Lennox-Gastaut syndrome or Dravet syndrome: Expanded access
program results. Epilepsy Res. 154, 13–20. doi: 10.1016/j.eplepsyres.2019.03.015

Lima, N. G. P. B., De Sousa, D. P., Pimenta, F. C. F., Alves, M. F., De Souza, F. S.,
MacEdo, R. O., et al. (2013). Anxiolytic-like activity and GC-MS analysis of
(R)-(+)-limonene fragrance, a natural compound found in foods and plants.
Pharmacol. Biochem. Behav. 103 (3), 450–454. doi: 10.1016/j.pbb.2012.09.005

Lindsley, C. W., Emmitte, K. A., Hopkins, C. R., Bridges, T. M., Gregory, K. J.,
Niswender, C. M., et al. (2016). Practical Strategies and Concepts in GPCR
Allosteric Modulator Discovery: Recent Advances with Metabotropic Glutamate
Receptors. Chem. Rev. 116 (11), 6707–6741. doi: 10.1021/acs.chemrev.5b00656

Loewe, S. (1946). Studies on the pharmacology and acute toxicity of compounds
with marihuana activity. J. Pharmacol. Exp. Ther. 88 (2), 154–161.

McPartland, J. M., Glass, M., and Pertwee, R. G. (2007). Meta-analysis of
cannabinoid ligand binding affinity and receptor distribution: interspecies
differences. Br. J. Pharmacol. 152 (5), 583–593. doi: 10.1038/sj.bjp.0707399

Murataeva, N., Dhopeshwarkar, A., Yin, D., Mitjavila, J., Bradshaw, H., Straiker, A.,
et al. (2016). Where’s my entourage? The curious case of 2-oleoylglycerol, 2-
linolenoylglycerol, and 2-palmitoylglycerol. Pharmacol. Res. 110, 173–180.
doi: 10.1016/j.phrs.2016.04.015

Pertwee, R. G. (2008a). Ligands that target cannabinoid receptors in the brain:
from THC to anandamide and beyond. Addict. Biol. 13 (2), 147–159.
doi: 10.1111/j.1369-1600.2008.00108.x

Pertwee, R. G. (2008b). The diverse CB 1 and CB 2 receptor pharmacology of three
plant cannabinoids: D 9 -tetrahydrocannabinol, cannabidiol and D 9
Frontiers in Pharmacology | www.frontiersin.org 914
-tetrahydrocannabivarin. Br. J. Pharmacol. 153 (2), 199–215. doi: 10.1038/
sj.bjp.0707442

Price, M. R., Baillie, G. L., Thomas, A., Stevenson, L. A., Easson, M., Goodwin, R.,
et al. (2005). Allosteric modulation of the Cannabinoid CB1 receptor. Mol.
Pharmacol. 68 (5), 1484–1495. doi: 10.1124/mol.105.016162

Russo, E. B. (2011). Taming THC: potential cannabis synergy and
phytocannabinoid-terpenoid entourage effects. Br. J. Pharmacol. 163 (7),
1344–1364. doi: 10.1111/j.1476-5381.2011.01238.x

Santiago, M., Sachdev, S., Arnold, J. C., McGregor, I. S., and Connor, M. (2019).
Absence of Entourage: Terpenoids Commonly Found in Cannabis sativa Do
Not Modulate the Functional Activity of D9-THC at Human CB1 and CB2
Receptors. Cannabis Cannabinoid Res. 4 (3), 165–176. doi: 10.1089/
can.2019.0016

Scherma, M., Masia, P., Deidda, M., Fratta, W., Tanda, G., and Fadda, P. (2018).
New Perspectives on the Use of Cannabis in the Treatment of Psychiatric
Disorders.Medicines (Basel Switzerland) 5 (4). doi: 10.3390/medicines5040107

Smart, D., Jonsson, K.-O., Vandevoorde, S., Lambert, D. M., and Fowler, C. J.
(2002). “Entourage” effects of N-acyl ethanolamines at human vanilloid
receptors. Comparison of effects upon anandamide-induced vanilloid
receptor activation and upon anandamide metabolism. Br. J. Pharmacol. 136
(3), 452–458. doi: 10.1038/sj.bjp.0704732

Thomas, A., Baillie, G. L., Phillips, A. M., Razdan, R. K., Ross, R. A., and Pertwee,
R. G. (2007). Cannabidiol displays unexpectedly high potency as an antagonist
of CB1 and CB2 receptor agonists in vitro. Br. J. Pharmacol. 150 (5), 613–623.
doi: 10.1038/sj.bjp.0707133

Turcotte, C., Blanchet, M.-R., Laviolette, M., and Flamand, N. (2016). The CB2
receptor and its role as a regulator of inflammation. Cell. Mol. Life Sci. 73 (23),
4449–4470. doi: 10.1007/s00018-016-2300-4

Turner, S. E., Williams, C. M., Iversen, L., and Whalley, B. J. (2017). Molecular
Pharmacology of Phytocannabinoids. Prog. Chem. Org. Nat. Prod. 103, 61–101.
doi: 10.1007/978-3-319-45541-9_3

Wollner, H. J., Matchett, J. R., Levine, J., and Loewe, S. (1942). Isolation of a
Physiologically Active Tetrahydrocannabinol from Cannabis Sativa Resin. J.
Am. Chem. Soc. 64 (1), 26–29. doi: 10.1021/ja01253a008

Worth, T. (2019). Cannabis’s chemical synergies. Nature 572 (7771), S12–S13.
doi: 10.1038/d41586-019-02528-1

Conflict of Interest: CJ was employed by Soma Group.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The research was funded by Soma Group. Soma is a New Zealand based science-
led medicinal cannabis company. While they conceived the initial concept for the
study they were not involved in the final experimental design, collection, or
analysis of the data or interpretation of the results.

Copyright © 2020 Finlay, Sircombe, Nimick, Jones and Glass. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
March 2020 | Volume 11 | Article 359

https://doi.org/10.1038/nchembio.2007.5
https://doi.org/10.1073/pnas.0803601105
https://doi.org/10.1016/j.bbamcr.2011.05.010
https://doi.org/10.1038/bjp.2008.324
https://doi.org/10.1038/npp.2015.148
https://doi.org/10.1074/jbc.M609695200
https://doi.org/10.1159/000096889
https://doi.org/10.1111/bph.13250
https://doi.org/10.1016/j.eplepsyres.2019.03.015
https://doi.org/10.1016/j.pbb.2012.09.005
https://doi.org/10.1021/acs.chemrev.5b00656
https://doi.org/10.1038/sj.bjp.0707399
https://doi.org/10.1016/j.phrs.2016.04.015
https://doi.org/10.1111/j.1369-1600.2008.00108.x
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1038/sj.bjp.0707442
https://doi.org/10.1124/mol.105.016162
https://doi.org/10.1111/j.1476-5381.2011.01238.x
https://doi.org/10.1089/can.2019.0016
https://doi.org/10.1089/can.2019.0016
https://doi.org/10.3390/medicines5040107
https://doi.org/10.1038/sj.bjp.0704732
https://doi.org/10.1038/sj.bjp.0707133
https://doi.org/10.1007/s00018-016-2300-4
https://doi.org/10.1007/978-3-319-45541-9_3
https://doi.org/10.1021/ja01253a008
https://doi.org/10.1038/d41586-019-02528-1
https://www.frontiersin.org/journals/pharmacology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


Minor Cannabinoids: Biosynthesis,
Molecular Pharmacology and
Potential Therapeutic Uses
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The medicinal use of Cannabis sativa L. can be traced back thousands of years to ancient
China and Egypt. While marijuana has recently shown promise in managing chronic pain
and nausea, scientific investigation of cannabis has been restricted due its classification as
a schedule 1 controlled substance. A major breakthrough in understanding the
pharmacology of cannabis came with the isolation and characterization of the
phytocannabinoids trans-Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol (CBD).
This was followed by the cloning of the cannabinoid CB1 and CB2 receptors in the
1990s and the subsequent discovery of the endocannabinoid system. In addition to the
major phytocannabinoids, Δ9-THC and CBD, cannabis produces over 120 other
cannabinoids that are referred to as minor and/or rare cannabinoids. These
cannabinoids are produced in smaller amounts in the plant and are derived along with
Δ9-THC and CBD from the parent cannabinoid cannabigerolic acid (CBGA). While our
current knowledge of minor cannabinoid pharmacology is incomplete, studies
demonstrate that they act as agonists and antagonists at multiple targets including
CB1 and CB2 receptors, transient receptor potential (TRP) channels, peroxisome
proliferator-activated receptors (PPARs), serotonin 5-HT1a receptors and others. The
resulting activation of multiple cell signaling pathways, combined with their putative
synergistic activity, provides a mechanistic basis for their therapeutic actions. Initial
clinical reports suggest that these cannabinoids may have potential benefits in the
treatment of neuropathic pain, neurodegenerative diseases, epilepsy, cancer and skin
disorders. This review focuses on the molecular pharmacology of the minor cannabinoids
and highlights some important therapeutic uses of the compounds.

Keywords: Cannabis sativa, minor cannabinoids, TRP channel, endocannabinoids, therapeutics, CB1–CB2
cannabinoid receptors

INTRODUCTION

The marijuana plant has been grown and cultivated for medical, industrial and recreational uses
throughout recorded history. Based on the physical characteristics of the plant, two main species of
cannabis were originally described; Cannabis indica (short plant with broad leaves) and Cannabis
sativa (tall plant with thin leaves) (Schultes, et al., 1974). However, numerous cannabis strains have
been selected through breeding programs whose chemotaxonomic properties do not correlate with a
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Cannabis indica or Cannabis sativa lineage (Hillig and Mahlberg,
2004). More recently, the existence of only one species (Cannabis
sativa L.), has been proposed (Small, 2015) with the strains
categorized according to the content of the cannabinoids
trans-Δ9-tetrahydrocannabinol (Δ9-THC) and cannabidiol
(CBD). Δ9-THC dominant strains with low CBD content
induce intoxicating, psychotropic effects including euphoria,
enhancement of sensory perception and impairment in
memory. In contrast, CBD dominant strains with low Δ9-THC
content are considered to be nonpsychotropic.

Some of the earliest recorded medicinal uses of cannabis trace
back to China and the pharmacopoeia of the Emperor Shen Nung
(approximately 2500 BC), where the plant was indicated for the
treatment of rheumatic pain, constipation, malaria and
gynecological disorders (Russo, 2007; Pisanti and Bifulco,
2019). Along with China, cannabis medicine developed in
India and then spread to Egypt, Greece and Rome. It was in
Egypt that preparations of cannabis were first used in the
treatment of glaucoma. By the 1800s extracts and tinctures of
cannabis were recognized in the Western world for their relief of
migraine headaches and their anti-emetic effects. In response to
the perceived abuse of marijuana in the United States in the early
1900s, the Marijuana Tax Act was introduced which banned the
sale and use of cannabis. This was followed in the 1970s by the
classification of marijuana as a schedule 1 narcotic under the U.S.
Controlled Substance Act. In Europe, the majority of countries
have legalized the medical use of marijuana and decriminalized
possession of small amounts of cannabis. However, the laws
governing the use of cannabis can vary from one country to
another with some countries having legalized only derivatives of
the plant.

An important advancement in understanding the
pharmacology of cannabis came with the isolation and
structural determination of the phytocannabinoids CBD
(Adams, et al., 1940a; Mechoulam and Shvo, 1963) and Δ9-
THC (Gaoni and Mechoulam, 1971). Δ9-THC is the most
abundant phytocannabinoid found in drug-type cannabis
strains and the main psychotropic compound in the plant. In
contrast, fiber-type strains have a higher content of CBD
compared with Δ9-THC. CBD lacks psychotropic activity, but
is reported to reduce the adverse effects (anxiety, psychosis, etc.)
of Δ9-THC (Pennypacker and Romero-Sandoval, 2020). In
addition to Δ9-THC and CBD, Cannabis sativa L. produces
over 120 other phytocannabinoids as well as an abundance of
related compounds including flavonoids, non-cannabinoid
phenols, phenylpropanoids, fatty acids and terpenoids (Hanus,
et al., 2016; Gülck and Möller, 2020). Phytocannabinoids are
meroterpenoids (21- and 22-carbon terpenophenolic compounds
with an alkyl side chain) produced in the plant’s glandular
trichomes (Hanus, et al., 2016; Gülck and Möller, 2020).
Cannabigerolic acid (CBGA), synthesized in cannabis from
geranyl pyrophosphate and olivetolic acid, represents the
parent cannabinoid from which the acidic and neutral minor
cannabinoids are derived. In general, Δ9-THC and CBD are
considered the major phytocannabinoids, while other
phytocannabinoids, present in smaller amounts in the plant,
are referred to as minor (or rare) cannabinoids.

More than 230 million people worldwide consume marijuana
making it the most commonly used illicit substance (World
Health Organization, 2016). In recent years, cannabis has
become more accessible in the United States and Europe due
to its legalization for medicinal and recreational purposes. While
administered for a large number of medical conditions including
nausea, anorexia, glaucoma, and muscle spasms, observational
studies and user surveys indicate that pain management is the
most common indication for the use of cannabis (Romero-
Sandoval, et al., 2018). For this purpose, medical cannabis can
be smoked or vaporized (using the floral buds of the plant),
applied via oromucosal spray preparations [cannabis extract in
Nabiximols (Sativex®)] or swallowed in capsule form as Nabilone
(Cesamet®, synthetic cannabinoid) and Dronabinol (Marinol®,
synthetic Δ9-THC). Anecdotal evidence indicates that the
combination of the phytocannabinoids, terpenoids and other
phytochemicals present in the whole cannabis plant provides a
greater efficacy (called the “entourage effect”) in treating chronic
pain when compared to oral cannabinoid formulations (Russo,
2011). However, definitive experimental data supporting this
synergistic effect are currently lacking (Santiago, et al., 2019;
Finlay, et al., 2020). Finally, in addition to its own direct anti-
nociceptive effects, medical cannabis may have opioid drug-
sparing actions: thus allowing lower doses of opioids to be
used for pain relief (Khan, et al., 2019).

This review provides a brief description of the biosynthesis of
the phytocannabinoids and an overview of the endocannabinoid
system. This is followed by a discussion of the molecular
pharmacology and potential therapeutic uses of the minor
cannabinoids. Readers desiring information on Δ9-THC, CBD
or synthetic cannabinoids are directed to these recent reviews
(Banister, et al., 2019; de Almeida and Devi, 2020; Alves, et al.,
2020; Walsh and Andersen, 2020).

BIOSYNTHESIS OF PHYTOCANNABINOIDS

Phytocannabinoids are meroterpenoids consisting of 21 or 22
carbon atoms that usually contain a propyl or pentyl side chain
(Hanus, et al., 2016; Gülck and Möller, 2020). In Cannabis sativa
L. the phytocannabinoids and terpenes are synthesized and stored
in the glandular trichomes that are found in highest density in the
female flowers of the plant (Hanus, et al., 2016; Gülck and Möller,
2020). The synthesis of the cannabinoids involves two pathways
located in two separate sites within the glandular trichomes. In
the first pathway olivetolic acid (OA) is produced in the cytosol of
the gland cells from hexanoic acid. In the second, geranyl
diphosphate (GPP) is generated in the plastidial organelles via
the mevalonate-dependent isoprenoid (MEP) pathway. CBGA,
the precursor of phytocannabinoids containing a pentyl side
chain, is then synthesized from the GPP prenylation of
olivetolic acid; a reaction catalyzed by olivetolate
geranyltransferase (GOT) (Figure 1). Synthesis of
tetrahydrocannabinolic acid (THCA), cannabidioloic acid
(CBDA), and cannabichromenic acid (CBCA) proceeds
through the appropriate oxidocyclases, THCA synthase, CBDA
synthase and CBCA synthase, respectively (Figure 1). As
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described below, the neutral phytocannabinoids are then derived
from the acidic forms through non-enzymatic decarboxylation
during exposure to heat or light. Cannabigerovarin acid
(CBGVA), the precursor to the variant cannabinoids (propyl
side chain), is synthesized from divarinolic acid through
geranyltransferase (Hanus, et al., 2016).

Various methodologies including extraction/isolation, semi-
synthesis or full synthesis and microbial engineering (E. coli,
algae, yeast etc.,) are being utilized to obtain minor cannabinoids.
Selective cannabis crossbreeding to enhance or decrease certain
cannabinoids or terpenes is a common practice. For example,
selective breeding has been used to yield cannabis varieties rich in
CBG, CBC, THCV and CBDV (de Meijer and Hammond, 2005;
de Meijer, et al., 2009). In a major advancement in the field, Luo
et al. (2019) successfully introduced the MEP, GPP and hexanoic
pathways along with THCA and CBDA synthases in yeast
(Saccharomyces cerevisiae); establishing a platform for the large-
scale fermentation of natural minor cannabinoids. Interestingly,
unnatural cannabinoids with tailored alkyl side chains were
produced by feeding different fatty acid precursors to the yeast
(Luo, et al., 2019). Since the length and chemistry of the alkyl side
chain modulates the affinity of the cannabinoids for the CB1 and
CB2 receptors (Martin, et al., 1999), this platform could provide a

novel method for discovering new and novel cannabinoid receptor
specific agonists and antagonists.

THE ENDOCANNABINOID SYSTEM

Cannabinoid CB1 and CB2 Receptors
Cannabinoid investigators initially hypothesized that Δ9-THC
might act by disturbing cell membranes due to its lipophilic
properties. However, binding assays obtained using the radio-
labeled synthetic cannabinoid CP-55,940 [3(H)-CP-55,940],
identified selective, high affinity binding sites for the
compound in rat brain preparations (Devane, et al., 1988).
This finding led to the cloning of the cannabinoid type 1
(CB1) (Matsuda, et al., 1990) and type 2 (CB2) (Munro, et al.,
1993) receptors in the early 1990s. Both the CB1 and CB2
receptors are members of the G protein-coupled receptor
(GPCR) super-family of proteins. CB1 receptors are primarily
localized to presynaptic nerve terminals in the central and
peripheral nervous system. Tissues expressing high levels of
the CB1 receptor include the amygdala, hippocampus, cerebral
cortex, cerebellum and spinal column (Herkenham, et al., 1990;
Tsou, et al., 1998). In contrast, CB2 receptors are found in the

FIGURE 1 | Biosynthesis pathways of phytocannabinoids. Abbreviations: CBN, cannabinol; CBC, cannabichromene; CBD, cannabidiol; CBG, cannabigerol;
CBDA, cannabidioloic acid; CBGA, cannabigerolic acid; CBCA, cannabichromenic acid; GOT, olivetolate geranyltransferase; Δ9-THCA, Δ9-tetrahydrocannabinolic acid;
Δ9-THC, Δ9-tetrahydrocannabinol.
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cells of the immune system and in astrocytes and microglia of the
CNS (Munro, et al., 1993; Galiégue, et al., 1995; Stella, 2010). As is
the case with other Class A GPCRs, cannabinoid receptors
contain seven transmembrane domains (TM1-7) with
intracellular (ICLs) and extracellular loops (ECLs), an
N-terminal ECL and an intracellular domain that interacts
with pertussis toxin-sensitive G proteins (Gi/Go) (Figure 2).
Using computational modeling with the CB1 receptor crystal
structure, Hua et al. (2017) predicted that Δ9-THC interacts with
the ECL2 and TM3, TM6 and TM7. Binding of cannabinoids is
postulated to activate a toggle switch in the CB1 receptor
(consisting of residues F200 and W356 in the TM3/TM6
binding pocket) that results in Gi/Go protein interaction (Hua,
et al., 2017). The strong interaction of the indazole ring of the
synthetic cannabinoid MDMB-FUBINACA (FUB) with the
toggle switch stabilizes the active conformation of the receptor
and brings about the high efficacy of this ligand (Kumar et al.,
2019) (Figure 2). In contrast, (Kumar et al., 2019) suggested that
the lack of toggle switch interaction by Δ9-THC may account for
its partial agonist activity. Although cannabinoid receptors
primarily couple to Gi/Go, they can also stimulate Gs and Gq

proteins under certain conditions (Glass and Northup, 1999;
Lauckner, et al., 2005).

Binding of Δ9-THC and synthetic cannabinoids (WIN 55,212-
2, CP 55,940, etc.,) to the CB1 and CB2 receptors causes the
dissociation of the βγ subunits of the G protein heterotrimer from
the α subunit (Giα) (Figure 2). Giα inhibits adenylyl cyclase
resulting in a decrease in intracellular levels of cAMP (Howlett,
et al., 1986). In contrast, Giβγ inhibits the opening of voltage-
gated Ca2+ channels (N and P/Q type) while activating G protein-
gated inward rectifier K+ (GIRK) channels (Mackie, et al., 1995;
Guo and Ikeda, 2004). In addition to GIRK channels,
cannabinoid binding also couples to other K+ channels

including M-type and A-type channels in cultured neurons
(Schlicker and Kathmann, 2001). Together, these cannabinoid
actions bring about an acute inhibition of synaptic
neurotransmitter release and dampens neuronal excitability
(Shen, et al., 1996; Vaughan, et al., 2000). These signaling
effects are followed by receptor phosphorylation [by G protein
receptor kinase (GRK)] that recruits β-arrestin1 (βarr1) and
β-arrestin2 (βarr2) to the receptor and results in CB1 receptor
desensitization and internalization (Figure 2) (Jin, et al., 1999;
Ahn, et al., 2013). Both Gi and β-arrestin can also stimulate
mitogen-activated protein kinases (MAPKs), including the
extracellular signal-regulated kinases (ERK1/2), bringing about
additional cellular effects (Bouaboula, et al., 1995; Galve-Roperh,
et al., 2002; Derkinderen, et al., 2003).

Endocannabinoids
Following the discovery of the CB1 and CB2 receptors, the
endogenous cannabinoids (or endocannabinoids) anandamide
[N-arachidonoylethanolamine (AEA)] and 2-
arachidonoylglycerol (2-AG) were isolated (Devane, et al.,
1992; Mechoulam, et al., 1995; Sugiura, et al., 1995). These
endocannabinoids are synthesized from the cell membrane
lipids N-arachidonoyl phosphatidyl ethanol (NAPE) (for AEA)
and phosphatidyl inositol bis-phosphate (PIP2) (for 2-AG).
Unlike the continuous cellular synthesis and storage of
neurotransmitters and neuropeptides, AEA and 2-AG are
produced through “on demand” cleavage of NAPE and PIP2.
This provides for a temporal- and localization-dependent release
of the endocannabinoids (Lu and Mackie, 2016). The actions of
AEA and 2-AG are terminated following their cellular uptake and
degradation by intracellular hydroxylase [fatty acid amide
hydrolase (FAAH)] (for AEA) and lipase enzymes
(monoacylglycerol lipase) (for 2-AG). Therefore, drugs that

FIGURE 2 | Cannabinoid CB1 receptor structure and signaling. (A) Structural model of the CB1 receptor (CB1R)-Gi protein complex obtained from cryoelectron
microscopy. The binding site for the synthetic cannabinoid MDMB-FUBINACA (FUB) is indicated by the magenta structure. The CB1-Gi receptor complex structure was
obtained from the Protein Data Bank (code 6N4B). (B) Binding of cannabinoids to the neuronal CB1 receptor stimulates both neuronal Gi/Go and β-arrestin signaling
pathways leading to an inhibition of adenylyl cyclase, activation of G protein-gated inward rectifier K+ (GIRK) channels and receptor internalization. In addition,
activation of transient receptor potential vanilloid (TRPV) and ankyrin (TRPA) channels by cannabinoids causes Ca2+ influx that activates Ca2+-sensitive enzymes such as
Ca2+/calmodulin-dependent protein kinase (CaM). Figure 2B was adapted from Walsh and Andersen (Walsh and Andersen, 2020).
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inhibit the cellular uptake of AEA and 2-AG or prevent their
enzymatic degradation should result in a potentiation of
endocannabinoid action. In addition to AEA and 2-AG, other
putative endocannabinoids include N-arachidonoyldopamine
(NADA), 2-arachidonoylglycerylether (noladin ether),
N-oleoylethanolamine (OEA) and palmitoylethanolamide
(PEA) (Tan, et al., 2006).

Endocannabinoids bring about their pharmacological effects
through a number of mechanisms. Early studies demonstrated
that while 2-AG acts as a full agonist at the CB1 and CB2
receptors, both AEA and Δ9-THC function as partial agonists
when compared with the full cannabinoid agonist WIN 55,212-2
(Gonsiorek, et al., 2000; Luk, et al., 2004). Endocannabinoids can
also act at receptor sites (“off targets”) other than the CB1 and
CB2 receptors. Transient receptor potential (TRP) channels are a
superfamily of inotropic channels that are activated by thermal,
physical and electrochemical stimuli. The TRP channels are
subdivided into several families including the vanilloid
(TRPV), ankyrin (TRPA) and melastatin (TRPM) channels.
Both AEA and 2-AG bind to and activate TRPV1 channels
causing cell membrane potential depolarization and Ca2+

influx (Zygmunt, et al., 1999; Smart, et al., 2000) (Figure 2).
AEA can also modulate the activity of TRPA1 and TRPM8
channels (De Petrocellis, et al., 2007; De Petrocellis, et al.,
2012). In addition to the TRP channels, a number of other
“off targets” for endocannabinoids have been identified. This
includes the de-orphanized G protein-coupled receptors 18
(GPR18) and 55 (GPR55), as well as Peroxisome Proliferator-
activated Receptors (PPARs). GPR18 and GPR55 are proposed to
regulate acute and chronic pain pathways and are activated by the
endogenous ligands N-arachidonoylglycine (NAgly) and
lysophophatidylinositol (LPI), respectively (Kohno, et al., 2006;
Henstidge, et al., 2009). Binding of endocannabinoids to these
receptors stimulates cell signaling events through Gαi (GPR18),
Gα12 and Gα12/13 (GPR55). PPARs are members of the nuclear
hormone receptor family of proteins that function as ligand-
inducible transcription factors. A number of endocannabinoids
including AEA and 2-AG, as well as the phytocannabinoids Δ9-
THC and CBD, are agonists at the PPARs (O’Sullivan, 2007).

MINOR CANNABINOID PHARMACOLOGY
AND THERAPEUTICS

Minor cannabinoids are divided into neutral, acidic and varinic
phytocannabinoids. Minor cannabinoids include cannabinol
(CBN), cannabichromene (CBC), cannabigerol (CBG),
cannabidioloic acid (CBDA), cannabigerolic acid (CBGA),
tetrahydrocannabinolic acid (THCA), cannabinolic acid
(CBNA), cannabidivarin (CBDV), tetrahydrocannabivarin
(THCV), cannabigerovarin (CBGV), cannabichromevarin
(CBCV), and others (Hanus, et al., 2016; Gülck and Möller,
2020). Cannabinoids appear naturally in the cannabis plant in
their acidic forms and are thought to confer antioxidant and
defense mechanisms (insecticidal, antimicrobial, etc.,) to the
plant. Acidic cannabinoids undergo decarboxylation during
heating and are converted to the corresponding neutral

cannabinoids (Figure 1). For example, THCA is converted to
Δ9-THC when cannabis is smoked or vaporized. Some
decarboxylation also occurs with passage of time at room
temperature and during exposure to light. Cannabis products
intended to contain the acidic forms of cannabinoids nearly
universally also contain low levels of cannabinoids in their
neutral forms. The varinic cannabinoids are considered rare
but are now emerging as new targets of selective breeding.
Varin compounds such as CBDV and THCV contain two
fewer carbon atoms than their non-varin counterparts (CBD
and Δ9-THC) endowing these cannabinoids with unique
pharmacological properties (see below).

As described for the endocannabinoids, the overall
pharmacological action of the minor cannabinoids often
results from binding at both cannabinoid and “off target”
receptors. This combination of receptor-mediated actions
makes them well suited as multi-target therapeutic agents.
While a number of minor cannabinoids including CBN and
THCV bind to the CB1 receptor, they have significantly less
binding activity when compared with Δ9-THC (Rhee, et al., 1997;
Zagzoog, et al., 2020). To date, none of the minor cannabinoids
have been clinically demonstrated to act as psychotropic drugs.
The reported potencies of the minor cannabinoids at the CB1 and
CB2 receptors and TRP channels are summarized in Table 1 and
discussed in the sections below.

Neutral Cannabinoids
Cannabinol
CBN was originally isolated from Indian hemp in 1896 making it
the first phytocannabinoid identified in cannabis (Wood, et al.,
1886). The structural determination and total synthesis of CBN
was carried out by Adams and colleagues in the 1940s (Adams,
et al., 1940b). CBN is not synthesized in the cannabis plant, but is
derived during the degradation of Δ9-THC. Even under ideal
storage conditions, exposure to UV light and/or heat over time
results in the conversion of Δ9-THC to CBN. Using 3(H)-labelled
synthetic cannabinoid (e.g., HU-243, CP-55,490) displacement
assays it was determined that CBN has low binding affinities for
the CB1 and CB2 receptors when compared with Δ9-THC (Rhee,
et al., 1997; Mahadevan, et al., 2000; Rosenthaler, et al., 2014). In
addition, CBN is less potent than Δ9-THC in CB1 receptor-
mediated inhibition of adenylyl cyclase, but displays equal
potency in CB2 receptor-mediated inhibition (Rhee, et al.,
1997). CBN is an agonist at TRPV1, TRPV2, TRPV3 and
TRPV4 channels stimulating cell Ca2+ influx with the
activation of Ca2+-dependent pathways (De Petrocellis, et al.,
2011). It is also a potent and efficacious agonist of the TRPA1
channel. In addition, CBN acts as a potent antagonist of icilin
activation of the TRPM8 channel (De Petrocellis, et al., 2011).

CBN has been identified as a potential analgesic and anti-
inflammatory agent. CBN isolate has been reported to relieve
chronic muscle pain disorders such as temporomandibular
disorders and fibromyalgia in a rat model of myofascial pain
(Wong and Cairns, 2019). For example, CBN (1 mg/ml) reduces
mechanical sensitivity induced by intramuscular injection of
nerve growth factor in the masseter muscle (Wong and
Cairns, 2019). While CBN is not as widely recognized as CBD
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and Δ9-THC for its anti-inflammatory properties, it may have
therapeutic benefits in treating allergic airway diseases. CBN
attenuates the production of interleukins 2, 4, 5, 13 and
decreases allergen mucus production in OVA-sensitized and
challenged A/J mice (Jan, et al., 2003). CBN and Δ9-THC (but
not CBD) can also be used to treat glaucoma since they prevent
inflammation that causes elevated intraocular pressure (ElSohly,
et al., 1981). In addition, preliminary data indicate that CBN
decreases cell damage and acts as an antioxidant in a cell culture
model of Huntington’s disease (Aiken, et al., 2004).

CBN also shows promise as an antibacterial agent and an
appetite stimulant. As with other cannabinoids (e.g., CBC and
CBG), CBN has been found to be highly efficacious against
multiple antibiotic-resistant bacteria, including methicillin-
resistant Staphylococcus aureus (MRSA), making it a
potentially viable treatment for staph infections (Appendino,
et al., 2008). CBN also stimulates hyperphagia and increases
food consumption and feeding time in rats (Farrimond et al.,
2012a; Farrimond, et al., 2012b). Although CBN is not as potent
an appetite stimulant as Δ9-THC, CBN administration is not
associated with the psychotropic effects of Δ9-THC. Thus, CBN
represents a non-intoxicating alternative to Δ9-THC as an
appetite stimulant.

CBN-rich products are advertised for promoting sleep or
relaxation without the impairment caused by Δ9-THC. Since

CBN is a degradation product of Δ9-THC it is found in greater
quantities in aged cannabis preparations. For this reason it is
marketed as “the sleepy cannabinoid in old weed.” However,
laboratory results obtained from sleep studies with CBN have
been equivocal. In mice, CBN was reported to increase
barbiturate-induced sleep time in one study (Yoshida, et al.,
1995), while having no effects on sleep in another (Chesner,
et al., 1974). When administered along with Δ9-THC in rats, CBN
produces greater sedation compared with either cannabinoid
alone (Fernandes, et al., 1974; Takahashi and Karniol, 1975).
In one clinical study involving a small number of participants, the
combination of Δ9-THC and CBN caused greater drowsiness
than with Δ9-THC used alone (Karniol, et al., 1975). However, in
a recent review of the CBN literature, Corroon (2021) found little
evidence supporting a sleep promoting effect of CBN. Therefore,
controlled studies are warranted to substantiate sleep-related
claims of CBN containing products.

Cannabichromene
CBC is one of the most abundant minor cannabinoids found in
cannabis. The structure of CBC was first determined using NMR
spectroscopy by Gaoni and Mechoulam (Gaoni and Mechoulam,
1966). Although cannabinoid receptor studies using CBC are
limited, the cannabinoid was initially identified as partial CB2
receptor agonist (Rosenthaler, et al., 2014). This was supported by

TABLE 1 | Pharmacology of the minor cannabinoids.

Receptor/Cell EC50/IC50 (µM)a References

Assay CBN C-BC CBG CBDA CBGA THCA CBDV THCV

CB1/COS-7b cAMP inhibition 0.12 Rhee, et al. (1997)
CB1/HEK293c cAMP inhibition >10 McPartland, et al. (2017)
CB1/HEK293c cAMP inhibitionk 1 1 1 Navarro, et al. (2020)
CB1/CHOd cAMP -inhibitionl 0.19 0.12 0.03 >10 >10 0.26 Zagzoog, et al. (2020)
CB1/cerebellume GTPγS binding 0.03 Dennis, et al. (2008)
CB1/HEK293c GTPγS binding 0.31 >10 0.18 >10 >10 >10 Husni, et al. (2014)
CB1/vas deferensf EECs >10 Thomas, et al. (2005)
CB2/COS-7b cAMP inhibition 0.290 Rhee, et al. (1997)
CB2/HEK293c cAMP inhibition 0.1 >1 Navarro, et al. (2020)
CB2/CHOd cAMP inhibition 0.007 0.13 0.14 1.8 0.005 0.28 Zagzoog, et al. (2020)
CB2/CHOd cAMP inhibition 0.038 Bolognini, et al. (2010)
CB2/HEK293c GTPγS binding 0.29 1.21 >10 0.003 >10 Husni, et al. (2014)
CB2/AtT20g membrane potential >3 Udoh, et al. (2019)
TRPV1/HEK293h Ca2+ signal 6.2 24.2 1.3 19.7 21.0 3.6 1.5 De Petrocellis, et al. (2011)
TRPV2/HEK29h Ca2+ signal 19.0 1.7 18.4 7.3 4.1 De Petrocellis, et al. (2011)
TRPV3/HEK29h Ca2+ signal 12.6 3.8 De Petrocellis, et al. (2012)
TRPV4/HEK29h Ca2+ signal 16.1 5.1 28.8 0.9 6.4 De Petrocellis, et al. (2012)
TRPA1/HEK293i Ca2+ signal 0.18 0.09 0.7 5.3 8.4 2.7 0.42 1.5 De Petrocellis, et al. (2011)
TRPM8/HEK293j Ca2+ signal 0.21 40.7 0.14 0.9 1.31 0.14 0.9 0.87 De Petrocellis, et al. (2008)

aCannabinoid potencies as agonists (EC50) and antagonists (IC50).
bAfrican green monkey kidney (COS-7) cells expressing either the rat CB1 or CB2 receptor.
cHEK293 cells expressing either the human CB1 or CB2 receptor.
dChinese hamster ovary (CHO) cells expressing either the human CB1 or CB2 receptor.
eAntagonism of WIN-55,212-2 stimulation of (35S)GTPcS binding in rodent brain cerebellum.
fInhibition of electrically-evoked contractions (EECs) of mouse vas deferens (IC50).
gMembrane potential measured using a fluorescent dye in pituitary AtT20 cells expressing the CB2 receptor.
hCa2+ fluorescence measured in HEK293 cells expressing the rat TRPV1-TRPV4 channels.
iCa2+ fluorescence measured in HEK293 cells expressing the rat TRPA1 channel.
jCa2+ fluorescence measured in HEK293 cells expressing the rat TRPV1-TRPV4 channels (IC50 against icilin).
kEC50 values are not given by Navarro et al., 2020. Listed values were estimated from the displayed concentration versus response curves.
lCHO cells treated for 90 min with cannabinoids.
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experiments using a “hyperpolarization assay” with pituitary
AtT20 cells in which CBC was found to be selective in
stimulating the CB2 receptor over the CB1 receptor (Udoh,
et al., 2019). In this same study, CBC was more potent and
efficacious than Δ9-THC in causing cell hyperpolarization via the
CB2 receptor. In contrast to these results, CBC was shown in a
recent paper to display similar affinities for the CB1 and CB2
receptors and to cause both CB1 and CB2 receptor-mediated
decreases in cellular cAMP levels (Zagzoog, et al., 2020). As is the
case for CBN, CBC is a potent activator of the TRPA1 channel
(De Petrocellis, et al., 2011). In addition, it activates TRPV3 and
TRPV4 channels when applied at micromolar and
submicromolar concentrations (De Petrocellis, et al., 2011).
Other proposed sites of action of CBN are discussed below.

Anti-inflammatory effects of CBC were first reported in the
1980s using a rat model of edema. High doses of CBC were more
efficacious than the nonsteroidal anti-inflammatory drug
(NSAID) phenylbutazone in carrageenan-induced paw edema
(Turner and ElSohly, 1981). CBC has been shown to reduce pain
and inflammation associated with osteoarthritis in rats without
the negative side effects of NSAIDs (Maione, et al., 2011). In
addition, CBC attenuates lipopolysaccharide (LPS)-induced
increases in nitric oxide levels in an in vitro model of colitis
(Romano, et al., 2013) and reduces inflammation-induced GI
motility (Izzo, et al., 2012). CBC also displays a modest anti-
nociceptive effect in the mouse tail-withdrawal assay (Maione,
et al., 2011; Zagzoog, et al., 2020). CBC regulates a number of
cellular pathways involved in anti-nociception that include the
stimulation of adenosine A1 receptors, CB1 receptors and TRPA1
channels (De Petrocellis, et al., 2011; Maione, et al., 2011). In
addition, CBC has been proposed to inhibit AEA (anandamide)
reuptake; thus potentiating the physiological effects of AEA (De
Petrocellis, et al., 2011). Like other synergistic actions of
cannabinoids, CBC has a greater anti-inflammatory response
when combined with Δ9-THC than when either cannabinoid
is used alone (DeLong, et al., 2010).

The anti-inflammatory actions of CBCmay be important in its
ability to function as a neuroprotective drug. CBC increases the
viability of neural stem progenitor cells (NSPCs) in vitro through
an ERK dependent mechanism (Shinjyo and Di Marzo, 2013). In
addition, CBC inhibits astroglial differentiation of the NSPCs
(Shinjyo and Di Marzo, 2013). NSPCs are modulated by
surrounding microglial cells, brain immune cells, and
astrocytes, which produce both pro- and anti-inflammatory
factors. The potential anti-inflammatory and neuroprotective
effects of CBC may occur through its suppression of reactive
astrocytes (Covelo, et al., 2021). CBC inhibition of NSPCs
differentiation into astrocytes may therefore offer a protective
effect against neuro-inflammation, Alzheimer’s disease, and
hepatic encephalopathy (Covelo, et al., 2021).

Δ9-THC possesses anti-tumor properties and is used for
treating several different forms of cancer (Fraguas-Sánchez
and Torres-Suárez, 2018). However, the psychotropic qualities
of Δ9-THC limit its use as a chemotherapy agent. CBC may be
beneficial in cancer treatment due to its ability to increase blood
levels of AEA (see above). AEA has been shown to inhibit breast
cancer cell proliferation and induce death of colon cancer cells

(De Petrocellis, et al., 1998; Patsos, et al., 2005). CBC was also
shown to inhibit cell migration and disrupt the cell cytoskeleton
in an in vitromodel of urothelial cancer (Anis, et al., 2021). In one
study that examined the anti-tumor effects of several minor
cannabinoids, only CBG was more potent than CBC at
inhibiting the growth of several cancer cell lines (Ligresti,
et al., 2006).

Cannabigerol
CBG is produced via decarboxylation of CBGA, the precursor
molecule of the Δ9-THC and CBD branches of the cannabis
synthesis pathway (Figure 1). Results obtained using cAMP
assays revealed that CBG displays weak partial agonist activity
at the CB1 and CB2 receptors (see Table 1) (Husni, et al., 2014;
Navarro, et al., 2020; Zagzoog, et al., 2020). In CHO cells
expressing both CB1 and CB2 receptors, CBG binds to the
receptors with Kis in the low micromolar range (Navarro,
et al., 2018). Of special note, in this same study CBG was
found to compete with 3(H)-CP-55,490 for binding to the CB1
receptor, but not 3(H)-WIN-55,212-2 (Navarro, et al., 2018). This
suggests the CBG and CP-55,490 (but notWIN-55,212-2) bind to
the same orthosteric site on the receptor. CBG activates TRPV1,
TRPV2, TRPV3, TRPV4 and TRPA1 channels at lowmicromolar
concentrations (De Petrocellis, et al., 2011). CBG has also been
shown to act through other off-target sites including the 5-HT1a

receptor and the α2-adrenergic receptor. For example, CBG
competitively antagonizes the ability of the 5-HT1a agonist 8-
hydroxy-2-(di-n-propylamino)tetralin (8-OH-DPAT) to
stimulate (35S)GTPγS binding in rat brain membranes (Cascio,
et al., 2010). Furthermore, CBG inhibits electrically-induced
contractions of the vas deferens and stimulates (35S)GTPγS
binding in rat brain membranes through agonist activity at the
α2-adrenergic receptor (Cascio, et al., 2010). CBG, along with
acidic cannabinoids THCA and CBDA, also binds to and
activates PPARγ (D’Aniello, et al., 2019) (see below).

As with other minor cannabinoids, CBG may reduce the
severity of inflammatory diseases and peripheral pain. The
anti-inflammatory properties of CBG are postulated to result
from binding to the CB2 receptor, TRP channels, PPARγ and
other targets (De Petrocellis, et al., 2011; Cascio, et al., 2010;
Ruhaak, et al., 2011). There is anecdotal human and preclinical
evidence for CBG having a benefit in cases of inflammatory bowel
diseases including Crohn’s and ulcerative colitis. In a mouse
model of colitis, CBG was found to reduce bowel inflammation,
nitric oxide production [from increased nitric oxide synthase
(iNOS) expression during inflammation] and oxidative stress in
intestinal cells (Borrelli, et al., 2013; Pagano, et al., 2021). Similar
to CBC, CBG (3 mg/kg and 10 mg/kg i.p.) produces a weak anti-
nociceptive effect in mice (Zagzoog, et al., 2020). In one study this
effect of CBG was inhibited by the α2-adrenergic receptor
antagonist yohimbine, suggesting a role of α2-adrenergic
regulation in CBG analgesia (Cascio, et al., 2010).

Inflammation and oxidative stress are both contributors to
neurodegeneration, which is linked to Alzheimer’s and
Huntington’s disease as well as Multiple Sclerosis (MS). CBG
may protect against both neuroinflammation and oxidative stress,
helping to prevent neuronal cell loss (Gugliandolo, et al., 2018).
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Carrillo-Salinas et al. (2014) examined the effect of the CBG
analog VCE-003 on human T-cells and its efficacy in a mouse
model of autoimmuneMS.When tested in vitro, VCE-003 inhibited
antigen-induced T-cell proliferation, cell cycle progression and the
expression of surface activation markers. VCE-003 also prevented
the expression of the pro-inflammatory enzyme iNOS in microglia.
In animals, VCE-003 attenuated MS through activating CB2 and
PPARγ receptors (Carrillo-Salinas, et al., 2014). CBG was also
investigated in a mouse model of Huntington’s disease induced
using 3-nitropropionate (3-NP) (Valdeolivas, et al., 2015).
Treatment with CBG (10mg/kg) reduced levels of the pro-
inflammatory cytokines IL-6 and tumor necrosis factor α in the
3-NP treated mice. CBG also partially improved motor deficits and
preserved striatum neurons in the R2/6 transgenic model of
Huntington’s disease (Valdeolivas, et al., 2015).

As noted previously, CBG is effective in suppressing cancer
cell growth (Ligresti, et al., 2006). In a murine colon cancer
model, CBG was found to promote cancer cell death and inhibit
the growth of tumors (Borrelli, et al., 2014). This inhibition was
mimicked by TRPM8 channel antagonists (Borrelli, et al., 2014).
Additionally, in vitro experiments using leukemia cell lines
suggest this anti-cancer activity is enhanced when CBG is
combined with other cannabinoids such as CBD (Scott, et al.,
2013). Clinical studies are currently underway to determine if
these results are translatable to treatment in humans. Individuals
living with cancer and AIDS commonly experience anorexia and
cachexia. CBG represents a non-psychoactive alternative to Δ9-
THC for treating anorexia since it stimulates appetite and
increases food consumption (Brierley, et al., 2017).
Interestingly, CBG as part of a whole plant cannabis extract is
more potent in stimulating appetite than CBG as an isolate
(Brierley, et al., 2017). Thus, these results provide additional
evidence that synergism of minor cannabinoids with other
components of the cannabis plant may enhance their clinical
efficacy (Russo, 2011).

Cannabinoid Acids
Cannabidioloic Acid
CBDA was first isolated in 1955 and its structure elucidated in
1965 (Mechoulam and Gaoni, 1965). CBDA has a low affinity for
both the CB1 and CB2 receptors based on 3[H]-CP-55,490
displacement assays (Zagzoog, et al., 2020). However, it shows
moderate efficacy in inhibiting adenylyl cyclase through these
receptors (Navarro, et al., 2020; Zagzoog, et al., 2020). In addition,
CBDA is one of several minor cannabinoids (along with THCA
and THCV) that functions as allosteric regulators at 5-HT1a

receptors (Bolognini, et al., 2013). CBDA enhances 8-OH-
DPAT-stimulated (35S)GTPγS binding to 5-HT1a receptors
expressed in rat brain and CHO cell membranes possibly by
binding to an allosteric site on the receptor (Bolognini, et al.,
2013). CBDA was reported to be 1,000 times more potent than
CBD in stimulating (35S)GTPγS binding at the 5-HT1a receptor.
Based on in silico docking experiments, it was predicted that
CBDA, along with the cannabinoids CBGA and CBG, bind to
PPARs (D’Aniello, et al., 2019). In vitro reporter assays carried
out with CHO cells confirmed that all three minor cannabinoids
activate PPARα and PPARγ (D’Aniello, et al., 2019).

CBDA produces dose-dependent anti-hyperalgesia and anti-
inflammatory effects in a rodent model of carrageenan-induced
hind paw inflammation (Rock, et al., 2018). The anti-hyperalgesia
effect of CBDA is blocked by AMG9810, an antagonist of the
TRPV1 channel. In addition, when combined with Δ9-THC, low
doses of CBDA are more effective in preventing hyperalgesia and
reducing inflammation. CBDA may also produce anti-
inflammatory effects via cyclooxygenase 2 (COX-2) enzyme
inhibition; the same mechanism of action as the NSAID
Celecoxib (Takeda, et al., 2008; Ruhaak, et al., 2011). CBDA
inhibits the COX-2 enzyme in vitro with an EC50 of 2 µM and has
9-fold greater selectivity in inhibiting the COX-2 enzyme over the
COX-1 enzyme. This selective inhibition is dependent on the
presence of the carboxylic acid moiety in the CBDA molecule
(Takeda, et al., 2008).

CBDA has anti-nausea effects at low doses in mice that are
mediated via agonist activity at CNS 5-HT1A receptors (Pertwee,
et al., 2018). CBDA was found to be 1000-fold more potent than
CBD in reducing nausea-induced conditioned gaping disgust
responses (Rock et al., 2020). The drug HU-580, a stable
analogue of CBDA that is not metabolized to CBD, also
reduces LiCl-induced conditioned gaping (Pertwee, et al.,
2018). In addition to suppressing acute nausea, CBDA
decreases anticipatory nausea and vomiting which occurs upon
re-exposure to a contextual stimulus previously associated with
acute nausea (e.g., a chemotherapy session) (Limebeer, et al.,
2014). CBDA combined with ondansetron, a commonly used
antiemetic drug, enhances ondansetron’s effect when applied at
low doses (Rock and Parker, 2013).

Anderson et al. (2019) examined the anti-seizure activity of
CBDA using Scn1aRX/+ mouse model of Dravet Syndrome. The
Scn1aRX/+ mice develop generalized tonic-clonic seizures in
response to elevated body temperature and thus recapitulate
the seizures observed in children with Dravet Syndrome.
When administered using i.p. injection (10 and 30 mg/kg),
CBDA raised the temperature threshold required for seizures
in the mice (Anderson, et al., 2019). CBDA also displayed dose-
dependent protection in rats against electroshock-induced
seizures (Goerl, et al., 2021). While clinical trials have not
been reported, CBDA may be more effective than CBD in
reducing seizures in humans. According to a patent
application by GW Pharmaceuticals, the makers of Epidiolex®
(a sublingual spray containing 100 mg of CBD/100 ml of
solution), CBDA displays greater bioavailability and potency in
treating epilepsy (GW PHARMA LTD, 2015).

Cannabigerolic Acid
CBGA is the precursor cannabinoid to THCA, CBDA, and CBCA
(see Figure 1). Since CBGA is decarboxylated over time to CBG, it
is rarely found in significant amounts in mature cannabis flowers.
Thus, harvesting hemp very early yields higher levels of CBGA
compared to later in the plant’s life. In addition, some cultivars
have increased yields of CBGA through selective breeding to
inhibit its transformation into other cannabinoids during the
plant’s maturation (Garfinkel, et al., 2021). Similar to CBDA,
CBGA displays low affinity for both the CB1 and CB2 receptors
(Navarro, et al., 2020). Nonetheless, CBGA is equally as
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efficacious as Δ9-THC in decreasing intracellular cAMP levels
though the CB1 receptor (Table 1) (Navarro, et al., 2020).
However, unlike Δ9-THC, it is not effective in recruiting βarr2
to the CB1 receptor (Navarro, et al., 2020). CBGA has important
off target effects including activating PPARs (D’Aniello, et al.,
2019). In addition, fractions of Cannabis sativa containing high
amounts of CBG/CBGA inhibit the aldose reductase enzyme
(Smeriglio, et al., 2018).

While less in known about the therapeutic uses of CBGA
compared with the other minor cannabinoids, it may play a role
in controlling diabetes mellitus and preventing the cardiovascular
complications that can accompany Type 2 diabetes (D’Aniello,
et al., 2019). Through activation of PPARs, CBGA can improve
lipid metabolism and reduce the accumulation of adipose tissue;
thus reducing insulin resistance in the Type 2 patient (Gao, et al.,
2015). Type 2 diabetes is considered a “coronary artery disease
equivalent” and mortality in Type 2 diabetes primarily results
from cardiovascular events including acute coronary syndrome
(ACS). By inhibiting the enzyme aldose reductase, CBGA
improves cardiac glucose metabolism and reduces the risk of
ACS (Smeriglio, et al., 2018). Synthetic inhibitors of aldose
reductase have severe side effects including elevations in blood
liver enzymes from hepatotoxicity, as well as nausea and
vomiting. Therefore, plant-derived CBGA offers a promising
alternative to these inhibitors.

CBGA may also be beneficial in treating some types of cancer.
A cannabis fraction containing high amounts of CBGA was
reported to have cytotoxic activity against colon cancer cells
(Nallathambi, et al., 2018). Interestingly, synergistic toxic
effects were observed when CBGA was given with a cannabis
fraction high in THCA. These two fractions also prevented the
growth and proliferation of adenomatous colon polyps that are
colon cancer precursors. When tested at micromolar
concentrations, CBGA was also shown to have cytotoxic
actions in human leukemia cancer cell lines (Scott, et al.,
2013). In further support of cannabinoid synergism, the IC50

for CBGA leukemia cell toxicity was reduced when co-applied
with CBD (Scott, et al., 2013; Scott, et al., 2017).

Tetrahydrocannabinolic Acid
THCA is a non-psychotropic cannabinoid that is converted toΔ9-
THC through decarboxylation by exposure to heat (Figure 1).
Since THCA is a precursor to Δ9-THC, and because no sample of
THCA is completely free of Δ9-THC, possession of this
cannabinoid could be prosecuted under the U.S. government
Federal Analogue Act. THCA displays roughly 60- and 125-fold
lower affinity for the CB1 and CB2 receptors compared with Δ9-
THC (McPartland, et al., 2017). While high concentrations of
THCA inhibit forskolin-stimulated increases in cAMP through
the CB1 receptor, it produces no inhibition through the CB2
receptor (McPartland, et al., 2017). Nagal et al. (2017) compared
the effects of several cannabinoids, including CBDA, CBGA and
THCA on PPAR activity. When compared with CBDA and
CBGA, THCA has the highest binding affinity for PPARγ
(Nadal, et al., 2017). In addition, THCA is more potent than
other minor cannabinoids in inducing PPARγ-mediated
transcriptional activity.

THCA was recently shown to possess potent anti-
inflammatory activity in mice fed a high fat diet (HFD)
(Palomares, et al., 2020; Carmona-Hidalgo, et al., 2021).
THCA treatment reduced the expression of inflammatory
molecules including tumor necrosis factor alpha (TNF-α4) and
cytokine interleukin 10 (IL-10) in the HFD mice. This effect was
mediated via PPARγ stimulation (Palomares, et al., 2020). THCA
also improved glucose tolerance and attenuated liver fibrosis in
the HFD mice (Carmona-Hidalgo, et al., 2021). Using an in vitro
COX-1/COX-2 assay it was determined that Δ9-THCA inhibits
both COX-1 and COX-2 enzymes with a concentration causing
50% inhibition (IC50) in the high micromolar range (Ruhaak,
et al., 2011). Nallathambi et al. (2017) reported that cannabis
fractions containing high amounts of THCA produce anti-
inflammatory effects (e.g., reduction in IL-8) in several colon
epithelial cell lines and in colon tissue biopsies. Anti-
inflammatory effects of THCA were inhibited by treatment
with the GPR55 antagonist CID16020046, but not by the CB1
and CB2 receptor antagonist rimonabant and SR144528
(Nallathambi, et al., 2017). In addition to its anti-
inflammatory properties, THCA also has anti-nausea and
antiemetic properties in mice at doses much lower than Δ9-
THC (Rock, et al., 2013a). Thus, THCA may present a non-
psychotropic alternative to Δ9-THC for treating nausea and
vomiting.

As discussed previously for CBC and CBG, THCA may also
exhibit neuroprotective properties that could be beneficial in the
treatment of neurodegenerative diseases. THCA improved
neuronal viability through a PPARγ-dependent pathway in an
in vitro model of Huntington’s disease (Nadal, et al., 2017).
THCA also caused an improvement in hind limb dystonia and
locomotor activity in mice treated with 3-NPA. These
neuroprotective actions of THCA were significantly reduced
when mice were co-administered the PPARγ antagonist
T0070903. In contrast, THCA had no effects on the survival
of dopaminergic neurons in a 1-methyl-4-phenyl pyridinium
(MPP+) cell culture model of Parkinson’s disease (Moldzio,
et al., 2012). Since THCA undergoes decarboxylation to Δ9-
THC, it is possible that the reported neuroprotective effects of
THCA in Huntington’s disease may have resulted from
contamination by Δ9-THC (Sagredo, et al., 2011). In addition,
THCA displays poor brain penetration properties when tested
using two vehicles (vegetable oil and Tween 80) (Anderson, et al.,
2019); a limitation that could reduce its clinical efficacy.

Anecdotal reports have long suggested that THCA acts as an
anticonvulsant. Over 40 years ago Karler and Turkanis reported
that THCA (200 mg/kg) reduces seizures in the mouse maximal
electroshock test (Karler and Turkanis, 1979). In a more recent
mouse study the anticonvulsant effects of THCA were found to
vary depending on the seizure model utilized and whether Δ9-
THC was given along with the THCA (Benson, et al., 2020).
When used alone, THCA (2, 30, and 100 mg/kg) was ineffective
in the 6-Hz threshold (6-HzT) model of psychomotor seizures,
but had anticonvulsant activity when given with Δ9-THC.
Conversely, THCA used alone or with Δ9-THC did not reduce
hyperthermia-induced seizures in the Scn1aRX/+ mice model
(compared with the protective effects of CBDA described above).
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More encouraging results were reported with THCA in a clinical
study. The frequency and duration of seizures were reduced in
four case reports of children using low doses of THCA
(0.1–1 mg/kg per day) in conjunction with conventional
antiepileptic drugs and full spectrum cannabis (Sulak, et al.,
2017). In contrast, Epidiolex® (CBD), which is approved by
the U.S. Food and Drug Administration (FDA) for treating
epilepsy, is dosed from 5 to 25 mg/kg per day. Thus, THCA
may be ten to hundred times more potent in reducing seizures.
However, increased doses of THCA did not improve efficacy in
this clinical study (Sulak, et al., 2017). Furthermore, formulations
of THCA containing high levels of the terpenoid α-linalool were
more efficacious than formulations containing low levels of the
terpenoid. Thus, other components of the THCA formulation
may have accounted for the beneficial effects. Finally, symptoms
and seizure activity worsened in one patient after increasing the
THCA dose (Sulak, et al., 2017).

Varinic Cannabinoids
Cannabidivarin
CBDV is found in landrace cannabis strains that have relatively
high amounts of CBD and low amounts of Δ9-THC. Prior to its
isolation in 1969, it was assumed that all naturally occurring
cannabinoids contained a pentyl side chain, rather than the
propyl chain found in CBDV and THCV. CBDV displays low
binding affinity for the CB1 and CB2 receptors (Rosenthaler,
et al., 2014; Husni, et al., 2014). Consistent with this, high
concentrations of CBDV are needed for CB1 receptor
stimulation of (35S)GTPγS binding, inhibition of cAMP
synthesis and recruitment of βarr2 (Husni, et al., 2014;
Navarro, et al., 2020; Zagzoog, et al., 2020). Overall, CBDV is
a more potent and efficacious agonist at CB2 receptors (Navarro,
et al., 2020; Zagzoog, et al., 2020). CBDV displays a similar
pharmacological profile for TRP channels as CBN, CBG and
THCV; activating TRPV1, TRPV2, TRPV3, TRPV4 and TRPA1
channels while inhibiting the TRPM8 channel (De Petrocellis,
et al., 2008; De Petrocellis, et al., 2011). Other important off target
sites for CBDV include the de-orphanized receptors GPR55 and
GPR6. Binding of CBDV to the GPR55 receptor stimulates ERK1/
2 phosphorylation and inhibits LPS-mediated signaling effects
occurring through the GPR55 receptor (Anavi-Goffer, et al.,
2012). These effects of CBDV are comparable to those of Δ9-
THC. GPR6 is a constitutively active receptor that couples to Gs

to stimulate adenylyl cyclase and recruits βarr2. CBDV acts as an
inverse agonist at the GPR6 receptor causing significant
inhibition of βarr2 recruitment at concentrations of 1 and
10 µM (Laun, et al., 2018).

CBD (marketed as Epidiolex®) was approved by the U.S. Food
and Drug Administration (FDA) in 2018 for preventing epileptic
seizures in Lennox-Gastaut syndrome and Dravet syndrome in
children. CBDV, a structural homolog of CBD, possesses anti-
epileptic properties when tested in animals and humans. When
examined in vitro in rat brain slices, CBDV attenuates
epileptiform local field potentials induced by 4-amino pyridine
(Hill, et al., 2012). In vivo, CBDV (200 mg/kg per day)
significantly reduces PTZ-induced seizure activity in the rats
(Hill, et al., 2012). However, when used alone, CBDV has no

effect on pilocarpine-induced seizures, but requires the co-
administration of valproate or phenobarbital to be effective.
Consistent with this, Amada et al. (2013) reported that CBDV
significantly decreases PTZ-induced seizure severity. In addition,
CBDV suppresses the expression of several epilepsy-related genes
in animals that respond to CBDV anti-epileptic treatment
(Amada, et al., 2013). A human trial to assess the efficacy,
safety, and tolerability of CBDV in adults with focal seizures
was recently conducted by GW Pharmaceuticals, the maker of
Epidiolex® (Brodie, et al., 2021). The drug GPW42006
(800 mg b.i.d.), containing CBDV as its major component,
reduced the frequency of seizures by 41%. However, similar
reductions in focal seizure frequency were observed in the
CBDV and placebo (38%) groups. There was also no
differences between CBDV and placebo groups for any specific
seizure type. Therefore, higher doses and longer durations of
treatment of GPW42006 will be needed in future clinical trials to
better access the benefits of CBDV.

CBDV has been investigated as a treatment for symptoms
associated with autism spectrum disorder (ASD) such as
repetitive behaviors, cognitive challenges and issues with
communication and social functioning (Mouro, et al., 2019).
Mice carrying mutations in the MeCP2 gene and MeCP2 null
mice develop Rett Syndrome (RTT), a neurodevelopment disease
related to ASD. CBDV treatment (2 mg/kg) was found to rescue
both behavioral and phenotypic changes in the RTT mice model
(Vigli, et al., 2018). These CBDV effects included improvements
in motor coordination, locomotion and brain weight. When
administered using a life-long treatment schedule, CBDV also
prolonged survival and delayed the appearance of neurological
and motor deficits in MeCP2 null mice (Zamberletti, et al.,
2019a). CBDV also reversed memory deficits in these mice.
Similar behavioral improvements were reported using CBDV
in a valproic acid-induced model of ASD (Zamberletti, et al.,
2019b).

CBDV may also have utility in the treatment of Duchenne
muscular dystrophy (DMD) and in preventing nausea. In a recent
study, CBDV was found to improve muscle quality and
locomotion and to slow muscle degeneration in male
dystrophic mdx mice (Iannotti, et al., 2019). Muscle
improvement by CBDV (and CBD) was accompanied by anti-
inflammatory and pro-autophagic effects. Both CBDV
(200 mg/kg) and THCV (20 mg/kg) are effective in reducing
LiCl-induced conditioned gaping in rats (Rock, et al., 2013b).
In contrast, CB1 receptor inverse agonists such as SR141716 and
AM251 are known to enhance nausea. Thus, CBDV and THCV
do not function in vivo as CB1 receptor inverse agonists. In
conclusion, CBDV has Δ9-THC-like, antiemetic effects in rodents
consistent with a CB1 receptor agonist, but without the
psychotropic activity of Δ9-THC.

Tetrahydrocannabivarin
THCV is derived from cannabigerovarin acid (CBGVA), one of
the two primary minor cannabinoid precursors, the other being
CBGA (Figure 1). THCA synthase converts CBGVA to THCVA,
which is then decarboxylated to the neutral compound THCV
when exposed to heat or light (Hanus, et al., 2016). THCV is

Frontiers in Pharmacology | www.frontiersin.org November 2021 | Volume 12 | Article 77780410

Walsh et al. Pharmacology of Minor Cannabinoids

24

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


typically found in very small amounts in cannabis flowers, though
breeders are developing strains with higher concentrations.While
THCV binds to both CB1 and CB2 receptors, its pharmacological
effects remain controversial. In some studies, THCV has been
reported to act as an antagonist/inverse agonist at the CB1 and
CB2 receptors. In (35S)GTPγS binding assays measured with
rodent brain preparations, THCV acts as an antagonist to
WIN-55,212-2 (Dennis, et al., 2008). In addition, THCV
antagonizes CP-55,940-induced stimulation of (35S)GTPγS
binding in rodent brain and CHO cell membranes (Thomas,
et al., 2005). In contrast, more recent studies using CHO cells
have demonstrated that THCV functions as a partial agonist at
the cannabinoid receptors to inhibit cAMP formation and to
stimulate βarr2 recruitment (Zagzoog, et al., 2020).
Computational docking experiments revealed that THCV
interacts with the same residues as Δ9-THC in the orthosteric
site of the CB1 receptor (Jung, et al., 2018). However, the pentyl
side chain of Δ9-THC protrudes into a sub-pocket of the binding
site. THCV containing a propyl side chain does not have this
interaction (Jung, et al., 2018). This difference and the distinct
binding energies of the two ligands might account for the higher
affinity of Δ9-THC for the CB1 receptor.

As with other minor cannabinoids, THCV has off target
actions at TRP channels and 5-HT1A receptors. THCV acts as
an agonist at TRPV1-4 and TRPA1 channels, while acting as an
antagonist at the TRPM8 channel (De Petrocellis, et al., 2011).
THCV (at 100 nM) was found to enhance (H3)-8-OH-DPAT
binding to the 5-HT1A receptor and to increase the potency of 8-
OH-DPAT-stimulated (35S)GTPγS binding to cell membranes
(Cascio, et al., 2015). Thus, both THCV and CBDA appear to
function as positive allosteric regulators of the 5-HT1A receptor.

THCV has been shown to reduce inflammation and
inflammatory pain in mice. THCV attenuated signs of
inflammation induced by intraplantar injection of carrageenan
in mouse hind paws and reduced hyperalgesia from formalin
hind paw injection (Bolognini, et al., 2010). Surprisingly, the
ability of THCV to relieve formalin-induced hyperalgesia was
significantly attenuated by both the CB1 receptor-selective
antagonist rimonabant, and CB2 receptor-selective antagonist
SR144528 (Bolognini, et al., 2010). Thus, when tested in vivo,
THCV exhibits both CB1 and CB2 receptor agonist activity.
These anti-inflammatory actions of THCV were further
supported by in vitro experiments using peritoneal-derived
macrophages (Romano, et al., 2016). THCV was found to
suppress inflammatory pathways by down-regulating LPS-
induced expression of iNOS, COX-2 and interleukin 1β.
THCV mediated suppression of nitrite production (from nitric
oxide) was prevented by pretreatment of the macrophages with
SR144528.

THCV has also shown promise as an anti-epileptic agent and
in the treatment of neurodegeneration in Parkinson’s disease.
Hill et al. (2010) used an extracellular multi-electrode array
(MEA) assay to study the effects of THCV on spontaneous
epileptiform bursting in rat brain slices. Pretreatment of the
brain slices with THCV (20 µM) reduced burst complex
incidence and the amplitude and frequency of paroxysmal
depolarizing shifts (Hill, et al., 2010). In addition, in rats

treated in vivo with pentylenetetrazole (PTZ) to induce
seizures, THCV (0.25 mg/kg) reduced the incidence of
seizures. Approximately 33% of animals treated with THCV
exhibited a complete absence of PTZ seizures (compared with
13% of control treated rats). Garcia et al. (2011) reported that
THCV reduces slow motor movements in rats with 6-
hydroxydopamine (6-OHDA)-induced Parkinson’s disease. In
addition, 2 weeks of treatment with THCV reduced microglial
activation and preserved nigrostriatal dopaminergic neurons in
the 6-OHDA Parkinson’s model (García, et al., 2011). Thus,
THCV may be a useful treatment for Parkinson’s disease by
preventing neuronal degradation and alleviating associated
symptoms.

THCV regulates blood glucose levels suggesting it might be
useful in weight reduction and treating diabetes. In mice with
dietary-induced obesity (DIO), THCV improved fasting plasma
glucose and glucose tolerance in a dose-dependent manner
(Wargent, et al., 2013). In addition, THCV increased insulin
sensitivity in genetically (ob/ob) obese mice. While THCV
increased energy expenditure in the DIO and ob/ob mice, it
did not reduce food intake or overall body weight (Wargent, et al.,
2013). This contrasts with a previous study where intraperitoneal
administration of THCV caused hypophagia and weight loss in
rodents (Riedel, et al., 2009). Importantly, a clinical trial evaluated
the effects of THCV and CBD on 62 subjects with type 2 diabetes
(Jadoon, et al., 2016). Although THCV had no effect on plasma
HDL levels, it significantly decreased fasting plasma glucose levels
and improved pancreatic β-cell function in the type 2 patients. In
addition to these findings, THCV was reported to increase the
response to aversive stimuli in humans in regions of the brain
(amygdala, insula and mid orbitofrontal cortex) involved in food
aversion (Tudge, et al., 2015). This suggests that THCV may aid
in appetite suppression and weight loss without the side effects
(depression, anxiety, etc.,) caused by the CB1 receptor antagonist
rimonabant (Mitchell and Morris, 2007).

Various minor cannabinoids including THCV, CBC, CBG and
CBDV have shown promise in the treatment of skin disorders
and are being investigated for the treatment of atopic dermatitis,
psoriasis, scleroderma, acne hair growth and pigmentation
disorders, keratin diseases, skin tumors, and pruritus (Tubaro,
et al., 2010; Oláh, et al., 2016; Tóth, et al., 2019). It is postulated
that these cannabinoids produce anti-acne effects by regulating
homeostatic sebaceous lipogenesis and by exerting anti-
proliferative and anti-inflammatory actions. In vitro
experiments have shown that THCV inhibits the proliferation
of human SZ95 sebocytes (Oláh, et al., 2016). This anti-
proliferative effect of THCV occurs through a CBD-like
mechanism of action; increasing intracellular Ca2+ and
stimulating ERK1/2 following TRPV4 channel activation. In
addition, THCV exhibits powerful anti-inflammatory
properties by reducing levels of arachidonic acid (AA), needed
for lipogenesis (Oláh, et al., 2016). THCV also suppresses lipid
synthesis in the sebaceous glands, providing relief to acne
sufferers whose condition is triggered by excessive oil
production (Oláh, et al., 2016; Tóth, et al., 2019). In
conclusion, THCV and other minor cannabinoids will
continue to be evaluated for the management of acne.
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Other Minor Cannabinoids
Cannabitriol (CBT) and Δ8-tetrahydrocannabinol (Δ8-THC) are
two rare cannabinoids that are gaining commercial popularity.
Cannabitriol (CBT) was first isolated by Obata and Ishikawa, but
its structure was not fully determined until 1977 (Obata and
Ishikawa, 1966; ElSohly, et al., 1977). Although the pharmacology
of CBT is largely unknown, recent virtual screening analysis of the
estrogen receptor α (ER-α) indicate that CBT represents a novel
estrogen antagonist that might be used for the prevention and
treatment of breast cancer (Kikiowo, et al., 2021). Δ8-THC is an
isomer of Δ9-THC that contains a double bond between carbon
atoms 8 and 9. Unlike Δ9-THC, Δ8-THC is legally available in the
U.S. through cannabis suppliers. The U.S. 2018 Farm Bill
legalized cannabinoids such as CBD that are isolated from
hemp. Since Δ8-THC can be derived from CBD, it is currently
considered a legal natural product. While Δ8-THC displays
roughly similar binding affinities as Δ9-THC to the CB1 and
CB2 receptors (Husni, et al., 2014), preclinical results suggest that
it is less potent in producing euphoric, anti-emetic and appetite-
stimulating effects (Järbe and Henriksson, 1973; Hine, et al.,
1977).

CONCLUSION

Preclinical data and early clinical studies support the continued
investigation of phytocannabinoids for the treatment of pain,
inflammation, neurodegeneration, cancer and other disorders
(Figure 3). Natural products have historically been valuable

sources of novel compounds developed into pharmaceuticals.
Such was the case with the isolation of salicin from the bark of
the Willow tree and the subsequent synthesis of aspirin. Δ9-THC
(Dronabinol) is currently approved by the U.S. FDA for the
treatment of nausea associated with cancer chemotherapy and
as an appetite stimulant for patients with AIDS (Romero-Sandoval,
et al., 2018; Fraguas-Sánchez andTorres-Suárez, 2018). Nabiximols
(Sativex®) containing a mixture of Δ9-THC and CBD from the
cannabis plant is approved in Canada and Europe for the treatment
of MS spasticity (Fraguas-Sánchez and Torres-Suárez, 2018). It is
also indicated for the treatment of neuropathic pain in MS and for
pain relief in patients with advanced cancer (Fraguas-Sánchez and
Torres-Suárez, 2018). However, use of Δ9-THC is associated with
acute psychotropic effects including euphoria, sedation, anxiety,
cognitive impairment, and in some patients, paranoia and
hallucinations. Minor cannabinoids and their chemical
homologs offer the potential medicinal benefits of Δ9-THC
without adverse effects. Recently, Δ9-tetrahydrocannabiphorol
(Δ9-THCP) and cannabidihexol (CBDH), homologs of Δ9-THC
and CBD, were synthesized and shown to produce anti-nociceptive
effects in mice at doses comparable to Δ9-THC (Citti, et al., 2019;
Linciano, et al., 2020). Future studies will need to evaluate the risk
versus benefit of these and other minor cannabinoids when
compared to Δ9-THC and traditional analgesic drugs.

In addition to the CB1/CB2 receptors and “off target” binding
sites described in this review, minor cannabinoids may bring about
their pharmacological effects by interacting with other receptors and
ion channels. Along with GPR55 and GPR18, de-orphanized
receptors including GPR3, GPR6 and GPR12 are emerging as

FIGURE 3 | Potential therapeutic uses of phytocannabinoids.
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possible targets for minor cannabinoids (Laun and Song, 2017;
Brown, et al., 2017). These receptors are highly expressed in
neuronal tissues and are postulated to participate in
neuroprotection, anti-nociception and brain development.
Although the affinity of these receptors for minor cannabinoids
has not yet been examined, CBD is known to function as an inverse
agonist at all three receptors. However, it is unclear whether CBD
binds to an orthostatic site on the receptor or if it modifies receptor
activity via an allosteric site. While TRP channel agonism/
antagonism provides a major mechanism of action for many of
the minor cannabinoids, voltage-gated ion channels, such Na+ and
Ca2+ channels are also regulated by cannabinoids. When tested in
parathyroid cells, the synthetic cannabinoid WIN 55,212-2 and the
endocannabinoid 2-AG reduce the peak Na+ current and shift the
voltage-dependence of Na+ channel inactivation to more negative
membrane potentials (Okada, et al., 2005). In addition, when applied
at low micromolar concentrations, CBD inhibits the Na+ current in
heterologous cells expressing various Na+ channel subunits (NaV1.1,
NaV1.3 NaV1.6, etc.,) (Ghovanloo, et al., 2018). CBD also inhibits
T-type Ca2+ channels (CaV3.x) in mouse sensory neurons (Ross,
et al., 2008).Whether CBD acts directly to regulate the conduction of
theNa+ andCa2+ channels, or acts indirectly to alter the properties of
the cell lipid membrane will require further investigation.

Advances in the bioengineering of cannabinoid synthesis
enzymes in yeast and other microbial systems should expand
the production of both natural and novel minor cannabinoids
(Luo, et al., 2019). The ability to combine these cannabinoids with
terpenes, flavonoids, polyphenols and other cannabis-based
chemicals could create countless possibilities in the era of
personalized healthcare. It is predicted that new cannabinoid
products might be formulated to meet the therapeutic needs of
different demographic groups and could be available in numerous
delivery systems including topical creams, tablets, transdermal

patches, vaporizers and more. Women represent one
demographic group where cannabinoids could offer a variety
of health care benefits. Cannabinoid receptors are ubiquitously
distributed in reproductive tissues and AEA and the FAAH
enzyme are found in the ovaries, oviducts and endometrium
(Maia, et al., 2020). Cannabinoid-based suppositories containing
Δ9-THC and CBD are already available for relieving menstrual
cramps, and as drug discovery progresses, natural and unnatural
cannabinoids may prove effective for reproductive system issues,
from endometriosis and fibroids to perimenopause symptoms. Of
course, the effectiveness of these cannabis products must first be
confirmed through large, randomized and controlled clinical
trials. Much of our current knowledge of the medicinal
benefits of minor cannabinoids has come from subjective and
anecdotal patient reporting, rather than through rigorous clinical
trials. In order to move forward, researchers, clinicians and
regulatory officials will need to work together to ensure that
phytocannabinoid products meet the necessary therapeutic and
safety standards.
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Components of the Endocannabinoid
System and Effects of Cannabinoids
Against Bone Diseases: AMini-Review
Yuqi Xin†, Anqun Tang†, Shuting Pan and Jie Zhang*

Department of Oral and Maxillofacial Surgery, The First Affiliated Hospital of Nanchang University, Nanchang, China

Background: The endocannabinoid system (ECS) is involved in multiple physiological
processes, including appetite regulation, pain perception, motor function development,
and immune response regulation. Cannabinoids have been approved for the clinical
treatment of nausea and vomiting caused by cytostatic therapy or cancer
chemotherapy, loss of appetite in HIV/AIDS-associated cachexia, refractory spasms
induced by multiple sclerosis, chronic pain, and urinary incontinence.

Methods: Check out the research on ECS and bone diseases in the past 20 years.

Results: Many studies have demonstrated that endocannabinoids (eCBs) and
cannabinoid receptors (CBRs) are expressed in bone and synovial tissues, playing
important roles in bone metabolism. Preclinical studies using cannabis-based therapies
in animal models have shown that cannabinoids (CBs) can alleviate the development of
osteoarthritis (OA), prevent osteoporosis (OP), reduce cancer-induced osteolytic
destruction, and improve fracture healing, highlighting the therapeutic potential of CBs
for human bone diseases.

Conclusions: The present review summarizes various components of the ECS in bone
diseases and their potential as a therapeutic target.

Keywords: cannabinoids, bone loss, osteoporosis, osteoarthritis, bone tumor, bone fractures

INTRODUCTION

Cannabis Sativa has been used medicinally and recreationally for thousands of years. As early as in
2600 B.C., cannabis was already used in treating malaria, constipation, pain and dysmenorrhoea in
China (Mechoulam, 1986; Grinspoon, 1993). In the late 19th century, European people began using
cannabis to treat pain, muscle spasms, asthma, insomnia, depression and anorexia. However, it was
not until 1964 that its major active chemical component delta-9-tetrahydrocannabinol (THC), also
known as dronabinol, was discovered (Gaoni andMechoulam, 1964). Nearly 30 years later, a specific
cannabinoid receptor (CBR) was identified as the target of THC (Devane et al., 1988; Munro et al.,
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1993). In 1992, Devane et al. discovered the first endocannabinoid
(eCB) N-arachidonoylethanolamine or anandamide (AEA) as the
endogenous ligand of CBR in the pig brain (Devane et al., 1992).

Subsequently in 1995, the second eCB 2-arachidonoylglycerol (2-
AG) was also discovered (Mechoulam et al., 1995). With the
discovery of endocannabinoids, a great number of studies have
investigated the physiological functions of the endocannabinoid
system (ECS).

The ECS is recognized to play a significant role in regulating a
variety of physiological processes, including appetite control, pain
perception, and immune regulation (Idris and Ralston, 2010;
Robson, 2014). Marinol (dronabinol), a cannabinoid receptor
1(CB1) agonist, has been approved in the United States of
America (USA) for the clinical treatment of nausea and
vomiting, and anorexia caused by cytostasis or AIDS. Nabilone
has also been approved in the United Kingdom (UK) for the
treatment of chemotherapy-induced adverse effects in cancer
patients. A new CB drug (sativex) has also be approved in
Germany for the treatment of intractable muscle spasm caused
by multiple sclerosis (Grotenhermen and Müller-Vahl, 2012).

Several research groups have reported ECS expression in bone
and synovial tissues and its important role in bone metabolism
(Carnovali et al., 2016; Ehrenkranz and Levine, 2019; Dou et al.,
2020). Preclinical studies in animal models demonstrated that
CBs could alleviate the development of arthritis, prevent
osteoporosis (OP), inhibit bone tumor cell proliferation,
reduce bone cancer pain and improve fracture healing
(Smoum et al., 2015; Carnovali et al., 2016; Frei et al., 2016;
Marino et al., 2019; Yan et al., 2019). In this regard, recent
progress in the application of CBs in bone diseases has been
reviewed, with the expectation to provide a new direction for the
clinical treatment of bone diseases. In this article, we will discuss
the potential therapeutic effects of CBs for the treatment of
patients with bone diseases.

CB EXPRESSION IN BONE AND JOINT
TISSUES

The ECS consist of endogenous cannabinoid ligands
(endocannabinoids, eCBs), their receptors, and the gene
enzymes involved in their synthesis and degradation
(McPartland et al., 2006; Pertwee et al., 2010).
Arachidonoylethanolamine (AEA) and 2-Arachidonoylglycerol
(2-AG) are two firstly identified andmost studied eCBs, which are
believed to be involved in a wide range of physiological processes
including appetite stimulation, pain modulation and energy
expenditure (Di Marzo and Petrosino, 2007). Cannabinoid
receptor 1 (CB1) and 2 (CB2) are the characterised
cannabinoid receptors, to which AEA and 2-AG bind in the
nanomolar range. 2-AG is considered a full agonist, and AEA is
considered a partial agonist (Pertwee and Ross, 2002). Other
receptors known for eCBs include G-protein coupled receptors
(GPR55 and GPR119), transient receptor potential vanilloids
(TRPV1 and TRPV4), peroxisome proliferator-activated
receptors (PPARα and PPARγ), and various ion channels
(Pertwee, 2010).

The ECS exists in most mammalian organs and tissues,
playing primarily important roles in the nervous and immune
systems (Joshi and Onaivi, 2019; Silver Robert, 2019). ECBs and
their receptors are also expressed in the bone (Rossi et al., 2009;
Whyte et al., 2009). CB1, CB2 and TRPV1 have been identified in
human osteoclasts (OCs) and GPR55, and found to be expressed
in both human osteoblasts (OBs) and OCs (Rossi et al., 2009;
Whyte et al., 2009). Mouse OBs and OCs express CB1, CB2,
GPR55 and TRPV1 (Idris et al., 2005; Ofek et al., 2006; Idris et al.,
2009; Whyte et al., 2009; Idris et al., 2010). Studies of the
innervation of the mouse bone have shown that CB1 and
TRPV1 are expressed in sympathetic nerve fibers (Ghilardi
et al., 2005; Tam et al., 2006). AEA and 2-AG are responsible
for most of the pharmacological effects associated with CBRs in
mammalian cells (Pertwee, 2005). Jiang S et al. discovered AEA
and 2-AG are produced in bone marrow (Bab et al., 2008; Tam
et al., 2008; Jiang et al., 2010). AEA and 2-AG are detectable in
human OC- and OB-like cells in vitro (Rossi et al., 2009; Whyte
et al., 2012). Rossi et al. (2009) reported that cultured human OCs
produced 2-AG and a certain amount of AEA in vitro, and the
level of eCBs increased when the culture was treated with
URB597, a fatty acid amide hydrolase (FAAH) inhibitor.
Whyte et al. (2012) reported that differentiation of human
OCs was related to the increased AEA level and decreased 2-
AG level. These observations suggest that AEA and 2-AG may be
produced by bone cells and within the cultured bone (Tam et al.,
2008; Maccarrone et al., 2015). The enzyme diacylglycerol lipases
a and ß and NAPE-phospholipase D, which are required for 2-
AG and AEA synthesis respectively, are also expressed in OBs and
OCs (Tam et al., 2008; Rossi et al., 2009). Similarly, the
degradation enzymes FAAH and monoacylglycerol lipase
(MAGL) have been found in human OCs and mouse OBs
(Hutchins et al., 2011; Rossi et al., 2011). The role of
cannabinoid receptor ligands in regulating osteoclasts,
osteoblasts and adipocytes in vitro and in vivo are shown in
Table 1.

The ECS is also expressed in synovial tissues of joints.
Richardson et al. (2008) reported that CB1 and CB2 receptors
were expressed in synovial biopsies of human osteoarthritis (OA)
and rheumatoid arthritis (RA) by Western Blot detection, and
played a role in regulating physiological functions. Further
evidence showed that AEA and 2-AG could be detected in
synovial fluid from OA and RA patients but not in synovial
fluid from normal subjects. Dunn et al. (2016) reported that a
wide range of CBRs including CB1, CB2, GPR55, PPARαand
PPARγ were expressed in chondrocytes of OA joints, and even in
degenerate tissues.

CANNABINOIDS AFFECT BONE DISEASES

Osteoporosis
OBs are known to synthesize bone cells to produce AEA and 2-
AG, and express CB1 receptors on their surfaces (Tam et al., 2008;
Maccarrone et al., 2015). Activation of CB1 in OBs inhibits the
release of norepinephrine, which to some extent suppresses the
process of bone formation, i.e., CB1 activation inhibits bone
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production (Tam et al., 2006). In addition, OCs also express AEA
and 2-AG, but with CB2 receptors instead of CB1 (Whyte et al.,
2012). CB2 activation in OCs suppresses osteolysis activity,
thereby preserving the bone tissue (Whyte et al., 2012). This
effect proves highly beneficial to balancing the relationship
between hyperactive OCs and inactive OBs in OP, leading to
increased bone resorption without compensatory bone
formation. These findings support that the ECS is the main
regulatory system of the bone. Although norepinephrine is
directly responsible for the activities of OCs and OBs, the level
of norepinephrine is mainly mediated both by the ECS expressed
in the sympathetic nervous system and that expressed in the bone
tissue itself.

CBs have been shown to regulate bone formation, bone loss
and bone turnover. The ECS system is an important regulator of
bone mass. CBR agonists promote differentiation of mouse
mesenchymal stem cells (MSCs) into OBs (Zhang et al., 2019).
Idris et al. (Hutchins et al., 2011) reported that CB1 receptor
inactivation increased bone mass and prevented bone loss due to
ovariectomy, an in vivo model of OP in 2005. In addition, Rossi
et al. reported that CB2 receptors had an anti-osteoporosis
function (Rossi et al., 2019). CB2 receptor agonists increased
bone mass by enhancing the number and activity of OBs,
inhibiting the proliferation of OCs, and stimulating fibroblastic
colony formation by myeloid cells (Ofek et al., 2006).
Furthermore, CB2 receptor regulates bone loss also involving
the regulation of osteoclast function (Sophocleous et al., 2017).
Therefore, CB2 provides a molecular target for the diagnosis and
treatment of OP.

GPR55 was expressed in human and mouse OCs and OBs. In
contrast to the bone turnover function of CB1 and CB2 receptors,
GPR55 inhibited OC formation but stimulates OB function.
Histomorphometric and microcomputed tomography analysis

of the long bones in male GPR55 (−/−) mice revealed that the
number of OCs was increased, but the volume and thickness of
the trabecular bone was increased significantly with no cartilage
resorption observed, a possibility is that osteoclast numbers were
increased, but osteoclast function was impaired (Whyte et al.,
2009). Therefore, GPR55 receptor agonists promote bone loss. A
recent study of OCs from patients with OP suggested that GPR55
desensitization by FAAs or its enhanced transport, and
TRPV1 agonist-induced overexpression of CB2 receptor might
be critical to reduce calciumentry into OCs, which could lead to
over-activation of cells and increase bone resorption and bone
loss. TRPV1 agonistsCB together with CB2 agonists were
reported useful for the treatment of OP (Rossi et al., 2011).
These results indicate that CBRs agonists could be used for the
prevention and treatment of OP.

Osteoarthritis
OA is characterized by degeneration of the articular cartilage,
which is mediated by complex interactions of proinflammatory
cytokines including IL-1, inflammatory mediators and proteases.
CBs have been shown to prevent IL-1-induced matrix breakdown
of collagen and proteoglycan, suggesting that they may play an
important role in cartilage protection (Mbvundula et al., 2006).
CBs exert their effects through several CBRs, and therefore it is
important to identify the key CBs and CBRs involved in cartilage
protection. CBRs are expressed in synovial tissues and
osteoarthritic articular chondrocytes and produce important
physiological effects such as reducing arthritis inflammation
and alleviating arthritis-associated pain symptoms (Mbvundula
et al., 2006; Guidetti et al., 2014). Malfait et al. (2000) described
the effect of a high potency dimeric cannabinoid, named
cannabisol (CBD), in a mouse arthritis model and found that
CBD had immunosuppressive and anti-inflammatory activities

TABLE 1 | The role of cannabinoid receptor ligands in regulating osteoclasts, osteoblasts, and adipocytes in vitro and in vivo.

Ligand Receptor Bone metabolism

Oc Oc Ob Ac

Number Activity Number Number

Agonists AEA CB1/CB2/GPR55/TRPV1 ↑ ↑ ↑ -
2-AG CB1/CB2/GPR55 ↑ ↑ ↑ -
Δ9-THC CB1/CB2 - - - -
CP55,940 CB1/CB2 ↑↓ ↑ ↑ ↓
WIN55,212 CB1 - - ↑ -
HU308 CB2 ↑↓↓ - ↑↑ ↓
JWH133 CB2 ↑ ↑ ↑ ↓
JWH139 CB2 - - - -
JWH015 CB2 - ↑ ↑ ↓
AM1241 CB2 - - - -
Lysophosphatidyl inositol GPR55 ↓ ↑ - -
O-1602 GPR55 ↓ ↑ ↑ -

Antagonists AM630 CB2>CB1/GPR55 ↓↓↑ ↓ ↓ -
SR144528 CB2>CB1 ↓ ↓ ↓ -
AM251 CB1>CB2/GPR55 ↓↓↑ ↓ ↓ ↑
SR141716A CB1>CB2 ↓↓ ↓ ↓ -
Cannabidiol GPR55 ↑ ↓↓ - -

Abbreviations: CB1, cannabinoid type 1 receptor; CB2, cannabinoid type 2 receptor; GPR55, G protein-coupled receptor 55; TRPV1, transient receptor potential vanilloid type 1. Oc.,
osteoclast; Ob., osteolblast; Ac., adipocyte. ↑, increase; ↓, decrease; –, non tested. Black and red arrows denote in vitro and in vivo data, respectively.
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and could improve the symptoms of arthritis in a murine
collagen-induced arthritis model by both intraperitoneal and
oral administration methods. They also found that CBD could
reduce joint damage. The in vitro effects of CBD included dose-
dependent inhibition of lymphocyte proliferation, both mitogen-
stimulated and antigen-specific, and reactive oxygen burst
triggered by peritoneal granulocytes blocking zymosan. It was
also found that CBD administration could block the increase of
serum tumor necrosis factor (TNF) induced by
lipopolysaccharide in C57/BL mice. Sumariwalla et al. (2004)
used a synthetic CB (HU-320) in a similar experiment and found
that this novel synthetic CB HU-320 could be used to treat
arthritis in mice due to its strong anti-inflammatory and
immunosuppressive properties without showing psychoactive
effects. HU-320 inhibited the production of tumor necrosis
factor (TNF) and reactive oxygen intermediates (ROIs) from
mouse macrophages and RAW 264.7 cells respectively, as well as
the increased serum TNF level following endotoxin attack.

Oversecretion of proinflammatory cytokines from OBs plays
an essential role in the development of OA (Liu et al., 2014; Sun
et al., 2014), and high levels of pro-inflammatory factors in bones
and joints induce pain, cartilage loss, and even joint dysfunction
(Yang et al., 2013; Karsdal et al., 2014). Therefore, reducing the
release of pro-inflammatory cytokines from OBs is an effective
therapy for OA. Yang et al. (2015) have reported that THC
inhibited the release of pro-inflammatory cytokines, including
TNF-α, IL-1, IL-6, and IL-8, decreased nuclear factor-B (NF-B)
expression, and inhibited the upregulation of cofilin-1 protein (a
cytoskeleton protein involved in inflammation of OA of
lipopolysaccharide (LPS)-stimulated MG-63 cells. The
administration of the CB2 receptor antagonist or the CB2-
siRNA partially abolished the above-mentioned THC-induced
anti-inflammatory effect. In addition, overexpression of cofilin-1
significantly reversed the THC-induced anti-inflammatory effect
in MG-63 cells. These results indicate that CB2 is involved in the
anti-inflammation induced by THC in LPS-stimulated MG-63
cells, and suggest that the anti-inflammatory effect may be
mediated by cofilin-1 (Yang et al., 2015).

Cannabinoids exert chondroprotective effects and are useful
for OA treatment (Dunn et al., 2012). Dunn et al. (Dunn et al.,
2016) designed CBs to bind to their receptors and found that they
inhibited the catabolic and pain pathways within the arthritic
joint without causing psychoactive effects, suggesting a
therapeutic potential for arthritis. Sophocleous et al. (2015)
reported that CB2-selective agonist HU308 reduced the
severity of total knee joint OA following surgical
destabilization of the medial meniscus (DMM) in wide type
mice. When compared with wild-type chondrocytes, cultured
articular chondrocytes from CB2 deletion (CB2−/−) mice
produced less proteoglycans in vitro, indicated that the CB2
pathway played a role in the pathophysiology of murine OA,
and that the pharmacological activity of CB2 had a protective
effect against OA.

There is increasing evidence that the ECS, especially CB2, also
plays an important role in the pathophysiology of rheumatoid
arthritis (RA) (Lowin et al., 2019). Gui et al. (2014) reported that
many members of the ECS inhibit synovial inflammation,

hyperplasia, and cartilage destruction in RA. In particular,
activation of CB2 may relieve RA by inhibiting the production
of autoantibodies, proinflammatory cytokines, and matrix
metalloproteinases (MMPs), as well as bone erosion, T cells
mediated immune response, and the proliferation of FLSs (Gui
et al., 2014).

CBs can also reduce the loss of thealveolar bone (Ossola et al.,
2016). Ossola et al. have demonstrated that CB-2 receptor was
expressed in OBs and OCs to promote bone metabolism. And the
results of their studies in rat models showed that alveolar bone
loss was greatly attenuated by the use of CB-2 receptor agonist
HU-308 in LPS-induced periodontitis and as such demonstrated
anti-inflammatroy, osteoprotective, prohomeostatic effects
(Ossola et al., 2016).

CBs can not only reduce the inflammation of arthritis but
relieve the pain symptoms of arthritis. The termination of
endocannabinoid activity is achieved by cellular uptake,
followed by intracellular hydrolysis by fatty acid amide
hydrolase (FAAH) (Schuelert et al., 2011). Schuelert et al.
(2011) indicated local injection of FAAH inhibitor URB597
into the OA knee joints reduced mechanical nociception and
pain in two OA rodent models, and this response was
eliminated by CB1 receptor antagonists, indicating that
CB1 receptor could be used as an arthritic pain treatment
target.

Bone Tumors
Several studies have demonstrated the positive effects of the ECS
in the treatment of cancer. CBRs can inhibit tumor cell
proliferation, reduce tumor cell invasion, cause tumor
regression and prevent tumor metastasis. For example, Qamri
et al. (2009) reported that synthetic CBR agonists inhibited tumor
growth and metastasis of breast cancer. Preet et al. (2008)
indicated that delta9-Tetrahydrocannabinol inhibited lung
cancer cell migration in vitro as well as its growth and
metastasis in vivo. Gustafsson et al. (2008) showed that
therapeutic options using ABR ligands had the efficacy of
reducing tumor burden in malignant lymphoma
overexpressing CB1 and CB2. However, the role of CBs in
bone metastasis remains to be studied.

There have been many studies concerning the use of the ECS
in the treatment of primary bone tumors. For tumor cells, ECS
can affect their growth, movement, invasion, spread, and
colonization of distant organs. It was found that CB2 was
modulated in the genetic and phrenological processes, thus
affecting bone cell activity in remodeling in both healthy
individuals and patients (Di Marzo, 2008; Marino and Idris,
2017). Furthermore, Niu et al. (2015) have demonstrated that
the synthetic cannabinoid CB receptor agonist WIN-55,212-2 has
therapeutic effect on the MG-63 human osteosarcoma cell line.
WIN-55,212-2 inhibit migration, invasion and angiogenic
activity of this cell line. The mechanism of this inhibition is
associated with the downregulation of the Notch-1 and MMP-2
signaling pathways, which are known as important pathways
associated with cell proliferation and apotosis as well as
degradation of extra-cellular matrix, the key to tumor
invasion. High level of MMP-2 is considered a key indicator
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of cancer metastasis (Berx et al., 1998; Jezierska and Motyl, 2009;
Niu et al., 2015).

Lozano-Ondoua et al. noted that the CB2 receptor agonist
reduced the degree of tumor burden within the intramedullary
cavity of the femoris and produced anti-progressive effects of the
tumor in vivo (Lozano-Ondoua et al., 2013).

Lozano-Ondoua et al. (2010) showed that CB2 receptor
agonists could attenuate sarcoma-induced pain, reduce
cancer-induced osteolytic destruction, and prevent the
occurrence of pathological bone fracture. CB1 and CB2 were
found to be associated with mediating ligands and molecular
mechanisms associated with synthesis, transport and
metabolism with potential effects of reducing complications
of primary bone tumors. Especially, CB1 and CB2 agonists
reduced bone cancer pain in animal models (Curto-Reyes
et al., 2010; Kawamata et al., 2010). Therefore, this approach
may be applied as analgesic treatment in patients with Bone
tumors. The role of cannabinoid receptor ligands in regulating
tumor cells and bone diseases in vitro and in vivo are shown in
Table 2.

Bone Fractures
Bone fractures are highly prevalent, involving prolonged
immobilization and discomfort. Some researchers have found
that CBRs trigger bone formation and strengthen the bridge that
connects broken bones (Kogan et al., 2015). Kogan et al. (2015)
reported that the major non-psychoactive cannabis constituent
CBD enhanced the biomechanical properties of rat mid-femoral
fracture healing. Micro–computed tomography (μCT) showed
that the fracture callus size was transiently reduced by either
CBD or THC 4 weeks after fracture but reached control level
after 6 and 8 weeks. The callus material density was unaffected
by CBD and/or THC. In contrast, CBD stimulated mRNA
expression of Plod1 in primary OB cultures to encode an
enzyme that catalyzes lysine hydroxylation, which in turn

was involved in collagen cross-linking and stabilization.
These data show that CBD can improve fracture healing and
plays a critical mechanical role of collagen cross-linked
enzymes. The bones of rats treated with CBD alone not only
healed faster but the previous fracture was less likely to break in
the future because of a strengthened fracture callus. Therefore,
CBD provides research directions for the treatment and
prognosis of fractures.

Bab et al. (2011) showed that fatty acid amides (FAAs) assisted
in the process of bone metabolism by interacting with CBRs.
FAAs are important because they are broken down by a particular
enzyme (FAAH) that is blocked by CBD. For quite some time,
CBD was known to inhibit FAAH, knowing that it could prevent
the enzyme from breaking down bone forming compounds. An
effective function of bone anabolic-antiresorptive is shared by
many skeletal FAAs. Inhibition of the FAA degrading enzyme
(FAAH) may prove to be an effective therapeutic strategy for the
treatment of bone fractures.

TABLE 2 | The role of cannabinoid receptor ligands in regulating tumor cells and bone diseases in vitro and in vivo.

Ligand Receptor Bone tumor

Tm.Growth Osteolysis Pain

Agonists AEA CB1/CB2/GPR55/TRPV1 ↓↓ - ↓
2-AG CB1/CB2/GPR55 ↓ ↓ -
Δ9-THC CB1/CB2 ↓↓↑↑ - ↓
CP55,940 CB1/CB2 ↓ -
WIN55,212 CB1 ↓↓ -
HU308 CB2 ↑↓ ↑ -
JWH133 CB2 ↑↓↓ ↓↓↑
JWH139 CB2 ↓ -
JWH015 CB2 ↓↓ ↓ ↓
AM1241 CB2 ↓ ↓
Lysophosphatidyl inositol GPR55 - - -
O-1602 GPR55 - -

Antagonists AM630 CB2>CB1/GPR55 - ↓
SR144528 CB2>CB1 - -
AM251 CB1>CB2/GPR55 - -
SR141716A CB1>CB2 - -
Cannabidiol GPR55 ↓↓ - ↓

Abbreviations: CB1, cannabinoid type 1 receptor; CB2, cannabinoid type 2 receptor; GPR55, G protein-coupled receptor 55; TRPV1, transient receptor potential vanilloid type 1. Tm.,
tumor cell. ↑, increase; ↓, decrease; –, non tested. Black and red arrows denote in vitro and in vivo data, respectively.

FIGURE 1 | The potential therapeutic effects of cannabinoids in bone
diseases.
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In summary, CBs could alleviate the development of arthritis,
prevent osteoporosis, inhibit bone tumor cell proliferation,
reduce bone cancer pain and improve fracture healing (Figure 1).

CONCLUSION

Bones provide structural support and physical protection to our
soft tissues and allow us to walk, eat, breed and carry out the life
activities. The ECS has been shown to regulate bone metabolism.
An eCB deficiency may affect the skeletal system. No CB
compound has been approved for the treatment of bone
diseases at present. However, the important skeletal actions of
the ECS have prompted both preclinical researchers and
industrial companies to explore the clinical therapeutic
potential based on CBs in the treatment of various bone diseases.

Evidence indicates the potential role of the ECS in the
treatment of bone diseases because of the multiple targets
involved in the pathologic process of various bone conditions
including OP, OA, bone tumors and bone fractures. However,
there is currently limited research on the use of CBs in the
treatment of bone diseases, and the evaluation of medicinal
cannabis in humans remains in its infancy. The following
work still need to be further explored.

Firstly, the effect of CBR regulation on bone tissue
metabolism needs further investigation in details. As it is
necessary to further study the regulatory mechanisms of
eCBs on osteogenesis, bone loss, synovial inflammatory
response and arthritis pain, comprehensive evaluations of
in vitro and in vivo mechanisms and pharmacologicals
should be performed on each member of the eCB family.

Secondly, to ensure clinical applicability of CBs, it is
necessary to explore new ways to improve the therapeutic
effects of CBs and reduce their neurological adverse effects,
such as synthesizing new CB drugs and using CB hydrolase
inhibitors to increase endogenous levels of CBs. Finally, further
investigations on the function of the ECS and its role in bone
diseases are required to provide a solid foundation for the
evolution and refinement of cannabis-based medicines.
Comprehensive evaluations through high-quality randomized
controlled trials (RCTs) are also required to identify the true
clinical efficacy and long-term risks associated with CB therapy.

The ECS plays a role in maintaining the bones strength and
combating bone diseases, and holds promise as a novel drug for
bone disease treatment.

AUTHOR CONTRIBUTIONS

YX designed the study and AT prepared the first draft of the
paper. SP was responsible for figure and table. JZ modified the
study. He is guarantor. All authors revised the paper critically for
intellectual content and approved the final version. All authors
agree to be accountable for the work and to ensure that any
questions relating to the accuracy and integrity of the paper are
investigated and properly resolved.

FUNDING

This work was supported by the National Natural Science
Foundation of China (Grant No. 81960200 and 82160184).

REFERENCES

Bab, I., Ofek, O., Tam, J., Rehnelt, J., and Zimmer, A. (2008). Endocannabinoids
and the Regulation of Bone Metabolism. J. Neuroendocrinol 20, 69–74.
doi:10.1111/j.1365-2826.2008.01675.x

Bab, I., Smoum, R., Bradshaw, H., and Mechoulam, R. (2011). Skeletal Lipidomics:
Regulation of Bone Metabolism by Fatty Acid Amide Family. Br. J. Pharmacol.
163 (7), 1441–1446. doi:10.1111/j.1476-5381.2011.01474.x

Berx, G., Nollet, F., and van Roy, F. (1998). Dysregulation of the E-Cadherin/
catenin Complex by Irreversible Mutations in Human Carcinomas. Cell Adhes.
Commun. 6 (null), 171–184. doi:10.3109/15419069809004474

Carnovali, M., Ottria, R., Pasqualetti, S., Banfi, G., Ciuffreda, P., and Mariotti, M.
(2016). Effects of Bioactive Fatty Acid Amide Derivatives in Zebrafish Scale
Model of Bone Metabolism and Disease. Pharmacol. Res. 104 (undefined), 1–8.
doi:10.1016/j.phrs.2015.12.009

Curto-Reyes, V., Llames, S., Hidalgo, A., Menéndez, L., and Baamonde, A. (2010).
Spinal and Peripheral Analgesic Effects of the CB2 Cannabinoid Receptor
Agonist AM1241 in Two Models of Bone Cancer-Induced Pain. Br.
J. Pharmacol. 160 (3), 561–573. doi:10.1111/j.1476-5381.2009.00629.x

Devane, W. A., Dysarz, F. A., Johnson, M. R., Melvin, L. S., and Howlett, A. C.
(1988). Determination and Characterization of a Cannabinoid Receptor in Rat
Brain. Mol. Pharmacol. 34 (5), 605–613.

Devane, W. A., Hanus, L., Breuer, A., Pertwee, R. G., Stevenson, L. A., Griffin, G., et al.
(1992). Isolation and Structure of a Brain Constituent that Binds to the Cannabinoid
Receptor. Science 258 (5090), 1946–1949. doi:10.1126/science.1470919

Di Marzo, V., and Petrosino, S. (2007). Endocannabinoids and the Regulation of
Their Levels in Health and Disease. Curr. Opin. Lipidol. 18 (2), 129–140.
doi:10.1097/MOL.0b013e32803dbdec

Di Marzo, V. (2008). Targeting the Endocannabinoid System: to Enhance or
Reduce? Nat. Rev. Drug Discov. 7, 438–455. doi:10.1038/nrd2553

Dou, Z.-j., Gao, X.-L., Jia, Y.-l., Chen, J., Yang, J.-J., Chen, Y., et al. (2020). CB1
Receptor Antagonist Rimonabant Protects against Chronic Intermittent
Hypoxia-Induced Bone Metabolism Disorder and Destruction in Rats. Sleep
Breath 24, 1441–1449. doi:10.1007/s11325-019-02009-9

Dunn, S. L., Wilkinson, J. M., Crawford, A., Bunning, R. A. D., and Le Maitre, C. L.
(2016). Expression of Cannabinoid Receptors in Human Osteoarthritic
Cartilage: Implications for Future Therapies. Cannabis Cannabinoid Res. 1
(1), 3–15. doi:10.1089/can.2015.0001

Dunn, S. L., Wilkinson, J. M., Crawford, A., Le Maitre, C. L., and Bunning, R. A.
(2012). Cannabinoids: Novel Therapies for Arthritis? Future Med. Chem. 4 (6),
713–725. doi:10.4155/fmc.12.20

Ehrenkranz, J., and Levine, M. A. (2019). Bones and Joints: The Effects of
Cannabinoids on the Skeleton. J. Clin. Endocrinol. Metab. 104 (10),
4683–4694. doi:10.1210/jc.2019-00665

Frei, R. B., Luschnig, P., Parzmair, G. P., Peinhaupt, M., Schranz, S., Fauland, A.,
et al. (2016). Cannabinoid Receptor 2 Augments Eosinophil Responsiveness
and Aggravates Allergen-Induced Pulmonary Inflammation in Mice. Allergy 71
(7), 944–956. doi:10.1111/all.12858

Gaoni, Y., and Mechoulam, R. (1964). Isolation, Structure, and Partial Synthesis of
an Active Constituent of Hashish. J. Am. Chem. Soc. 86, 1646–1647.
doi:10.1021/ja01062a046

Ghilardi, J. R., Röhrich, H., Lindsay, T. H., Sevcik, M. A., Schwei, M. J., Kubota, K.,
et al. (2005). Selective Blockade of the Capsaicin Receptor TRPV1 Attenuates
Bone Cancer Pain. J. Neurosci. 25 (12), 3126–3131. doi:10.1523/
JNEUROSCI.3815-04.2005

Grinspoon, J. (1993). “Cannabis as a Medicine,” in Marijuana: The Forbidden
Medicine (New Haven: Yale University Press), 67–81.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7937506

Xin et al. Cannabinoids and Bone Diseases

38

https://www.whatiscbd.com/appetite-endocannabinoid-system/
https://doi.org/10.1111/j.1365-2826.2008.01675.x
https://doi.org/10.1111/j.1476-5381.2011.01474.x
https://doi.org/10.3109/15419069809004474
https://doi.org/10.1016/j.phrs.2015.12.009
https://doi.org/10.1111/j.1476-5381.2009.00629.x
https://doi.org/10.1126/science.1470919
https://doi.org/10.1097/MOL.0b013e32803dbdec
https://doi.org/10.1038/nrd2553
https://doi.org/10.1007/s11325-019-02009-9
https://doi.org/10.1089/can.2015.0001
https://doi.org/10.4155/fmc.12.20
https://doi.org/10.1210/jc.2019-00665
https://doi.org/10.1111/all.12858
https://doi.org/10.1021/ja01062a046
https://doi.org/10.1523/JNEUROSCI.3815-04.2005
https://doi.org/10.1523/JNEUROSCI.3815-04.2005
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Grotenhermen, F., and Müller-Vahl, K. (2012). The Therapeutic Potential of
Cannabis and Cannabinoids. Dtsch Arztebl Int. 109 (null), 495–501.
doi:10.3238/arztebl.2012.0495

Gui, H., Liu, X., Wang, Z. W., He, D. Y., Su, D. F., and Dai, S. M. (2014). Expression
of Cannabinoid Receptor 2 and its Inhibitory Effects on Synovial Fibroblasts in
Rheumatoid Arthritis. Rheumatology (Oxford) 53 (5), 802–809. doi:10.1093/
rheumatology/ket447

Guidetti, R., Astles, P. C., Sanderson, A. J., Hollinshead, S. P., Johnson, M. P., and
Chambers, M. G. (2014). The SAR Development of Substituted Purine
Derivatives as Selective CB2 Agonists for the Treatment of Chronic Pain.
Bioorg. Med. Chem. Lett. 24 (24), 5572–5575. doi:10.1016/j.bmcl.2014.11.006

Gustafsson, K., Wang, X., Severa, D., Eriksson, M., Kimby, E., Christensson, B.,
et al. (2008). Expression of Cannabinoid Receptors Type 1 and Type 2 in Non-
hodgkin Lymphoma: Growth Inhibition by Receptor Activation. Int. J. Cancer
123 (5), 1025–1033. doi:10.1002/ijc.23584

Hutchins, H. L., Li, Y., Hannon, K., and Watkins, B. A. (2011). Eicosapentaenoic
Acid Decreases Expression of Anandamide Synthesis Enzyme and Cannabinoid
Receptor 2 in Osteoblast-like Cells. J. Nutr. Biochem. 22 (2), 195–200.
doi:10.1016/j.jnutbio.2010.06.001

Idris, A. I., Landao-Bassonga, E., and Ralston, S. H. (2010). The TRPV1 Ion
Channel Antagonist Capsazepine Inhibits Osteoclast and Osteoblast
Differentiation In Vitro and Ovariectomy Induced Bone Loss In Vivo. Bone
46 (4), 1089–1099. doi:10.1016/j.bone.2010.01.368

Idris, A. I., and Ralston, S. H. (2010). Cannabinoids and Bone: Friend or Foe?
Calcif. Tissue Int. 87 (4), 285–297. doi:10.1007/s00223-010-9378-8

Idris, A. I., Sophocleous, A., Landao-Bassonga, E., Canals, M., Milligan, G., Baker,
D., et al. (2009). Cannabinoid Receptor Type 1 Protects against Age-Related
Osteoporosis by Regulating Osteoblast and Adipocyte Differentiation in
Marrow Stromal Cells. Cell Metab 10 (2), 139–147. doi:10.1016/
j.cmet.2009.07.006

Idris, A. I., van ’t Hof, R. J., Greig, I. R., Ridge, S. A., Baker, D., Ross, R. A., et al.
(2005). Regulation of Bone Mass, Bone Loss and Osteoclast Activity by
Cannabinoid Receptors. Nat. Med. 11 (7), 774–779. doi:10.1038/nm1255

Jezierska, A., and Motyl, T. (2009). Matrix Metalloproteinase-2 Involvement in
Breast Cancer Progression: a Mini-Review. Med. Sci. Monit. 15 (2), RA32–40.
doi:10.1016/j.mehy.2008.08.012

Jiang, S., Zagozdzon, R., Jorda, M. A., Parmar, K., Fu, Y., Williams, J. S., et al.
(2010). Endocannabinoids Are Expressed in Bone Marrow Stromal Niches and
Play a Role in Interactions of Hematopoietic Stem and Progenitor Cells with the
Bone Marrow Microenvironment. J. Biol. Chem. 285 (46), 35471–35478.
doi:10.1074/jbc.M110.144758

Joshi, N., and Onaivi, E. S. (2019). Endocannabinoid System Components:
Overview and Tissue Distribution. Adv. Exp. Med. Biol. 1162 (undefined),
1–12. doi:10.1007/978-3-030-21737-2_1

Karsdal, M. A., Bay-Jensen, A. C., Lories, R. J., Abramson, S., Spector, T.,
Pastoureau, P., et al. (2014). The Coupling of Bone and Cartilage Turnover
in Osteoarthritis: Opportunities for Bone Antiresorptives and Anabolics as
Potential Treatments? Ann. Rheum. Dis. 73 (2), 336–348. doi:10.1136/
annrheumdis-2013-204111

Kawamata, T., Niiyama, Y., Yamamoto, J., and Furuse, S. (2010). Reduction of
Bone Cancer Pain by CB1 Activation and TRPV1 Inhibition. J. Anesth. 24 (2),
328–332. doi:10.1007/s00540-010-0919-0

Kogan, N.M., Melamed, E.,Wasserman, E., Raphael, B., Breuer, A., Stok, K. S., et al.
(2015). Cannabidiol, a Major Non-psychotropic Cannabis Constituent
Enhances Fracture Healing and Stimulates Lysyl Hydroxylase Activity in
Osteoblasts. J. Bone Miner Res. 30, 1905–1913. doi:10.1002/jbmr.2513

Liu, X., Xu, Y., Chen, S., Tan, Z., Xiong, K., Ye, Y., et al. (2014). Rescue of
Proinflammatory Cytokine-Inhibited Chondrogenesis by the Antiarthritic
Effect of Melatonin in Synovium Mesenchymal Stem Cells via Suppression
of Reactive Oxygen Species and Matrix Metalloproteinases. Free Radic. Biol.
Med. 68 (undefined), 234–246. doi:10.1016/j.freeradbiomed.2013.12.012

Lowin, T., Schneider, M., and Pongratz, G. (2019). Joints for Joints: Cannabinoids
in the Treatment of Rheumatoid Arthritis. Curr. Opin. Rheumatol. 31 (3),
271–278. doi:10.1097/BOR.0000000000000590

Lozano-Ondoua, A. N., Hanlon, K. E., Symons-Liguori, A. M., Largent-Milnes, T.
M., Havelin, J. J., Ferland, H. L., et al. (2013). Disease Modification of Breast
Cancer-Induced Bone Remodeling by Cannabinoid 2 Receptor Agonists.
J. Bone Miner Res. 28 (1), 92–107. doi:10.1002/jbmr.1732

Lozano-Ondoua, A. N., Wright, C., Vardanyan, A., King, T., Largent-Milnes, T. M.,
Jimenez-Andrade, J. M., et al. (2010). A Cannabinoid 2 Receptor Agonist
Attenuates Bone Cancer-Induced Pain and Bone Loss. Life Sci. 86 (null),
646–653. doi:10.1016/j.lfs.2010.02.014

Maccarrone, M., Bab, I., Bíró, T., Cabral, G. A., Dey, S. K., Di Marzo, V., et al.
(2015). Endocannabinoid Signaling at the Periphery: 50 Years after THC.
Trends Pharmacol. Sci. 36 (5), 277–296. doi:10.1016/j.tips.2015.02.008

Malfait, A. M., Gallily, R., Sumariwalla, P. F., Malik, A. S., Andreakos, E.,
Mechoulam, R., et al. (2000). The Nonpsychoactive Cannabis Constituent
Cannabidiol Is an Oral Anti-arthritic Therapeutic in Murine Collagen-
Induced Arthritis. Proc. Natl. Acad. Sci. U S A. 97 (17), 9561–9566.
doi:10.1073/pnas.160105897

Marino, S., de Ridder, D., Bishop, R. T., Renema, N., Ponzetti, M., Sophocleous, A.,
et al. (2019). Paradoxical Effects of JZL184, an Inhibitor of Monoacylglycerol
Lipase, on Bone Remodelling in Healthy and Cancer-Bearing Mice.
EBioMedicine 44, 452–466. doi:10.1016/j.ebiom.2019.05.048

Marino, S., and Idris, A. I. (2017). Emerging Therapeutic Targets in Cancer
Induced Bone Disease: A Focus on the Peripheral Type 2 Cannabinoid
Receptor. Pharmacol. Res. 119 (undefined), 391–403. doi:10.1016/
j.phrs.2017.02.023

Mbvundula, E. C., Bunning, R. A., and Rainsford, K. D. (2006). Arthritis and
Cannabinoids: HU-210 and Win-55,212-2 Prevent IL-1alpha-induced Matrix
Degradation in Bovine Articular Chondrocytes In-Vitro. J. Pharm. Pharmacol.
58 (3), 351–358. doi:10.1211/jpp.58.3.0009

McPartland, J. M., Matias, I., Di Marzo, V., and Glass, M. (2006). Evolutionary
Origins of the Endocannabinoid System. Gene 370 (undefined), 64–74.
doi:10.1016/j.gene.2005.11.004

Mechoulam, R., Ben-Shabat, S., Hanus, L., Ligumsky, M., Kaminski, N. E., Schatz,
A. R., et al. (1995). Identification of an Endogenous 2-monoglyceride, Present in
Canine Gut, that Binds to Cannabinoid Receptors. Biochem. Pharmacol. 50 (1),
83–90. doi:10.1016/0006-2952(95)00109-d

Mechoulam, R. (1986). “The Pharmacohistory of Cannabis Sativa,” in
Cannabinoids as Therapeutic Agents (Roca Raton: CRC Press), 1–19.

Munro, S., Thomas, K. L., and Abu-Shaar, M. (1993). Molecular Characterization
of a Peripheral Receptor for Cannabinoids. Nature 365, 61–65. doi:10.1038/
365061a0

Niu, F., Zhao, S., Xu, C. Y., Sha, H., Bi, G. B., Ye, L., et al. (2015). Potentiation of the
Antitumor Activity of Adriamycin against Osteosarcoma by Cannabinoid
WIN-55,212-2. Oncol. Lett. 10 (4), 2415–2421. doi:10.3892/ol.2015.3525

Ofek, O., Karsak, M., Leclerc, N., Fogel, M., Frenkel, B., Wright, K., et al. (2006).
Peripheral Cannabinoid Receptor, CB2, Regulates Bone Mass. Proc. Natl. Acad.
Sci. U S A. 103 (3), 696–701. doi:10.1073/pnas.0504187103

Ossola, C. A., Surkin, P. N., Mohn, C. E., Elverdin, J. C., and Fernández-Solari, J.
(2016). Anti-Inflammatory and Osteoprotective Effects of Cannabinoid-2
Receptor Agonist HU-308 in a Rat Model of Lipopolysaccharide-Induced
Periodontitis. J. Periodontol. 87, 725–734. doi:10.1902/jop.2016.150612

Pertwee, R. G. (2005). Pharmacological Actions of Cannabinoids,” in Handb Exp.
Pharmacol., Chap. 1, 1–51. doi:10.1007/3-540-26573-2_1

Pertwee, R. G., Howlett, A. C., Abood, M. E., Alexander, S. P., Di Marzo, V.,
Elphick, M. R., et al. (2010). International Union of Basic and Clinical
Pharmacology. LXXIX. Cannabinoid Receptors and Their Ligands: beyond
CB₁ and CB₂. Pharmacol. Rev. 62 (4), 588–631. doi:10.1124/pr.110.003004

Pertwee, R. G. (2010). Receptors and Channels Targeted by Synthetic Cannabinoid
Receptor Agonists and Antagonists. Curr. Med. Chem. 17 (14), 1360–1381.
doi:10.2174/092986710790980050

Pertwee, R. G., and Ross, R. A. (2002). Cannabinoid Receptors and Their Ligands.
Prostaglandins Leukot. Essent. Fatty Acids 66, 101–121. doi:10.1054/
plef.2001.0341

Preet, A., Ganju, R. K., and Groopman, J. E. (2008). Delta9-Tetrahydrocannabinol
Inhibits Epithelial Growth Factor-Induced Lung Cancer Cell Migration In Vitro
as Well as its Growth and Metastasis In Vivo. Oncogene 27 (3), 339–346.
doi:10.1038/sj.onc.1210641

Qamri, Z., Preet, A., Nasser, M. W., Bass, C. E., Leone, G., Barsky, S. H., et al.
(2009). Synthetic Cannabinoid Receptor Agonists Inhibit Tumor Growth and
Metastasis of Breast Cancer.Mol. Cancer Ther. 8 (11), 3117–3129. doi:10.1158/
1535-7163.MCT-09-0448

Richardson, D., Pearson, R. G., Kurian, N., Latif, M. L., Garle, M. J., Barrett, D. A.,
et al. (2008). Characterisation of the Cannabinoid Receptor System in Synovial

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7937507

Xin et al. Cannabinoids and Bone Diseases

39

https://doi.org/10.3238/arztebl.2012.0495
https://doi.org/10.1093/rheumatology/ket447
https://doi.org/10.1093/rheumatology/ket447
https://doi.org/10.1016/j.bmcl.2014.11.006
https://doi.org/10.1002/ijc.23584
https://doi.org/10.1016/j.jnutbio.2010.06.001
https://doi.org/10.1016/j.bone.2010.01.368
https://doi.org/10.1007/s00223-010-9378-8
https://doi.org/10.1016/j.cmet.2009.07.006
https://doi.org/10.1016/j.cmet.2009.07.006
https://doi.org/10.1038/nm1255
https://doi.org/10.1016/j.mehy.2008.08.012
https://doi.org/10.1074/jbc.M110.144758
https://doi.org/10.1007/978-3-030-21737-2_1
https://doi.org/10.1136/annrheumdis-2013-204111
https://doi.org/10.1136/annrheumdis-2013-204111
https://doi.org/10.1007/s00540-010-0919-0
https://doi.org/10.1002/jbmr.2513
https://doi.org/10.1016/j.freeradbiomed.2013.12.012
https://doi.org/10.1097/BOR.0000000000000590
https://doi.org/10.1002/jbmr.1732
https://doi.org/10.1016/j.lfs.2010.02.014
https://doi.org/10.1016/j.tips.2015.02.008
https://doi.org/10.1073/pnas.160105897
https://doi.org/10.1016/j.ebiom.2019.05.048
https://doi.org/10.1016/j.phrs.2017.02.023
https://doi.org/10.1016/j.phrs.2017.02.023
https://doi.org/10.1211/jpp.58.3.0009
https://doi.org/10.1016/j.gene.2005.11.004
https://doi.org/10.1016/0006-2952(95)00109-d
https://doi.org/10.1038/365061a0
https://doi.org/10.1038/365061a0
https://doi.org/10.3892/ol.2015.3525
https://doi.org/10.1073/pnas.0504187103
https://doi.org/10.1902/jop.2016.150612
https://doi.org/10.1007/3-540-26573-2_1
https://doi.org/10.1124/pr.110.003004
https://doi.org/10.2174/092986710790980050
https://doi.org/10.1054/plef.2001.0341
https://doi.org/10.1054/plef.2001.0341
https://doi.org/10.1038/sj.onc.1210641
https://doi.org/10.1158/1535-7163.MCT-09-0448
https://doi.org/10.1158/1535-7163.MCT-09-0448
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Tissue and Fluid in Patients with Osteoarthritis and Rheumatoid Arthritis.
Arthritis Res. Ther. 10 (2), R43. doi:10.1186/ar2401

Robson, P. J. (2014). Therapeutic Potential of Cannabinoid Medicines. Drug Test.
Anal. 6 (null), 24–30. doi:10.1002/dta.1529

Rossi, F., Bellini, G., Luongo, L., Torella, M., Mancusi, S., De Petrocellis, L., et al.
(2011). The Endovanilloid/endocannabinoid System: a New Potential Target
for Osteoporosis Therapy. Bone 48 (5), 997–1007. doi:10.1016/
j.bone.2011.01.001

Rossi, F., Siniscalco, D., Luongo, L., De Petrocellis, L., Bellini, G., Petrosino, S., et al.
(2009). The Endovanilloid/endocannabinoid System in Human Osteoclasts:
Possible Involvement in Bone Formation and Resorption. Bone 44 (3), 476–484.
doi:10.1016/j.bone.2008.10.056

Rossi, F., Tortora, C., Punzo, F., Bellini, G., Argenziano, M., Di Paola, A., et al.
(2019). The Endocannabinoid/Endovanilloid System in Bone: From
Osteoporosis to Osteosarcoma. Int. J. Mol. Sci. 20 (8). doi:10.3390/
ijms20081919

Schuelert, N., Johnson, M. P., Oskins, J. L., Jassal, K., Chambers, M. G., and
McDougall, J. J. (2011). Local Application of the Endocannabinoid Hydrolysis
Inhibitor URB597 Reduces Nociception in Spontaneous and Chemically
Induced Models of Osteoarthritis. Pain 152 (5), 975–981. doi:10.1016/
j.pain.2010.11.025

Silver Robert, J. (2019). The Endocannabinoid System of Animals. Animals (Basel)
9, 686. doi:10.3390/ani9090686

Smoum, R., Baraghithy, S., Chourasia, M., Breuer, A., Mussai, N., Kogan, N. M.,
et al. (2015). CB2 Cannabinoid Receptor Agonist Enantiomers HU-433 and
HU-308: An Inverse Relationship between Binding Affinity and Biological
Potency. Proc. Natl. Acad. Sci. U S A. 112 (28), 8774–8779. doi:10.1073/
pnas.1503395112

Sophocleous, A., Börjesson, A. E., Salter, D. M., and Ralston, S. H. (2015). The Type
2 Cannabinoid Receptor Regulates Susceptibility to Osteoarthritis in Mice.
Osteoarthritis Cartilage 23 (9), 1586–1594. doi:10.1016/j.joca.2015.04.020

Sophocleous, A., Marino, S., Kabir, D., Ralston, S. H., and Idris, A. I. (2017).
Combined Deficiency of the Cnr1 and Cnr2 Receptors Protects against Age-
Related Bone Loss by Osteoclast Inhibition. Aging Cell 16 (5), 1051–1061.
doi:10.1111/acel.12638

Sumariwalla, P. F., Gallily, R., Tchilibon, S., Fride, E., Mechoulam, R., and
Feldmann, M. (2004). A Novel Synthetic, Nonpsychoactive Cannabinoid
Acid (HU-320) with Antiinflammatory Properties in Murine Collagen-
Induced Arthritis. Arthritis Rheum. 50 (3), 985–998. doi:10.1002/art.20050

Sun, R., Zhang, B., Chen, L., and Sun, J. (2014). Role of Nuclear Factor of Activated
T Cells 1 in the Pathogenesis of Osteoarthritis. Exp. Ther. Med. 7 (1), 195–198.
doi:10.3892/etm.2013.1390

Tam, J., Ofek, O., Fride, E., Ledent, C., Gabet, Y., Zimmer, A., et al. (2006).
Involvement of Neuronal Cannabinoid Receptor CB1 in Regulation of Bone
Mass and Bone Remodeling. Mol. Pharmacol. 70 (3), 786–792. doi:10.1124/
mol.106.026435

Tam, J., Trembovler, V., Di Marzo, V., Petrosino, S., Leo, G., Alexandrovich, A.,
et al. (2008). The Cannabinoid CB1 Receptor Regulates Bone Formation by
Modulating Adrenergic Signaling. FASEB J. 22 (1), 285–294. doi:10.1096/fj.06-
7957com

Whyte, L. S., Ford, L., Ridge, S. A., Cameron, G. A., Rogers, M. J., and Ross, R. A.
(2012). Cannabinoids and Bone: Endocannabinoids Modulate Human
Osteoclast Function In Vitro. Br. J. Pharmacol. 165 (8), 2584–2597.
doi:10.1111/j.1476-5381.2011.01519.x

Whyte, L. S., Ryberg, E., Sims, N. A., Ridge, S. A., Mackie, K., Greasley, P. J., et al.
(2009). The Putative Cannabinoid Receptor GPR55 Affects Osteoclast Function
In Vitro and Bone Mass In Vivo. Proc. Natl. Acad. Sci. U S A. 106 (38),
16511–16516. doi:10.1073/pnas.0902743106

Yan, W., Cao, Y., Yang, H., Han, N., Zhu, X., Fan, Z., et al. (2019). CB1 Enhanced
the Osteo/dentinogenic Differentiation Ability of Periodontal Ligament Stem
Cells via P38 MAPK and JNK in an Inflammatory Environment. Cell Prolif 52,
e12691. doi:10.1111/cpr.12691

Yang, L., Li, F. F., Han, Y. C., Jia, B., and Ding, Y. (2015). Cannabinoid Receptor
CB2 Is Involved in Tetrahydrocannabinol-Induced Anti-inflammation against
Lipopolysaccharide in MG-63 Cells. Mediators Inflamm. 2015 (undefined),
362126. doi:10.1155/2015/362126

Yang, S., Dubé, C. E., Eaton, C. B., McAlindon, T. E., and Lapane, K. L. (2013).
Longitudinal Use of Complementary and Alternative Medicine Among Older
Adults with Radiographic Knee Osteoarthritis. Clin. Ther. 35 (11), 1690–1702.
doi:10.1016/j.clinthera.2013.09.022

Zhang, M., Shi, X., Wu, J., Wang, Y., Lin, J., Zhao, Y., et al. (2019). CoCl2 Induced
Hypoxia Enhances Osteogenesis of Rat Bone Marrow Mesenchymal Stem Cells
through Cannabinoid Receptor 2. Arch. Oral Biol. 108, 104525. doi:10.1016/
j.archoralbio.2019.104525

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Xin, Tang, Pan and Zhang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7937508

Xin et al. Cannabinoids and Bone Diseases

40

https://doi.org/10.1186/ar2401
https://doi.org/10.1002/dta.1529
https://doi.org/10.1016/j.bone.2011.01.001
https://doi.org/10.1016/j.bone.2011.01.001
https://doi.org/10.1016/j.bone.2008.10.056
https://doi.org/10.3390/ijms20081919
https://doi.org/10.3390/ijms20081919
https://doi.org/10.1016/j.pain.2010.11.025
https://doi.org/10.1016/j.pain.2010.11.025
https://doi.org/10.3390/ani9090686
https://doi.org/10.1073/pnas.1503395112
https://doi.org/10.1073/pnas.1503395112
https://doi.org/10.1016/j.joca.2015.04.020
https://doi.org/10.1111/acel.12638
https://doi.org/10.1002/art.20050
https://doi.org/10.3892/etm.2013.1390
https://doi.org/10.1124/mol.106.026435
https://doi.org/10.1124/mol.106.026435
https://doi.org/10.1096/fj.06-7957com
https://doi.org/10.1096/fj.06-7957com
https://doi.org/10.1111/j.1476-5381.2011.01519.x
https://doi.org/10.1073/pnas.0902743106
https://doi.org/10.1111/cpr.12691
https://doi.org/10.1155/2015/362126
https://doi.org/10.1016/j.clinthera.2013.09.022
https://doi.org/10.1016/j.archoralbio.2019.104525
https://doi.org/10.1016/j.archoralbio.2019.104525
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Metabolomic Fingerprint of Behavioral
Changes in Response to
Full-Spectrum Cannabis Extracts
Zaid H. Maayah1, Pamela J. F. Raposo2, Heidi Silver1, Rupasri Mandal3,4, Lee Ellis5,
Abrar S. Alam1, Shingo Takahara1, Mourad Ferdaoussi 1, Kyle E. Mathewson6,7,
Dean T. Eurich8, Karim Fouad2,6, David S. Wishart3,4 and Jason R. B. Dyck1*

1Cardiovascular Research Centre, Department of Pediatrics, Faculty of Medicine and Dentistry, University of Alberta, Edmonton,
AB, Canada, 2Faculty of Rehabilitation Medicine - Physical Therapy, University of Alberta, Edmonton, AB, Canada, 3The
Metabolomics Innovation Centre (TMIC), University of Alberta, Edmonton, AB, Canada, 4Department of Biological Sciences,
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Numerous existing full-spectrum cannabis extract products have been used in clinical trials
for the treatment of various diseases. Despite their efficacy, the clinical use of some of
these full-spectrum cannabis extracts is limited by behavioral side effects such as cognitive
dysfunction and impaired motor skills. To better understand what constitutes cannabis-
induced behavioral effects, our objective was to identify a novel panel of blood-based
metabolites that are predictive, diagnostic, and/or prognostic of behavioral effects.

At 8 weeks of age, male rats were randomly assigned to groups and were gavage fed with
full-spectrum cannabis extract (tetrahydrocannabinol/cannabidiol (THC/CBD) along with
all other cannabis compounds, 15 mg/kg), broad-spectrum cannabis extract (CBD along
with all other cannabis compounds, 15 mg/kg), or vehicle oil. Four hours after being
gavage fed, behavioral assessments were determined using the open field test and the
elevated plus maze. Following these assessments, serum was collected from all rats and
the serum metabolites were identified and quantified by LC–MS/MS and 1H NMR
spectroscopy.

We found that only rats treated with full-spectrum cannabis extract exhibited behavioral
changes. Compared to vehicle-treated and broad-spectrum extract–treated rats, full-
spectrum extract–treated rats demonstrated higher serum concentrations of the amino
acid phenylalanine and long-chain acylcarnitines, as well as lower serum concentrations of
butyric acid and lysophosphatidylcholines. This unique metabolomic fingerprint in
response to cannabis extract administration is linked to behavioral effects and may
represent a biomarker profile of cannabis-induced behavioral changes. If validated, this
work may allow a metabolomics-based decision tree that would aid in the rapid diagnosis
of cannabis-induced behavioral changes including cognitive impairment.
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INTRODUCTION

Cannabis has been used for centuries due to its medicinal benefits
(Maayah et al., 2020b). Numerous existing full-spectrum
cannabis extract products, that is, tetrahydrocannabinol/
cannabidiol (THC/CBD), along with many other compounds
such as terpenes and cannabinoids, have been used for the
treatment of various conditions such as neuropathic pain and
inflammation (Izzo et al., 2009; Maayah et al., 2020a; Maayah and
Dyck, 2020). However, despite its efficacy in small patient studies
(Maayah et al., 2020a; Maayah and Dyck, 2020), the clinical use of
full-spectrum cannabis extract is limited due to some of the side
effects such as behavioral changes (Misner and Sullivan, 1999;
Maayah et al., 2020a; Maayah and Dyck, 2020). Behavioral side
effects of full-spectrum cannabis extract involve impaired short-
term memory and concentration (Misner and Sullivan, 1999;
Maayah and Dyck, 2020) as well as delayed reaction time (Misner
and Sullivan, 1999; Maayah and Dyck, 2020), that is, cognitive
dysfunction (Misner and Sullivan, 1999; Maayah and Dyck,
2020). In addition, cannabis-related behavioral effects often
involve reduced motor skills and coordination, which can
eventually affect an individual’s overall quality of life (Misner
and Sullivan, 1999; Maayah and Dyck, 2020) even for tasks like
impairing the ability to drive (Hartman and Huestis, 2013; Lee
et al., 2021). However, there is no evidence that the simple
presence of cannabis impairs cognitive function or affects
motor skills and coordination (Brubacher et al., 2019). Also,
given that many cannabinoids are present in cannabis and a
number of these can induce behavioral changes (Montone et al.,
2020), a test designed to measure THC levels in biological fluid
samples may be misleading as these levels may not be truly
indicative of cognitive dysfunction or impairment in motor skills
(Brubacher et al., 2019). Thus, there remains a crucial need to
identify tests that can help in the detection of full-spectrum
cannabis–related behavioral effects and then devise a real-time
decision tree that would have an impact on different aspects of a
user’s day-to-day activities like the ability to operate a motor
vehicle.

To better understand what constitutes cannabis-induced
behavioral effects, we have used quantitative metabolomics to
identify a novel panel of blood-based metabolites that are
predictive, diagnostic, and/or prognostic of cannabis-induced
behavioral effects. If validated, this work may allow a simple
and reliable decision tree that would aid in the rapid diagnosis of
cannabis-induced behavioral effects including cognitive
impairment.

METHODS

Experimental Design and Treatment
Protocol
All protocols involving rodents were approved by the University
of Alberta Institutional Animal Care and Use Committee
(Health Sciences) and conform to the Guide for the Care and
Use of Laboratory Animals published by the United States
National Institutes of Health (eighth edition; revised 2011).

The University of Alberta adheres to the principles for
biomedical research involving animals developed by the
Council for International Organizations of Medical Sciences
and complies with the Canadian Council on Animal Care
guidelines.

Male Sprague–Dawley rats were purchased from Charles
River Laboratories. All rats were housed under standard
conditions (25°C, 12:12-h light/ dark cycle) with ad libitum
access to food and water. At 8 weeks of age, rats were randomly
assigned into groups and were gavage-fed with broad-spectrum
cannabis extract (i.e., CBD extract along with all other
compounds and cannabinoids, except THC) (15 mg/kg), full-
spectrum cannabis extract products (i.e., THC/CBD extract
along with all other compounds and cannabinoids)
(15 mg/kg), or vehicle oil (Supplementary Table S1). Four
hours after being gavage-fed, behavioral observation
assessments and blood collection were performed. Blood
samples were collected in evacuated blood collection tubes
and then the samples were allowed to clot by leaving them
undisturbed at room temperature for 15 min. Subsequently,
the serum was separated by centrifugation of blood samples
at 2,000 × g for 10 min at 4°C. Following centrifugation, the
serum was transferred into clean polypropylene tubes and
stored at -80°C.

Behavioral Testing
Tests were performed during the light cycle by an experimenter
blind to the group conditions. All testing apparatuses were
cleaned with unscented soap and water and dried between
each animal. The trainer was blinded to treatment groups and
performed behavioral analysis also post session.

Open Field Test
To assess general locomotor performance and exploratory
activity, rats were placed in the center of an open-field arena
(100 × 80 × 30 cm) for 5 min and video recorded from above
(Walsh and Cummins, 1976). Offline video analysis of the
distance traveled was performed using customized tracking
software (https://github.com/cdoolin/rat-apps) (Walsh and
Cummins, 1976). The total distance traveled, percentage of
time spent, and distance traveled in the inner 45% of the
arena were measured, as described previously (Walsh and
Cummins, 1976).

Elevated Plus Maze
To assess anxiety-like behavior, rats were placed in the junction of
two open arms and two closed arms (each arm is 50 cm long and
10 cm wide) elevated 65 cm above the ground while being video
recorded from above for 10 min (Itoh et al., 1990; Sharma and
Kulkarni, 1992). Offline video analysis was performed using
customized motion tracking software (https://github.com/
cdoolin/rat-apps) to analyze the percentage of time spent in
the open arms and total distance traveled (Itoh et al., 1990;
Sharma and Kulkarni, 1992). Entries into the open and closed
arms of the elevated plus maze (EPM) were counted when all 4
paws were located in the arm, as described previously (Itoh et al.,
1990; Sharma and Kulkarni, 1992).
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Combined Direct Flow Injection and Liquid
Chromatography–Tandem Mass
Spectrometry Compound Identification and
Quantification
We applied a targeted quantitative metabolomics approach to
analyze the samples using a combination of direct injection mass
spectrometry with a reverse-phase LC–MS/MS custom assay.
This custom assay, in combination with an AB Sciex 4000
QTRAP (Applied Biosystems/MDS Sciex) mass spectrometer,
can be used for the targeted identification and quantification
of up to 143 different endogenous metabolites including amino
acids, acylcarnitines, biogenic amines and derivatives, uremic
toxins, glycerophospholipids, sphingolipids, and sugars (Sung
et al., 2017;Foroutan et al., 2019; Foroutan et al., 2020). The
method combines the derivatization and extraction of analytes
and the selective mass spectrometric detection using multiple
reaction monitoring (MRM) pairs. Isotope-labeled internal
standards and other internal standards are used for metabolite
quantification. The custom assay contains a 96-well deep well
plate with a filter plate attached with sealing tape, and reagents
and solvents used to prepare the plate assay. The first 14 wells
were used for one blank, three zero samples, seven standards, and
three quality control samples. For all metabolites, except organic
acid, samples were thawed on ice and were vortexed and
centrifuged at 13,000 ×g. Then 10 µl of each sample was
loaded onto the center of the filter on the upper 96-well plate
and dried in a stream of nitrogen. Subsequently, phenyl
isothiocyanate was added for derivatization. After incubation,
the filter spots were dried again using an evaporator. Extraction of
the metabolites were then achieved by adding 300 µl of extraction
solvent. The extracts were obtained by centrifugation into the
lower 96-well deep well plate, followed by a dilution step with MS
running solvent.

For organic acid analysis, 150 µl of ice-coldmethanol and 10 µl
of isotope-labeled internal standard mixture were added to 50 µl
of the serum sample for overnight protein precipitation. Then it
was centrifuged at 13,000× g for 20 min. After that, 50 µl of
supernatant was loaded at the center of the wells of a 96-well deep
well plate, followed by the addition of 3-nitrophenylhydrazine
(NPH) reagent. After incubation for 2 h, a BHT stabilizer and
water were added before LC–MS injection.

Mass spectrometric analysis was performed on an AB Sciex
4000 QTRAP® tandem mass spectrometry instrument (Applied
Biosystems/MDS Analytical Technologies, Foster City, CA)
equipped with an Agilent 1260 series UHPLC system (Agilent
Technologies, Palo Alto, CA). The samples were delivered to the
mass spectrometer by an LC method, followed by a direct
injection (DI) method. Data analysis was performed using
Analyst 1.6.2.

Nuclear Magnetic Resonance
Spectroscopy
Serum samples contain a significant concentration of
large–molecular weight proteins and lipoproteins, which affect
the identification of the small–molecular weight metabolites by

NMR spectroscopy. Therefore, a deproteinization step, involving
ultrafiltration, as previously described (Psychogios et al., 2011),
was therefore introduced in the protocol to remove serum
proteins. Prior to filtration, 3-KDa cutoff centrifugal filter
units (Amicon Microcon YM-3) were rinsed five times each
with 0.5 ml of H2O and centrifuged (10,000 rpm for 10 min)
to remove residual glycerol bound to the filter membranes.
Aliquots of each serum sample were then transferred into the
centrifuge filter devices and spun (10,000 rpm for 20 min) to
remove macromolecules (primarily protein and lipoproteins)
from the sample. The filtrates were checked visually for any
evidence that the membrane was compromised, and for these
samples, the filtration process was repeated with a different filter
and the filtrate inspected again. The subsequent filtrates were
collected, and the volumes were recorded. If the total volume of
the sample was under 250 µl, an appropriate amount from a
150 mM KH2PO4 buffer (pH 7) was added until the total volume
of the sample was 173.5 µ. Any sample that had to have buffer
added to bring the solution volume to 173.5 µl was annotated with
the dilution factor, and metabolite concentrations were corrected
in the subsequent analysis. Subsequently, 46.5 µl of a standard
buffer solution (54% D2O:46% 1.75 mM KH2PO4 pH 7.0 v/v
containing 5.84 mM DSS (2,2-dimethyl-2-silcepentane-5-
sulphonate), 5.84 mM 2-chloropyrimidine-5 carboxylate, and
0.1% NaN3 in H2O) was added to the sample.

The serum sample (250 µl) was then transferred to a 3-mm
SampleJet NMR tube for subsequent spectral analysis. All 1H
NMR spectra were collected on a 700 MHz Avance III (Bruker)
spectrometer equipped with a 5-mm HCN Z-gradient pulsed-
field gradient (PFG) cryoprobe. 1H NMR spectra were acquired
at 25°C using the first transient of the NOESY pre-saturation
pulse sequence (noesy1dpr), chosen for its high degree of
quantitative accuracy (Saude et al., 2006). All FIDs (free
induction decays) were zero-filled to 250K data points. The
singlet produced by the DSS methyl groups was used as an
internal standard for chemical shift referencing (set to 0 ppm),
and for quantification, all 1H NMR spectra were processed and
analyzed using an in-house version of the MAGMET automated
analysis software package using a custom metabolite library.
MAGMET allows for qualitative and quantitative analysis of
an NMR spectrum by automatically fitting spectral signatures
from an internal database to the spectrum. Each spectrum was
further inspected by an NMR spectroscopist to minimize
compound misidentification and misquantification. Typically,
all visible peaks were assigned. Most of the visible peaks were
annotated with a compound name. It has been previously shown
that this fitting procedure provides absolute concentration
accuracy of 90% or better (Zordoky et al., 2015; Ravanbakhsh
et al., 2015).

Cannabinoid Analysis Method
For cannabinoid analysis, 150 µl of ice-cold methanol and 10 µl of
isotope-labeled internal standard mixture were added to 50 µl of
each individual sample (PBS as blank sample, calibration
standards, QC standards, and serum samples) for a 1-h
protein precipitation. All the samples were then centrifuged at
13,000 × g for 20 min. For each sample, 180 µl of the supernatant
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was loaded into the center of corresponding wells of a 96-well
deep well plate, followed by the addition of 90 µl of water to each
well. The plate was then shaken at 600 rpm for 15 min before
LC–MS/MS analysis. Mass spectrometric analysis was performed
on an AB Sciex 5500 QTRAP® tandem mass spectrometry
instrument (Applied Biosystems/MDS Analytical Technologies,
Foster City, CA) equipped with an Agilent 1290 series UHPLC
system (Agilent Technologies, Palo Alto, CA). Data analysis was
done using Analyst 1.6.3.

Statistical Analysis
Results are shown asmeans ± SEM. Statistical analysis was carried
out using GraphPad Prism software (version 7.04) (GraphPad
Software, Inc., La Jolla, CA). The Shapiro–Wilk test was used to
assess the normality of distribution of each parameter. One-way
analysis of variance (ANOVA), followed by the Tukey–Kramer
post hoc multiple comparison test, unpaired two-tailed t-test for
normally distributed data, or Kruskal–Wallis test for non-
normally distributed data were carried out to assess which
treatment group(s) showed a significant difference.

For metabolomic data analysis, log-transformation was
applied to all quantified metabolites to normalize the
concentration distributions. Heat maps were generated with
the concentrations of potential candidate metabolites, which
were extracted with univariate analysis. It was generated
without hierarchical cluster analysis unlike usual structures of
heat maps and simply arranged by grouping similar metabolites
together for use in pathway analysis through intuitive pattern
discovery. The heat map displays an increase in each metabolite
in relative concentration as red color and a decrease in a
metabolite as blue color. The metabolites are listed at the left
side of each row, and the subjects are shown at the bottom of each
column. Partial least squares discriminant analysis (PLS-DA)
score plots were used to compare serum metabolite data
across and between study groups; 100-fold permutation tests
were used tominimize the possibility that the observed separation
of the PLS-DA was due to chance. Coefficient scores and least
absolute shrinkage and selection operator (LASSO) algorithm
were used to identify the most discriminating metabolites for
group comparisons. A receiver operating characteristic (ROC)
curve was determined. The ROC calculations included bootstrap
95% confidence intervals for the desired model specificity and
other measures including accuracy and false discovery rates
(FDR). Metabolite data analyses were done using
MetaboAnalyst (Lopez-Hernandez et al., 2021).

RESULTS

Full-Spectrum Cannabis Extract Induces
Behavioral Changes in Rats
Considering the fact that rats are commonly used animals in
behavioral research (Feyissa et al., 2017), we sought to test the
effect of full-spectrum and broad-spectrum cannabis extracts on
behavioral changes in our rat model using a clinically relevant
dose of cannabis (Huestis, 2007). Given that there is no evidence
that the simple presence of cannabis (i.e., low concentration of

THC) impairs behavior (Brubacher et al., 2019), the dosage of
full-spectrum cannabis extract (15 mg/kg, per oral) we used in
our rat model was selected from the literature from studies in
rodents to provide the highest achievable concentration of THC
in humans (Huestis, 2007). To do this, rats were treated with full-
spectrum cannabis extract, broad-spectrum cannabis extract, or
vehicle (Figures 1A–C). Interestingly, while broad-spectrum
cannabis extract-treated rats did not demonstrate significant
behavioral changes, rats treated with full-spectrum cannabis
extract traveled significantly less distance and made
significantly fewer open arm entries than broad-spectrum
cannabis extract–treated and vehicle-treated rats in the
elevated plus maze (Figures 1D–F). Taken together, these data
suggest that rats administered with full-spectrum cannabis
extract displayed a significant behavioral change.

To further assess general locomotor performance and
exploratory activity, we performed open field tests in our rat
model (Figure 1H). Our results show that full-spectrum cannabis
extract–treated rats displayed a significant reduction in the total
distance traveled in the open field (Figure 1I). In addition, full-
spectrum cannabis extract–treated rats demonstrated a
significant increase in the percentage of inner time compared
to broad-spectrum cannabis extract–treated and vehicle-treated
rats (Figure 1J). However, there was no difference between all
experimental groups in the % time open arms in the elevated plus
maze as well as the inner distance in the open field test (Figures
1G,K). Overall, our data indicate that full-spectrum cannabis
extract induces clear behavioral effects in our rats.

Serum Metabolite Profile Differences
Between Full-Spectrum Cannabis Extract
and Controls
Serum metabolomic analysis of a total of 181 analyzed
metabolites from DI-MS (148 metabolites) and NMR (33
metabolites) revealed that the serum concentrations of some
medium-chain and long-chain acylcarnitines, kynurenine,
phosphatidylcholines (PC) such as PC ae C40:6, some
lysophosphatidylcholines (LysoPC), sphingomyelins (SM) such
as SM(OH) C22:2, and several amino acids such as phenylalanine
were higher in full-spectrum cannabis extract–treated group than
controls (Figure 2A, Supplementary Table S1). Conversely, the
serum concentrations of some short-chain acylcarnitines such as
C4, carnitine, LysoPC such as LysoPC a C18:2, LysoPC a C20:3
and LysoPC a C20:4, butyric acid, glutamic acid, methylmalonic
acid, lactic acid, hippuric acid, homovanillic acid, alpha-
ketoglutaric acid, uric acid, methionine sulfoxide, and several
amino acids such as tyrosine were lower in full-spectrum
cannabis extract–treated group than controls (Figure 2A,
Supplementary Table S2).

To identify potential metabolite biomarkers of cannabis-
related behavioral effects, PLS-DA was performed to find the
most parsimonious model to discriminate full-spectrum cannabis
extract–treated group from the controls. A small number of
metabolites including phenylalanine, tyrosine, butyric acid,
LysoPC a C18:2, C0, alanine, C4, C16, C18:1, proline, trans-
hydroxyproline, and glutamic acid was able to discriminate full-
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spectrum cannabis extract–treated group from the controls.
Receiver operating characteristic (ROC) curve analysis using
only these selected metabolites produced an area under the

curve (AUC) of 0.997 (Figure 2B). The permutation test’s
result (p-value < 0.04) for model validation with an average
accuracy of 0.948 indicated that the model was significant

FIGURE 1 | Full-spectrum cannabis extract induces behavioral changes in rats. (A) Scheme of study design for identifying novel metabolite biomarkers of
behavioral changes in response to cannabis extracts. (B) THC serum concentration and (C) CBD serum concentration that was determined in vehicle-treated, broad-
spectrum cannabis extract–treated, and full-spectrum cannabis extract–treated rats. (D) Image showing a rat in the elevated plus maze apparatus. (E) Total distance
travelled, (F) open arm entries, and (G)% time open arm in vehicle-treated, broad-spectrum cannabis extract–treated and full-spectrum cannabis extract–treated
rats (n = 6). (H) Image showing a rat in the open field apparatus, (I) total distance travelled, (J) % inner time, and (K) inner distance in vehicle-treated, broad-spectrum
cannabis extract–treated, and full-spectrum cannabis extract–treated rats (n = 6). Results are shown as means ± SEM. Comparisons between three groups were made
by one-way ANOVA with a Tukey–Kramer post hoc multiple comparison test or Kruskal–Wallis test. +p< 0.05 vs. vehicle control group. *p < 0.05 vs. broad-spectrum
cannabis extract group. THC, tetrahydrocannabinol; CBD, cannabidiol.
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FIGURE 2 | Metabolomic differences between full-spectrum cannabis extract and controls. (A) Heat map of metabolomic differences between full-spectrum
cannabis extract and controls. Heat maps were generated with the concentrations of potential candidate metabolites with univariate analysis. Similar metabolites were
arranged together for use in pathway analysis through intuitive pattern discovery. The heat map displays an increase in each metabolite in relative concentration as red
color and a decrease in a metabolite as blue color. The metabolites are listed at the left side of each row, and the subjects are shown at the bottom of each column.
(B) Rank of the different metabolites (the top 12) identified by the PLS-DA according to the selected frequency on the x-axis. The most discriminating metabolites are
shown in descending order of their scores. The color boxes indicate whether metabolite concentration has increased (red) or decreased (blue) in vehicle-treated and full-
spectrum cannabis extract–treated rats. (C) ROC curve of the metabolite model. (D) Predictive accuracy of the metabolite model in vehicle-treated and full-spectrum
cannabis extract–treated rats. The figures were drawn via MetaboAnalyst software v 4.0 (https://www.metaboanalyst.ca).
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FIGURE 3 | Metabolomic differences between full-spectrum cannabis extract and broad-spectrum cannabis extract. (A) Heat map of metabolomic differences
between full-spectrum cannabis extract and broad-spectrum cannabis extract groups. Heat maps were generated with the concentrations of potential candidate
metabolites with univariate analysis. Similar metabolites were arranged together for use in pathway analysis through intuitive pattern discovery. The heat map displays an
increase in each metabolite in relative concentration as red color and a decrease in a metabolite as blue color. The metabolites are listed at the left side of each row,
and the subjects are shown at the bottom of each column. (B) Rank of the different metabolites (the top 12) identified by the PLS-DA according to the selected frequency

(Continued )
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(Figures 2B,C). Intriguingly, since the aforementioned
metabolite biomarkers are also detected in human and rodents
with cognitive impairment (Ravaglia et al., 2004; Mapstone et al.,
2014; Ashe et al., 2019; Heyck and Ibarra, 2019), our findings are
highly suggestive that full-spectrum cannabis extract induces
cognitive dysfunction in our rat model.

Metabolomic Differences Between
Full-Spectrum Cannabis Extract and
Broad-Spectrum Cannabis Extract
The metabolomic analysis showed that the serum concentrations
of some medium- and long-chain acylcarnitines, some amino
acids such as phenylalanine, SM(OH) C24:1, SM(OH) C22:2, PC
aa C40:6, tryptophan, and kynurenine were higher in the full-
spectrum cannabis extract–treated group than the broad-
spectrum cannabis extract–treated group, whereas the serum
concentrations of C4, LysoPC a C20:3, LysoPC a C18:2,
LysoPC a C20:4, LysoPC a C14:0, butyric acid, glutamic acid,
hippuric acid, uric acid, methionine sulfoxide, methylhistidine,
asparagine, histamine, creatinine, glycine, serotonin, and several
amino acids were found to be lower in the full-spectrum cannabis
extract–treated group than the broad-spectrum cannabis
extract–treated group (Figure 3, Supplementary Table S3).

For the identification of a potential biomarker panel of
metabolites, we performed a similar PLS-DA of metabolites
from the full-spectrum cannabis extract–treated group and the
broad-spectrum cannabis extract–treated group. Another small
number of metabolites including phenylalanine, butyric acid,
alanine, LysoPC a C20:3, C16:1, C14, C16, proline, trans-
hydroxyproline, valine, isoleucine, and leucine discriminated
full-spectrum cannabis extract–treated group from the broad-
spectrum cannabis extract–treated rats. ROC curve analysis
produced an AUC of 0.996 (Figure 3B). The permutation
test’s result (p-value < 0.05) for model validation with an
average accuracy of 0.932 indicated that the model was
significant (Figures 3B,C). Based on our findings, it is clear
that phenylalanine, butyric acid, alanine, C16, proline, and
trans-hydroxyproline discriminated the full-spectrum cannabis
extract–treated group from the both control and broad-spectrum
cannabis extract–treated rats (Figure 2B, 3B).

Full-Spectrum Cannabis Extract
Significantly Reduces Phenylalanine
Hydroxylase Enzyme Activity
Given that 1) phenylalanine discriminated full-spectrum
cannabis extract group from both control and broad-spectrum
cannabis extract-treated rats (Figure 2B, 3B), and 2) a reduction
in the activity of phenylalanine hydroxylase enzyme is known to
cause behavioral problems and cognitive dysfunction (Ravaglia

et al., 2004; Ashe et al., 2019), we sought to test the effect of full-
spectrum cannabis extract on phenylalanine hydroxylase enzyme
activity by measuring the ratio of tyrosine/phenylalanine.
Interestingly, we found that the full-spectrum cannabis
extract–treated group displayed a significant reduction in the
ratio of tyrosine/phenylalanine compared to both control and
broad-spectrum cannabis extract–treated groups, suggesting that
the behavioral effect induced by the full-spectrum cannabis
extract might be attributed, at least in part, to a reduction in
the activity of phenylalanine hydroxylase enzyme (Figure 4).

DISCUSSION

Herein, we tested the effect of cannabis extracts on behavioral
changes in our rat model using a clinically relevant dose of
cannabis (Huestis, 2007). Given that there is no evidence that
the simple presence of cannabis (i.e., low concentration of THC)
impairs behavior (Brubacher et al., 2019), the dosage of the full-
spectrum cannabis extract we used in our rat model was selected
from studies in rodents to provide the highest achievable
concentration of THC in humans (Huestis, 2007).
Interestingly, while the broad-spectrum cannabis extract
administered in this study did not result in any signs of
behavioral changes, the full-spectrum cannabis extract
displayed significant behavioral changes in our rat model.
Thus, we conclude that consistent with other studies (Misner
and Sullivan, 1999; Maayah and Dyck, 2020), THC is the primary
component of cannabis that is responsible for behavioral changes
(Misner and Sullivan, 1999). Notably, our observations are also in
agreement with studies showing that only high concentration of
THC induces behavioral changes (Brubacher et al., 2019; Lee
et al., 2021), suggesting that the behavioral effect of the full-
spectrum cannabis extract is dose-dependent and supports the
notion that the consumption of low dose of the full-spectrum
cannabis extract is not associated with significant behavioral
changes (Brubacher et al., 2019).

To better understand what constitutes the cannabis-induced
behavioral effect, we used quantitative metabolomics to identify a
novel panel of blood-based metabolites that are predictive,
diagnostic, and/or prognostic of cannabis behavioral effect. If
validated, this could be used as a test to help in the reliable
detection of full-spectrum cannabis extract–related behavioral
changes. For instance, in the present study, we show that
phenylalanine hydroxylase is implicated in the behavioral
changes of the full-spectrum cannabis extract. Our findings
support the hypothesis that an impaired conversion of the
reduced amino acid phenylalanine to tyrosine as a
consequence of the phenylalanine hydroxylase activity may
contribute to the behavioral changes induced by the full-
spectrum cannabis extract (Ashe et al., 2019). In agreement

FIGURE 3 | on the x-axis. Themost discriminating metabolites are shown in descending order of their scores. The color boxes indicate whether metabolite concentration
has increased (red) or decreased (blue) in broad-spectrum cannabis extract–treated and full-spectrum cannabis extract–treated rats. (C) ROC curve of the metabolite
model. (D) Predictive accuracy of the metabolite model in broad-spectrum cannabis extract–treated and full-spectrum cannabis extract–treated rats. The figures were
drawn via MetaboAnalyst software v 4.0 (https://www.metaboanalyst.ca).
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with this hypothesis, elevated phenylalanine concentrations in
blood were found in patients with mild cognitive impairment and
are known to cause severe intellectual disability and cognitive
impairment (Ravaglia et al., 2004; Ashe et al., 2019). Our
observations are also in agreement with several reports
showing that impairment in phenylalanine hydroxylase may
be linked to the change in the production of other
catecholamine neurotransmitters such as dopamine,
epinephrine, and norepinephrine (Romani et al., 2017; Winn
et al., 2018). Thus, it is likely that phenylalanine hydroxylase
activity and/or phenylalanine concentrations in the blood could
be used as a diagnostic and prognostic tool of cannabis-induced
behavioral effect including cognitive dysfunction.

The present study also sheds light on the potential
contribution of microbial by-products, in particular butyric
acid, to full-spectrum cannabis extract–induced behavioral
changes. This finding is congruent with the concept that the
gut microbiome plays a vital role in mental health and
neurological conditions such as motor impairment and
cognitive dysfunction (Tooley, 2020). Given the fact that 1)
butyric acid is known to improve cognitive function and
motor skills (Cantu-Jungles et al., 2019; Heyck and Ibarra,
2019), and 2) we found that the full-spectrum cannabis extract
dramatically reduces the serum concentration of butyric acid, we
speculate that the behavioral changes in our rat model is also
attributed to, at least in part, the disturbances in gut microbiome
composition and a subsequent reduction in butyric acid. Based on
this, in addition to the utilization of the serum level of butyric acid
as a diagnostic tool of the cannabis behavioral effect, we suggest
that butyrogenic prebiotic fibers or sodium butyrate could be
attempted in preclinical and clinical studies to lessen cannabis-
induced behavioral changes including cognitive dysfunction.
Thus, butyrogenic prebiotic fibers or sodium butyrate may
hold promise as a repurposed therapy to reduce cannabis-
related behavioral effects.

Numerous other metabolic perturbations were detected in our
full-spectrum cannabis extract rat model that warrants discussion.
For instance, the serum concentrations of long-chain acyl carnitine
are significantly higher in full-spectrum cannabis extract–treated rats

than broad-spectrum cannabis extract and controls. Given the fact
that carnitine and its acyl derivatives play a vital role inmitochondrial
metabolism and fatty acid uptake, the higher long-chain acyl carnitine
concentration in full-spectrum cannabis extract–treated rats may
suggest inefficient whole-body β-oxidation (Adams et al., 2009). In
addition to inefficient β-oxidation and the disruption in
mitochondrial energy production (Wajner and Amaral, 2015),
long-chain acyl carnitine derivatives are themselves pro-
inflammatory, neurotoxic, and involved in the pathophysiology of
the cerebral damage (Rutkowsky et al., 2014; Wajner and Amaral,
2015). Thus, we assume that long-chain acyl carnitine derivatives
may contribute, at least in part, to the full-spectrum cannabis
extract–induced behavioral effect in our rat model. In contrast to
long-chain acyl carnitine, serum concentrations of neuroprotective
LysoPCs, in particular LysoPC a C18:2, were lower in full-spectrum
cannabis extract–treated rats than in broad-spectrum cannabis
extract–treated and control rats (Semba, 2020). Interestingly, our
observations are in agreement with those of an important recent
study on patients with mild cognitive impairment and Alzheimer’s
disease where LysoPC a C18:2 was found to be lower in patients with
mild cognitive impairment (Mapstone et al., 2014). Thus, it is likely
that LysoPC a C18:2 concentrations in blood could be used as a
diagnostic and prognostic tool of cannabis-induced cognitive
impairment.

Since we have detected distinct metabolomic fingerprints of
the full-spectrum cannabis extract–treated rat model, we sought
to use these fingerprints to discover novel panels of biomarkers
that are predictive, diagnostic, and/or prognostic of the cannabis-
behavioral effect, which can be used later as a test to help in the
rapid detection of full-spectrum cannabis–related behavioral
changes including cognitive dysfunction and impaired motor
skills. Using phenylalanine, butyric acid, alanine, C16, proline,
and trans-hydroxyproline, we discovered a novel panel of
biomarkers that reliably distinguishes the full-spectrum
cannabis extract from the broad-spectrum cannabis extract
and control in rats. Thus, our newly identified panel of
metabolites may have potential to be used clinically in the
diagnosis of a cannabis-related behavioral effect and then
utilized to devise a real-time decision tree that allows people

FIGURE 4 | Full-spectrum cannabis extract may significantly reduce phenylalanine hydroxylase enzyme activity. (A) Serum level of phenylalanine; (B) serum level of
tyrosine, and (C) the ratio of tyrosine to phenylalanine (phenylalanine hydroxylase) in vehicle-treated, broad-spectrum cannabis extract–treated, and full-spectrum
cannabis extract–treated rats (n = 10). Results are shown as mean ± SEM. Comparisons between three groups were made by one-way ANOVA with a Tukey–Kramer
post hoc multiple comparison test. +p< 0.05 vs. vehicle group. *p < 0.05 vs. full-spectrum cannabis extract group.
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to work and operate a motor vehicle. To the best of our
knowledge, this is the first report to identify a set of
biomarkers that can be used as novel metabolite biomarkers of
the behavioral effect in response to the consumption of cannabis
extracts.

In summary, our results suggest that decreased phenylalanine
hydroxylase activity, low serum level of butyric acid and LysoPC a
C18:2, and increased long-chain acyl carnitine may play a crucial
role in the full-spectrum cannabis extract–induced behavioral
effects in our rat model. We also used an unbiased and systematic
approach to identify novel metabolite biomarkers of behavioral
effect in response to the full-spectrum cannabis extract. Thus,
once our findings are clinically validated and refined, our work
may allow a simple decision tree that would aid in the rapid
diagnosis of cannabis-related behavioral effects. This would have
potential applicability in different aspects of a users’ day-to-day
activities such as operating a motor vehicle or heavy machinery.
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Medicinal Cannabis and Central
Nervous System Disorders
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Cannabinoids, including those found in cannabis, have shown promise as potential
therapeutics for numerous health issues, including pathological pain and diseases that
produce an impact on neurological processing and function. Thus, cannabis use for
medicinal purposes has become accepted by a growing majority. However, clinical trials
yielding satisfactory endpoints and unequivocal proof that medicinal cannabis should be
considered a frontline therapeutic for most examined central nervous system indications
remains largely elusive. Although cannabis contains over 100 + compounds, most
preclinical and clinical research with well-controlled dosing and delivery methods utilize
the various formulations of Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD), the two
most abundant compounds in cannabis. These controlled dosing and delivery methods
are in stark contrast to most clinical studies using whole plant cannabis products, as few
clinical studies using whole plant cannabis profile the exact composition, including
percentages of all compounds present within the studied product. This review will
examine both preclinical and clinical evidence that supports or refutes the therapeutic
utility of medicinal cannabis for the treatment of pathological pain, neurodegeneration,
substance use disorders, as well as anxiety-related disorders. We will predominately focus
on purified THC and CBD, as well as other compounds isolated from cannabis for the
aforementioned reasons but will also include discussion over those studies where whole
plant cannabis has been used. In this review we also consider the current challenges
associated with the advancement of medicinal cannabis and its derived potential
therapeutics into clinical applications.

Keywords: cannabinoid 1 receptor, cannabinoid 2 receptor, serotonin 1a receptor, clinical research, addiction, pain,
neurodegeneration, anxiety

1 INTRODUCTION

Interest in cannabinoids has continued to grow as they steadily show increased potential as
therapeutics for treating a diverse range of diseases and illnesses. Therapeutic actions of these
cannabinoids are in part the result of two identified cannabinoid receptors, both of which are G
protein-coupled receptors. Cannabinoid 1 receptors (CB1R) appear in high densities among
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FIGURE 1 | Spatial distribution of CB1R [(A), green shading], CB2R [(B), purple shading], and 5-HT1A receptors [(C), brown shading] within healthy brain regions.
Lighter shaded regions represent low receptor density while darker shaded regions represent high receptor density. In these images, PFC, Prefrontal Cortex; CCX,
Cerebral Cortex; CB, Cerebellum; CPu, Caudate Putamen; HPC, Hippocampus; TH, Thalamus; HPT, Hypothalamus; Nac, Nucleus Accumbens; SNr, Substantia Nigra
pars compacta; VTA, Ventral Tegmental Area; PAG, Periaqueductal gray; AMG, Amygdala.
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presynaptic neurons within the central nervous system (CNS),
particularly among GABAergic interneurons, and peripheral
neurons as well as on astrocytes and oligodendrocytes (Huang
et al., 2001; Katona et al., 2001; Ohno-Shosaku et al., 2001; Szabo
et al., 2005). The behavioral effects of cannabinoid consumption,
termed as “cannabimimetic” behavioral effects, are mediated by
neuronal CB1R. Such cannabimimetic effects include acute
antinociception, decreased locomotion, catalepsy, and
hypothermia (Little et al., 1988; Ledent et al., 1999; Grim
et al., 2016). CB1R are also associated with anti-inflammatory
mechanisms, contributing to therapeutic prospects of CB1R
agonists (Richardson et al., 1998; Kraus et al., 2009; Newton
et al., 2009). CB2 receptors (CB2R) are expressed by immune cells
including microglia, astrocytes, oligodendrocytes (Munro et al.,
1993;Galiegue et al., 1995; Schatz et al., 1997; Carayon et al.,
1998), and discrete neuronal populations (Onaivi et al., 2008a)
within the brainstem (Van Sickle et al., 2005), and the
hippocampus (Stempel et al., 2016). Unlike CB1R agonism,
CB2R agonism does not result in the cannabimimetic effects
observed with CB1R agonists whilst still producing anti-
inflammatory signaling cascades (Rahn et al., 2011). Despite
the current, vast library of synthetic cannabinoid ligands
generated, clinical research has extensively utilized variations
of Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD)
due to their well-controlled dosing and delivery methods.
Within this review, we report on the use of THC (a non-
selective CB1R/CB2R agonist) and its clinically approved
synthetic formulations, dronabinol and nabilone, THC/CBD
formulations as nabiximols and medicinal cannabis, and CBD
(limited agonism at CB1R/CB2R) and its clinically approved
formulation, Epidiolex. Not discussed at length within this
review, it should be noted that medicinal cannabis contains
over 100 different compounds, including acid
phytocannabinoids, cannabigerol, as well as cannabis-related
terpenoids (Russo, 2018). Each of these cannabis compounds
has its own pharmacology which can include activity at receptors
not discussed within this review, and these compounds may
modify resultant THC, CBD activity as well as overall
medicinal cannabis therapeutic potency.

The therapeutic actions of CBD are generally attributed to
non-CB1R/ CB2R activity, including partial agonist activity at the
5-HT1A receptor, although potential endocannabinoid
modulatory effects of CBD cannot be eliminated (De Gregorio
et al., 2019; King et al., 2017). Serotonin 5-HT1A receptors are G
protein-coupled receptors located on presynaptic serotonergic
neurons and postsynaptic non-serotonergic neurons, astrocytes,
oligodendrocytes, and microglia, with a high density of
distribution within limbic brain areas (Barnes & Sharp, 1999;
Riad et al., 1991, 2000). Additionally, 5-HT1A receptors are also
expressed within primary afferent neurons and their peripheral
terminals (Björk et al., 1992; Granados-Soto et al., 2010; Laporte
et al., 1995; Perrin et al., 2011). Figure 1shows the spatial
distribution of CB1R, CB2R, and 5-HT1A receptors within the
brain. Agonism of 5-HT1A receptors has been shown to inhibit
nociception (Gjerstad et al., 1996; Bardin et al., 2003; Haleem &
Nawaz, 2017), exhibit neuroprotective effects (Miyazaki et al.,
2013; Isooka et al., 2020; Kikuoka et al., 2020), and alleviate the

severity of several anxiety disorders (Sussman and Joffe, 1998;
Campos and Guimarães, 2008).

The diverse physiological activity resultant of these
cannabinoids indicates a wide breadth of potential therapeutic
indications. As medicinal cannabis related clinical research has
predominately focused on CNS-related diseases, such as
neurodegeneration and neurological disorders, pain, substance
use disorders, and anxiety disorders, this review will first examine
evidence that supports or refutes the therapeutic utility of
cannabinoids for the treatment of neurodegenerative disease,
pain, mood disorders, and substance use disorders. Table 1
summarizes these clinical studies. Not discussed at length
within this review, medical cannabis has also shown promise
in treating other CNS-related diseases, such as brain tumors and
gliomas (Russo, 2018). Despite continued growing interest and an
increasing trove of preclinical research that exemplifies the
therapeutic potential of cannabinoids, the development of
viable, approved therapeutics remains elusive due to various
challenges in formulation and bioavailability, efficacy, and
tolerability. In this review we will address some of the
challenges and considerations within the cannabinoid field
that may be important in advancing such therapeutics into the
clinic while presenting recent findings that provide a more up to
date understanding of where the field currently lies regarding the
therapeutic viability of cannabinoids.

2 CANNABINOID INVOLVEMENT IN
CENTRAL NERVOUS SYSTEM DISEASES
AND DISORDERS
2.1 Neurodegenerative and Neurological
Diseases
Neurodegenerative and neurological diseases that commonly
afflict those in mid to late life have steadily become a
common cause of mortality worldwide as elderly populations
have continued to grow. Epidemiological reviews of these
neurodegenerative diseases show that associated deaths have
increased within the last 25 years, having increased worldwide
by more than 35% (Group GNDC, 2017).

2.1.1 Alzheimer’s Disease
Alzheimer’s disease (AD) is the most common neurodegenerative
disease that contributes to approximately 60–80% of all dementia
cases globally (Erkkinen et al., 2018) and is characterized by the
formation of β-amyloid plaques, phosphorylated tau proteins,
formation of neurofibrillary tangles, glial activation, and neuronal
death (Scheltens et al., 2021). Structural imaging of AD brains
observed atrophy of the hippocampus and in later stages, the
frontal cortex, areas with high density distribution of CB1R (Glass
et al., 1997; Biegon & Kerman, 2001; Erkkinen et al., 2018).
However, such atrophy is not necessarily correlative of observed
deficits in declarative memory and recall (Nelson et al., 2009;
Iqbal et al., 2010; Aschenbrenner et al., 2018).

Alterations in CB1R expression resultant of AD maintains
itself as a point of contention. Studies have reported considerable
decreases in CB1R expression within post-mortem AD patient
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brain tissues (Ramírez et al., 2005), particularly those compared
to age-matched controls (Solas et al., 2013). Others found no
change regarding distribution or expression of CB1R within the
hippocampus and cortex (Benito et al., 2003; Lee et al., 2010;

Mulder et al., 2011; Ahmad et al., 2014). CB2R expression has
been found to be significantly increased with the accumulation of
b-amyloid plaques (Benito et al., 2003; Ramirez et al., 2005; Solas
et al., 2013), even in instances where plaque accumulation did not

TABLE 1 | Cannabinoids and the clinical work done investigating them as novel therapeutics.

Compound Safety Clinical outcomes References

Nabilone No major adverse effects: minor side
effects include fatigue, dizziness, anxiety,
dry mouth

- Improvements among both motor and non-motor
symptoms of PD.

Colwill et al., 2020; Hill et al., 2017; Kayser et al.,
2020a; Levin et al., 2017; Peball et al., 2020;
Ruthirakuhan et al., 2020- Improved motor function in MS patients. No

improvement in cognitive function in MS patients. Self-
reported improvements in pain measures among MS
patients
- Minimal effect on symptoms of OCD, significant
therapeutic effect observed when paired with
behavioral therapy
- Nabilone exhibits anti-inflammatory effects in
instances of AD.
- Failed to minimize post operative nausea and
vomiting
- Reduced cannabis use among cannabis dependent
patients, not discernable from placebo
- No reduction on maximal pain levels experienced by
women undergoing medical abortion

Dronabinol No major adverse effects: side effects
include euphoria, dry mouth

- Inconsistent acute analgesia observed with
hydromorphone coadministration in healthy patients.
No effect on chronic pain

Babalonis et al., 2019; Dunn et al., 2021; Malik et al.,
2017; Schimrigk et al., 2017; University of California,
Davis, 2018

- Reduced pain intensity, though no different from
placebo in alleviating neuropathic pain
- Reduced pain perception in patients with noncardiac
chest pains
- Dronabinol did not enhance analgesia produced by
oxycodone and increased abuse-related subjective
effects

Nabiximols No major adverse effects: side effects
include sedation, dizziness, nausea

- Slight improvements in self-reported pain evaluations
in advanced cancer. Improved quality of life for
secondary symptoms associated with advanced
cancer

Collin et al., 2007; Fallon et al., 2017; Johnson et al.,
2010; Kavia et al., 2010; Lichtman et al., 2018;
Lintzeris et al., 2019; Markovà et al., 2019; Notcutt
et al., 2004; Nurmikko et al., 2007; Portenoy et al.,
2012; Riva et al., 2019; Rog et al., 2005; Trigo et al.,
2018; Wade et al., 2004; Wade et al., 2006

- Reduced the amount of cannabis consumed by
cannabis dependent patients and reduced the number
of cravings
- Reduced spasticity in patients with motor neuron
disease and MS.

Cannabidiol No major adverse effects: side effects
include fatigue, diarrhea

- Reduction of tremors, improved sleep, and improved
emotional control in PD patients

Capano et al., 2020; Leehey et al., 2020; Xu et al.,
2020

- Chronic pain patients reduced or eliminated use of
prescribed opioids when CBD is added to regimens
- Symptomatic relief of peripheral neuropathy of the
lower extremities

Whole
Cannabis

No major adverse effects: side effects
include sedation, anxiety in high THC
concentrations

- Reduced reported intensity of chronic pain among
patients with general improvements to anxiety and
depression

Bonn-Miller et al., 2021; Haroutounian et al., 2016;
Kayser et al., 2020b; O’Connell et al., 2019; Rudroff,
2020; Vigil et al., 2017; Ware et al., 2010, 2015;
Zajicek et al., 2012- Decrease inmaximum strength among those withMS

and consuming medicinal cannabis. Relief of muscle
stiffness observed after 12 weeks of consumption
- No difference in anxiolytic effects observed compared
to placebo in PTSD patients
- Minimal acute effect on OCD associated anxiety
compared to placebo
- Reduced consumption of prescribed opioids among
patients with chronic pain. Instances of opioid
cessation
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induce cognitive impairment (Solas et al., 2013). Increasing
evidence supports a potential contributory role of the
serotonergic system in AD. Serotonin 5-HT1A receptors are
expressed in the hippocampus and are involved with memory
processing and learning (Ögren et al., 2008; Muzerelle et al., 2016;
Solís-Guillén et al., 2021).

Preclinical studies have shown marked decreases in 5-HT1A
receptor expression across various regions sampled from human
AD brains (Bowen et al., 1983; Cross et al., 1984; Lai et al., 2003).
5-HT1A receptors as a target for alleviating cognitive dysfunction
has shown promise. Continued research with 5-HT1A receptor
antagonists, such as lecozotan, enhanced cognitive function in a
rat model of scopolamine induced amnesia (Skirzewski et al.,
2010), as well as enhanced cognitive performance in aged rhesus
monkeys and reversed cognitive deficits associated with
cholinergic lesions in marmosets (Schechter et al., 2005). As
partial agonists buspirone and tandospirone both improved
AD patient mood and behavior, further research into 5-HT1A
modulation, via CBD or other cannabinoids with serotonergic
activity, may provide promising therapeutics able to alleviate AD
associated cognitive dysfunction, behavioral decline and memory
impairment (Salzman, 2001; Sato et al., 2007). Indeed, in
accordance with CBD’s serotonergic activity profile, CBD has
shown utility in animal AD models. Utilizing
intracerebroventricular administration of beta-amyloid in mice
to simulate cognitive impairment associated with AD, it was
shown that intraperitoneal administration of CBD was able to
modulate beta-amyloid activation of microglia and restore
cognitive function as indicated by decreased latencies in the
Morris water maze compared to vehicle controls (Martín-
Moreno et al., 2011). Furthermore, THC exhibits
neuroprotective effects when administered within a transgenic,
beta-amyloid expressing AD mouse model with observed
reductions in neuronal loss and reduced accumulation of
b-amyloid compared to vehicle controls (Franke et al., 2019).

Recent clinical studies have demonstrated potential
therapeutic benefit with nabilone for the treatment of
neurodegenerative and neuroinflammatory diseases. In a
double-blind, randomized cross-over AD study, markers for
oxidative stress and neuroinflammation, such as tumor
necrosis factor-α, were decreased following nabilone
administration (1–2 mg), indicating a correlative association
with reductions in agitation and decreased inflammation
markers (Ruthirakuhan et al., 2020).

2.1.2 Parkinson’s Disease
Parkinson’s disease (PD) is the second most common
neurodegenerative disease after AD, with an estimated
prevalence of 572 per 100,000 among those aged 45 years and
older (Marras et al., 2018), and doubling of such instances within
the next 2 decades is expected (Dorsey et al., 2018). Characterized
by the loss of dopaminergic neurons within the substantia nigra
pars compacta, the resulting loss of dopaminergic striatal input
nigra leads to the hallmark observable changes of PD. These
changes include reductions in motor function such as resting
tremor, bradykinesia, postural instability, and rigidity (Davie,
2008) as well as cognitive impairment, mood disorders, and pain

sensory disturbances (Erkkinen et al., 2018). While instances of
PD are thought to be sporadic, genetic mutations are heavily
linked to PD onset, including missense mutations with genes
PARK1, PARK2, and PARK7 (Blauwendraat et al., 2020).
Proinflammatory signaling is thought to play a role in disease
progression as well (for reviews see Wang et al., 2015; Klein and
Westenberger, 2012), providing therapeutic potential to
cannabinoids and their anti-inflammatory nature.

Research has shown that CB1R mRNA expression is decreased
within preclinical rat models of toxin induced PD (Silverdale
et al., 2001; Walsh et al., 2010) and genetic mouse models of PD
(García-Arencibia et al., 2009). However, decreases in mRNA
expression observed in genetic mouse models were shown to be
reversed in later disease stages with increased CB1R mRNA
expression (García-Arencibia et al., 2009). Significant
reductions in CB1R expression within the ventral
mesencephalic region are observed in early-stage PD patients
compared to healthy controls (Van Laere et al., 2012). Similarly,
CB1R mRNA was found to be reduced in the caudate nucleus,
anterior dorsal putamen, and the external globus pallidus in
human post-mortem brain tissues taken from PD patients
(Hurley et al., 2003; Van Laere et al., 2012). However, up
regulation of both CB1R and CB2R expression has been
observed within the substantia nigra in human post-mortem
striatal brain tissues taken from medicated PD patients
(Navarrete et al., 2018). Serotonergic systems are affected
alongside the dopaminergic denervation associated with PD
with observed decreases in serotonin and dopamine
concentration in cerebrospinal fluid and human striatum
(Tohgi et al., 1992; Kish et al., 2008; Politis & Niccolini, 2015).
Using positron emission tomography, it was found that 5-HT1A
receptor binding was reduced significantly in PD patients
compared to healthy controls, with a significant correlation
between reduction in binding and tremor severity (Doder
et al., 2003).

Blocking serotonergic signaling with the 5-HT1A agonist
buspirone was found to reduce the development of l-DOPA-
induced dyskinesia in a 6-hydroxydopamine (6-OHDA) lesion
model of PD in rats (Eskow et al., 2007). Using the same 6-OHDA
lesion model to induce dopamine depletion associated with PD in
rats, it was found that CBD was able to recover dopamine levels
when given immediately after lesion induction (García-Arencibia
et al., 2009). However, the same study had found that
administration of CBD 1 week after the lesion did not affect
dopamine levels. Preclinical research studying the effects of THC
in PD models have reported potential neuroprotective effects.
Utilizing an in vitro model of PD with SH-SY5Y cells and PD
relevant toxins, THC was shown to have an active
neuroprotective effect that mitigated cell death following
exposure to toxins that generate free radicals and inhibit
mitochondrial function (Carroll et al., 2012). THC treatment
within a marmoset PD model was also shown to improve
locomotor activity associated with spontaneous exploratory
behavior and complex tasks requiring hand-eye coordination
(van Vliet et al., 2008). Neuroprotective effects were observed
following daily intraperitoneal administration of THC over the
course of 2 weeks within a preclinical rat model of toxin induced
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PD, with THC having reduced dopaminergic loss (Lastres-Becker
et al., 2005).

Clinical studies utilizing CBD administration in PD patients
have observed a reduction in the occurrence of psychotic
symptoms that include sleep disturbances, hallucinations, and
delusions (Zuardi et al., 2009), reduced tremor amplitude (de
Faria et al., 2020), and an overall observed improvement in
patient well-being and motor function (Chagas et al., 2014). A
recent clinical trial utilizing CBD (Epidiolex) found similar
improvements in PD associated symptoms with patients
experiencing good tolerability with no major adverse effects
with the 5–25 mg/kg/day dosing schedule (Leehey et al., 2020).
A phase II, randomized, placebo-controlled, double-blind study
to examine the effectiveness of nabilone to impact non-motor
adverse effects related to PD has recently concluded and had
found that PD patients given nabilone responded positively to
doses up to 1 mg with good tolerability and with nomajor adverse
effects reported (Peball et al., 2020). Clinical assessment surveys
and self-scoring methods from this study indicated that patients
receiving nabilone experienced improvements to non-motor
adverse effects as opposed to the placebo arm, which reported
increased disturbances resultant of non-motor adverse effects.

2.1.3 Huntington’s Disease
Huntington’s disease (HD) is a rare genetic neurodegenerative
disorder resultant of excessive extension of CAG repeats within
the huntingtin gene. Symptoms of HD include alterations in
movement, mood, and cognition (see McColgan and Tabrizi,
2018) with an estimated prevalence of approximately 3 cases per
100,000 (Erkkinen et al., 2018). Cardinal features of HD include
neuronal death and neuroinflammation in the striatum, globus
pallidus, substantia nigra, and cerebral cortex (Hickey and
Chesselet, 2003), with advanced stages of HD exhibiting wide-
spread neuronal death among the cerebellum, hippocampus, and
brain stem (Erkkinen et al., 2018).

Preclinical studies utilizing genetic mouse models of HD
observed decreases in CB1R mRNA within the striatum,
cortex, and hippocampus in initial phases of HD (Denovan-
Wright and Robertson, 2000; McCaw et al., 2004; Dowie et al.,
2009). In rat preclinical studies utilizing a pharmacological model
of HD, both CB1R mRNA and protein were decreased in the
caudate putamen, basal ganglia, globus pallidus, and substantia
nigra (Lastres-Becker et al., 2001, 2002), though administration of
substances that increased endocannabinoid activity was found to
have activated the decreased population of CB1R and improve
subject motor function (Lastres-Becker et al., 2002). Utilizing
quantitative autoradiography in post-mortem brain tissue
sections from HD patients, a significant loss in CB1R protein
was observed within the globus pallidus, and substantia nigra
(Glass et al., 1993; Richfield & Herkenham, 1994). Conversely,
reductions in CB1R expression have been accompanied by
increased expression of CB2R among astrocytes and microglia
in preclinical rat pharmacological models of HD (Fernández-Ruiz
et al., 2007; Basavarajappa et al., 2017). Post-mortem brain tissues
from HD patients and transgenic mice models also exhibit
increased CB2R expression within the caudate putamen as well
as in striatal microglia (Palazuelos et al., 2008). Disruption of the

serotonergic system has been observed in striatal samples from
HD patient brains where serotonin transporter protein was found
in increased concentrations compared to age matched healthy
controls and early-stage HD brain samples (He et al., 2019). In
brains taken from a transgenic HD mouse, binding analyses of 5-
HT1A receptors found reduced binding of 5-HT1A receptor
agonists among hippocampal and striatal regions of the brain,
indicating further disruption of the serotonergic system within
HD (Yohrling IV et al., 2002).

Within a rat pharmacological model of HD, THC produced
neuroprotective effects, which further suggests that THC may
have therapeutic potential, as well as lends additional credence
that cannabinoid receptor dysfunction may be involved in HD
etiology (Lastres-Becker et al., 2004). In a preclinical study
utilizing a rat model of striatal atrophy, CBD administration
was able to reverse neurodegeneration following a 5 mg/kg/day
dosing schedule over 5 days, and the authors found that these
effects were likely the result of the intrinsic antioxidant potential
held by CBD (Sagredo et al., 2007).

One small scale pilot study has indicated potential therapeutic
capacity of nabilone in HD, having observed improvements to
motor skills and participant cognition (Curtis et al., 2009). A case
report also observed that medicinal cannabis and nabilone were
able to improve patient motor function and cognitive behavior,
though no measured responses were taken and reports were
anecdotal (Curtis & Rickards, 2006) In contrast, clinical trials
have observed either no significant difference in motor function
and cognition with nabiximols compared to placebo controls
(Lopez-Sendon Moreno et al., 2016), failure to provide
symptomatic protection with CBD (Consroe et al., 1991), or
significant increases in involuntary movements with nabilone
(Müller-Vahl et al., 1999).

2.1.4 Multiple Sclerosis
Multiple sclerosis (MS) is a debilitating neurodegenerative disease
largely affecting individuals in early adult life with an increasing
prevalence of 1 per 3,000 individuals, or approximately 2.8
million people worldwide (Walton et al., 2020). Characterized
pathologically by hallmarks that include inflammation, axonal
and neuronal loss, demyelination, and astrocytic gliosis within
the brain stem and spinal cord (Goldenberg, 2012; Thompson
et al., 2018), MS is physiologically characterized by episodes of
sensory and motor impairments driven largely by
neurodegeneration.

Preclinical studies utilizing experimental autoimmune
encephalomyelitis MS models have observed reduced
expression of CB1R among the striatum and cortex of rats
(Berrendero et al., 2001), and mice deficient in CB1R used in
experimental autoimmune encephalomyelitis MS models exhibit
enhanced neurodegeneration compared to control subjects
(Pryce et al., 2003). Similarly, studies utilizing human post-
mortem CNS tissue samples have observed increased
expression of CB1R among cortical neurons, oligodendrocytes,
oligodendrocyte precursor cells and macrophages near plaques
associated with MS (Benito et al., 2007; Palazuelos et al., 2008).
Likewise, CB2R receptor expression and density were found to
have been increased in MS, particularly in T-lymphocytes,
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astrocytes, microglia, and macrophages near active plaques
(Yiangou et al., 2006; Benito et al., 2007). Utilizing photon
emission tomography, patients with MS were found to have
lower availability of serotonin transporters throughout the
limbic system, a factor that may contribute to the psychiatric
symptoms associated with MS, as well as disturbed modulation of
the immune system (Hesse et al., 2014). CBD has been shown to
provide therapeutic benefits for the treatment of MS, though
further research is needed to understand the mechanisms driving
such activity. Preclinical studies utilizing experimental
autoimmune encephalomyelitis in mice have found that CBD
administration ameliorated the severity of MS symptoms when
given during disease onset (Kozela et al., 2011), inhibited
production of pro-inflammatory cytokines (Giacoppo et al.,
2017), and attenuated the infiltration of CD4+ T cells and
macrophages into the central nervous system (Constantinescu
et al., 2011; Giacoppo et al., 2017).

Although nabiximols administration has not been found to
improve cognitive function of patients (Rekand, 2014; Lopez-
Sendon Moreno et al., 2016; Riva et al., 2019), the THC:CBD
spray combination has not been associated with cognitive decline in
long-term use (Rekand, 2014), a salient concern, given that long-
termTHCuse has been linked to poor cognitive health (Crean et al.,
2011). Compared to placebo controls, early clinical trials
demonstrated that nabiximols displayed efficacy in the
alleviation of MS-associated spasticity and reduced both spasm
number instances and severity during treatment (Collin et al., 2007;
Novotna et al., 2011;Wade et al., 2004, 2006). Amore recent clinical
trial utilizing nabiximols for the treatment of symptoms associated
with MS observed superior improvement of MS induced spasticity
compared to adjustments in first-line anti-spasticity medication
alone (Markova et al., 2019). Similar improvements have been
reported with clinical trials utilizing 10 mg dronabinol, where
reductions in spasticity and improved ambulation (University of
California, Davis, 2018) and modest improvements in pain
assessments (Svendsen et al., 2004) were observed. While these
studies report good tolerability with no major adverse effects,
dronabinol was found to have no improvements on cognitive
function and indications of worsening cognitive function with
time (University of California, Davis, 2018). Whole cannabis
extract was also found to have relieved muscle stiffness
experienced by MS patients (Zajicek et al., 2012). Finally,
medicinal cannabis was found to have slightly reduced fatigue
among MS patients compared to age/sex matched controls with
no record of cannabis use (Rudroff, 2020). Though this comparative
observational study reports good tolerability as well, there is no
mention of total cannabis consumption among patients. These
findings are summarized in Table 1.

2.1.5 Amyotrophic Lateral Sclerosis
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease with a prevalence between 4.1 and 8.4 per 100,000
persons, characterized by gradual loss of muscle control
resultant of increasing muscle weakness and wasting
(Longinetti & Fang, 2019). This results in the progressive loss
of the ability to chew, swallow, talk and breathe, ultimately
leading to death (Zarei et al., 2015). Portions of those with

ALS will also experience frontotemporal dementia and changes
in behavior and cognition as the disease progresses (Masrori &
Damme, 2020). While 90–95% of all ALS cases are sporadic with
unknown etiology (Zarei et al., 2015) and pathogenesis is not
completely understood, it is thought that mechanisms associated
with excitotoxicity, oxidative stress, and neuroinflammation are
implicated with ALS onset (Rao & Weiss, 2004; Liu & Wang,
2017; Batra et al., 2019).

Preclinical research utilizing a genetic mouse model of ALS
presents conflicting observations regarding CB1R. Compared to
healthy controls, reductions in spinal cord motor neuron CB1R
expression has been observed in the early, pre-symptomatic stage
in a mouse ALS model, with an elevation of expression observed
in the symptomatic stage (Zhao et al., 2008). The authors suggest
that this may be indicative of a neuroprotective action
compensating for initial losses in CB1R, though ultimately,
expression of CB1R was reduced in end-stage ALS mouse
models, suggesting continued declination in neuronal health
(Zhao et al., 2008). Another preclinical study utilizing genetic
ablation of CB1R in a genetic mouse model of ALS observed an
extension of life span compared to wild type subjects (Bilsland
et al., 2006). However, ablation also resulted in significant motor
neuron death and decreased survival of remaining motor
neurons. An immunocytochemistry analysis of post-mortem
spinal cord tissue taken from ALS patients observed increased
CB2R immunoreactivity within areas exhibiting neuronal
degeneration (Yiangou et al., 2006). Further analyses will be
needed to understand the role of cannabinoid receptors in
ALS experienced by humans. Motor neurons preferentially
affected in ALS are densely innervated by 5-HT expressing
neurons; their degeneration may provide the pathological link
to the spasticity commonly seen with ALS (Sandyk, 2006; Dentel
et al., 2013). In ALS patient brainstem samples, it was found that
there was severe degeneration of serotonergic neurons compared
to healthy controls (Dentel et al., 2013).

Studies utilizing a transgenic mouse model of ALS have
observed that mice treated with THC (Raman et al., 2004;
Weydt et al., 2005), experienced delayed disease progression
and prolonged survival. An in vitro component to one such
study found that THC effectively reduced oxidative stress and
minimized excitotoxicity within mouse spinal cord cultures
(Raman et al., 2004), suggesting that THC possesses potential
neuroprotective effects which may be beneficial in treating ALS.

Current clinical research into the use of cannabinoids in ALS is
limited, though previously mentioned clinical trials in other
neurodegenerative diseases suggest therapeutic potential in
ALS. Observations gathered from patient surveys suggest that
medicinal cannabis provides therapeutic relief of symptoms of
ALS such as pain, spasticity, and excessive drooling, however
these observations are limited by the comparatively small number
(10% of those surveyed) of those having used cannabis recently at
the time of survey (Amtmann et al., 2004). A randomized
placebo-controlled clinical study utilizing nabiximols in
patients with ALS report reductions in spasticity symptoms
with no report of major adverse effects (Riva et al., 2019).
Finally, a clinical study investigating the efficacy of THC in
mitigating cramping associated with ALS observed no
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subjective improvement of cramp intensity among ALS patients,
though THC was well tolerated with no major adverse effects
reported with 10 mg daily oral administrations (Weber et al.,
2010). These findings are summarized in Table 1.

2.1.6 Epilepsy
Seizures are the result of abnormal synchronous neuronal
excitation within the brain with etiologies including genetic
predisposition, injury, brain tumors, and neurodegenerative
diseases (Falco-Walter, 2020). The prevalence of epilepsy is
between 50.4 to 81.7 per 100,000 persons annually and
continues to rise as advances in healthcare lead to increased
survivability of traumatic head injuries, stroke, and increased
lifespans (GBD 2016 Epilepsy Collaborators, 2019).

As discussed above cannabinoid compounds have exhibited
antispastic capacity in a range of neurodegenerative disease states
that gives further support to the use of cannabinoids for the treatment
of epileptic convulsions. THC-related anticonvulsant activity is likely
the result of CB1R stimulation. Preclinical evidence suggests that the
endogenous cannabinoid system contributes to the regulation of
seizure frequency. Mice lacking functional CB1R or mice that have
genetic alterations in endogenous cannabinoid system activity which
lead to decreased CB1R tone are characterized to be seizure prone
(Clement et al., 2003; Marsicano et al., 2003). THC completely
abolished spontaneous seizures within a rat model of epilepsy,
while CB1R antagonism with SR141716A increased seizure
duration and frequency (Wallace et al., 2003). The same study
also revealed that CB1R expression was significantly increased
within epileptic hippocampi (Wallace et al., 2003). CBD-related
anticonvulsant activity is likely due to its 5-HT agonist properties,
actions at voltage-gated sodium ion channels, as well as its ability to
modulate intracellular calcium storage. In vitro studies, CBD
selectively inhibited aberrant sodium currents in mutated sodium
ion channel expressing cells and had no effect on normal sodium
channel activity (Patel et al., 2016). In amouse ex vivo epilepsymodel
CBD pre-exposure blocked aberrant hippocampal nerve firing, and
these protective effects were inhibited by either a reduction in
serotonin tone, or pharmacologically, by a calcium store
antagonist (Maggio et al., 2018).

Clinical research has yielded promising results with the use of
cannabinoids for treating epilepsy. However, current interest has
been focused largely on CBD due to good tolerability and lack of
psychoactive effects (Jones et al., 2010). CBD utilization within
clinical trials of treatment-resistant epilepsy (Devinsky et al.,
2016; Gaston et al., 2019) and Dravet syndrome (Devinsky
et al., 2018, 2019) with clinically approved Epidiolex was
found have significantly reduced the occurrence and duration
of epileptic seizures. Long term safety and quality of life studies
with Epidiolex also indicated that CBD provides effective long-
term treatment with good tolerability and improves patient
quality of life (Gaston et al., 2019; Laux et al., 2019).

2.1.7 Increasing Prevalence Requires Further
Research
The prevalence of neurodegenerative and neurological disease
continues to rise globally as improvements in healthcare result in
improved survivability of many previously fatal diseases and

longer life spans. However, with increases by more than 35%
in death rates among those with neurodegenerative diseases
within the past 25 years, therapeutics are needed urgently.
Many of the pathologies discussed above lack any current
clinically approved cures or treatments, with the current
extent of our therapies only providing symptomatic relief.
With endocannabinoid targets such as CB1R and CB2R and
serotonergic involvement with 5-HT1A, development of
cannabinoid-based therapeutics shows promise and further
research and development is critical considering our aging
population.

2.2 Pain
Pathological pain is a substantial component of many chronic
illnesses and diseases and can be divided into pain that arises
from inflammatory insults, known as inflammatory pain, and
pain that is the result of nerve injury, known as neuropathic pain.
Both inflammatory and neuropathic pain alter neuronal
processing and immune cell function. These alterations
ultimately lead to perceived pain with a prevalence of 6.9–10%
for neuropathic pain, with much higher estimates for
inflammatory pain as it is ubiquitous in many disease states
(van Hecke et al., 2014). Diseases with exhibitions of neuropathic
pain include diabetes, neurodegeneration, human
immunodeficiency virus, and chemotherapy induced
peripheral neuropathy. Cancer itself has both inflammatory
and neuropathic components that contribute to pain
perception, with common cancers such as breast, prostate,
kidney, and lung cancers resulting in metastasis to bone that
further drive and contribute to pathological pain in cancer
(Mantyh, 2014).

2.2.1 Endocannabinoid Targets in Pain
There is continued interest in the endocannabinoid system and its
involvement in pain modulation (see Donvito et al., 2018). This is
due to the extensive expression of CB1R throughout the CNS in
pain relevant regions such as afferent nerve fibers (Hohmann
et al., 1999; Morisset and Urban, 2001), spinal cord interneurons
(Jennings et al., 2001), trigeminal sensory neurons (Price et al.,
2003), and neurons within the periaqueductal grey (Mailleux and
Vanderhaeghen, 1992). As for the periphery, CB1R is observed on
peripheral nociceptors (Richardson et al., 1998) and the dorsal
root ganglia (Hohmann and Herkenham, 1999). As for CB2R,
these cannabinoid receptors are expressed in peripheral
macrophages and lymphocytes (Munro et al., 1993; Bouaboula
et al., 1993; Galiegue et al., 1995) as well as astrocytes,
oligodendrocytes, and microglia within the central nervous
system (Zhang et al., 2003; Maresz et al., 2005; Beltramo et al.,
2006; Racz et al., 2008), suggesting potential mediation of
inflammatory pain with cannabinoids. The spatial distribution
of CB1R and CB2R within the CNS are shown in Figure 1. CB2R
may also be implicated with neuropathic pain, as CB2R has
observed expression among sensory neurons of the dorsal
horn after sciatic nerve section or spinal nerve ligation in rats
(Wotherspoon et al., 2005). 5-HT1A receptors are expressed in
areas relevant to pain signaling and transmission such as primary
afferent neurons, peripheral terminals, astrocytes,
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oligodendrocytes, and microglia (Björk et al., 1992; Laporte et al.,
1995; Granados-Soto et al., 2010; Perrin et al., 2011). The spatial
distribution of 5-HT1A receptors within the CNS is shown in
Figure 1.

2.2.2 Preclinical Studies in Pain
Preclinical studies assessing CBD for pain relief have painted a
promising picture for the cannabinoid. Though as discussed in
the next section, expectations should be tempered as the
translational efficacy of cannabinoids into humans is unclear.
CBD has been found to exert analgesic effects in animal models of
neuropathic pain, such as surgically induced nerve injury and
chemotherapy induced neuropathy (Harris et al., 2016; Ward
et al., 2011, Ward et al., 2014), though effects are dependent on
dose and route of administration (Costa et al., 2007; Abraham
et al., 2020). While the therapeutic window of THC is limited by
its psychoactive side effects, various studies utilizing
combinations of THC and CBD have found improved efficacy
in low dose administrations to treat pain. In models of either
surgically induced nerve injury (Casey et al., 2017; Linher-
Melville et al., 2020) or chemotherapy induced neuropathy
(King et al., 2017), 1:1 THC + CBD combinations exhibited
greater efficacy at low doses that were ineffective with either
THC or CBD alone.

2.2.3 Clinical Trials in Pain
Despite these preclinical studies suggesting therapeutic potential
of cannabinoids as analgesics, review of recent clinical trials in
various pain pathologies suggests an inconclusive viability of
cannabinoids as a therapeutic for pain. Within a double-blind
placebo-controlled study in MS patients experiencing
neuropathic pain, THC (dronabinol), taken orally up to a
maximum dose of 15.9 mg over 16 weeks, decreases patient
reported pain measurements, though no significant difference
from placebo was ever observed (Schimrigk et al., 2017). Studies
in safety also found that whole cannabis was able to alleviate
chronic pain whilst improving patient quality of life with both
acute and long-term administrations (Ware et al., 2010, 2015). An
open label, long-term efficacy and safety portion of this clinical
trial also observed maintained decreases in patient reported pain
intensities with low occurrences of serious adverse effects being
reported (Schimrigk et al., 2017). A clinical trial utilizing THC
(dronabinol) for pain relief in patients with noncardiac chest
pains observed that 10 mg oral administrations improved patient
pain thresholds significantly compared to placebo with good
tolerability and with no major adverse effects being reported
(Malik et al., 2017). Clinical trials utilizing nabiximols have
observed pain relief in patients experiencing pain resultant of
a range of pathologies including MS (Notcutt et al., 2004; Rog
et al., 2005; Kavia et al., 2010), peripheral neuropathy (Nurmikko
et al., 2007), and cancer (Johnson et al., 2010; Portenoy et al.,
2012; Fallon et al., 2017; Lichtman et al., 2018). A clinical trial
with nabiximols in patients experiencing chronic pain associated
with late-stage cancer observed a 15.5% improvement among
patient reported perceptions of pain (Lichtman et al., 2018). An
identical companion study to this clinical trial once again
observed similar improvements with nabiximols (Fallon et al.,

2017). It should be noted that patient pools utilized cohorts from
both the United States and Eastern Europe, with significant
improvements in pain relief compared to placebo among
American patients and general improvements among Eastern
Europeans, though these effects were not significant compared to
placebo in Eastern European cohorts (Fallon et al., 2017;
Lichtman et al., 2018). It should be noted in these studies the
Eastern European cohort was sicker than the American cohort,
suggesting that patient selection criteria may have contributed to
the divergent study findings. Additionally, nabiximols
administration did meet several secondary endpoints
associated with quality of life, which, as suggested by the
authors, may indicate therapeutic utility in cancer pain as an
adjuvant therapeutic with a low opioid dose (Lichtman et al.,
2018). In a small double-blinded, placebo-controlled, crossover
design clinical study, oral CBD had no effect on muscle damage
markers or muscle soreness in exercised untrained men
(Cochrane-Snyman et al., 2021). A recent double-blind,
placebo controlled clinical study in an emergency room setting
found that orally administered CBD was equal to placebo and did
not adequately control acute non-traumatic low back pain (Bebee
et al., 2021). Although these above clinical studies suggest CBD
may not be a frontline analgesic, further clinical studies
examining various route of administration and dosing
strategies are needed. Additionally, it is unknown if the other
compounds in medicinal cannabis may yield enhanced utility of
these cannabinoids in clinical pain management settings.

2.2.4 Opioids and Cannabinoids for Pain
The ability of medical cannabis to augment the analgesic potency
of opioids without additional enhancement of opioid associated
side effects is an area of growing research interest with recent
clinical trials yielding mixed results. Clinical pain research
suggests that medicinal cannabis or cannabinoids for chronic
pain may yield opioid sparing effects, a major consideration given
the interest in minimizing opioid use for severe pain to avoid
opioid tolerance, dependance risk, and side effects such as
somnolence and respiratory depression. Studies utilizing
smoked or oral medicinal cannabis among habitual opioid
using, chronic pain patient cohorts observed improvements to
quality of life, pain, and opioid prescription cessation
(Haroutounian et al., 2016; Capano et al., 2020). Indeed,
following 6 months of opioid/cannabis cotreatments,
prescribed morphine use was found to have dropped
significantly compared to baseline usage among patients with
chronic pains, with reductions observed earlier at 3 months
opioid/cannabis cotreatment (O’Connell et al., 2019). Similar
reductions in prescribed, opioid use were also observed over a
21-month period with 83.8% of patients (N = 37) reporting
reduced prescribed daily opioid dosage and 40.5% of patients
ceasing opioid prescriptions altogether (Vigil et al., 2017). A
clinical trial utilizing healthy participants with no prior indication
of pathological pain had observed that orally administered THC
(dronabinol, 5 mg) was not able enhance the analgesic effects of
oxycodone in coadministrations and reported an increase in both
abuse and impairment related effects associated with opioid use
(Babalonis et al., 2019). A similar study in healthy subjects also
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reported that THC (dronabinol, max 10 mg) had no consistent
dose-effect relationship with the opioid agonist hydromorphone
in measures of both acute and chronic pain, though significant
analgesia in acute pain with hydropmorphone and 2.5 mg
dronabinol compared to placebo was observed (Dunn et al.,
2021). Additionally, a clinical trial utilizing healthy cannabis
smokers found that the combination of oxycodone (2.5 mg)
and cannabis (cigarettes, 5.6% THC) was not able to provide
analgesia in measures of acute pain and increased abuse-related
subjective effects but did increase pain thresholds and tolerance
(Cooper et al., 2018). This discrepancy may be due to the
contributing pharmacological effects of the other compounds
found in cannabis rather than THC alone, though more work is
needed to explore the complex pharmacology between
cannabinoids and opioids.

2.2.5 Disconnect Between Preclinical and Clinical
Research Findings
Pain is a substantial component of many chronic illnesses and
diseases that range from cancer to diabetes. With extensive
expression of CB1R and CB2R and 5-HT receptors,
cannabinoid compounds have great potential as novel pain
therapeutics for pathologies such as chemotherapy induced
peripheral neuropathy, cancer, and neurodegenerative diseases.
Current preclinical literature shows promise with cannabinoids
being able to effectively alleviate pain across different animal pain
models. However, clinical research suggests that more work is
needed to examine dose, pain indication, and route of
administration questions, given that many studies observe
general, but not significant, improvements in pain when
compared to proven analgesics such as oxycodone and other
opioids. Despite this, these studies and others still report
improvements in patient reported assessments of pain and
quality of life compared to placebo controls. As such, further
clinical research is warranted to determine whether cannabinoids
can provide effective pain relief alone or as an adjunctive
therapeutic in human pain pathologies.

2.3 Addiction and Substance Use Disorders
From alcohol to opioids, addiction can occur with a variety of
psychoactive drugs and consists of use disorders characterized by
heavy consumption, loss of intake control, and withdrawal
experiences (Zou et al., 2017). Most of these addictive
substances can result in elevations of extracellular dopamine
that, with time, downregulate the expression of dopamine
receptors and negatively affect dopaminergic neurons, like
those found in the mesocorticolimbic pathway (Wise &
Robble, 2020).

2.3.1 Endocannabinoid Targets in Addiction and
Substance Use Disorders
In addition to dopaminergic receptors, CB1R are expressed in
abundance throughout this pathway in brain regions involved in
reward signaling such as the ventral tegmental area, nucleus
accumbens, amygdala, pre-frontal cortex, and hippocampus
(Oleson et al., 2021). Preclinical studies utilizing either CB1R
antagonists or deletion of the receptor have observed reduced

motivation for the consumption and self-administration of
ethanol in rat and mouse alcohol dependence models (Gallate
et al., 2004; Thanos et al., 2005; Femenía et al., 2010).
Rimonabant, the CB1R inverse agonist/functional CB1R
antagonist, was shown to reduce conditioned place preference
and self-administration of alcohol (Arnone et al., 1997), heroin
(De Vries et al., 2003), and nicotine (Cohen et al., 2005; Robinson
et al., 2018). While serious psychiatric side effects such as anxiety,
depression, and suicide ideation have prevented rimonabant from
passing clinical trials (Manzanares et al., 2018), it supports the
notion that CB1R antagonism may allow for the attenuation of
substance use disorders. CB2R in substance use disorders may
also provide a potential target with cannabinoid therapeutics as
research suggests their potential role in modulating behaviors
associated with addiction (Onaivi et al., 2008b; Agudelo et al.,
2013; Galaj et al., 2020). Similarly, given the role that the
serotonergic system plays in both motivational and
reinforcement processes, serotonergic modulation may provide
a solution to alleviating substance use disorders (Müller &
Homberg, 2015; Yagishita, 2020). Research shows that
extracellular serotonin is acutely increased following
administration of morphine (Tao & Auerbach, 1994; Fadda
et al., 2005) and alcohol (Yoshimoto et al., 1992; Bare et al.,
1998; Thielen et al., 2002). Additionally, chronic administration
of psychoactive substances such as morphine, ethanol, and
cocaine have been found to reduce the basal levels of
extracellular serotonin within the brain, potentially resulting in
increased sensitivity (Pelloux et al., 2012; Müller & Homberg,
2015). Preclinical research focused on 5-HT1A receptor
modulation in the context of drug reward and addictive
behaviors found CBD decreased morphine-induced reward
facilitation in an operant behavioral paradigm within rats that
was mediated through 5-HT1A receptor activation in the dorsal
raphe nucleus (Katsidoni et al., 2013). Though further studies are
required, current research has provided proof of concept
regarding the treatment of drug dependency and use disorders
with cannabinoids, suggesting their use as an alternative or co-
adjuvant therapeutic.

2.3.2 Alcohol Use Disorder
US Food and Drug Administration approval for drugs in the
treatment of alcohol use disorder has not occurred since 2004
with the approval of acamprosate. Preclinical research has shown
that CBD may hold particular promise as an alcohol use disorder
therapeutic. Activity at CB2R may provide for an initial target in
therapeutic development with cannabinoids. An early study
utilizing the CB2R agonist, JWH 015 in stressed mice observed
enhanced alcohol preference compared to controls (Onaivi et al.,
2008a). Upregulation of CB2R was also observed in dendritic cells
from patients with alcohol abuse disorders (Agudelo et al., 2013).
Preclinical studies utilizing mice in the two-bottle choice
paradigm and oral ethanol self-administration demonstrated
that systemic CBD administration significantly reduced both
ethanol consumption and preference, suggesting that CBD can
reduce the motivational properties of ethanol (Viudez-Martínez
et al., 2018). The same study found that CBD administration
prevented relapse in oral ethanol self-administration (Viudez-
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Martínez et al., 2018). Contrary to the potential benefits observed
with CBD, THC has been found to reinstate alcohol seeking
behavior in abstinent rats (McGregor et al., 2005). Utilizing a beer
(4.5% ethanol v/v) self-administration paradigm, the study
observed that intraperitoneal THC administration significantly
reinstated responding previously reinforced with beer. However,
both sucrose trained subjects and beer trained subjects had self-
administration responses reinstated with THC administration
(McGregor et al., 2005).

2.3.3 Opioid Use Disorder
Preclinical studies with cannabinoids as a therapeutic for opioid
use disorders are largely motivated by the neurobiological
interactions between the cannabinoid and opioid systems
(Rodríguez et al., 2001; Schoffelmeer et al., 2006). A preclinical
study in rats utilizing a self-administration, drug-seeking
behavior model found that CBD inhibited reinstatement of
cue-induced heroin seeking behavior, though such effects were
not observed with drug seeking behavior initiated by a priming
dose of heroin (Ren et al., 2009). A similar study utilizing a
conditioned place preference paradigm in mice with morphine
treatment found that CBD decreased the establishment of opioid
reward as indicated by an attenuation of morphine place
preference (Markos et al., 2018). In contrast, some research
suggests that THC may not be a viable therapeutic for treating
opioid use disorders, though use in treating withdrawal
symptoms show promise. It has been observed that subjects
pre-exposed in adolescence shown marked opiate sensitivity
with higher consumption of heroin and upward shifts in self-
administration acquisition (Ellgren et al., 2007). Similar studies
observing the effects of systemic THC administration in
cannabinoid-opioid system interactions have reported similar
results with enhanced opioid intake in operant behavioral
studies (Vela et al., 1998; Solinas et al., 2004). THC may not
be without therapeutic opioid use disorder utility. Current
research, though limited, demonstrates that systemic THC
administration inhibits symptoms (jumping, rearing, wet
shakes, diarrhea) associated with naloxone-induced opioid
withdrawal (Hine et al., 1975; Bhargava, 1976).

2.3.4 Tobacco Use Disorder
While currently limited, there is increasing evidence that
cannabinoid compounds are able to modulate tobacco use
disorder. However, some studies are seemingly contradictory,
and have left the exact therapeutic utility of cannabinoids for the
treatment of tobacco use disorder unclear. A small-scale pilot
study in treatment-seeking smokers had found that use of a CBD
inhaler resulted in reduced self-reported smoking compared to
placebo treatment over a 7-day period, although cravings for
cigarettes remained unchanged (Morgan et al., 2013). Acute
administration of THC has been found to attenuate the
somatic and motivational manifestations of nicotine
withdrawal in mice, though it is unlikely a result of the
compensatory changes on CB1R density following chronic
nicotine exposure (Balerio et al., 2004). A similar study
assessing nicotine and THC coadministration in mice found
enhancement of both the expression of nicotine withdrawal

symptoms and nicotine induced conditioned place preference
(Valjent et al., 2002). Further research will be required to
elucidate any potential therapeutics for nicotine use disorders.

2.3.5 Cocaine Use Disorder
With no currently approved therapeutics for psychostimulant
addiction, the use of cannabinoids as a treatment for cocaine
addiction has garnered interest despite a small body of literature.
Recent preclinical work with CBD administration in mice
observed reduced CB1R expression within the nucleus
accumbens with simultaneous increases in CB2R expression
(Calpe-López et al., 2019). These results are intriguing and
raise the possibility that although CBD may not act directly
via CB1R or CB2R based upon binding affinity, it may alter
cannabinoid receptor tone. An earlier study utilizing JWH133, a
CB2R agonist, found that CB2R agonism was able to dose
dependently inhibit cocaine-enhanced locomotion and cocaine
self-administration in mice (Xi et al., 2011). Such effects were not
observed in CB2R knockout mice and were blocked with AM630,
a CB2R antagonist, suggesting a role for CB2R in modulating
cocaine-induced rewarding and locomotor enhancing effects (Xi
et al., 2011). A similar study conducted last year in mice also
reported similar benefits, as CBD prevented behavioral
alterations associated with cocaine addiction that included
locomotor stimulation and memory deficits related to cocaine
withdrawal (Ledesma et al., 2021). Finally, in a rat cocaine self-
administration model, it was observed that CBD reduced cocaine
self-administration, and these effects are blocked following CB2R
and 5-HT1A antagonist administration (Galaj et al., 2020).

2.3.6 Considerations of Cannabis Dependence and
Therapeutic Capacity
As mentioned earlier, the two primary constituents of cannabis
are THC and CBD, with THC having psychoactive properties and
marked effects on dopamine release like other drugs of addiction.
Indeed, clinical research shows that acute administration of THC
does elicit dopamine release within the striatum (Bossong et al.,
2015; Bloomfield et al., 2016), with such effects being dose
dependent. Chronic cannabis use is also associated with
increased risk of substance use disorder development and
development of withdrawal behaviors that include irritability,
anxiety, depression, fever, and tremors (Katz et al., 2014; Volkow
et al., 2014). Furthermore, utilization of THC in anxiolytic
therapies is limited due to psychoactive sequelae, risk of abuse,
and anxiogenic effects (Kayser et al., 2020b; García-Gutiérrez
et al., 2020). While the therapeutic window of THC is limited by
its psychoactive side effects, various studies utilizing
combinations of THC and CBD have found improved efficacy
in low dose administrations to treat pain, anxiety, and depression.
Although the negative attributes of cannabis are largely attributed
to THC, as described above, CBD continues to draw attention as
an anxiolytic and analgesic. The minor components of cannabis
may also prove to be beneficial in either the selective development
of whole cannabis therapeutics or as isolated cannabinoid
compound mixtures. This rationale is due to the discovery
that cannabis terpenoids and minor phytocannabinoids exhibit
therapeutic capacity in a variety of pathologies, including

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 88181011

Ortiz et al. Medicinal Cannabis and CNS Disorders

62

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


epilepsy, neurodegenerative disease, and traumatic brain injuries
(Russo & Marcu, 2017; Russo, 2018).

2.4 Anxiety Disorders
Early epidemiological studies observing the prevalence of mood
disorders had found that anxiety disorders are highly prevalent
within the United States (Weissman, 1988; Stein et al., 2017).
Anxiety disorders to date are maintained as the most common
mood-related disorders (Vos et al., 2015; Penninx et al., 2021)
both within the United States and worldwide. Psychological
symptoms of common anxiety disorders include frequent and
prolonged states of amplified fear and/or anxiety (Giacobbe &
Flint, 2018).

2.4.1 Endocannabinoid Targets in Anxiety
Brain regions relevant in feelings of anxiety and fear include the
prefrontal cortex, hippocampus, amygdala, hypothalamic nuclei,
and the bed nucleus of the stria terminalis (Lafenetre et al., 2007),
regions with notable expression of neuronal CB1R. Additionally,
CB2R present within the periphery and the CNS, have been
implicated in both anxiety disorders and anxiety regulation
(Garcia-Gutierrez and Manzanares, 2011; Liu et al., 2017; Patel
et al., 2017). Like CB1R, 5-HT1A receptors are present in high
densities throughout the CNS in areas associated with emotional
control and anxiety, including regions such as the hippocampus,
amygdala, and cerebral cortex (Mestikawy et al., 1991; Wang
et al., 2009; Marcinkiewcz et al., 2016). While their direct role in
anxiety onset is unclear, the contribution of the serotonergic
system is evident as 5-HT1A receptor knockout mice exhibit
increased anxiety-like behavior in assays such as the elevated-plus
maze and open-field test, both of which provide face and
predictive validity in human models of anxiety (Hirshfeld
et al., 1992; Graeff et al., 1998; Lesch, 2005).

2.4.2 Cannabinoid Consideration for Anxiety
Primary first line pharmacotherapeutics for the treatment of
anxiety are serotonergic, which include selective serotonin
reuptake inhibitors (SSRIs) and azapirones like buspirone.
These therapeutics are generally well tolerated with short-term
adverse effects that include nausea, diarrhea, and constipation.
However, more problematic adverse effects include sexual
dysfunction (Jing & Straw-Wilson, 2016), suicide ideation in
pediatric patients (Hammell et al., 2016), and serotonin
syndrome (Volpi-Abadie et al., 2013) with SSRIs and the
development of buspirone induced movement disorders
(Rissardo & Caprara, 2020). While the utilization of THC in
anxiolytic therapies is limited due to psychoactive sequelae, risk
of abuse, and anxiogenic effects (Kayser et al., 2020b; García-
Gutiérrez et al., 2020), CBD continues to draw increasing
attention in its use as an anxiolytic as work continues in
developing therapeutics that can mimic the beneficial effects of
current first line anxiety therapeutics while having improved side
effect profiles over SSRIs and buspirone. CBD has been indicated
as a potential treatment of a range of anxiety disorders that
include both generalized anxiety disorder (GAD) and social
anxiety disorder (SAD) as well as the excessive anxiety
associated with post-traumatic stress disorder (PTSD) and

obsessive-compulsive disorder (OCD) (Micale et al., 2013;
Blessing et al., 2015).

2.4.3 Preclinical Studies in Anxiety
Preclinical literature regarding CBD in rodent models of
generalized anxiety suggest CBD’s efficacy in minimizing
anxiety associated behaviors relevant in GAD, SAD, PTSD,
and OCD. Studies utilizing CBD in elevated plus and elevated
T mazes with rodents have observed anxiolytic effects following
both acute systemic administration (Campos et al., 2012; Campos
et al., 2013a; Campos et al., 2013b) and acute local
administrations in areas such as the amygdala central nucleus
(Hsiao et al., 2012), bed nucleus of the stria terminalis (Gomes
et al., 2011), and the intra-dorsal periaqueductal gray (Soares
et al., 2010). Anxiolytic effects of CBD in these models are
presented as a bell-shaped dose-response curve, with anxiolytic
effects generally observed at moderate doses; 2.5–10.0 mg/kg in
rats (Guimarães et al., 1990), 1 and 10 mg/kg in mice (Onaivi
et al., 1990). Chronic administrations of CBD have also been
found to produce anxiolytic effects in mice with the open-field
test (Long et al., 2010), though contrasting results from a later
study show that chronic CBD had no such effect in the elevated
plus maze (Schiavon et al., 2016). Despite these mixed results and
considering current preclinical evidence, use of CBD as an
anxiolytic appears favorable with an improved side effect
profile and no risk of anxiogenic effects (Garakani et al., 2020).

2.4.4 Clinical Trials in Anxiety
Secondary outcomes of clinical trials utilizing dronabinol
(Malik et al., 2017), nabilone (John Redmond et al., 2008),
and oral titrations of THC (Attal et al., 2004) all have reported
general improvements to patient anxiety alongside their
primary outcomes on pain relief. Studies assessing
cannabinoid/opioid cotreatments also observed
improvements to patient quality of life with secondary
outcomes looking at measures of anxiety (Haroutounian
et al., 2016; Capano et al., 2020). Direct assessments of
patient anxiety provide clinical evidence that suggests that
CBD has potential as a treatment for anxiety disorders,
though such studies have generally focused on acute
administrations utilizing small subject sizes often in healthy
patients (Blessing et al., 2015; García-Gutiérrez et al., 2020).
Clinical studies utilizing the simulation public speaking test had
found that acute oral administration of CBD capsules reduced
subjective (visual analog mood scale) and physiological (blood
pressure, heart rate) measures of stress in healthy patients
(Zuardi et al., 2009; Bergamaschi et al., 2011). Of these
studies, a treatment naïve patient group with SAD was given
CBD and had also exhibited indications of reduced anxiety, both
subjective and physiological (Bergamaschi et al., 2011). Clinical
studies assessing the anxiolytic properties of cannabinoids in
PTSD and chronic pain pathologies have also observed general
improvements in patients having consumed whole cannabis
products (Greer et al., 2014; Bonn-Miller et al., 2021) or CBD
alone (Elms et al., 2019) as indicated by lowered scores in
clinician administered posttraumatic stress scales and PTSD
checklists which assess emotional response and cognitive
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function. Instances of self-reported anxiety associated with
OCD were found to have been no different than placebo
after administration of cannabis high in either CBD (0.4%
THC/10.4% CBD) or THC (7.0% THC/0.18% CBD) (Kayser
et al., 2020a). Another retrospective clinical study had found
that general anxiety experienced by patients was reduced
following continued CBD administration using the Hamilton
anxiety rating scale, though it should be noted that this study
utilized open-label treatment for patients without a comparison
group (Shannon et al., 2019). These studies support the
potential for CBD as a treatment for anxiety disorders,
especially when paired with preclinical findings. However,
larger clinical trials assessing both acute and chronic dosing
in additional anxiety disorders are needed.

2.4.5 CBD, But Not THC for Anxiolytic Development
Anxiety disorders are highly prevalent within the
United States and is maintained as the most common
mood-related disorder worldwide. First line therapeutics
for the treatment of anxiety include SSRIs and buspirone
and while generally tolerated, these therapeutics are
associated with problematic adverse effects that include
sexual dysfunction and suicide ideation in pediatric
patients. Therefore, development of cannabinoid-based
anxiolytics would provide a potentially safer alternative to
current therapies. It should be noted though that the
psychoactive components of cannabis, such as THC, are
generally anxiogenic at higher doses and while clinical
research has indicated anxiolytic effects at low doses, THC
alone seems to have fallen out of favor in anxiolytic
development. With indications from both preclinical and
clinical research, CBD may prove to be an effective
cannabinoid in relieving anxiety in patients and further
development of cannabinoid-based anxiolytics is warranted.

3 CONSIDERATIONS FOR CANNABINOID
ADMINISTRATION AND FORMULATION

Cannabinoids exhibit particular characteristics that must be
considered for both compound formulation and routes of
administration as the pharmacokinetics and effects observed
are heavily dependent on these (Lucas et al., 2018).
Cannabinoids such as THC exhibit high lipophilicity, low
aqueous solubility, and susceptibility to degradation via light,
heat, and auto-oxidation (Grotenhermen, 2003). Interest in
cannabinoid formulation, delivery strategies, and utilization
of optimal routes of administration continues to grow in
parallel with interests in the use of cannabinoids for
potential therapeutic applications. Formulation strategies
have been developed to overcome challenges brought upon
by characteristics such as high lipophilicity in other
compounds, though these strategies require testing in
cannabinoids to determine if they would provide favorable
pharmacokinetic improvements in items such as distribution
and bioavailability (Kumari et al., 2010; Allen and Cullis,
2013; Dengler et al., 2013).

3.1 Oral Administration
Current clinically approved cannabinoids such as nabilone,
dronabinol, and cannabidiol (Epidiolex) utilize oral
administration and is the most prevalent route of
administration for therapeutic applications. In the case of
dronabinol, an exciting opportunity presents itself where direct
comparisons can be made between the capsule and liquid
formulation of the cannabinoid regarding efficacy. Companion
clinical trials aiming to assess potential differences between these
capsule and liquid formulations had observed a large, though
insignificant, difference in dronabinol absorption times with
4.25 mg liquid formulations being superior to 5 mg capsules
(Parikh et al., 2016; Oh et al., 2017). However, peak serum
concentration was higher for both dronabinol and its
metabolite, 11-OH-Δ9-THC, with the capsule formulation
(Parikh et al., 2016; Oh et al., 2017). This disparity among
formulations may likely be the result of hydrophobic drugs
being less bioavailable when delivered in oil-based
formulations (MacGregor et al., 1997). Indeed, both THC and
CBD oral administrations in sesame oil exhibit poor
bioavailability, as low as 6% in humans (Agurell et al., 1981;
Huestis, 2005), likely resulting from variable absorption and
extensive first pass metabolism (Lucas et al., 2018). Utilization
of a self-emulsifying drug delivery system (SEDDS) could provide
a more desirable endpoint for compound bioavailability as the
mixing oils, surfactants, solvents, and other excipients can
improve the oral bioavailability of lipophilic compounds.
SEDDS may provide a viable solution to the challenges
brought upon by the inherent lipophilicity of cannabinoids as
patents filed by Murty Pharmaceuticals show a growing body of
research that supports this drug delivery system (Murty and
Murty, 2012). A recent clinical study utilizing a SEDDS-CBD oral
administration (standardized to 25 mg) in healthy volunteers has
observed significant improvements across pharmacokinetic
parameters, including increased CBD plasma values, enhanced
bioavailability, and fast absorption with no safety concerns being
noted (Knaub et al., 2019). Ultimately, these oral formulations
could provide symptomatic relief over prolonged periods (Lucas
et al., 2018), making them suitable for continued administrations
for the chronic symptomatic relief.

3.2 Nasal and Oral Mucosal Administrations
Alternative routes of administration can provide methods of
circumventing variable absorption and extensive first pass
metabolism. Both the oral mucosa and nasal cavity provide
attractive targets for alternative routes of administration due
to thin layering coupled with extensive vascularization. An
assessment report conducted by the Australian Department of
Health’s Therapeutic Goods Administration for nabiximols
surmised that oromucosal formulations of nabiximols are
rapidly absorbed, resulting in higher plasma concentrations of
THC and CBD compared to oral formulations (Therapeutic
Goods Administration, 2013). Though administration via the
nasal mucosal membrane provides favorable absorption rates,
current formulations are not as attractive given patient
reluctance, formulation safety concerns, and nasal spray
particle size (Therapeutic Goods Administration, 2013). It is
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likely that these issues associated with nasal administration has
resulted in few recent developments regarding intranasal
formulations (Bryson & Sharma, 2017; Bruni et al., 2018).
Current oromucosal formulations of cannabinoids are
therefore preferable in providing rapid, potentially therapeutic
effects in a manner that is comfortable to patients and is more
likely to be self-administered.

3.3 Pulmonary Administration
Among the possible routes of administration utilized for
cannabinoids, pulmonary administration of cannabis is likely
the most well-known route of administration among the general
population. Like nasal and oral mucosa, pulmonary administration
is highly effective given the high bioavailability, rapid onset, and
avoidance of first-pass metabolism this route provides
(Grotenhermen, 2003). However, critical issues associated with
both intrapatient and interpatient variability arise given the
inherent variability with pulmonary administration without the
use of standardized methods. These include variations in
inhalation depth, irritation or discomfort, technique and
experience, and pharmacokinetic parameters such as maximum
plasma concentration (Ohlsson et al., 1982; Hunault et al., 2010;
Solowij et al., 2014; Lucas et al., 2018). Factors such as these could
ultimately affect the efficacy of inhaled cannabis or cannabinoids
and should be considered with concerns of dosing frequency and of
side effects such as intoxication and cognitive function with
psychoactive components like THC. Much interest surrounds
the development of a standardized system or device that can
deliver a metered dose of inhaled cannabinoid as a result.
Comparatively, cannabinoid vaporization has grown in
popularity due to ease of use and relative safety compared
traditional combustion methods, such as with cannabis
cigarettes (Gieringer et al., 2004). However, a standardized
methodology has yet to be developed to account for sources of
variability such as inhalation depth, though some have presented
method proposals (Solowij et al., 2014; Lanz et al., 2016) and
metered inhalation device patents (Davidson et al., 2018). A clinical
study utilizing this metered inhaler observed that the product was
able to administer consistent doses (15.1 ± 0.1 mg) of cannabis
(19.9% THC, 0.1% CBD, 0.2% cannabinol) that provided effective
neuropathic pain relief in patients (Eisenberg et al., 2014).

3.4 Topical Applications
Like mucosal and pulmonary administration, topical
administration of cannabinoids provides an avoidance of first-
pass metabolism, steady administration over time, and consistent
dosing. However, due to the hydrophobicity of cannabinoids,
diffusion across the skin is limited and such topical formulations
require enhancements to permeation (Challapalli & Stinchcomb,
2002; Lodzki et al., 2003). Current applications for topical
cannabinoids, though almost exclusively CBD, range from
treating inflammatory dermatological disorders to localized
pain relief among instances of arthritis and joint pain, though
continued research suggests potential benefit in neuropathic
pains (Baswan et al., 2020; D’Andre et al., 2021; Hammell
et al., 2016; Xu et al., 2020). Similar to other aspects of
cannabinoids as potential therapeutics, advances in

formulation and optimization of administration drives further
interest research into cannabinoids, though more work is needed.

3.5 Standardized Oral Administrations Over
Non Standardized Pulmonary
Administrations
Pharmacokinetic characteristics of cannabinoids is dependent on
route of administration. While clinically approved cannabinoids
such as dronabinol utilize oral administrations, general consumption
of cannabis is primarily pulmonary with inhalation of cannabis
smoke. However, unlike these oral administrations with a
standardized formulation and administration method, pulmonary
administrations of cannabis introduce numerous variables that could
introduce interpatient and interpatient variability. These same
factors can also directly affect the kinetics of the cannabinoid.
While standardization and development of inhalation devices are
being developed, current oral administrations, either through
ingestion or through the oral mucosa, provide ease of use among
patients and standardization to ensure consistency in dosing.

4 DISCUSSION

The field of cannabinoid research continues to experience
advancements as interest in therapeutic applications
continuously grows, whether that be from urgent needs in
replacement therapeutics or the development of a therapeutic
the first of its kind. This review of current and past studies finds
that preclinical research indicates therapeutic potential for
cannabis, THC, and CBD mediated through either CB1R,
CB2R, 5-HT1A, or a variable combination of these receptors.
Clinical research utilizing cannabinoids within instances of
neurodegenerative disease, pain, addiction, and anxiety suggest
both tolerability and therapeutic potential either alone or in
combination with current therapeutics. However, preclinical
literature dominates, and additional clinical studies are
required to clarify these therapeutic indications before
definitive declarations can be made. Further advancement of
cannabinoids to the clinical setting is dependent on these
clinical trials. There still exists a wide gap between the
purported and anecdotal medicinal cannabis uses and specific
therapeutic indications irrefutably supported by strong scientific
evidence. One possible explanation for this disparity may lie in
the complex pharmacological nature of cannabis. Although this
review focuses on THC and CBD, there are over 100 different
compounds in cannabis including minor cannabinoids, cannabis
terpenoids, and phytocannabinoids which have additional
pharmacological and biological activity. Additional work in the
field of medicinal cannabis to identify the exact composition of
studied strains, including minor cannabinoid and terpenoid
profiles and concentrations, which can vary dramatically
between different cannabis strains, is sparse. This information
is desperately needed within the field to study interactive effects
between minor cannabinoids, terpenoids, as well as THC and
CBD. Indeed, it may be that the interactive pharmacological
profiles of minor cannabinoids and terpenoids may underlie at
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least some of the purported medicinal cannabis benefits that have
so far been elusive to definitively confirm.
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Cannabis for Medical Use: Versatile
Plant Rather Than a Single Drug
Shiri Procaccia, Gil Moshe Lewitus, Carni Lipson Feder, Anna Shapira, Paula Berman and
David Meiri *

The Laboratory of Cancer Biology and Cannabinoid Research, Faculty of Biology, Technion- Israel Institute of Technology, Haifa,
Israel

Medical Cannabis and its major cannabinoids (−)-trans-Δ9-tetrahydrocannabinol (THC)
and cannabidiol (CBD) are gaining momentum for various medical purposes as their
therapeutic qualities are becoming better established. However, studies regarding their
efficacy are oftentimes inconclusive. This is chiefly because Cannabis is a versatile plant
rather than a single drug and its effects do not depend only on the amount of THC and
CBD. Hundreds ofCannabis cultivars and hybrids exist worldwide, each with a unique and
distinct chemical profile. Most studies focus on THC and CBD, but these are just two of
over 140 phytocannabinoids found in the plant in addition to a milieu of terpenoids,
flavonoids and other compounds with potential therapeutic activities. Different plants
contain a very different array of these metabolites in varying relative ratios, and it is the
interplay between these molecules from the plant and the endocannabinoid system in the
body that determines the ultimate therapeutic response and associated adverse effects.
Here, we discuss how phytocannabinoid profiles differ between plants depending on the
chemovar types, review the major factors that affect secondary metabolite accumulation in
the plant including the genotype, growth conditions, processing, storage and the delivery
route; and highlight how these factors make Cannabis treatment highly complex.

Keywords: cannabis, chemovar, phytocannabinoids, terpenoids, secondary metabolites

INTRODUCTION

The past 2 decades have seen a major increase in the use of medical Cannabis as its therapeutic
virtues are becoming better known and accepted (Bridgeman and Abazia, 2017). These therapeutic
qualities were attributed to a naturally-occurring unique family of secondary metabolites termed
phytocannabinoids. The most abundant and best-known phytocannabinoids are the psychoactive
(−)-trans-Δ9-tetrahydrocannabinol (THC), which was first isolated and structurally elucidated by
Mechoulam and colleagues in 1964 (Gaoni and Mechoulam, 1964); and cannabidiol (CBD), which
was extracted in 1940 (Adams et al., 1940) and its full chemical structure was elucidated in 1963 by
the same Mechoulam (Mechoulam and Shvo, 1963). CBD has been gaining interest since the 1980s
when CBD oil was found to possess anti-epileptic properties (Consroe et al., 1982), and the CBD
molecule was later shown to possess a wide range of therapeutic effects (Mechoulam et al., 2007;
Zuardi, 2008). However, THC and CBD are just two of more than 140 distinctive phytocannabinoids
that have been identified so far in different Cannabis plants (Hanuš et al., 2016; Berman et al., 2018).

The isolation of phytocannabinoids from the Cannabis plant has led to the discovery of
endogenous cannabinoids (endocannabinoids, eCBs) in vertebrates (Devane et al., 1992). THC
was found to bind a specific G-protein-coupled receptor, which was named cannabinoid receptor 1
(CB1) (Matsuda et al., 1990). A second receptor, which was named CB2, was identified by homology
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(Munro et al., 1993; Onaivi et al., 2006). Following the discovery
of the receptors, their endogenous lipid ligands were identified.
The first two and best-studied are N-arachidonoylethanolamine
(anandamide) (Devane et al., 1992) and 2-arachidonoylglycerol
(2-AG) (Mechoulam et al., 1995). These eCBs and their specific
receptors, CB1 and CB2, form the classical endocannabinoid
system (eCBS) (De Petrocellis and Di Marzo, 2009; Lu and
Mackie, 2016), a ubiquitous neuromodulatory signaling system
that has widespread functions in the brain and throughout the
body. Since its inception, the term eCBS was expanded and now
additional cannabinoid receptors, additional eCBs and
cannabimimetic lipids as well as the enzymes involved in their
synthesis and degradation are recognized as part of the extended
eCBS (De Petrocellis et al., 2004; Mackie, 2008). Many of the
pharmacological and therapeutic properties of
phytocannabinoids rely on their interactions with the eCBS.
The numerous and versatile effects of Cannabis result from
the involvement of the eCBS in multiple processes. It regulates
many physiological processes in health and disease (Di Marzo
et al., 2004; de Fonseca et al., 2005). It is involved in the
maintenance and homeostasis of many vital functions
including immune response (Pandey et al., 2009),
cardiovascular activity (Pacher and Steffens, 2009; Montecucco
and Di Marzo, 2012), memory (Marsicano and Lafenêtre, 2009;
Maroso et al., 2016; Lunardi et al., 2020) and pain sensation
(Woodhams et al., 2015; Woodhams et al., 2017). This makes
Cannabis treatment especially valuable since targeting the eCBS
and its modulation by phytocannabinoids has been emerging as
novel pharmacotherapy, with therapeutic potential suggested in a
multitude of diseases affecting humans.

In the last decade, there has been a rapid growth in the
discovery and use of pure THC, pure CBD and Cannabis-
based extracts for various medical purposes. Results regarding
the efficacy of Cannabis-based extracts are oftentimes
inconclusive and sometimes even conflicting. That is because
the effects of Cannabis extracts do not depend merely on the
amount of THC and CBD (Maccarrone, 2020). Cannabis is a
versatile plant rather than a single drug and importantly, studies
involving pure THC or CBD do not reflect the potential benefits
of full-spectrum extracts (Maayah et al., 2020b). For example,
THC and CBD were both effective in reducing neuropathic pain
in various mice and rat models (Comelli et al., 2008; Casey et al.,
2017; King et al., 2017; Belardo et al., 2019; Abraham et al., 2020).
However, the pain-relieving effects were enhanced by their
combination (Casey et al., 2017; King et al., 2017). Moreover,
a controlled high-CBD extract with additional secondary
metabolites from the plant was more effective than purified
CBD or THC at the same dose as in the extract (Comelli
et al., 2008). In studies involving patients with multiple
sclerosis, full-spectrum extracts demonstrated more beneficial
effects for pain relief and reducing inflammation than pure
THC and CBD (Maayah et al., 2020a; Maayah et al., 2020b).
We have recently shown that both high-THC and high-CBD
extracts were effective in reducing chronic pain, however, specific
phytocannabinoid compositions were associated with more
adverse effects (Aviram et al., 2021a). We also found Cannabis
extracts effective in reducing migraine frequency, and here again,

the presence of a few minor phytocannabinoids in the extracts
made some more effective than others regardless of their THC or
CBD content (Aviram et al., 2020b).

BIOACTIVE SECONDARY METABOLITES
FROM CANNABIS AS THERAPEUTIC
AGENTS
Phytocannabinoids are conventionally classified into 10
subclasses based on their chemical structure and an 11th
miscellaneous types group (Figure 1) (Hanuš et al., 2016;
Berman et al., 2018). They are lipophilic compounds
biosynthesized by the convergence of two main plant
pathways: the polyketide and the plastidial non-mevalonate-
dependent isoprenoid (MEP) pathways. Phytocannabinoids are
made of a resorcinyl core with a carboxyl group (COOH) on the
aromatic ring, an alkyl side-chain of varying length that typically
contains an odd number of carbon atoms (one to seven carbons),
and a terpene moiety (Hanuš et al., 2016; Gülck and Møller,
2020). The most abundant type of phytocannabinoids in
Cannabis are those with a pentyl side-chain (five carbons),
with cannabigerolic acid (CBGA) as the first cannabinoid
compound, made by the prenylation of olivetolic acid with the
isoprenoid geranyl pyrophosphate (GPP) (Gülck and Møller,
2020). Other phytocannabinoid subclasses, including (−)-trans-
Δ9-tetrahydrocannabinolic acid (THCA), cannabidiolic acid
(CBDA) and cannabichromenic acid (CBCA) are derived from
CBGA-type phytocannabinoids via specific enzymatic reactions
(Berman et al., 2018). Thus, only these four subclasses are
biosynthesized in the plant while the remaining subclasses are
the result of different degradation routes and chemical processes
such as oxidation, photochemical reaction, double bond
isomerization, and others. The well-known neutral
phytocannabinoids result from the decarboxylation of the acid
compounds, where the carboxyl group is removed and carbon
dioxide is released. In the less common cases, instead of olivetolic
acid other molecules with different length alkyl side-chain serve
as precursors. These undergo the same enzymatic and chemical
reactions, resulting in a range of additional phytocannabinoids
(Gülck and Møller, 2020) such as the three-carbon
cannabigerovarinic acid (CBGVA), (−)-trans-Δ9-
tetrahydrocannabivarinic acid (THCVA) and cannabidivarinic
acid (CBDVA), or the seven-carbon (-)-trans-Δ9-
tetrahydrocannabiphorol (THCP) and cannabidiphorol
(CBDP) (Citti et al., 2019b) and others. Cannabinoid
derivatives that were previously detected by MS methods are
presented in Figure 1 (Berman et al., 2018; Citti et al., 2019a; Citti
et al., 2019b; Linciano et al., 2020). Though initially considered
unique to the Cannabis plant, other plant-derived natural
products that are able to interact with ECS receptors were
later discovered in other types of plants, such as Radula
marginata and Piper nigrum (Gertsch et al., 2010; Russo, 2016).

In addition to phytocannabinoids, the other major active
secondary metabolites of Cannabis are terpenes and terpenoids
(generally termed terpenoids). Terpenes are naturally occurring
volatile unsaturated hydrocarbon biomolecules built up by
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branched 5-carbon isoprene units, sharing the same
isoprenoid precursor as phytocannabinoids. Terpenoids are
modified terpenes that contain additional functional groups,
usually varying oxygen arrangements or oxidation states.
Monoterpenoids are built by two isoprene units (10
carbons) and sesquiterpenoids are built up by three
isoprene units (15 carbons) (Shapira et al., 2019).
Monoterpenoids and phytocannabinoids share the common
biosynthetic precursor GPP and are both biosynthesized in
the plastid, while sesquiterpenoids are synthesized in the
cytosol from farnesyl pyrophosphate (Booth et al., 2020;
Lipson Feder et al., 2021). Terpenoids are responsible for
the fragrance and taste of plants as they are characterized by a
strong and pleasant aroma (Gershenzon and Dudareva, 2007).
Terpenoids are also suggested to have roles in protection from
predation and attraction of pollinators. Terpenoids were
shown to exert synergistic effects when combined with the
phytocannabinoids in Cannabis and contribute crucially to its
therapeutic effects (Downer, 2020; Ferber et al., 2020; Hanuš

and Hod, 2020), and were also suggested to possess
therapeutic effects of their own (Russo, 2011). Terpenoids
are widely distributed in plants and a few are also present in
other species including some animals and microorganisms
(Gershenzon and Dudareva, 2007).

Various flavonoids are also found in Cannabis and may
give the plant some of its exclusive medicinal benefits (Russo
et al., 2003). Flavonoids are hydroxylated polyphenolic
compounds consisting of two benzene rings linked via a
heterocyclic pyran ring (Bautista et al., 2021). Three
specific prenylated flavonoids, termed cannflavins A-C, are
unique to Cannabis and show potent anti-inflammatory
capabilities (Calzolari et al., 2017; Erridge et al., 2020).
Cannabis plants produce additional kinds of secondary
metabolites including various alkaloids, stilbenoids and
others (Flores-Sanchez and Verpoorte, 2008a), but little is
known regarding their biosynthesis and regulation and
whether they possess any therapeutic value remains to be
elucidated.

FIGURE 1 | Phytocannabinoids are divided into subclasses according to their structure. Prenylation of olivetolic acid with the isoprenoid geranyl pyrophosphate
forms CBGA. Less frequently, instead of olivetolic acid other molecules with different length alkyl side-chain serve as precursors. The acid forms THCA, CBDA and CBCA
are synthesized in the Cannabis plant from CBGA. The neutral forms and other subclasses of phytocannabinoids are the result of chemical processes such as
decarboxylation, isomerization and others. The shared core of olivetolic acid by the different subclasses is depicted in red. Subclass 11 includes phytocannabinoids
identified by mass spectrometry in different Cannabis chemovars, whose structures have not been elucidated yet.
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NEW ANALYTICAL APPROACHES FOR
SECONDARY METABOLITES PROFILING

It is the phytocannabinoids, terpenoids, flavonoids and other
constituents in Cannabis, as well as their interplay, that
determines the medicinal outcomes and adverse effects. As there
is wide variability in their contents in different Cannabis plants
(Delgado-Povedano et al., 2019; Bautista et al., 2021), there is a great
need for their accurate chemical analyses that will help better
understand the complexity and diversity of Cannabis compounds.
Identification and quantification of phytocannabinoids and
flavonoids can be achieved via gas chromatography (GC), either
coupled to a flame ionization detector or a mass-spectrometer (MS).
However, there are a few limitations to thismethod, as some analytes
may not be sufficiently separated and decomposition is required for

accurate quantification. Therefore, an alternative method using
ultra-high-performance liquid chromatography with an ultraviolet
detector (UHPLC/UV) and electrospray ionization-liquid
chromatography/mass spectrometry (ESI-LC/MS) (Berman et al.,
2018) allows for a high-resolution separation of components,
without decomposition or derivatization prior to analysis. While
UV detection is more appropriate for abundant components
having analytical standards (such as THC, CBD and their
corresponding acids), the use of mass spectrometry allows
comprehensive identification and quantification of additional
molecules, both abundant and rare. Additionally, MS and MS/
MS analyses enable the identification of unknown molecules
and their semi-quantification. Reference MS/MS data for
identification of phytocannabinoids is available for labs and
experts for putative identification (Berman et al., 2018).

FIGURE 2 |Minor phytocannabinoids are associated with Type I, Type III and Type IV chemovars. Heatmap presenting the concentration of phytocannabinoids (%
weight per weight) divided by chemovars. Type I chemovars defined THCA >20% (n = 13), Type III chemovars defined CBDA >15% (n = 9), Type II defined THCA >4%
and CBDA >10% (n = 13), type IV defined CBGA >6% (n = 4). Groups of unique phytocannabinoids are depicted by a surrounding black square.
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Terpenoids can be detected using static headspace gas
chromatography-tandem MS (SHS-GC/MS/MS) (Shapira et al.,
2019). Similar to phytocannabinoids, terpenoids with no
commercially available analytical standards can still be semi-
quantified relying on the calibration curves of molecules with
standards and relying on both similar MS spectral characteristics
and similar retention times (Lipson Feder et al., 2021).

STRAINS, CULTIVARS AND CHEMOVARS

Cannabis is one genus with one species, sativa L. (ElSohly and Slade,
2005), which is sometimes divided into subspecies including in
addition to sativa also indica and ruderalis. These Cannabis
subspecies are divided into hundreds of different Cannabis
cultivars and hybrids. Cultivar stands for cultivated variety, a plant
that has been selected for cultivation. A Cannabis strain refers to
plants reproduced asexually from a cultivar through clonal
propagation. Cannabis cultivars worldwide vary significantly in
their chemical compositions. Therefore, a Cannabis chemovar
refers to the chemical profile of the plant and is considered a
more useful classification in medicine (Hazekamp and Fischedick,
2012). Medical Cannabis has been divided into three phenotypic
chemovar groups according to its content of THC and CBD: Type I
which is THC-predominant, Type II in which the two are balanced
andType III which is CBD-predominant (Hazekamp and Fischedick,
2012).

From the genotypic perspective, Cannabis chemovar
classification involves two codominant alleles on locus B,
allele BT is specific to THCA and allele BD is specific to
CBDA (De Meijer et al., 2003). Thus, Type I chemovar is
BT/BT, Type III is BD/BD and Type II is BT/BD. The

nonfunctional allele B0 does not allow for the conversion of
the precursor CBGA into THCA or CBDA, and is sometimes
referred to as Type IV chemovar, which is CBGA-
predominant. An independent gene at locus C codes for
CBCA synthase that produces CBCA from CBGA (Hand
et al., 2016). Studies showed that type I chemovar
dominates the markets, but often it is not as beneficial as
the other chemovars in achieving the desired symptom relief
(Lewis et al., 2018; Aviram et al., 2020a; Aviram et al., 2021b).
Moreover, the minor phytocannabinoid are not randomly
distributed between the different chemovar types. As is
shown in the heatmap presented in Figure 2,
phytocannabinoids from cannabitriol (CBT) and cannabinol
(CBN) families are more abundant in Type I chemovars, as
they are predominantly the degradation products of THC.
They can also be found in type II chemovars, though their
concentration would generally be lower due to limitation in the
amount of available precursor. Similarly, phytocannabinoids
from cannabielsoin (CBE) family are more abundant in Type
III chemovars as they are the degradation products of CBD and
can also be found in type II chemovars to a lesser extent. Type-
IV chemovars contain unique phytocannabinoids from the
cannabigerol (CBG) family and high levels of
phytocannabinoids from the cannabichromene (CBC)
family, as CBCA synthase is intact. These selective
distributions among chemovars are the result of metabolic
pathways unique to either THC or CBD, which are not found
in type IV chemovars. The distribution of particular
phytocannabinoids according to chemovar is presented in
Figure 3. Variations in the minor phytocannabinoid
contents of different Cannabis extracts lead to varied effects
on the eCBS, stressing the importance of their characterization

FIGURE 3 | Venn diagram of the distribution of particular phytocannabinoids to specific chemovars. Examples of unique phytocannabinoids per chemovar type are
shown in the appropriate subgroup.
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TABLE 1 | Variability of phytocannabinoids in 320 different cultivars.

Presented as concentration values (%w/w) Max Min Average Std dev

1. Cannabigerol (CBG) type

Acids CBGA 6.182 0.012 0.400 0.464
CBGA-C4 0.028 0.000 0.001 0.002
CBGVA 0.024 0.000 0.000 0.002
CBGOA 0.004 0.000 0.000 0.000
CBGMA 0.003 0.000 0.000 0.000
Sesqui-CBGA 0.006 0.000 0.001 0.001

Neutrals CBG 0.735 0.000 0.084 0.067
CBG-C4 0.001 0.000 0.000 0.000
CBGV 0.003 0.000 0.000 0.000
CBGO 0.000 0.000 0.000 0.000
CBGM 0.000 0.000 0.000 0.000
Sesqui-CBG 0.042 0.000 0.008 0.006

2. Δ9-trans-tetrahydrocannabinol (Δ9-THC) type

Acids THCA 24.325 0.124 10.390 6.425
THCA-C4 0.192 0.000 0.044 0.036
THCVA 1.120 0.000 0.124 0.135
THCOA 0.113 0.000 0.021 0.021
THCMA 0.062 0.000 0.011 0.011

Neutrals THC′ 7.058 0.000 0.948 1.076
THC-C4 0.062 0.000 0.003 0.008
THCV 0.147 0.000 0.007 0.016
THCO 0.000 0.000 0.000 0.000
THCM 0.000 0.000 0.000 0.000

3. Cannabidiol (CBD) type

Acids CBDA 18.351 0.000 3.085 4.968
CBDA-C4 0.094 0.000 0.009 0.016
CBDVA 1.096 0.000 0.041 0.129
CBDOA 0.053 0.000 0.003 0.007
CBDMA 0.011 0.000 0.001 0.002

Neutrals CBD 2.676 0.000 0.166 0.363
CBD-C4 0.068 0.000 0.001 0.004
CBDV 0.105 0.000 0.002 0.010
CBDO 0.003 0.000 0.000 0.000
CBDM 0.007 0.000 0.000 0.000

4. Cannabichromene (CBC) type

Acids CBCA 2.835 0.003 0.251 0.284
CBCA-C4 0.006 0.000 0.001 0.001
CBCVA 0.083 0.000 0.003 0.010
CBCOA 0.018 0.000 0.001 0.002

Neutrals CBC 0.830 0.000 0.034 0.055
CBC-C4 0.001 0.000 0.000 0.000
CBCV 0.014 0.000 0.000 0.001
CBCO 0.000 0.000 0.000 0.000

5. Cannabinol (CBN) type

Acids CBNA 0.499 0.000 0.066 0.081
CBNA-C4 0.002 0.000 0.000 0.000
CBNVA 0.006 0.000 0.000 0.001
CBNOA 0.001 0.000 0.000 0.000
CBNA-8-OH 0.000 0.000 0.000 0.000

Neutrals CBN 0.721 0.000 0.017 0.049
CBN-C4 0.001 0.000 0.000 0.000
CBNV 0.002 0.000 0.000 0.000
CBNO 0.000 0.000 0.000 0.000
CBNM 0.000 0.000 0.000 0.000
CBN-8-OH 0.001 0.000 0.000 0.000

(Continued on following page)
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in assessing cannabis effectivity (Berman et al., 2020). The high
variability in the concentration of phytocannabinoid from 10
subclasses in their acidic and neutral forms in the
inflorescences of 320 different cultivars is presented in Table 1.

In addition, the Cannabis plant contains an overwhelming
milieu of terpenoids, but only a limited number are currently
reported and used for metabolic analyses of Cannabis chemovars
(Shapira et al., 2019). Terpenoids content in different cultivars of
Cannabis is highly variable, with some terpenoids being more
associated with specific cultivars (Hillig, 2004; Casano et al.,
2011). Studies that assessed terpenoid metabolism found the
monoterpenoids limonene, β-myrcene, terpinolene and α-
pinene, and the sesquiterpenoids β-caryophyllene and
humulene, were abundant in the majority of Cannabis
chemovars (Henry et al., 2018; Lewis et al., 2018). Some
terpenoids were predominantly found only in Type I
chemovars and others only in Type III, suggesting joint
metabolic pathways and chemovar-specific aroma and effects
(Lewis et al., 2018). Table 2 summarizes the variability of
monoterpenoids and sesquiterpenoids in 79 distinct Cannabis
inflorescences (out of the 320 described for phytocannabinoids in
Table 1).

Each Cannabis cultivar contains a different profile of more
than 500 secondary metabolites (ElSohly and Slade, 2005;
Andre et al., 2016; Berman et al., 2018; Piper, 2018). The
fact that hundreds of different Cannabis cultivars and hybrids
exist worldwide, varying significantly in their chemical

compositions, makes Cannabis treatment highly complex.
Moreover, sometimes the outcome of treatment with
medical Cannabis depends on the way its secondary
metabolites act together synergistically, in a mechanism first
described by Ben-Shabat and Mechoulam for eCBs (Ben-
Shabat et al., 1998) and later postulated by Russo as the
‘entourage effect’ for phytocannabinoids (Russo, 2011).
Thus, phytocannabinoids that are found together in a
Cannabis chemovar modulate each other’s activity and thus
the overall effect. The entourage effect postulates that the
presence of minor phytocannabinoids, terpenoids and other
plant metabolites contributes to the overall response in a way
that significantly modulates the effects of the main active
components, THC and CBD, and thereby produces more
potent or more selective effects. Several studies have shown
whole extracts or a combination of THC and CBD, with either
each other, minor phytocannabinoids or terpenoids, are more
effective than the corresponding major phytocannabinoid in
producing the same response (Russo, 2011; Velasco et al., 2016;
Blasco-Benito et al., 2018; Baram et al., 2019; Namdar et al.,
2019; Ferber et al., 2020). However, other studies did not find
evidence that common terpenoids can bind eCBS receptors or
modulate the effect of phytocannabinoids on the receptors
(Santiago et al., 2019; Finlay et al., 2020; Heblinski et al., 2020).
A better understanding of the different components in
Cannabis and the way they act together is required to fully
utilize its therapeutic potential to the fullest.

TABLE 1 | (Continued) Variability of phytocannabinoids in 320 different cultivars.

Presented as concentration values (%w/w) Max Min Average Std dev

6. Δ8-trans-tetrahydrocannabinol (Δ8-THC) type

Neutral d8-THC 0.137 0.000 0.001 0.012

7. Cannabicyclol (CBL) type

Neutral CBL 0.040 0.000 0.000 0.003

8. Cannabinodiol (CBND) type

Acids CBNDA 0.014 0.000 0.001 0.002
CBNDVA 0.000 0.000 0.000 0.000

Neutral CBND 0.127 0.000 0.002 0.011

9. Cannabielsoin (CBE) type

Acids CBEA 0.056 0.000 0.004 0.008
CBEVA 0.001 0.000 0.000 0.000

Neutrals CBE 0.007 0.000 0.000 0.001
CBEV 0.008 0.000 0.000 0.000

10. Cannabitriol (CBT) type

Acids CBTA-1 0.203 0.000 0.005 0.013
CBTA-3 0.084 0.000 0.009 0.012

Neutrals CBT-1 0.220 0.000 0.013 0.020
CBTV-1 0.011 0.000 0.000 0.001
CBT-3 0.172 0.000 0.009 0.015
CBTV-3 0.010 0.000 0.000 0.001
CBT-2 0.046 0.000 0.004 0.007

n = 320 inflorescences from cultivars; results are concentration values of phytocannabinoids per plant (%w/w).
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TABLE 2 | Variability of terpenoids in 79 different cultivars.

Compound Max (ppm) Min (ppm) Average (ppm) Std dev (ppm) V (%)

α-Pinene 1903.4 2.3 181.7 357.5 196.8
Camphene 161.6 1.7 18.3 34.0 186.3
Sabinene 3.7 0.0 0.9 1.1 126.3
β-Pinene 1705.3 2.2 132.1 259.9 196.8
β-Myrcene >2,706 5.1 444.3 706.4 159.0
3δ-Carene 530.3 0.0 10.1 62.7 622.3
α-Phellandrene 701.5 0.0 14.0 80.5 574.7
α-Terpinene 379.0 0.0 14.9 51.1 343.1
Limonene >2,760 2.7 247.5 577.7 233.5
β-Phellandrene 421.1 0.0 16.9 55.8 330.6
cis-Ocimene 101.6 0.0 4.3 12.9 302.4
Eucalyptol 63.6 0.0 7.3 11.9 162.9
p-Cymene 28.7 0.0 2.2 4.3 192.5
trans-Ocimene 1,648.5 0.0 62.9 237.6 377.8
γ-Terpinene 512.2 1.5 16.4 60.7 369.2
Terpinolene >2,433 2.4 96.2 394.4 410.1
Linalool 1,204.4 0.0 214.1 249.8 116.7
Fenchone 68.0 0.0 8.9 12.5 139.5
Fenchol 953.7 0.0 118.1 145.4 123.1
C10H18O-154 (99/93/79/121)-1* 222.6 0.0 25.8 43.3 168.3
C10H18O-154 (99/93/79/121)-2* 29.3 0.0 0.4 3.3 0.0
Menthol 62.1 0.0 5.6 12.9 230.7
Borneol 941.0 0.0 59.8 123.7 206.7
Camphor 20.4 0.0 1.0 2.6 257.5
Terpinen-4-ol 149.3 0.0 17.9 29.3 163.2
α-Terpineol 1,027.8 0.0 98.1 148.3 151.1
Citronellol 129.1 0.0 12.7 25.9 204.3
Nerol 26.2 0.0 2.5 5.4 218.6
Geraniol 93.8 0.0 4.1 14.1 347.1
Bornyl acetate 37.2 0.0 2.8 6.6 236.5
α-Cubebene* 8.2 0.0 2.2 1.9 110.8
Isoledene 7.7 0.0 0.1 0.9 885.1
Cyclosativene 11.6 0.0 0.2 1.3 728.5
Ylangene* 74.5 0.0 5.6 9.8 176.4
α-Copaene* 12.9 0.0 2.2 2.4 118.0
α-Funedrene 1.8 0.0 0.9 0.5 146.0
7-epi-Sesquithujene* 76.3 0.0 13.3 15.4 116.3
C15H24-204 (105/(120+119)/161)* 13.4 0.0 2.8 3.2 114.7
Sativene 2.5 0.0 1.0 1.1 106.4
β-Cubebene* 5.2 0.0 0.1 0.6 886.1
Sesquithujene* 116.0 0.0 14.9 17.6 118.4
β-Isocomene* 41.3 0.0 6.7 8.5 126.1
α-Santalene* 71.5 0.0 7.7 11.0 142.8
cis-α-Bergamotene* 23.6 0.0 3.9 4.4 113.2
α-Cedrene 3.9 0.0 1.1 1.1 104.7
trans-α-Bergamotene* 63.6 0.0 7.0 13.8 196.5
β-Caryophyllene >3,631.5 9.0 670.8 781.0 116.4
Geranyl acetate 1.8 0.0 0.4 0.6 144.7
β-Cedrene 18.5 0.0 1.0 2.9 284.5
α-Guaiene* 567.3 0.0 58.6 107.6 183.7
γ-Elemene* 161.1 0.0 11.9 24.1 202.5
Aromadendrene 8.3 0.0 1.9 2.2 120.3
β-Santalene* 39.2 0.0 3.0 5.7 187.8
Guaia-6,9-diene* 65.4 0.0 7.3 12.5 171.3
trans-β-Farnesene 617.3 3.2 44.5 71.7 161.4
C15H24-204 (69/91/105/161)* 25.7 0.0 3.9 6.3 160.6
C15H24-204 (91/105/161)* 302.3 0.0 12.3 34.2 279.0
C15H24-204 (161/105/133/91)* 44.4 0.0 9.1 11.0 121.5
C15H24-204 (105/91/133/161/189)* 44.2 0.0 9.5 11.0 115.9
α-Humulene 2,134.2 12.5 255.8 283.9 111.0
Alloaromadendrene 104.1 0.0 12.0 17.3 143.7
Acoradiene* 10.5 0.0 1.2 2.3 195.4
C15H24-204 (105)-1* 35.4 0.0 8.3 10.3 123.6
γ-Curcumene* 432.5 0.0 9.7 48.6 500.5

(Continued on following page)
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PRE- AND POST-HARVEST CONDITIONS

The concentrations of the different compounds in the plant
depend on many factors. There is a strong genotypic influence

on the composition of secondary metabolites in different
Cannabis chemovars (Aizpurua-Olaizola et al., 2016; Welling
et al., 2018; McGarvey et al., 2020). However, a very large
variation exists also in the profiles of genetically identical

TABLE 2 | (Continued) Variability of terpenoids in 79 different cultivars.

Compound Max (ppm) Min (ppm) Average (ppm) Std dev (ppm) V (%)

C15H24-204 (189/133)-1* 101.4 0.0 19.9 25.9 130.2
Sesquisabinene* 56.8 0.0 5.0 8.8 173.6
γ-Muurelene* 60.9 0.0 7.6 10.7 140.2
α-Amorphene* 27.0 0.0 6.7 7.5 112.5
Aristolochene* 14.6 0.0 1.8 2.7 152.4
Germacrene D* 28.3 0.0 4.3 7.7 180.4
β-Chamigrene 16.3 0.0 0.5 2.6 488.0
C15H24-204 (189/133)-2* 196.3 0.0 44.0 46.9 106.6
C15H24-204 (119/93/161)* 28.1 0.0 3.6 5.7 157.4
α-Selinene* 92.0 0.0 16.7 21.1 126.4
Ledene 6.0 0.0 0.1 0.7 688.9
α-Curcumene 69.9 0.0 9.8 17.6 180.2
Valencene 402.8 0.0 26.6 80.5 302.9
β-Selinene* 716.9 0.0 133.0 184.3 138.5
α-Farnesene* 88.7 0.0 6.8 13.4 196.4
β-Bisabolene* 663.2 0.0 42.7 87.0 204.0
δ-Guaiene* 560.0 0.0 47.2 96.5 204.3
C15H24-204 (119/161/105/134)* 32.6 0.0 6.2 7.8 125.4
β-Curcumene 27.9 0.0 5.0 6.6 130.0
Dihydroagarofuran* 15.3 0.0 2.2 3.2 145.7
C15H24-204 (similar Germarcene B)* 32.7 0.0 8.5 9.5 111.7
Sesquicineole* 135.1 0.0 9.4 16.5 175.2
Eremophilene* 38.6 0.0 9.0 11.5 128.6
β-Sesquiphellandrene* 77.7 0.0 9.3 14.0 149.9
γ-Cadinene* 22.3 0.0 4.5 5.8 128.7
δ-Cadinene* 27.4 0.0 7.0 6.7 95.8
C15H24-204 (105)-2* 28.9 0.0 7.3 8.7 118.6
α-Panasinsene* 31.3 0.0 1.3 3.9 288.6
trans-α-Bisabolene* 512.1 0.0 86.2 97.9 113.6
Selina-3,7 (11)-diene* >1,334.1 0.0 249.3 361.5 145.0
trans-Nerolidol 1,637.2 0.0 102.1 240.3 235.3
Germacrene B* 923.0 0.0 25.7 107.1 417.0
Globulol 31.2 0.0 0.5 3.6 698.6
Guaiol >2099 0.0 568.1 765.5 134.7
Caryophyllene oxide >1890 11.2 308.5 488.4 158.3
α-epi-7-epi-5-Eudesmol* 319.1 0.0 30.8 47.5 154.2
C15H26O-222 (similar γ-Eudesmol)* >2099 0.0 541.8 751.1 138.6
Selina-6-en-4-ol* 180.3 0.0 29.8 46.0 154.2
γ-Eudesmol* >1,588 0.0 296.1 478.4 161.6
Hinesol* 196.1 0.0 33.1 39.2 118.5
C15H26O-222 (105/161/59)-1* 496.1 0.0 63.8 108.8 170.5
Agarospirol* 158.1 0.0 14.7 26.2 178.5
C15H26O-222 (105/161/59)-2* 812.2 0.0 78.3 135.2 172.5
C15H26O-222 (59/81/107/149/161)* 566.6 0.0 66.1 96.2 145.6
α-Eudesmol* >1,588 0.0 377.3 541.5 143.5
β-Eudesmol >1,588 0.0 434.2 573.0 132.0
7-epi-α-Eudesmol* 573.7 0.0 61.0 108.5 177.9
Bulnesol* >2099 0.0 159.9 318.0 198.9
α-Bisabolol >3,791 0.0 1,515.7 1,592.2 105.0

Total monoterpenoids [ppm] 18,783.3 44.5 1842.0 2,896.2 157.2
Total monoterpenoids [%] 1.88 0.00 0.18 0.29 0.02
Total sesquiterpenoids [ppm] 25,135.2 147.6 6,678.2 5,089.5 76.2
Total sesquiterpenoids [%] 2.51 0.01 0.67 0.51 0.01
Total terpenoids [ppm] 26,501.4 196.1 8,520.2 6,047.6 71.0
Total terpenoids [%] 2.65 0.02 0.85 0.60 0.01

n = 79 inflorescences from cultivars; ppm–parts per million, > values above upper limit of detection, % represents concentration values of terpenoids per plant, * terpenoids that were semi-
quantified.
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plants grown under different conditions (De Backer et al., 2009).
For example, we previously showed the differences in
phytocannabinoids profiles of a high-CBD Cannabis chemovar
that was used to treat refractory childhood epilepsy in Israel
(Berman et al., 2018). While the genetically identical plants from
four different greenhouses were planted and harvested in the
same way and at the same time, and considered as the same
treatment, their CBDA contents were similar but they portrayed
substantial differences in many other phytocannabinoids.

In addition to the genetic variety, many environmental factors
affect the composition of the secondary metabolites in the
Cannabis plant (Tang et al., 2016). These include growth
conditions such as humidity, light quality and intensity, CO2

concentration and mineral nutrition (Chandra et al., 2008;
Chandra et al., 2017; Bernstein et al., 2019a). The tissue type
is also an important factor as within the plant there is a location-
and organ-specific distribution of the active secondary
metabolites (Happyana et al., 2013; Bernstein et al., 2019a;
Bernstein et al., 2019b). Phytocannabinoids are synthesized in
glandular trichomes that are located in the highest density on the
inflorescences of unfertilized female plants (Lipson Feder et al.,
2021), and their accumulation varies in the different aerial parts
(flowers, fan leaves, inflorescence leaves, stalk and stem).
Accumulation patterns also depend on the age of that part
(Flores-Sanchez and Verpoorte, 2008b; Hazekamp and
Fischedick, 2012). A study that tested phytocannabinoid and
terpenoid content in the plant from the rooting until the end of
the flowering stage (Aizpurua-Olaizola et al., 2016) found that the
accumulation of some major phytocannabinoids and
monoterpenoids requires longer growth time in plants from
Type II and Type III chemovars than in Type I. The
functional roles of phytocannabinoids and terpenoids in planta
are still not fully elucidated as well as the biosynthesis pathways
involved in their production and the mechanisms of localization
and secretion. Cannflavins accumulation also varies depending
on the part of the plant, they are found in most parts, including
the leaves and inflorescences, but are undetectable in roots and
seeds (Flores-sanchez and Verpoorte, 2008b). Interestingly, all
three cannflavins A-C were found in greater amounts in
genetically identical Cannabis plants grown at a higher altitude
(Giupponi et al., 2020).

Importantly, the composition and concentration of the different
secondary metabolites are also affected by harvest time (Happyana
and Kayser, 2016) and change over time postharvest as a result of
different degradation routes, depending on the storage conditions
and its duration (Trofin et al., 2011; Jin et al., 2019; Zamengo et al.,
2019; Milay et al., 2020). The concentrations of terpenoids rapidly
decline in storage due to their volatile nature (Milay et al., 2020). For
phytocannabinoids, one of the main processes that occur during
storage is decarboxylation. Over time due to heat and light, the acidic
forms undergo spontaneous decarboxylation, but the extent of which
is not uniform. For example, THC is the neutral counterpart of
THCA. However, THCA is only partially converted to THC and to
varying degrees (Dussy et al., 2005; Jung et al., 2009). THCA has
different biological characteristics than THC, it is not psychoactive
and has a distinctive pharmacological activity (Moreno-Sanz, 2016).
Several studies reported on the therapeutic activities of

phytocannabinoids in their acidic form. For example, CBDA was
found to be a more potent antiemetic and anticonvulsant agent than
CBD in-vivo (Bolognini et al., 2013; Anderson et al., 2019), as well as
a better inhibitor of breast cancer cell migration in-vitro (Takeda
et al., 2012). Therefore, the relative ratio between THCA and THC,
or between CBDA and CBD, has a therapeutic implication that has
yet to be fully elucidated. For phytocannabinoids, the content of
CBN is used as a marker for Cannabis aging, however, it is not a
relevant marker in Type III chemovars (Milay et al., 2020) as it is
formedmainly via the oxidation of THCor the decarboxylation of its
acidic form cannabinolic acid (CBNA), which in turn rises from the
oxidation of THCA.

In a study that tested the optimal postharvest processing,
solvents and a range of temperatures, it was concluded that the
conditions that best preserved the composition of the secondary
metabolites relative to their pre-storage composition were
unextracted whole inflorescences at 4°C (Milay et al., 2020).
The duration of storage, as well as of drying and curing before
storage, varies greatly; as a consequence, a very large variation
exists in the phytocannabinoid and terpenoid profiles of
Cannabis chemovars that are considered the same.

DELIVERY ROUTES

As the active biomolecules in Cannabis such as phytocannabinoids
are highly lipophilic and therefore present poor oral bioavailability,
various administration routes have been investigated for the
therapeutic use of Cannabis, including the pulmonary, sublingual,
oral, dermal and rectal routes (Bruni et al., 2018). Currently, the
common administration routes of whole-plant and plant-derived
Cannabis products are either by inhalation (smoking or
vaporization) or ingestion of edibles (Hazekamp et al., 2013;
Bridgeman and Abazia, 2017). However, the pharmacokinetics
and the effects observed with Cannabis administration vary
significantly as a function of the delivery route, formulation, and
the ratios between the multiple active compounds. For example, the
acidic pH of the stomach further reduces bioavailability via the oral
route (Grotenhermen, 2003). Moreover, to be used via the oral or
sublingual routes, the active secondary metabolites in the plant must
be extracted. The extractionmethod and choice of extracting solvent
affect the secondary metabolite profile (Křížek et al., 2018), a
phenomenon which was shown for phytocannabinoids (Turner
et al., 2017; Namdar et al., 2019), terpenoids (Shapira et al., 2019)
and flavonoids (Isidore et al., 2021).

Inhalation provides a rapid and efficient method of drug
delivery. Symptom relief is immediate and effective, the dosage
can bemore controlled than via the alternative routes, and a lower
dose can be used to get the desired effect (Foster et al., 2019).
However, inhalation has several considerable disadvantages; it
leads to high and prompt peak plasma concentration of
cannabinoids such as THC and CBD post inhalation (Huestis,
2005), causing a more intense and shorter-lasting effect than
other routes, which in turn may be associated with higher toxicity
(Dinis-oliveira, 2016). Smoking is associated with health risks and
the formation of toxic and carcinogenic substances during
combustion (Gates et al., 2014), vaporizers do not heat
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Cannabis to the point of combustion (i.e., less than 170–190°C),
but still induce heat and expose to a variety of undesirable
chemicals (Grotenhermen, 2003; Shiplo et al., 2016). All the
bioactive molecules of Cannabis are susceptible to degradation
processes such as decarboxylation when Cannabis is heated above
120°C by smoking or vaping, as well as by cooking (Dussy et al.,
2005).

The pharmacokinetics of the current consumption options
modulates and limits the therapeutic bioavailability of Cannabis
metabolites. For example, when THC is ingested rather than inhaled,
it is metabolized by the liver before entering the bloodstream and
hydroxylated to 11-hydroxy-THC, which is equally potent (Perez-
Reyes et al., 1972; Hollister, 1974) ormight be evenmore potent than
THC (Christensen et al., 1971; Schwilke et al., 2009), and then
further oxidized to the inactive metabolite 11-COOH-THC. This
makes the consideration of the Cannabis delivery system vital for its
effective administration and treatment (Uziel et al., 2020).

New analytical approaches now allow for more accurate profiling
ofCannabismetabolites both in the plant itself and in the tissues they
affect, allowing to better investigate their disposition over time by the
body of the organism (Huestis, 2007). Many of the alternative routes
to inhalation and digestion are aimed at improving the
bioavailability via avoiding degradation with first-pass metabolism
by the liver. Other delivery routes that have yet to be explored are
intravenous, intramuscular and intranasal. Emulsions via
nanotechnology advances are also aimed at improving the
bioavailability of the active molecules in Cannabis (Holgado
et al., 2017; Adusumilli et al., 2021).

DISCUSSION AND FUTURE
PERSPECTIVES

The use of medical Cannabis is ever increasing in the treatment
of numerous conditions as it has been proven to be both
effective and safe, but the Cannabis plant contains more
than 500 different components, each with potential
therapeutic qualities. The components of Cannabis act
together, hitting several targets at once and mutually

enhancing each other’s activity so that the overall outcome
is greater than that of their additive effect. The concentrations
and combinations of the various secondary metabolites,
including the way they complement each other, determine
both the final medicinal response and adverse effects.

Cannabis can treat a multitude of very different conditions
as it exerts its effects via the ECS, which is involved in many
physiological processes. Cannabis treatment can be
personalized to both the condition and the person to
improve treatment outcomes while also reducing the drug
load and minimizing the adverse effects. Most patients do
not receive Cannabis-based medication but rather whole
plants or extracts that contain many active bio-compounds
in different proportions. Each has a different profile of
components, undergoing different drug interactions. It is
still unknown which molecules in the whole extract are
responsible for its overall effect and via which ECS
receptors, effectors and metabolic pathways. Further
research is needed to find which whole extracts or specific
molecules are best suited to treat a given condition.

Physicians and patients require more information to guide
them in choosing the most appropriate cultivar or molecules,
in the correct dose and via the optimal delivery route. The
number of studies that tested different cannabinoids or tried to
recognize the specific bioactive molecules from whole extracts
is low and should be addressed to fulfill the full potential of
Cannabis and improve human health.
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What Do We Know About Medical
Cannabis in Neurological Disorders
and What Are the Next Steps?
Clémence Lacroix*, Isabelle Alleman-Brimault, Arnaud Zalta, Frank Rouby,
Catherine Cassé-Perrot, Elisabeth Jouve, Laurence Attolini, Romain Guilhaumou,
Joëlle Micallef and Olivier Blin

APHM, INSERM, Inst Neurosci Syst, UMR 1106, Aix Marseille Univ, University Hospital Federation DHUNE, Service de
Pharmacologie Clinique et Pharmacovigilance, Marseille, France

Medical use of cannabis has been receiving growing attention over the last few decades in
modern medicine. As we know that the endocannabinoid system is largely involved in
neurological disorders, we focused on the scientific rationale of medical cannabis in three
neurological disorders: amyotrophic lateral sclerosis, Parkinson’s disease, and
Alzheimer’s disease through pharmacological plausibility, clinical studies, and patients’
view. Clinical studies (randomized controlled trials, open-label studies, cohorts, and case
reports) exploring medical cannabis in these disorders show different results depending on
the methods and outcomes. Some show benefits on motor symptoms and others on non-
motor symptoms and quality of life. Concerning patients’ view, several web surveys were
collected, highlighting the real use of cannabis to relieve symptoms of neurological
disorders, mostly outside a medical pathway. This anarchic use keeps questioning
particularly in terms of risks: consumption of street cannabis, drug–drug interactions
with usual medical treatment, consideration of medical history, and adverse reactions
(psychiatric, respiratory, cardiovascular disorders, etc.), underlining the importance of a
medical supervision. To date, most scientific data support the therapeutic potential of
cannabis in neurological disorders. As far as patients and patients’ associations are calling
for it, there is an urgent need to manage clinical studies to provide stronger evidence and
secure medical cannabis use.

Keywords: medical cannabis, neurological disorders, amyotrophic lateral sclerosis, Parkinson, Alzheimer,
pharmacology, scientific research

INTRODUCTION

Medical use of cannabis has been receiving growing attention over the last few decades in modern
medicine. As cannabis is a complex plant containing hundreds of cannabinoids, we keep questioning
about its therapeutic benefits, justified by its pleiotropic pharmacological activity. As a result, it has
been reported that changes in endocannabinoid levels may be related to neurological diseases such as
Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, and multiple sclerosis (Fraguas-
Sánchez and Torres-Suárez, 2018). As we know that the endocannabinoid system (ECS) is largely
involved in neurological disorders, we here chose to focus on the scientific rationale of medical
cannabis through a narrative review in three neurological disorders: amyotrophic lateral sclerosis
(ALS), Parkinson’s disease (PD), and Alzheimer’s disease (AD) through pharmacological
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plausibility, clinical studies, and patients’ view. Developing
medical cannabis could be an important issue to better control
neurodegeneration.

PHARMACOLOGICAL PLAUSIBILITY

ECS is largely expressed in the cerebellum, basal ganglia, and
hippocampus and is thus an area of choice for molecular targets.
Characterization of the ECS and detection of widespread
cannabinoid receptors in the brain and peripheral tissues have
opened the door to a vast field of research. The ECS is formed by
cannabinoid receptors 1 and 2 (CB1 and CB2), the two
endocannabinoids anandamide and 2-arachidonoylglycerol,
and endocannabinoid anabolic and catabolic enzymes.
Manipulation of the ECS may have beneficial disease-
modifying potential in neurological disorders. Exogenous
cannabinoids play a pleiotropic activity mostly through two
cannabinoid receptors: CB1 is predominantly expressed in the
brain, and CB2 is primarily found in the cells of the immune
system (Lucas et al., 2018). Since the pathophysiology of motor
neuron degeneration in ALS may involve mitochondrial
dysfunction, excessive glutamate activity, oxidative stress,
neuroinflammation, and growth factor deficiency, cannabis
could be effective in modulating these processes (Bilsland and
Greensmith, 2008; Carter et al., 2010; Papadimitriou et al., 2010;
Appel et al., 2011). To support these hypotheses, a recent meta-
analysis of preclinical studies in murine ALS models conducted
by Urbi and colleagues suggests that cannabinoid receptor
agonists may improve survival time (Urbi et al., 2019b).

PD mostly involves dopaminergic and cholinergic systems.
The interactions between cannabinoids and dopamine in the
basal ganglia may involve both the modulation of other
neurotransmitters (GABA, glutamate) and the activation of
CB1 and CB2 (Stampanoni Bassi et al., 2017; Patricio et al.,
2020). Preclinical studies in the animal model of PD have shown
various influences of cannabis on motor and non-motor
behaviors: reducing motor fluctuations and levodopa-induced
dyskinesias (Segovia et al., 2003; Morgese et al., 2007; Song et al.,
2014). Activation of CB2 has shown a reduction in dopamine
depletion in PD rats (García-Arencibia et al., 2007). In a
preclinical study investigating the role of a CB2 receptor
agonist on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-induced neurotoxicity in a mouse model of PD
managed in 2017, the use of a CB2 agonist reversed the
depletion of CB2 and thus increased the levels of dopamine
and improved the behavior of PD mice (Shi et al., 2017).
Cannabinoids seem to be protective by binding to the CB1
receptor, inhibiting the dopamine beta hydroxylase activity
and decreasing glutamate levels or by binding to CB2,
reducing neuroinflammation (Ferreira et al., 2020). All these
considerations suggest therapeutic benefits of cannabis in PD.

AD is characterized by extracellular deposits of β-amyloid
plaques and neurofibrillary tangles of tau protein (Selkoe, 2011).
Cannabis promotes neuroprotection through different signal
pathways mediated indirectly by CB receptors by reducing the
β-amyloid peptide action and tau phosphorylation, as well as

modulating oxidative stress and inflammation (Esposito et al.,
2006; Aso and Ferrer, 2014). CB1 and CB2 agonists ameliorated
memory and cognitive impairment in mice that have received
intracerebral injection of β-amyloid peptide (Ramirez, 2005).
CB2 activation also reduced levels of neurotoxic factors and
pro-inflammatory mediators produced by reactive astrocytes
and microglial cells, stimulated microglial proliferation and
migration, and decreased β-amyloid peptide levels (Cristino
et al., 2020). To resume, cannabis improved immune function,
amyloidogenesis, and reduced behavioral symptoms and pain but
also stimulated appetite and inhibited acetylcholinesterase in
animal models of AD (Cooray et al., 2020; Li et al., 2020).

These pharmacological considerations concerning cannabis in
neurological disorders suggest mechanism-based therapeutic
targets for future clinical studies.

CLINICAL STUDIES

We managed a literature search on Medline using the keywords
“medical cannabis” and “neurological disorders,” “medical
cannabis” and “amyotrophic lateral sclerosis,” “medical
cannabis” and “Parkinson,” and “medical cannabis” and
“Alzheimer”. The articles were thoroughly screened by
reviewing each article with titles, abstracts, and content of the
full articles. We only included the studies published between 1986
and 2021 and human studies (clinical trials, case reports, and
published protocols) in the English language, including adults of
18 years of age and older, and we excluded review articles and
position studies (Figure 1). An additional search on clinicaltrials.
gov was also performed using “ALS” and “cannabis,” “Parkinson”
and “cannabis,” and “Alzheimer” and “cannabis”.

Only sparse data on the benefits of medical cannabis in
neurological disorders are available from clinical studies. As
we know that cannabis is a complex plant with hundreds of
phytocannabinoids, several components are studied in the
following clinical studies. Tetrahydrocannabinol (THC) and
cannabidiol (CBD) are the most studied in therapeutic use as

FIGURE 1 | Flow chart of the included clinical studies.

Frontiers in Pharmacology | www.frontiersin.org April 2022 | Volume 13 | Article 8839872

Lacroix et al. Medical Cannabis in Neurological Disorders

91

http://clinicaltrials.gov
http://clinicaltrials.gov
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


they are the two major compounds of the Cannabis sativa L.
plant. THC could be synthetized from CBD acid extracted from
the plant as dronabinol. Nabilone is completely synthetized and is

an analog of THC whereas Sativex®, which is a commercialized
medication, contains a mix of THC and CBD directly extracted
from the plant of cannabis (nabiximol).

TABLE 1 | Summary of clinical studies exploring medical cannabis in ALS.

Reference Study design Number and
the type

of patients

Molecule explored
and the
route of

administration

Dose/frequency
duration

Outcomes and
efficacy

Safety

Weber et al.
(2010)

Randomized, double-
blind, placebo-
controlled crossover
study

n = 22 ALS
patients suffering
from daily cramps
(completed)

Dronabinol, Marinol
®
;

per os
5 mg of dronabinol
twice daily during
2 weeks Wash-
out: 2 weeks

-No significant effect on
cramp intensity (primary
outcome)

Two AEs non–study-related:
one pneumonia and one deep
venous thrombosis

-No significant effect on
number of cramps per day,
number of cramps during
daytime and bedtime,
fasciculations, quality of life,
quality of sleep, appetite, and
depression (secondary
outcomes)

Joerger
et al. (2012)

Randomized, double-
blind, placebo-
controlled study

n = 9 ALS patients
suffering from
cramps

Dronabinol; per os 1) 5 mg (single
dose)

-PK linear with a doubling of
the AUC

-Drowsiness, euphoria,
orthostasis, sleepiness,
vertigo, and weakness:
significantly more frequent in
patients receiving 10 mg THC
as compared to 5 mg THC
per day

2) wash-out:
2 weeks

-High inter-individual PK
variability

-No association between drug
exposure and the occurrence
of AE

3) 10 mg (single
dose)

-Heart rate peaked
approximately together with
the plasma concentrations of
THC-OH

Meyer et al.
(2019)

Observational,
retrospective,
monocentric, cross-
sectional cohort study

n = 32 ALS
patients suffering
from spasticity

Mix of THC:CBD
(2.7 mg:2.5 mg),
Sativex

®
; oromucosal

spray

three groups: -Severe spasticity related to
high doses of Sativex

®
No AE reported

>7 sprays (n = 11) -High treatment satisfaction
<7 sprays (n = 16) -n = 16 discontinued the

treatment during observation
period

Infrequent use
(n = 5)

Riva et al.
(2019)

Randomized, double-
blind, placebo-
controlled study

n = 59 ALS
patients

Mix of THC:CBD
(2.7 mg:2.5 mg),
Sativex

®
; oromucosal

spray

14 days titration,
duration 6 weeks

-Significant reduction of ALS-
related spasticity

-three temporarily
discontinuations of AEs

Sativex
®
, n = 29 -Significant effect of the

patient’s impression of
change

one nausea and anxiety event,
one influenza and accidental
fall, and one disease
progression event

Placebo, n = 30 -No significant reduction of
the global impression of
change (caregivers and
physicians), pain, spasm
frequency, sleep, timed 10-m
walk, scores on the
amyotrophic lateral sclerosis
functional rating
scale—revised, forced vital
capacity, scores on the
barthel activities of daily living
index, and body mass index

-No SAEs

AE, adverse event; ALS, amyotrophic lateral sclerosis; CBD, cannabidiol; SAE, severe adverse event; THC, tetrahydrocannabinol.
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To date, we have only found four clinical studies exploring the
use of medical cannabis in ALS (Weber et al., 2010; Joerger et al.,
2012; Meyer et al., 2019; Riva et al., 2019). Data from these studies
are summarized in Table 1. The use of dronabinol alone did not
demonstrate improvement in cramp intensity, cramp frequency,

and fasciculation intensity neither on quality of life, sleep,
appetite, and depression in a randomized controlled trial
(RCT) of 2010 (Weber et al., 2010). The lack of treatment
effect could be due to the short duration treatment (2 weeks).
In parallel, an equilibrated mix of tetrahydrocannabinol (THC)

TABLE 2 | Summary of clinical studies exploring medical cannabis in PD.

Reference Study design Number and
the type

of patients

Molecule
explored
and the
route of

administration

Dose/frequency
duration

Outcomes and
efficacy

Safety

Consroe
et al. (1986)

Open-label study n = 5 PD patients with
dystonia

CBD; per os From 100 mg/day to
600 mg/day
increased 100 mg/
week, duration
6 weeks

Improvements in dystonia,
dose-related in a 20–50%
range

-four hypotension events
-three exacerbations of
hypokinesia and/or tremor
with a higher dose of CBD
-two dry mouth
-two sedation events
-two lightheadedness

Frankel et al.
(1990)

Case report n = 5 PD patients resistant
to common therapies

Cannabis;
smoking

1 g; 2,9% THC,
duration not reported

No effects in reducing the
tremor

Drowsiness and mild
euphoria

Sieradzan
et al. (2001)

Randomized,
double-blind,
placebo-controlled
crossover study

n = 9 PD patients with
L-Dopa–induced
dyskinesia

Nabilone; per os 0,03 mg/kg, duration
not reported

Significant improvement in
L-Dopa dyskinesia

-Two AEs with withdrawn:
one vertigo and one
hypotension
-Other AEs (n = 5 patients):
mild sedation, “floating
sensation”, dizziness,
hyperacusis, partial
disorientation, and visual
hallucinations

Carroll et al.
(2004)

Randomized,
double-blind,
placebo-controlled
crossover study

n = 19 PD patients with
L-Dopa–induced
dyskinesia

Mix of THC:CBD
(2.5 mg:1.25 mg);
per os

Max 0.25 mg/kg/day
THC, administration
twice daily, during
4 weeks

-No significant effects
reported on UPDRS,
Rush, Bail, PDQ-39 scales

No SAE reported

Wash-out: 2 weeks -No significant effects in
improving the quality of life

Zuardi et al.
(2009)

Open-label study n = 6 PD patients with at
least 3-month-old
psychosis

CBD; per os 150 mg/day to
400 mg/day,
duration 4 weeks

-Significant improvements
in BPRS and psychotic
symptoms, in sleep
quality, less hallucinations,
and disorientations (PPQ)

No AE reported

-Significant improvement
in UPDRS and CGI-I

Chagas
et al. (2014a)

Randomized,
double-blind,
placebo-controlled
study

n = 21 PD patients without
dementia or psychiatric
symptoms and no
occasional cannabis
consumers

CBD; per os 75 mg/day or
300 mg/day,
duration 6 weeks

Significant difference in
PDQ39 between placebo
and CBD 300 mg/day
groups

No AE reported

Chagas
et al.
(2014b)

Case reports n = 4 PD patients with
sleep behavioral problems

CBD; per os 75 mg/day (n = 3);
300 mg/day (n = 1),
duration 6 weeks

Four patients described an
improvement in sleep
behavioral disorders

No AE reported

Lotan et al.
(2014)

Open-label study n = 22 PD patients Cannabis;
smoking

0, 5 g, duration not
reported

-Significant improvements
in UPRDS, in tremor, in
rigidity, and bradykinesia

-Two AEs: one
hypoglycaemia and one
dizziness

-Significant improvement
in sleep and pain scores

BPRS, Brief Psychiatric Rating Scale; CBD, cannabidiol; CGI-I, clinical global impression–improvement; PD, Parkinson’s disease; PDQ-39, Parkinson’s disease questionnaire; THC,
tetrahydrocannabinol; UPDRS, Unified Parkinson’s Disease Rating Scale.
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TABLE 3 | Summary of clinical studies exploring medical cannabis in AD.

Reference Study design Number and
the type

of patients

Molecule
explored
and the
route of

administration

Dose/frequency
duration

Outcomes and
efficacy

Safety

Volicer et al.
(1997)

Randomized,
double-blind,
placebo-controlled
crossover study

n = 15 AD patients with
behavioral disorders
and anorexia

Dronabinol;
per os

2.5 mg twice daily,
duration 6 weeks

-Significant improvement in
body weight

-Nine tiredness and eight
somnolence events

-Significant improvement in
the severity of behavioral
disorders

Seven euphoria events

-Significant improvement in
the negative affect score

-No SAE reported

Walther et al.
(2006)

Open-label study n = 6 patients in the late
stages of dementia and
suffering from circadian
and behavioral
disorders

Dronabinol;
per os

2.5 mg/day,
duration 2 weeks

-Significant reduction in the
nocturnal motor activity

No AE reported

-Significant improvement of
the NPI score (agitation,
aberrant motor, and night-
time behaviors)
-Significant reduction in
appetite disturbances and
irritability

Mahlberg and
Walther
(2007)

Randomized,
placebo-controlled
study

n = 24 AD patients
suffering from agitated
behavior

Dronabinol;
per os

2.5 mg/day,
duration 2 weeks

-Significant reduction in
nocturnal motor activity

No AE reported

-Significant improvement of
the NPI score

Walther et al.
(2011)

Randomized,
double-blind,
placebo-controlled
crossover study

n = 2 AD patients with
night time agitation

Dronabinol,
Marinol

®
; per os

2.5 mg/day,
duration 2 weeks

-Reduction in nocturnal
motor activity

No AE reported

Ahmed et al.
(2015)

Randomized,
double-blind,
placebo-controlled
crossover study

n = 10 patients
suffering from
dementia

THC, Namisol
®
;

per os
-Weeks 1–6:
0.75 mg twice daily

— -Two AEs at 0.75 mg: one
dizziness and one fatigue

-Weeks 7–12:
1.5 mg twice daily

-Four AEs at 1.5 mg: three
agitation and one fatigue

Wash-out period:
4 days

-No SAEs

Duration: 12 weeks

Shelef et al.
(2016)

Open-label study n = 11 patients with
dementia and NPS

THC; per os -2.5 mg twice daily -Significant improvement in
CGI and NPI scores
(delusions, agitation/
aggression, irritability,
apathy, sleep, and caregiver
distress)

Three AEs: one fall, one
confusion, and one
dysphagia

-5 mg twice daily if
2.5 mg ineffective
-7.5 mg twice daily if
5 mg ineffective
Duration: 4 weeks

Herrmann
et al. (2019)

Randomized,
double-blind,
placebo-controlled
crossover study

n = 39 AD patients
suffering from agitation

Nabilone; per os 1 mg/day; 1,5 mg/
day; 2 mg/day
according to
tolerance, duration
14 weeks

-Significant improvement in
agitation (CMAI)

-36 AEs: 22 sedation, eight
falls, one bradycardia, one
myoclonic jerk, one elevated
urea level, one rash, one
NPS increase, and one
dizziness

-Significant improvement in
NPI (caregiver distress,
behavior)

Wash-out: 1 week -Significant improvement in
the sMMSE score

-Five SAEs: two lethargy,
one death, one high INR,
and one myocardial
infarction

-Significant improvement in
the nutritional status without
weight gain

AD, Alzheimer’s disease; AE, adverse event; CGI, clinical global impression of change; CMAI, Cohen-Mansfield agitation inventory; sMMSE, standardized mini-mental status examination;
NPI, neuropsychiatric inventory; NPS, neuropsychiatric symptoms; SAE, severe adverse event, THC, tetrahydrocannabinol.
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and cannabidiol (CBD) in the oromucosal spray Sativex® seems to
be effective on ALS-related spasticity and on the patients’ global
impression of change in a 6-week RCT (Riva et al., 2019) and also
in a cohort study (Meyer et al., 2019). Noticeably, Sativex® (an
equilibrated mix of THC and CBD) is already commercialized
and indicated for symptom improvement in adult patients with
resistant spasticity due to multiple sclerosis. All these studies
reported good tolerability of medical cannabis. Therefore, these
modest but encouraging results suggest the need for further
studies enrolling a higher number of patients.

Concerning PD patients, eight clinical studies were published
(Consroe et al., 1986; Frankel et al., 1990; Sieradzan et al., 2001;
Carroll et al., 2004; Zuardi et al., 2009; Chagas et al., 2014a, 2014b;
Lotan et al., 2014), as shown in Table 2. Medical cannabis could
be effective both on motor symptoms (dystonia, dyskinesia, and
fluctuations), and non-motor symptoms (anxiety, sleep quality,
hallucinations, and disorientation) (Consroe et al., 1986; Frankel
et al., 1990; Sieradzan et al., 2001; Zuardi et al., 2009; Chagas et al.,
2014a; Lotan et al., 2014). Two studies (one RCT and one case
report of five PD patients) show that there is not any reduction of
motor and non-motor symptoms. One open-label study shows
that there is an improvement of motor and non-motor symptoms
only at the highest dose of CBD (400 mg/day for 4 weeks). Case
reports of four PD patients show that there is an improvement of
the quality of sleep without nightmares and reduction of
agitation. Five studies show improvement of motor and non-
motor symptoms and quality of life (three open-label studies and
two RCTs). Anyway, all studies demonstrate that there are no
serious adverse effects. The main limitations to these findings are
short study duration and small sample sizes. Another limitation
may be due to the low bioavailability of THC and CBD in oral
preparations. This means that there is an obvious need for larger
well-conducted studies.

To our knowledge, five RCTs and two open-label studies were
published in AD regarding medical cannabis effectiveness and
safety (Volicer et al., 1997; Walther et al., 2006; Mahlberg and
Walther, 2007; Walther et al., 2011; Ahmed et al., 2015; Shelef
et al., 2016; Herrmann et al., 2019). Results of these studies are
available in Table 3. Only dronabinol and nabilone were
experimented in AD patients. The benefits published in these
studies were improving in agitation, nocturnal motor activity,
disturbed behavior, anorexia, and the patient’s global impression
of change (Volicer et al., 1997; Walther et al., 2006; Walther et al.,
2011; Shelef et al., 2016; Herrmann et al., 2019).

To resume, among these 19 clinical studies, nine were
randomized double-blind placebo-controlled designed. Open-
label design has inherent limitations of a placebo effect and
rater bias. Moreover, as the experimental products and the
routes of administration used were different (synthetic or
natural and mix of cannabinoids or only one cannabinoid; per
os or smoked), it adds an additional difficulty to compare results.
According to the experimental product, it could also be difficult to
perform a placebo-controlled design because of the conspicuous
and characteristic smell of a cannabis cigarette, for example. It
still underlines that more well-conducted studies would be
necessary to further strengthen evidence of effectiveness.
Nevertheless, these results are hopeful for patients suffering

from these neurological disorders. Moreover, adverse effects
reported with the use of medical cannabis do not seem to be
limiting for its clinical use. Reported adverse effects were expected
ones compared to the knowledge of cannabis use in general
population (drowsiness, euphoria, sleepiness, weakness,
dizziness, hypotension, and dry mouth). Due to
pharmacokinetics variability of medical cannabis (and its
numerous metabolites), future studies should apply parallel
group study design rather than crossover design.

To date, 13 studies are registered in clinicaltrials.gov; two
protocols are already published in Medline (Urbi et al., 2019a;
Timler et al., 2020). Urbi et al. published a protocol of a
randomized double-blind placebo-controlled study in ALS
patients to evaluate the efficacy of a mix oil of CBD:THC
(25 mg CBD: <2 mg THC) in slowing the disease progression.
Secondary objectives are safety and tolerability. Timler et al.
carried a randomized double-blind crossover study
experimenting a mix oil of THC:CBD (3:2) in patients with
dementia, on behavior symptoms, quality of life, and
discomfort by pain.

Overall, clinical studies exploring medical cannabis in
neurological disorders show different results depending on the
methods and outcomes. Some show benefits on motor symptoms
of neurological diseases, some on non-motor symptoms, and
others no benefit at all. Therefore, it is becoming essential to
conduct more and larger clinical studies in order to scientifically
enlighten clinicians and first and foremost patients.

WHAT ABOUT PATIENTS’ VIEW?

As cannabis has been presented as a treatment for many medical
conditions for few years, patients experiment this plant in many
ways to manage their neurological disorders. Nevertheless, very
few surveys have been conducted to describe 1) the consumers
(medical condition and demographics); 2) the consumption (the
cannabinoid type, form, route of administration, frequency,
duration, and way of acquisition); 3) the relief symptoms
(duration and level of the relief); 4) the adverse effects (type,
duration, and frequency). It is unavoidable to understand the
motivations and experiences of cannabis use among people living
with neurological disorders to better orient clinical trials.

In 2004, Amtmann and colleagues published a worldwide
anonymous web survey analyzing the answers of 131 ALS
patients (Amtmann et al., 2004). The mean age was 54 years,
and patients were mostly male (75%). Respondents reported a
stable family life and a high education level for the majority. The
median time since ALS diagnosis was 3 years, and the mean
duration was 4 years. About 10% of the respondents (n = 13)
reported the use of cannabis to relieve symptoms of ALS in the
last 12 months. They mostly consume smoking cannabis. Only
three of them reported using medical cannabis (dronabinol).
Concerning relieve symptoms, patients reported cannabis as
moderately effective in symptoms of appetite loss, depression,
pain, spasticity, and drooling and ineffective in reducing
difficulties with speech and swallowing and sexual dysfunction.
The longest relief was reported for depression. In 2004,
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Venderova and colleagues also sent an anonymous questionnaire
to all patients attending the Prague Movement Disorder Centre
(Venderová et al., 2004). In total, 339 questionnaires were
returned, and 25% of the respondents declared having taken
cannabis. The mean age of cannabis users was 63.9 years, and the
mean duration of PD was 8.3 years. They mostly reported an oral
consumption once a day. Interestingly, none of them reported
their doctor. PD patients described alleviations, especially in
motor symptoms: 44.7% in bradykinesia, 37.7% in muscle
rigidity, 30% in tremor, and 14.1% in L-dopa-induced
dyskinesias. Another anonymous web survey managed on PD
patients in the United States in 2020 analyzed the answers of
1,064 patients (Feeney et al., 2021). The mean age of the
respondents was 71.2 years, male accounted for 52.5%, and the
mean PD duration was 7.4 years. They were mostly highly
educated with 78% of retired, evolving in a stable family life.
About 25% of them reported the use of cannabis in the previous
6 months, and 35.6% of them considered themselves as regular
users. They most frequently reported spraying or drooping,
smoking, and eating as their primary method of cannabis use.
The ways of acquisition were medical dispensary (38.7%) and
family/friend gift (24.5%). When known, patients reported
products with a high THC dosage in 21.2%, to get a better
efficacy for both motor and non-motor symptoms. The
reported relief symptoms were non-motor symptoms
insufficiently controlled by classic medications: anxiety
(45.5%), pain (44%), sleep disorders (44%), and specific motor
symptoms such as stiffness (43%) or tremor (42%). Only 12.6% of
PD cannabis users reported adverse effects (anxiety, impaired
coordination, and dizziness). Interestingly, cannabis non-users
(75.5%) reported two major reasons for not using cannabis: the
lack of evidence (59.9%) and the fear of cannabis adverse effects
(34.9%). In 2021, a German nationwide questionnaire survey
described the used of medical cannabis in PD patients (Yenilmez
et al., 2021). A total of 1,348 questionnaires were analyzed. The
mean age of the patients was 71.6 years, and the mean PD
duration was 11.6 years. Cannabis use was reported in 8.4% of
the questionnaires, with a reduction of pain andmuscle cramps in
more than 40% of users (respectively, 43.9 and 41.4%). Moreover,
more than 20% of them described an improvement in depression
(28.1%), stiffness/akinesia (27.3%), sleep disorders (27.1%),
freezing (25.0%), tremor (24.3%), anxiety (24.0%), and restless
legs syndrome (21.4%). The improvements were related to 54.1%
of oral CBD use and to 68.2% inhaling THC-containing cannabis.
In the majority of patients (85%), cannabis was well-tolerated.
Adverse effects reported were mainly fatigue, dizziness, and
ravenous appetite. Another recent survey showed that 95% of
movement disorders specialist neurologists reported to be asked
to prescribe medical cannabis to their patients (Bega et al., 2017).

Concerning AD patients, a recent Polish anonymous web
survey addressed to caregivers identified the attitudes and
beliefs of caregivers of individuals with AD toward CBD oil in
Poland (Leszko and Meenrajan, 2021). A total of 73 caregivers
answered the questionnaire. They reported an effective use of
CBD oil in behavioral symptoms of AD, to slow memory loss,
agitation, anxiety, and insomnia. Most of the caregivers (84%)
answered that CBD oil improved their care recipient’s quality of

life. None of them reported adverse effects with the use of CBD
oil. It is also interesting to note that only 63% of them informed
their physician about this habit. In this survey, people also
reported lack of information about the legacy, the medical use
of cannabis as far as a lack of scientific data.

Despite being great sources of information, these surveys
present several limitations. First, the results are based on small
sample sizes compared to the affected population; respondents
may not have been representative of the entire ALS, PD, and AD
population. Second, internet users’ population constitutes a
selection bias because all patients with neurological disorders
could not use the internet, and internet users tend to be highly
educated. Third, cannabis users may have been more inclined to
answer the surveys and inflated the number of users and benefits,
leading to a possible answer bias. Another limitation is the
country of survey and/or residence because cannabis could be
legal or not.

WHATARE THEMAINRISKSOFCANNABIS
USE IN NEUROLOGICAL DISORDERS?

The main risk is that most of the therapeutic uses of cannabis
are performed outside of a medical pathway exposing patients
to uncontrolled drugs (street cannabis) and unexpected
drug–drug interactions. Published case reports show CBD
interactions with antiepileptic drugs (Anderson et al., 2019;
Gilmartin et al., 2021), warfarin (Grayson et al., 2018),
immunosuppressants such as tacrolimus (Leino et al., 2019),
and methadone (Madden et al., 2020). In all these case reports,
the consequence of the drug–drug interaction was an increase
in plasma concentrations of co-administered medications and
potential associated complications. Cannabis could also cause
well-known psychiatric adverse effects (psychosis, paranoia,
anxiety, disorientation, etc.). Therefore, it is important to
supervise and regulate the consumption of medical
cannabis. In the majority of clinical studies exploring
medical cannabis, exclusion criteria included history of
psychiatric disorders (Collin et al., 2007; Wallace et al.,
2015; van de Donk et al., 2019). In addition to the
respiratory adverse effects, cardiovascular complications are
poorly known but also reported with the use of cannabis.
Jouanjus et al. conducted an observational retrospective
study in 2011 in patients admitted to a French hospital with
a relation of cannabis use. In total, 200 patients were included,
and 619 adverse effects were reported with 9.5% of
cardiovascular ones (Jouanjus et al., 2011). Serious
cardiovascular complications described with the use of
cannabis are arrythmia including ventricular tachycardia,
acute coronary syndromes, peripheral complications
(arteriopathies), and cerebral complications (acute cerebral
angiopathy, transient cortical blindness, and spasm of the
cerebral artery) (Jouanjus et al., 2014; Goyal et al., 2017).
There is a lack of consensus that likely reflects a general
knowledge gap and paucity of data to guide clinical
practice. Nevertheless, it is essential to supervise cannabis
consumption and consider the medical history and the
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concomitant medication use in these patients to avoid serious
complications.

DISCUSSION/CONCLUSION

In recent decades, the endocannabinoid system has attracted
considerable interest as a potential therapeutic target in numerous
pathological conditions. Medical cannabis has clearly demonstrated
several benefits on neurological disorders, owing to its pleiotropic
pharmacological activity. Preclinical, clinical, and real-life experiences
described in ALS, PD, and AD are even more important cues to
develop research on medical cannabis. Acceptable safety and
tolerability profiles are also strong arguments to be considered in
the development of medical cannabis. It is now essential to answer
several questions to broadly develop medical cannabis in neurological
disorders: 1) which cannabinoids (THC, CBD,mix of THC andCBD,
and others)? 2) What dosage? 3) What frequency? 4) Which route of
administration? 5) In which symptoms? Answers to these questions
will be helpful for patients and clinicians to manage care pathways
with medical cannabis treatment.

As all pharmacological substance and a fortiori with its
pleiotropic activity, clinicians should be cautious with the use
of medical cannabis because of drug–drug interactions and with
the medical history of their patients. Only few patients inform
their clinicians of cannabis experience, and very few data are
available on these interactions.

Nevertheless, there is a call for more clinical studies to secure
cannabis consumption in a medical enrollment. As far as
patients and patients’ associations are calling for it, there is
an urgent need to manage clinical studies to provide stronger
evidence and secure medical cannabis use. Therefore, more
controlled clinical studies with larger neuropsychiatric
populations should be prioritized to bring important cues in
the near future and support the translation of research findings
to clinical settings.
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Medical Cannabis Activity Against
Inflammation: Active Compounds and
Modes of Action
Seegehalli M. Anil†, Hadar Peeri† and Hinanit Koltai *

Institute of Plant Science, Agriculture Research Organization, Volcani Center, Rishon LeZion, Israel

Inflammation often develops from acute, chronic, or auto-inflammatory disorders that can
lead to compromised organ function. Cannabis (Cannabis sativa) has been used to treat
inflammation for millennia, but its use inmodernmedicine is hampered by a lack of scientific
knowledge. Previous studies report that cannabis extracts and inflorescence inhibit
inflammatory responses in vitro and in pre-clinical and clinical trials. The
endocannabinoid system (ECS) is a modulator of immune system activity, and
dysregulation of this system is involved in various chronic inflammations. This system
includes cannabinoid receptor types 1 and 2 (CB1 and CB2), arachidonic acid-derived
endocannabinoids, and enzymes involved in endocannabinoid metabolism. Cannabis
produces a large number of phytocannabinoids and numerous other biomolecules such as
terpenes and flavonoids. In multiple experimental models, both in vitro and in vivo, several
phytocannabinoids, including Δ9-tetrahydrocannabinol (THC), cannabidiol (CBD) and
cannabigerol (CBG), exhibit activity against inflammation. These phytocannabinoids
may bind to ECS and/or other receptors and ameliorate various inflammatory-related
diseases by activating several signaling pathways. Synergy between phytocannabinoids,
as well as between phytocannabinoids and terpenes, has been demonstrated. Cannabis
activity can be improved by selecting the most active plant ingredients (API) while
eliminating parts of the whole extract. Moreover, in the future cannabis components
might be combined with pharmaceutical drugs to reduce inflammation.

Keywords: inflammation, medicinal cannabis, phytocannabinoids, Δ 9-tetrahydrocannabinol (THC), cannabidiol
(CBD), cannabigerol (CBG)

INTRODUCTION

The immune system consists of both adaptive and innate immunity. Innate immunity is the rapid
and non-specific response to pathogens mediated by myeloid cells and natural killer (NK) cells. On
the other hand, adaptive immunity is a slower but specific response that generates immunological
memory, involving the activation of B and T lymphocytes (Netea et al., 2019). During normal
inflammation, innate immunity is activated within minutes to hours as a first line of defense against
pathogen infection, followed by the elimination of the threats carried out by both the innate and the
adaptive immune responses (Netea et al., 2019). Ending inflammation and returning to homeostasis
is a process known as resolution. However, failure to remove the inciting stimulus efficiently can lead
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to the development of chronic inflammation and progression of
tissue damage (Feehan and Gilroy, 2019). This kind of chronic,
unresolved inflammation contributes significantly to various
pathogeneses, including that of asthma (Pothen et al., 2015),
COVID-19 (Effenberger et al., 2021), atherosclerosis (Galkina
and Ley, 2009), chronic obstructive pulmonary disease
(Sevenoaks and Stockley, 2006), inflammatory bowel disease
(Actis et al., 2019), neurodegenerative disease (Perry, 2004),
multiple sclerosis (Sá, 2012) and rheumatoid arthritis
(Masoumi et al., 2021).

Cannabis (Cannabis sativa) has been used as medicine for the
treatment of inflammation for millennia, but its use in modern
medicine has been hampered by a lack of scientific knowledge
(Ryz et al., 2017). Previous studies reported that cannabis extracts
and inflorescence inhibited inflammatory responses in vitro and in
pre-clinical and clinical studies. For example, a high-CBD cannabis
ethanolic extract reduced the release of skin inflammation mediators
in keratinocytes (Sangiovanni et al., 2019). Similarly, a study on a
mouse model of colitis showed that oral or intraperitoneally
treatment with high-CBD cannabis extract led to a reduction in
intestinal inflammation and hypermotility, in contrast to pure CBD
treatment at matched doses (Pagano et al., 2016). Moreover, two
clinical trials on patients with Crohn’s disease reported that daily
treatmentwith THC-rich cannabis inflorescence had beneficial effects

against the disease symptoms with no significant side effects and
reduced the need for other medications (Naftali et al., 2011; Naftali
et al., 2013). In another clinical trial, daily cannabis treatment was
associated with lower levels of pro-inflammatory biomarkers in
cerebral fluid (CSF) of HIV patients (Watson et al., 2021).

Great efforts have been made to suppress chronic inflammation.
Cannabis and its compounds were shown to have anti-inflammatory
activity (see Appendix A for methodology), but to exploit the full
potential of cannabis it is important to define the active molecules
and understand the cellular andmolecularmechanisms that underlie
its anti-inflammatory activity.

A BRIEF DESCRIPTION OF THE
CORNERSTONES OF INFLAMMATION

Monocytes are the major starting entities of inflammation. Once
released from bone marrow, monocytes migrate through the
blood into various tissues and undergo the tissue-specific
maturation required to become inflammatory macrophages
that respond to infection, injury, or damage. The various sub-
populations of activated macrophages may differ in morphology,
release of inflammatory mediators and functional properties, but
in inflammation they have three major functions: phagocytosis,

FIGURE 1 | A general illustration of some of the signaling pathways suggested being associated with phytocannabinoid-mediated inflammation suppression.
Receptors with inflammatory-inducing activity are marked with a red lightning bolt. Other receptors interact with phytocannabinoids to convey anti-inflammatory
responses. Genes or proteins are designated in rectangular boxes. Red arrows denote reduction in biological processes or components following cannabinoid
treatments. CBD-cannabidiol; CBG-cannabigerol; THC- Δ9-tetrahydrocannabinol; CB- cannabinoid receptor; GPR- G protein-coupled receptor; TRPV- transient
receptor potential vanilloid; A2a-adenosine receptor; iFN- interferon; TNF- tumor necrosis factor; CCL- C-C motif chemokine; IL-interleukin; COX-cyclooxygenase;
iNOS- nitric oxide synthase; ROS- reactive oxygen species; NO- nitric oxide; MAPK- mitogen-activated protein kinase; LPS- bacterial lipopolysaccharide; NFκB- nuclear
factor kappa B; IRF3- regulatory factor 3; FcR- Fc receptor; TNFR- TNF receptor; INF- interferon; 5HT(1A)- serotonin receptor; TLR-toll-like receptor; TRIF- Toll-
Interleukin-1 Receptor (TIR)-domain-containing adaptor-inducing interferon-β.
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antigen presentation and immunomodulation (Fujiwara and
Kobayashi, 2005). The process of inflammation is orchestrated
via inflammatory mediators. Pro-inflammatory cytokines, such as
tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β are
released from activated macrophages in response to infection
(Figure 1; Abdulkhaleq et al., 2018). TNF-α and IL-1β act
through specific cell membrane-bound receptors and
participate in the recruitment of polymorphonuclear
neutrophils (PMNs) into the site of infection and their
activation (Hackel et al., 2021).

TNF-α facilitates the release of other pro-inflammatory
cytokines from immune effector cells, including interferon
alpha (IFN-α), interferon gamma (IFN-γ), IL-1β, IL-6, IL-8,
Transforming growth factor beta (TGF-β) and chemokines
(Silva et al., 2019). Further, in cases of enhanced
inflammation, when the cell is stimulated, typically by
bacterial lipopolysaccharide (LPS) or pro-inflammatory
cytokines, there is induction of inducible nitric oxide synthase
(iNOS). An increase in iNOS levels generates significant amounts
of nitric oxide (NO) radicals or cyclooxygenase 2 (COX2); COX2
catalyzes the conversion of arachidonic acid to prostaglandins
(PGs), prostacyclin and thromboxane A2 (Salvemini et al., 2013;
Cinelli et al., 2020).

The signal transduction of inflammatory responses involves
several signaling pathways including mitogen-activated protein
kinase (MAPK), toll-like receptor (TLR), Janus kinase/signal
transducers and activators of transcription (JAK-STAT), and
nuclear factor kappa B (NFκB) pathways (Figure 1; Zhao
et al., 2021). The activation of these pathways involves a series
of phosphorylation events leading to the induction of various
anti-apoptotic target genes and the expression of cytokines,
chemokines, and adhesion molecules (Taniguchi and Karin,
2018; Fitzgerald and Kagan, 2020). Moreover, during
inflammatory processes, reactive oxygen species (ROS) are
commonly multiplied and can contribute to host cell and
organ damage. Further, intracellular redox changes induced by
ROS augment NF-κB activation through the phosphorylation and
degradation of IκB by increasing IkB kinase ß (IKK) or Akt kinase
activity (Haddad, 2002).

Resolution of inflammation may involve increased production
of IL-10, among others. IL-10 is an anti-inflammatory cytokine,
which inhibits the release of lipid mediators and pro-
inflammatory cytokines (e.g., IL-1β, IL-6, and TNF-α;
Figure 1; Panigrahy et al., 2021).

THE ENDOCANNABINOID SYSTEM AND
INFLAMMATION

The endocannabinoid system (ECS) is a modulator of multiple
physiological activities, including in the nervous, endocrine,
immune, blood circulation, gastrointestinal tract and
reproductive systems (Di Marzo et al., 1998). Accordingly,
dysregulation of the ECS is involved with various pathological
conditions, including inflammation among others (Di Marzo and
Piscitelli, 2015; Hillard, 2018), whereas therapeutic modulation of
ECS activity has beneficial effects on various medical conditions,

including those associated with inflammation (Ambrose and
Simmons, 2019; Giacobbe et al., 2021). ECS is involved in
both innate and adaptive immunity and in several chronic
inflammatory diseases (Chiurchiù et al., 2015). ECS includes
cannabinoid receptors types 1 and 2 (CB1 and CB2,
respectively) and multiple other receptors such as the
peroxisome proliferator-activated receptors (PPARs) and ion
channels (e.g., the transient receptor potential ankyrin [TRPA]
family and the transient receptor potential vanilloid [TRPV]
family) (Biringer, 2021). Also included in the ECS are the
receptors’ ligand, arachidonic acid derived endocannabinoids,
and enzymes for endocannabinoid metabolism (Di Marzo et al.,
1998).

Most immune cells express endocannabinoids, the enzymes
regulating their biosynthesis and degradation, and
endocannabinoid receptors (Chiurchiù et al., 2015). Both CB1
and CB2 are expressed in immune cells, with CB2 being expressed
10–100 times higher than CB1 in these cells (Jean-Gilles et al.,
2010; Rahaman and Ganguly, 2021). Moreover, CB receptor
activation regulates anti-inflammatory responses. For example,
activation of CB2 receptors by its agonist inhibited the release of
the pro-inflammatory cytokine IL-12 and IL-23 and enhanced the
release of the anti-inflammatory cytokine IL-10 from cultured
activated macrophages. This study suggested that the inhibitory
effect of CB2 on IL-12 production was mediated by ERK1/2-
MAPK (Correa et al., 2009).

In another example, a CB2 receptor agonist reduced in human
peripheral blood mononuclear cells LPS-induced ERK1/2 and
NF-kB-p65 phosphorylation and release of the pro-inflammatory
cytokines TNF-α, IL-1β, IL-6 and IL-8 (Capozzi et al., 2021). A
selective/inverse agonist of CB2 induced the differentiation of
Th0 cells into regulatory T cells (Treg) cell phenotypes in a naïve
CD4+ T lymphocyte population isolated from a mouse spleen.
The Treg phenotype is important for suppressing immune
response by inhibiting T cell proliferation and cytokine
production. The Treg phenotype was induced via P38
phosphorylation and STAT5A activation and was
characterized by the expression of FoxP3, TGF-β and IL-10.
Accordingly, treatment with this CB2 selective/inverse agonist
reduced colitis severity in vivo (Gentili et al., 2019).

TABLE 1 | Representative structures of three major phytocannabinoids.

Phytocannabinoid

CBD

CBG

Δ9-THC

Abbreviations: CBD, cannabidiol; CBG, cannabigerol; Δ9-THC, Δ9-
tetrahydrocannabinol.
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CANNABIS BIOMOLECULES

Cannabis produces a large number of phytocannabinoids (Hanuš
et al., 2016). Phytocannabinoids are aromatic oxygenated
hydrocarbons, derived from meroterpenoids with a resorcinyl
core structure with isoprenyl, alkyl or aralkyl substitutions. The
characteristic alkyl side chain typically contains an odd number of
carbon atoms (Hanuš et al., 2016; Gülck and Møller, 2020). They
are produced in the plant in their acid form and are decarboxylated
to the active form (Gülck and Møller, 2020). Among the
phytocannabinoids, Δ9-trans-tetrahydrocannabinols (Δ9-THCs)
and cannabidiols (CBDs) are the most abundant (Table 1).
Cannabigerol (CBG) in its acid form (CBGA) serves as a core
intermediate that diverges to provide the phytocannabinolic acids
(Table 1; Hanuš et al., 2016; Tahir et al., 2021).

In addition to phytocannabinoids, cannabis produces a
plethora of non-cannabinoid constituents including a vast array
of terpenes as the second-largest class of cannabis constituents (El
Sohly et al., 2017). Cannabis biosynthesizes flavonoids as well,
among them cannflavins, which are prenylated (C5) and
geranylated (C10) flavones (Bautista et al., 2021).

KNOWN PHYTOCANNABINOID ACTIVITY
AGAINST INFLAMMATION

Cannabidiol
CBD was demonstrated in multiple experimental models, in vitro
and in vivo, to exert anti-inflammatory activities and ameliorate
various inflammatory-related degenerative diseases. The
mechanism of this anti-inflammatory activity is, however, not
completely understood. CBD treatment of hypoxic-ischemic (HI)
immature brains of newborn mice was shown to significantly
reduce IL-6, TNF-α, COX-2 and iNOS expression in brain slices.
This activity was suggested to be mediated via CB2 and adenosine
A2A receptors (Figure 1; Castillo et al., 2010). Likewise, treatments of
lipopolysaccharide-treated mice with a low dose of CBD decreased
TNF-α production; this effect was abolished in A2A receptor
knockout mice and reversed with an A2A adenosine receptor
antagonist, supporting the notion that CBD may enhance
adenosine signaling (Carrier et al., 2006). Further, in a murine
model of acute lung injury, CBD, via the A2A adenosine receptor,
significantly reduced leukocytemigration into the lungs and reduced
the levels of albumin, TNF-α, IL-6 and other chemokines in
bronchoalveolar lavage fluid (Figure 1; Ribeiro et al., 2012). CBD
also reduced the activity of myeloperoxidase (MOP, an index of
neutrophil infiltration) in lung tissue (Ribeiro et al., 2012).

In newborn pigs with HI brain injury, CBD administration
reduced inflammation and prevented the increase in brain IL-1
levels. It also prevented the decrease in the number of viable
neurons and the increase of excitotoxicity and oxidative stress.
This activity was suggested to be mediated via CB2 and 5HT1A
receptors (Figure 1; Pazos et al., 2013). In liver filtrate from mice
with acute hepatitis, CBD was shown to trigger Myeloid-derived
suppressor cells (MDSCs); these cells are regulators of the
immune system that suppress T cell functions. MDSCs
induction by CBD was mediated through activation of TRPV1

(Figure 1). CBD also significantly reduced blood levels of IL-2,
TNF-α, IFN-γ, IL-6, IL-12, IL-17, MCP-1 and C-C motif
chemokine (CCL)-11 in this model (Hegde et al., 2011).

CBD is also a selective antagonist of GPR55, another G
protein-coupled receptor present in human macrophages
(Figure 1). Pharmacological activation of GPR55 by its
selective agonist O-1602 enhanced pro-inflammatory responses
in macrophages-derived foam cells associated with a reduction in
IL-10 levels and induction in TNF-α levels (Lanuti et al., 2015).

CBD treatment completely inhibited TNF-α production via
p38 MAPK pathway (Figure 1) in microglial cells isolated
from the retinas of newborn rats treated with endotoxin or LPS
for acute ocular inflammation. In addition, LPS-treated rat
retinas accumulated macrophages and activated microglia,
increased levels of ROS and nitrotyrosine, and activated p38
MAPK and neuronal apoptosis. Treatment with CBD blocked
all these effects (El-Remessy et al., 2008).

CBD decreases the production and release of IL-1β, IL-6 and
IFN-β from LPS-activated microglial cells of BV-2 mice. CBD
reduced the activity of the NF-κB pathway and the levels of IL-1β
and IL-6. CBD also decreased Socs3 gene expression; Socs3 is a
main negative regulator of STATs. In accordance, CBD treatment
up-regulated the STAT3 transcription factor phosphorylation,
needed for its activation (Figure 1; Kozela et al., 2010). However,
NF-κB and STAT3 are likely to play important and in some cases,
overlapping roles in pro-inflammatory and cancer processes (He
& Karin, 2011). In contrast, CBD decreased the phosphorylation
of the LPS-induced STAT1 transcription factor, a key player in
pro-inflammatory processes that are IFN-β-dependent (Kozela
et al., 2010).

Cannabigerol
The anti-inflammatory activity of CBG is less studied than that of
CBD. Yet, several studies demonstrated significant anti-
inflammatory activity of CBG. For example, CBG treatment
was shown to reduce nitric oxide production in macrophages
via the CB2 receptor and reduce ROS formation in intestinal
epithelial cells and iNOS expression (Figure 1) in the inflamed
colons. Treatment with CBG also reduced oedema in colon
submucosa. This treatment also reduced the colon weight/
length ratio; this ratio is a reliable marker of intestinal
inflammation in a murine model of colitis glands (Borrelli
et al., 2013). In addition, CBG decreased dinitrobenzene
sulfonic acid (DNBS)-induced neutrophil infiltration, as
evaluated by MOP activity (Borrelli et al., 2013).

In a study that characterized the anti-inflammatory
properties of CBG on human skin cells in vitro, it was
demonstrated that CBG treatment reduced ROS levels in
human dermal fibroblasts, better than vitamin C. CBG also
protected human epidermal keratinocytes by inhibiting pro-
inflammatory cytokines that were released following induction
using UVA, UVB or Cutibacterium acnes exposure, including
TNF-α, IL-1β, IL-6 and IL-8 (Figure 1; Perez et al., 2022).
Furthermore, the researchers performed a single-blind clinical
study on 20 healthy volunteers with sodium lauryl sulfate (SLS)-
induced contact dermatitis and found that topical application of
0.1% CBG serum showed significantly lower trans-epidermal
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water loss (TEWL) values compared to placebo and untreated
sites. Moreover, the CBG serum reduced redness and
inflammation following 48 h treatment, and after 2 weeks of
application, the skin condition almost returned to baseline levels
of visual grade (Perez et al., 2022).

Several studies have described the neuroprotective properties
of CBG against inflammation. It was demonstrated that CBG pre-
treatment of cultured motor neurons not only reduced the levels of
pro-inflammatory cytokines, including IL-1β, TNF-α and IFN-γ
(Figure 1), but also inhibited apoptosis in LPS-stimulated
macrophages, via suppression of caspase-3 and Bax expression
and induction of Bcl-2 levels (Gugliandolo et al., 2018). In addition,
in a study that examined the effects of CBG on Huntington’s
disease pathology in 3-nitropropionate model in vivo, it was found
that treatment with the phytocannabinoid reduced neuronal death
by half and significantly attenuated the upregulation of expression
of COX-2, iNOS and pro-inflammatory cytokines such as TNF-α
and IL-6 (Figure 1; Valdeolivas et al., 2015).

Δ9-Tetrahydrocannabinol
Several experiments suggest that THC has anti-inflammatory
effects. For example, topical treatment of THC on DNFB-
mediated allergic contact dermatitis in mice revealed that THC
effectively decreasedmyeloid immune cell infiltration and contact
allergic ear swelling (Gaffal et al., 2013). These anti-inflammatory
effects were evident in both wild-type and CB1/2 receptor-
deficient mice suggesting that these activities of THC were not
mediated via CB1 or CB2 receptors. In addition, THC reduced the
production by epidermal keratinocytes of CCL8 and CCL2
induced by IFNγ and the production of IFNγ by T cells
(Figure 1). As a result, in a CB1/2 receptor-independent way,
THC limited the recruitment of myeloid immune cells in vitro
(Gaffal et al., 2013).

Interestingly, in LPS-induced macrophages, THC (and CBD)
attenuated TLR3/4 signaling in a MyD88-independent manner
(Fitzpatrick et al., 2020). TLR3 signaling is mediated via a toll-
interleukin-1 receptor (TIR)-domain-containing adaptor-
inducing interferon-β (TRIF). TLR4-induced expression of
regulatory factor 3 (IRF3) activation, and CXCL10 and IFN-β
were repressed by the THC and/or CBD (alone or in
combination) treatments. However, these phytocannabinoid
treatments did not impact TNF-α/CXCL8 expression and
TLR4-induced IκB-α degradation. These activities of THC and
CBD were independent of the cannabinoid receptors or PPARγ
(Figure 1; Fitzpatrick et al., 2020). Finally, THC, dose-
dependently, protected against diclofenac-induced gastric
inflammation, hemorrhagic streaks and gastric ulcers in male
mice, and protected against tissue damage at doses insufficient to
cause common cannabinoid side effects (Kinsey and Cole, 2013).

SYNERGY BETWEEN CANNABIS
MOLECULES AND FORMULATIONS OF
ACTIVE PLANT INGREDIENTS
The synergy between phytocannabinoids (Mazuz et al., 2020;
Anis et al., 2021) as well as between phytocannabinoids and

terpenes (Namdar et al., 2019) has been demonstrated. Pre-
clinical evidence suggests an ‘entourage effect’ might be
inferred from the superior medical activities of full-spectrum
cannabis extracts versus single molecules (Koltai et al., 2019).
Furthermore, in some cases a “parasitage effect” might be
detected, as there might also be negative molecular
interactions in vitro (Namdar et al., 2020).

Indeed, as detailed above, phytocannabinoids are potent anti-
inflammatory and immunomodulatory agents and in some cases
they act via different signaling pathways. For example, although
both THC and CBD decreased inflammation in LPS-activated
microglial cells of a BV-2 mouse, they acted through different,
although partially overlapping, mechanisms. CBD but not THC
inhibited the NF-κB-dependent pathway, yet both CBD and THC
regulated the IFNβ pathway activity (Kozela et al., 2010).

In order to take advantage of the synergy and to diminish
negative interactions between phytomolecules, activity might be
improved by selecting the most active phytomolecules while
eliminating parts of the whole extract. This approach was
demonstrated in the reduction of inflammation in colon cells
and tissues. A THCA-rich fraction from the cannabis strain was
shown to have superior activity against inflammation over the
crude extract (Nallathambi et al., 2017) suggesting that the
selection of active compounds may reduce the presence of
inactive compounds or even those that have pro-inflammatory
effects.

Moreover, in some cases, the activity of a combination of
phytomolecules was found to be superior over that of a single
molecule. This was demonstrated in an in vivo study on
inflammation, where treatment with CBD combined with
cannabis extract overcame the bell-shaped dose-response of
purified CBD, suggesting that components found in the extract
synergize with CBD to achieve the desired anti-inflammatory
action (Gallily et al., 2015). In addition, a phytocannabinoid
formulation showed superior activity reducing lung
inflammation over the cannabis-derived fraction in vitro.
Moreover, this particular phytocannabinoid and CBD
formulation had superior activity over CBD alone (Anil et al.,
2021).

DISCUSSION

Cannabis compounds, in some cases via the endocannabinoids
system, were shown to affect some of the cornerstones of chronic
inflammation. However, in light of the large number of active
molecules produced by cannabis and their sometimes-synergistic
interactions, there is a need to better specify cannabis-based
treatments and the active compounds, while utilizing the
synergy identified between cannabis phytomolecules. Thus,
even if CBD or THC are considered potentially leading
molecules, additional cannabis-derived compounds may be
selected for improved activity.

Future approaches for improved usage of cannabis demand
the development, transformation and formulation of full-
spectrum cannabis extracts into active plant ingredients (APIs)
to achieve higher effectivity. This might be done via careful
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selection of phytomolecules composition (Koltai et al., 2019;
Koltai and Namdar, 2020). Notably, selecting only a few
compounds for drug formulation may be compatible with
modern medicine due to the potential for standardization, and
careful dosing of API-based products. Importantly, once the
mode of action of phytocannabinoids and that of their
combination is known, APIs might be targeted towards
specific mechanisms involved with inflammation.

Moreover, it might be that cannabis components can be
combined with other pharmaceutical drugs to reduce
inflammation. On the one hand, complementary effects might
be identified due to different and perhaps complementary modes
of action of cannabis compounds and pharmaceutical drugs. For
example, THC was shown to reduce gastric inflammation caused
by diclofenac, which may facilitate diclofenac’s effective usage
against inflammation (Kinsey and Cole, 2013). On the other,
CBD and THC were shown to have metabolism-dependent
inhibition for Cytochrome P450 (CYP) enzymes. CYPs are
responsible for drug metabolism, including detoxication and

metabolic activation of xenobiotics (Yamaori et al., 2011).
Hence, combined treatment with cannabis and anti-
inflammatory drugs should be carefully considered.
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APPENDIX A

Methodology: To reflect on the effect of cannabis and its derived
compounds on acute or chronic inflammation and the
accumulating knowledge regarding cannabis active compounds
and their mode of action, we have conducted a literature review
using the following terms: “inflammation “, “acute inflammation”,

“chronic inflammation”, “medical use of cannabis”, “therapy”
“Cannabis sativa”, “C. sativa”, “cannabis”, “cannabinoids”,
“terpenes”, “cannabis oil”, “adverse effects”, “endocannabinoid”,
“phytocannabinoid” and “entourage effect”. The search was
conducted on general and multidisciplinary research databases
for peer-reviewed scientific manuscripts, including PubMed,
Google Scholar, Scopus, and Web of Science.
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A regulatory framework allowing legal access to medicinal cannabis (MC) products has
operated in Australia since November 2016. MC prescribing by healthcare practitioners
(HCPs) is primarily conducted through the Special Access Scheme - Category B (SAS-B)
pathway, through which prescribers apply to the Therapeutic Goods Administration (TGA–the
federal regulator) for approval to prescribe a category of product to an individual patient
suffering from a specific indication. The dataset collected by the TGA provides a unique
opportunity to examine MC prescribing trends over time in the Australian population. Here we
analysed this TGA SAS-B dataset since inception with respect to age, gender, product type
(e.g., oil, flower, etc.), CBD content, indication treated, and prescriber location. Results are
presented descriptively as well as being analysed using non-linear regression models.
Relationship between variables were explored via correspondence analyses. Indications
were classified with reference to the International Statistical Classification of Diseases and
Related Health Problems (10th Revision). As of 31 August 2021, a total of 159,665 SAS-B
approvals had been issued for MC products, 82.4% of were since January 2020. Leading
indications for approvals were for pain, anxiety, and sleep disorders. Oil products were the
most popular product type, while CBD-dominant products (≥98%CBD) accounted for 25.1%
of total approvals. Approvals for flower products increased markedly during 2020–2021, as
did approvals involving younger age groups (18–31 years old), male patients, and non-CBD
dominant products. A disproportionate number of SAS-B MC applications (around 50%)
came from HCPs in the state of Queensland. Associations between patient gender and age
and/or indication with product type were found. For example, approvals for oil products were
commonly associatedwith approvals for pain.While, overall prescribing increased dramatically
over the last 2 years of analysis, stabilization of approval numbers is evident for some
indications, such as pain. Current prescribing practices do not always reflect provided
TGA guidance documents for MC prescribing. While acknowledging some limitations
around the SAS-B dataset, it provides a unique and valuable resource with which to
better understand current prescribing practices and utilisation of MC products within Australia.
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1 INTRODUCTION

The use of cannabis as a medicine can be traced as far back as
2000 BCE in Central Asia, where it has documented use in
treating a significant array of health problems (Crocq, 2020).
The recent worldwide renaissance in the use of cannabis for
medical purposes is supported by evidence of efficacy, albeit
somewhat variable, across a range of conditions such as
chronic pain (Stella et al., 2021), muscle spasticity in multiple
sclerosis (Fragoso et al., 2020), chemotherapy-induced nausea
and vomiting (Grimison et al., 2020), palliative care (Herbert and
Hardy, 2021), and severe forms of childhood epilepsy (Nabbout
and Thiele, 2020).

The cannabis plant contains hundreds of bioactive molecules,
of which two plant-derived cannabinoids (phytocannabinoids)
are the best studied: Δ9-tetrahydrocannabinol (THC), the
main intoxicating constituent; and cannabidiol (CBD),
which is non-intoxicating. THC and CBD have distinct
pharmacological actions and different, but partly
overlapping, therapeutic applications. THC influences pain,
spasticity, sedation, appetite, and mood in animal and human
studies, primarily through agonist action on cannabinoid
receptors 1 (CB1) and 2 (CB2) (Banister et al., 2019). CBD
is more “promiscuous”, having activity at a large number of
targets, and with anxiolytic, anti-convulsant and anti-
inflammatory effects reported, in at least preclinical models
(Nelson et al., 2020).

Evidence around efficacy of cannabis in certain health
conditions continues to evolve, with rapidly increasing global
numbers of randomized controlled trials (RCTs) and preclinical
research (Schlag et al., 2021). However, there remain many
conditions for which clinical evidence is minimal or
ambiguous, with systematic reviews often highlighting a
paucity of high quality randomized RCTs to support current
prescribing (Alexander, 2020).

Legal availability of medicinal cannabis (MC) varies by
location, and even within the same country there can be
differential regulation at state and federal levels (reviewed in
Gleeson, 2020). Recent reviews of MC programs can be found
elsewhere (Decorte et al., 2020; Corva and Meisel, 2021).
Prescribing MC is a relatively new phenomenon in Australia,
with the government legalizing a framework for MC access in
November 2016 (Gleeson, 2020). Patient access pathways exist
under the regulatory power of the Therapeutic Goods
Administration (TGA), within the federal Department of
Health. Almost all currently available MC products are
classified as “unregistered medicines” as they have not
undergone the rigorous assessment of safety, quality, and
efficacy that would allow entry into the Australian Registry of
Therapeutic Goods (ARTG). The only two current exceptions are
Sativex (nabiximols, an oromucosal spray containing equivalent
amounts of THC and CBD) and Epidyolex (also known as
Epidiolex in other jurisdictions, a 100 mg/ml CBD solution;
Therapeutic Goods Administration, 2020a), although other
products, such as Marinol (THC capsules) and Cesamet (a
THC analogue called nabilone) are also approved in other
countries.

There are three routes through which a healthcare
practitioner1 (HCP) can request permission from the TGA to
prescribe an unregistered MC product to a patient. The Special
Access Scheme Category A (SAS-A) allows practitioners to
prescribe MC products to a patient that is seriously ill or
likely to die, with only post-hoc notification of prescribing to
the TGA being required. Most patient access, however, is through
the Special Access Scheme Category B (SAS-B) which allows
practitioners to make an application to the TGA to allow an
individual patient to be prescribed a certain type of MC product
to treat a specific condition (Therapeutic Goods Administration,
2020b). Prior toNovember 2021, SAS-B applications were required
to nominate a specific product to be prescribed, and so if a patient
required more than one product, then multiple applications were
needed (Gleeson, 2020). A refinement to the scheme in November
2021 allowed prescribers to request a general class of product,
based on cannabinoid content and product format, rather than an
individual product. The third and final route is The Authorised
Prescriber (AP) scheme, which allows HCPs an authority to
prescribe a specific MC product to multiple patients in their
care if the patients all suffer from the same condition.

Although not registered medicines, the TGA do regulate supply
and access to MC products to ensure appropriate practices in
manufacturing. The one exception to this is compounded
medicines, which have been largely exempt from therapeutic
goods regulations (Falconer and Steadman, 2017) and currently
do not require prescribers to seek TGA approval or post-hoc
notification (Therapeutic Goods Administration, 2020c), as
described above. However, the government has announced
reforms to the regulation of compounded products that are to
commence in April 2022 (Therapeutic Goods Administration, 2022).

Medical conditions allowed for MC prescribing are not
specified by the TGA although a series of guidance documents
were published in 2017 by the TGA, outlining the evidence-base
for use of MC products in multiple sclerosis, palliative care,
epilepsy (pediatric and young adult patients), nausea and
vomiting, and chronic non-cancer pain (Therapeutic Goods
Administration, 2017). In general, however, any practitioner
can apply to the TGA to prescribe a MC product to a patient
for any condition, provided they can justify prescribing based on
the available evidence (Benson and Cohen, 2019).

Since the inception of MC access in Australia in November
2016, the TGA has collected detailed information on approvals
issued under the SAS-A, SAS-B, and AP schemes. These datasets
are accessible and provide a unique repository of detailed patient-
level information around MC approvals that covers almost the
entire population of AustralianMC patients. It is the largest known
dataset of its kind with few other countries/regions systematically
capturing approvals in this way (see Banerjee et al., 2022).

To date, little systematic analysis of these TGA datasets have
been undertaken (although see Benson and Cohen, 2019; Arnold

1In this study the term “healthcare practitioner” (HCP) refers to the Medical
Practitioners and Nurse Practitioners who are authorized to gain access to MC
products for these patients. Criteria determining eligibility to prescribe varies
across states and territories (RACGP, 2019).
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et al., 2020; Henderson et al., 2021). The purpose of the current
study was to provide more detailed analysis of these datasets to
allow insights into current trends in MC prescribing in Australia,
including indications, patient demographics, and product
categories. Our analysis of trends stretches back to when a
framework for MC access became legally available in Australia
(November 2016). Elucidating trends over time may yield novel
and valuable insights into current clinical practice and contribute
to a more comprehensive understanding of patterns of prescribing.

2 MATERIALS AND METHODS

2.1 Data Acquisition
An email request was made to the TGA under The Freedom of
Information Act (1982) (FOI) for the release of documents pertaining
to applications through the SAS-B and AP schemes since inception
(2016; Supplementary Figure S1). The scope of this request was
informed by previously released FOI datasets (FOI 2013, 2250, 2275,
2370, 2419). The data received via FOI request were supplemented
(where specified) with data from the new TGAMedicinal Cannabis
Access Data Dashboard, which contains publicly available SAS-A
and SAS-B data summaries (Therapeutic Goods Administration,
2021a). No alternative source of AP data is currently publicly
available. Human ethics approval was not required for this study
as it involved data already collected.

2.2 Data Preparation
FOI data were systematically ordered on Microsoft Excel (version
16.54). Three applications were excluded from temporal analysis
due to application dates being listed as prior to 2016. Age groups
were determined by calculating septiles based on frequencies of
approvals for ages 18 and older. MC products were grouped into 9
formats (capsules, crystal, flower, lozenge, oil, spray, tablet,
topical, and wafer) based on those reported by Freshleaf
Analytics (2021). Indications were classified with reference to
the International Statistical Classification of Diseases and Related
Health Problems 10th Revision (ICD-10; WHO, version
2019—English) to improve consistency and validity of
indication analysis. These classifications were then verified for
appropriateness by aMedical Practitioner with significant clinical
experience and expertise in this area. Where provided indications
were ambiguous, or indications were multifactorial, the nearest
possible indication classification was chosen.

Applications and patient numbers reported per consulting
location were also normalized according to the Australian Bureau
of Statistics population statistics in March 2021 (Australian Bureau
of Statistics, 2021), reported here as approvals per 100,000 people.

2.3 Statistical Analysis
Data were considered at a general descriptive level (e.g., overall
numbers of approvals over time by patients, products,
indications), as well as being analyzed using best fit non-linear
regression models. Statistical analyses were done in R version
4.1.1 (R Core Team, 2021). Data was processed for each analyses
using the packages “tidyverse” (Wickham et al., 2019), “padr”
(Thoen, 2020) and “dplyr” (Wickham et al., 2021). Examinations

of changes over time were performed by non-linear regression
fitting using the glm and glm.nb functions from the package
“MASS” (Venables and Ripley, 2002) and graphs were
constructed using the packages “ggplot” (Wickham, 2016),
“cowplot” (Wilke, 2020) and “ggpubr” (Kassambara, 2020).
Residuals plots and Pearson’s dispersion test were used to choose
the appropriate error distribution for each regression
fit—i.e., Poisson or Negative binomial. A stepwise comparison of
non-linear polynomial regression of the 1st, 2nd, 3rd, and 4th degree
was carried out comparing the Corrected Akaike Information
Criterion (AICc) for each regression using the package “MuMIn”
(Bartoń, 2020) to determine the curve with comparatively best fit,
without overfitting the data. Raising the functions to a higher degree
allowed the model to fit more turning points or fluctuations in the
data, indicating increasing complexity in the pattern of change. Here,
Δmwas calculated betweenmodels and excludedmodels with Δm >
2 as having substantially less support (Burnham and Anderson,
2002). To estimate goodness of fit, R2 was calculated for each of the
best fitted regressions by the equation: 1—deviance/residual
deviance, and using the classification established by Moore and
Kirkland (2013). Averages are listed as means ± standard error
unless otherwise specified.

Correspondence analyses were performed using packages
“Factoshiny” and “FactoMineR” (Le et al., 2008; Vaissie et al.,
2021). These display associations between two categorical
variables, taking into account weighting according to
frequency. A graphical representation of the relationship
between categorical variables is constructed by plotting the
two most explanatory dimensions based on residuals. These
dimensions explain the proportion of variance that is
displayed along a horizontal or vertical axis, the sum of which
explains the total variance represented in the graph. The point at
which the two-axis intercept (origin) represents the point of least
differentiation, and those categories close to this point can be
considered to deviate the least from expected proportions.

Three separate insights into the properties of the two
categorical variables can be interpreted from this analysis.
First, the categories further away from the origin are
considered more differentiated. Second, the proximity of two
categories from the same variable, for example two different
product formats, indicates that they are probably similar.
Finally, a greater association is demonstrated by a smaller
angle between the vectors connecting two categorical variables
to the origin (e.g., between an indication and product).

Graphpad Prism (version 9.2.0) was also used to present the
remaining distributions of data across categorical variables.

3 RESULTS

On 20 October 2021 the TGA granted the FOI request (FOI
2989), releasing a number of Excel documents by email. The SAS-
B dataset contained a chronological record of 159,665 approved
applications that were submitted by HCPs between 10 February
2016 and 31 August 2021, and approved between 26 February
2016 and 8 September 2021. Data included indication treated,
product format sought, duration of supply, demographic
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information and whether the patient had received a prior SAS
approval for MC. Two applications had been rejected by the TGA
and were not included with the dataset (TGA, personal
communication). Some data points in this set were missing:
schedule, 18 applications (0.01%); patient gender, 641
applications (0.40%); state, 52 applications (0.03%); indication,
2 applications (0.00%); product, 18 applications (0.01%); age, 44
applications (0.02%).

In addition to the SAS-B data, AP data were released by the
TGA in two additional documents. One document contained the
consulting location (state or territory) of Authorised Prescribers
and the number of patients either commencing or continuing
treatment across five 6-month time periods from June 2016 to
December 2020 (N = 25,933). The other document listed the
indications for which Authorised Prescribers had been approved
from May 2018 until September 2021. It included the approval
and expiration dates of the authorizations, the number of new
patients commenced treatment (N = 7,137), and the total number
of patients treated over that time (N = 10,323).

SAS-A information was not requested via the FOI but is
available on the Medicinal Cannabis Access Data Dashboard.
As of 23 March 2022, 1,398 SAS-A notifications have been logged
by the TGA (Therapeutic Goods Administration, 2021a).

3.1 Approved SAS-B Applications Over Time
The number of SAS-B approvals has been increasing in a non-
linear pattern over time (3rd degree polynomial, R2 = 0.998, Δm=
44.398) with a dramatic increase in the last 2 years of analysis.
Indeed, only 1.80% of total cumulative approvals were granted in
the first 3 years of the legal access (2016–2018; Figure 1A). The
rate of growth throughout the entire period (2016–2021) was
non-linear (Figure 1B; 4th degree polynomial, R2 = 0.984, Δm =
22.590), and does not yet appear to be slowing. For example,
applications submitted between January and August 2021 were
2.2 times greater compared to the equivalent period in 2020.

3.2 Indications
There were 202 unique entries for indications specified by
practitioners in their SAS-B applications. Reclassifying these
according to the ICD-10 found 149 distinct indications,
covering 121 different categories within 17 diagnostic groups
(Supplementary Table S1). For example, indications listed as
“Autism” were reclassified as “childhood autism (F84.0)" as
indication, “pervasive developmental disorders (F84)" as
category, which falls under the “mental and behavioral
disorders (V)" diagnostic group. An additional 5 indications
were insufficiently described to be coded (see “inadequate
information”, Supplementary Table S1).

Almost all indications fell into 6 diagnostic groups: “symptoms,
signs and abnormal clinical and laboratory findings, not elsewhere
classified” (symptoms and signs; N = 100,744); “mental and
behavioral disorders” (N = 31,315); “diseases of the nervous
system” (N = 18,463); “neoplasms” (N = 6,984); “diseases of the
musculoskeletal system and connective tissue” (musculoskeletal;
N = 1,616); and “factors influencing health status and contact with
health services” (health services; N = 476; Figure 2). While the
number of monthly applications for indications falling in
these first three groups continues to rise (symptoms and signs,
4th degree polynomial, R2 = 0.989, Δm = 7.055; mental and
behavioral disorders, 4th degree polynomial, R2 = 0.993, Δm =
18.903; diseases of the nervous system, 4th degree polynomial,
R2 = 0.976, Δm = 6.037), the change in the number of monthly
applications for the next three groups appears to be more
stochastic (neoplasms, 4th degree polynomial, R2 = 0.976,
Δm = 20.462; musculoskeletal, 3rd degree polynomial, R2 = 0.894,
Δm = 83.058; health services, 3rd degree polynomial, R2 = 0.831,
Δm = 49.676).

Nine ICD-10 indication categories had over 1,000 cumulative
approvals in the SAS-B dataset (Figure 3), representing 94.1% of
total approvals. These conditions were “pain, not elsewhere
classified” (61.0% of total approvals); “other anxiety disorders”

FIGURE 1 | SAS-B approvals over time. There have been 159,665 cumulative SAS-B approvals since 2016, with growth that followed a Negative binomial, 3rd
degree polynomial curve (R2 = 0.998, Δm = 44.398; (A). Applications per month increase by around 12,000 a month, following a Negative binomial, 4th degree
polynomial curve (R2 = 0.984, Δm = 22.590; (B). Solid lines represent the best fit with shaded standard error of the mean (SEM).
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(16.0%); “sleep disorders” (5.7%); “neoplasm of uncertain or
unknown behavior of other and unspecified sites” (4.4%);
“other polyneuropathies” (3.0%); “reaction to severe stress, and
adjustment disorders” (1.6%); “epilepsy” (0.8%); “pervasive
developmental disorders” (0.8%); and “convulsions, not
elsewhere classified” (0.8%). These are referred to henceforth
as pain; anxiety; sleep disorders; cancer and related symptoms;
neuropathy; PTSD; epilepsy; ASD; and convulsions, respectively,
for the remainder of the text.

The majority of these indication categories show continued
growth in SAS-B approvals over time, with the exception of an
apparent slowing of approvals for pain (Figure 3A; 2nd degree
polynomial; R2 = 0.988, Δm = 13,202.020); a trend towards
decreasing monthly approvals in epilepsy (Figure 3G; 4th degree
polynomial, R2 = 0.587, Δm = 7.922); and an increase following a
prior decrease in the number of monthly approvals for convulsions
(Figure 3I; 3rd degree polynomial, R2 = 0.918, Δm = 31.812).

3.3 Products
There are currently at least 375 different unregistered MC
products in Australia that can be supplied via the SAS-B and

AP schemes (Therapeutic Goods Administration, 2021b;
Freshleaf Analytics, 2021). These include different
formulations and composition (e.g., capsules, sprays, oils,
flower). Different routes of administration may be optimal for
different conditions (Bruni et al., 2018). For example, inhaled
routes of administration have rapid absorption, and onset of
action within seconds to a few minutes which may be useful for
breakthrough pain (Malcolm, 2018). On the other hand, oral
products such as oils and capsules have much slower onset to
action, and more persistent effects (Vandrey et al., 2017).

In Australian regulation, the THC and CBD content of MC
products determines the “Schedule” they fall under in the
“Poisons Standards”, based on the potential risks and harms
associated with their use (Therapeutic Goods Administration,
2020b). Products comprising ≥98% CBD in total cannabinoid
content are in Schedule 4 (Prescription Only Medicine) reflecting
an acceptable safety profile (Iffland and Grotenhermen, 2017;
World Health Organization, 2018). By contrast, THC has
intoxicating properties and has abuse potential (Banister et al.,
2019). During the project period, MC products that contain <98%
CBD, and therefore likely higher THC content, were classified as

FIGURE 2 |Growth across indication groups differs. Trends in monthly approvals over time were analyzed in six ICD-10 groups representing almost all cumulative
approvals (Supplementary Table S1). Approvals for symptoms, signs and abnormal clinical and laboratory findings, not elsewhere classified (A); mental and behavioral
disorders (B); neoplasms (C); and diseases of the nervous system (D) followed Negative binomial, 4th degree polynomial curves (R2 = 0.989, 0.993, 0.976, and 0.976,
and Δm= 7.055, 18.903, 20.462, and 6.037, respectively). Approvals for diseases of the musculoskeletal system and connective tissue (E); and factors influencing
health status and contact with health services (F) followed Negative binomial 3rd degree polynomial curves (R2 = 0.894 and 0.831, and Δm = 83.058 and 49.676,
respectively). Solid lines represent the best fit with shaded standard error of the mean.
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Schedule 8 (Controlled Drug) in most states in Australia. In
addition to federal approval by the TGA, prescribers may also
need approval from their state or territory health department,
although the conditions under which state/territory approval is
required varies considerably between jurisdictions.

The FOI data received did not include information on
individual products, only the Schedule (i.e., Schedule 4 [S4] or
8 [S8]) and product format (e.g., oil, flower, capsule). There were
45 variations of product format that were specified in approved

applications to the TGA, with oil and flower products
representing >90.0% of total cumulative approvals
(Supplementary Table S2; Figure 4). On average, 79.8 ± 2.1%
of applications eachmonth were for oil products, while 9.1 ± 1.5%
were for flower (Figure 4B). The number of applications for oil
increased over time (Figure 4A; 4th degree polynomial, R2 =
0.980, Δm = 18.292), while applications for flower products
showed a more rapid increase from the end of 2019 (3rd
order polynomial, R2 = 0.991, Δm = 8.267).

FIGURE 3 | Growth is varied across indication categories. Trends in monthly approvals over time were analyzed in ICD-10 indication categories with >1,000
cumulative approvals (Supplementary Table S1). Approvals for pain (A); anxiety (B); sleep disorders (C); and PTSD (F) followed Negative binomial, 2nd degree
polynomial curves (R2 = 0.988, 0.989, 0.987, and 0.973, and Δm = 13,202.020, 1,413.481, 51.913, and 54.544, respectively). Approvals for cancer and related
symptoms (D); and neuropathy (E) followed Negative binomial 4th degree polynomial curve (R2 = 0.981 and 0.962, and Δm = 17.271 and 21.698, respectively).
Approvals for epilepsy (G) moderately followed a Negative binomial 4th degree polynomial curve (R2 = 0.587, Δm = 7.922). Approvals for ASD (H) and convulsions (I)
followed Negative binomial 3rd degree polynomial curves (R2 = 0.977 and 0.918, and Δm = 27.715 and 31.812, respectively). Solid lines represent the best fit with
shaded standard error of the mean.
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Overall, the majority of approvals were for S8 products
(74.8%), with a pronounced non-linear growth (4th degree
polynomial, R2 = 0.987, Δm = 15.707; Figures 4C,D), while
growth in S4 approvals appears to be slowing (4th degree
polynomial, R2 = 0.934, Δm = 11.691). This is consistent with
trends seen with the top nine indications (Supplementary Figure
S2). Approvals for S8 products gradually increased over time for
anxiety conditions (1st degree polynomial, R2 = 0.742;
Supplementary Figure S2B). Until early 2019, approvals for
anxiety conditions were primarily for S4 products, but by
August 2021, 78.2% were for S8 products. Additionally, while
S4 approvals were more common overall in epilepsy
(Supplementary Figure S2G), ASD (Supplementary Figure
S2H) and convulsions (Supplementary Figure S2I), current
prescribing patterns appear to be trending toward majority
S8 approvals in epilepsy (3rd degree polynomial, R2 = 0.656,

Δm = 4.482) and convulsions (3rd degree polynomial, R2 =
0.375, Δm = 7.864, weak fit). The remaining indications were
either relatively stable or stochastic.

3.4 Patient Demographics
Patient ages ranged from 0–103, which were grouped into the
following categories: <18 (N = 2,978); 18–30 (N = 23,635); 31–37
(N = 21,968); 38–44 (N = 22,667); 45–52 (N = 23,390); 53–60 (N =
20,848); 61–71 (N = 22,599); >71 (N = 21,537), and unknown (N =
43). Prior to 2019, the majority of approvals were granted for
patients >45 years old (Figures 5A,B). However, since 2019,
the proportion of approvals for younger patients is
increasing, with the exception of patients <18 (3rd degree
polynomial, R2 = 0.888, Δm = 6.750). Approvals for patients
aged 18–30 have been steadily increasing (2nd degree
polynomial, R2 = 0.986, Δm = 58.345), and comprised the

FIGURE 4 | Flower and Schedule 8 products have disproportionate growth. Growth trends in product format (A,B) and product schedule (C,D). Approvals for oil
products followed a Negative binomial 4th degree polynomial curve (R2 = 0.980, Δm = 18.292), while approvals for flower followed a Negative binomial 3rd degree
polynomial curve (R2 = 0.991, Δm= 8.267). The proportion (%) of approvals per product category (see legend) are shown in panel (B). Approvals for S4 and S8 products
followed Negative binomial 4th degree polynomial curves (C; R2 = 0.934 and 0.987, and Δm = 11.691 and 15.707, respectively). The proportion (%) of approvals
per product schedule (see legend) are presented in panel (D). The gap (between February 2016 and June 2016 in panels (B) and (D), indicates no applications submitted
in this period. In panels (A) and (C) Solid lines represent best fit with shaded standard error of the mean.
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largest number of approvals for 2021 (18.6%), particularly in
August 2021, where they represented 21.9% of all approvals.
Approvals for patients between 31 and 37 are increasing
rapidly (3rd degree polynomial, R2 = 0.993, Δm = 22.056),
making up 16.1% of all approvals in 2021. These proportional
gains are likely achieved from the relative lack of growth in
the number of applications for patients aged 61–71 (4th
degree polynomial, R2 = 0.985, Δm = 27.937), and >71
(4th degree polynomial, R2 = 0.989, Δm = 8.374).

Since early 2020, the rate of increase in approvals has also
been greater in males compared with females (Figure 5C; 4th
degree polynomial, R2 = 0.989, Δm = 16.797, and 4th degree
polynomial, R2 = 0.986, Δm = 32.522, respectively), which is
reflected in the observed proportional gains. In January 2020,

46.3% of approvals were for males, but in August 2021 was
62.2% (Figure 5D).

3.5 Prescriber Consulting Location
The SAS-B prescribing trends also varied by prescriber
consulting location. Australia has 6 states and 2 territories,
which, as described above, can sometimes differ in how
scheduled drugs are regulated. Prior to 2019, the rate of
prescribing normalized to population (per 100,000) was
relatively comparable between states. However, the
normalized rate of growth of approvals from the state of
Queensland far outnumbers all other states and territories
(Figure 6; 4th degree polynomial, R2 = 0.986, Δm = 73.955). A
trend toward continued growth was observed in the remaining

FIGURE 5 | Patient demographics for SAS-B approvals. Growth trends in age groups (A,B) and in patient genders (C,D). Approvals for patients younger than
18 years and between 31 and 37 years of age followed a Negative binomial 3rd degree polynomial curve (R2 = 0.888 and 0.993, and Δm = 6.750 and 22.056,
respectively); approvals for patients between 18 and 30 years of age followed a Negative binomial 2nd degree polynomial curve (R2 = 0.986, and Δm = 58.345);
approvals for patients in age groups 38 to 44, 45 to 52, 53 to 60, 61 to 71, and over 71 years of age followed a Negative binomial 4th degree polynomial curve (R2 =
0.990, 0.990, 0.991, 0.985, and 0.989, and Δm = 10.929, 16.765, 10.162, 27.937, and 8.374, respectively). Panel (B) shows the proportion of approvals for each age
category (see legend) per month. Approvals for females andmales followed Negative binomial 4th degree polynomial curves (C; R2 = 0.986 and 0.989, and Δm= 32.522
and 16.797, respectively). The proportion (%) of approvals by patient gender per month are shown in panel (D). Solid lines in panels (A) and (C) represent best fit with
shaded standard error of the mean. The gap (between February 2016 and June 2016 in panels (B) and (D), indicates no applications submitted in this period.
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states and territories, with the exception of Victoria (3rd degree
polynomial, R2 = 0.934, Δm = 11.759).

3.6 Authorised Prescribers
Authorised Prescribers are required to report to the TGA twice a
year on the number of patients they have treated in the prior 6
months. AP data were provided by the TGA in two documents
that were grouped differently, either by indication, or by state.
They also contained overlapping, but non-matching time frames.
Further, when selecting for approximately the same time frame
(2018–2020), these documents contained different reporting
numbers. When sorting by indication, there were 6,748 and
9,687 reports for new and continuing patients, respectively.
When sorting by location, there were 15,333 new patient
reports, and 10,210 continuing. When asked to clarify the
discrepancies between these two datasets, a TGA spokesperson
commented that “this is incomplete data and it is the best we
could provide with what information is available to us. They are
not linked” (TGA, personal communication). In general, pain was
the most common indication category, and most approvals
originated from prescribers in Queensland. Given the
unreliability and low quality of these data, and the lack of
patient demographics and product information, a more
meaningful analysis of this dataset could not be completed.
However, monitoring of information released by the TGA
over time indicates that the number of registered APs has
been increasing significantly in the last year, with 194 active

APs in January 2021, rising to 715 in January 2022 (data not
shown).

3.7 Associations
To probe the relationship between key variables, a two-dimensional
correspondence analysis was used. This analysis captured distinct
patient subgroups with attributes of indication category, product

FIGURE 6 | SAS-B approvals across states and territories. The number
of SAS-B approvals per month across states and territories represented as
per 100,000 persons. Approvals from the Northern Territory (NT) followed a
Poisson 1st degree polynomial curve (R2 = 0.772). Approvals from
Australian Capital Territory (ACT) and Western Australia (WA) followed
Negative binomial, 2nd degree polynomial curves (R2 = 0.926 and 0.986, and
Δm = 24.998, and 1,525.398, respectively). Approvals Victoria (VIC) followed
a Negative binomial, 3rd degree polynomial curves (R2 = 0.934, Δm= 11.759).
Approvals New South Wales (NSW), Queensland (QLD) and South Australia
(SA) followed Negative binomial, 4th degree polynomial curves (R2 = 0.982,
0.986, and 0.926, and Δm = 6.783, 73.955, and 4.143, respectively).
Approvals from Tasmania (TAS) moderately followed a Negative binomial, 3rd
degree polynomial curve (R2 = 0.402, Δm = 2.611). Solid lines represent best
fit with shaded standard error of the mean.

FIGURE 7 | Associations between age, product format, and indication.
Correspondence analyses with groups of age compared with indication (A),
indication compared with product preference (with an inset representing an
expanded view of the dashed area; (B), and age compared with product
preference (C). Description of deviation from independence is labelled with the
according axes, while the red to blue color gradient indicates the scaled
contribution of these factors to the overall variance (the inertia*100; “Ctr”) for
each graph. Themaximum inertia*100 are 33.07, 8.47, and 5.56, respectively.
See Supplementary Tables S3–S5 for the contribution of variance related to
these graphs.
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category, and age group. Associations were found between indication
category and patient age group (χ256 = 69,422.45, p< 0.001;Figure 7A),
indication and product format (χ264 = 16,143.57, p< 0.001; Figure 7B),
and product format and age group (χ256 = 69,490.8, p < 0.001;
Figure 7C). In each instance, variables with a larger contribution
than the expected average were considered distinct subgroups. Cut off
for age was 12.5%, and for indication and product type was 11.1%. A
summary of the contribution to variance in each of these studies is
included in Supplementary Tables S3–S5.

In comparing indication and age, patients aged <18 deviated
from the average with a large contribution to overall variance
(Dim 1: 92.01%, inertia*100 = 33.12) and were largely associated
with ASD (Dim 1: 60.91%, inertia*100: 22.06), as well as epilepsy
(Dim 1: 19.38%, inertia*100 = 6.87), and convulsions (Dim 1:
12.77%, inertia*100 = 4.52). There were also associations along
the Dim 2 axis, between patients aged 18–30 (Dim 2: 34.88%,
inertia*100 = 4.53) and approvals for anxiety (Dim 2: 54.0%,
inertia*100 = 6.22). Another subgroup were patients aged >71,
who were more associated with approvals for neuropathy and
cancer and related symptoms (Dim 2: 21.11%, inertia*100 = 2.98),
as well as patients aged 61–71 (Dim 2: 16.04%, inertia*100 =
2.37). Each age category was associated with a particular
indication with no average profile observed.

Approvals for topical products contributed greatly to the Dim
1 axis construction (68.53%, inertia*100 = 5.56) when
investigating product vs. indication. This group was associated
with approvals for convulsions (Dim 1: 70.93%, inertia*100 =
5.45). Approvals for flower products also represented a distinct
patient subgroup (Dim 2: 47.15% inertia*100 = 3.44), that was
significantly related to sleep disorders (Dim 2: 32.11%,
inertia*100 = 2.03). In this analysis, pain represented the
average profile of application across all products (inertia*100 =
0.2, coordinate for Dim 1: 0.00 and Dim 2: 0.04).

Approvals for flower products were the most distinct patient
subgroup in relation to age group, as indicated by the distance
from the origin and the highest relative contribution to inertia
(contribution to Dim 1: 73.80%, inertia*100 = 7.66). This was
associated with patients aged 18–30 (contribution to variance Dim
1: 23.70%, inertia*100= 2.48) and to a lesser extent 31–37 (contribution
to variance Dim 1: 15.01%, inertia*100 = 1.56). Approvals for oil
products also contributed to variance (contribution to variance Dim 1:
17.58%, inertia*100 = 1.84), and was associated with patients aged
53–60. Sprays, wafers, and capsules were associated with applications
for patients aged 61–71 (contribution to variance Dim 1: 16.58%,
inertia*100 = 1.74), and >71 who were a distinct patient subgroup
(contribution to variance Dim 1: 30.57%, inertia*100 = 3.24). Patients
aged 45–52 represented the average profile, having little contribution to
the overall variance and being in close proximity to the origin
(inertia*100 = 0.01, coordinate for Dim 1: 0.02 and Dim 2: 0.05),
with no association to a specific product choice.

4 DISCUSSION

The current report characterizes the prescribing of MC products
under the SAS-B scheme in Australia since the inception of a legal
MC framework in November 2016. The availability of a unique

large dataset with detailed patient-level data provides an
unparalleled opportunity to examine MC prescribing trends in
Australia. This analysis represents the first step in what could
possibly be a series of future analyses, including expanded
analysis within particular subsets of data, incorporating
additional information as it becomes available, as
described below.

4.1 Trends Over Time
The SAS-B dataset shows dynamic and evolving prescribing
trends, not necessarily foreseeable at the inception of the
scheme in 2016. The dramatic escalation of prescribing over
time is unlikely to reflect greater population morbidity (with
notable exceptions, vide infra), but is more likely to reflect
improved patient access pathways and greater familiarity and
acceptance of MC prescribing amongst HCPs. Surveys of
Australian health professionals report a shifting attitude
towards acceptance of MC as a treatment option, as more
educational material and evidence becomes available, and
prescribers become more confident in their MC prescribing
practices (Karanges et al., 2018; Lewis and Flood, 2021). Also
salient was the launch of a streamlined online “portal” system for
SAS-B applications in 2018, with the intention of improving the
speed and simplicity with which clinicians could apply for SAS-B
MC approvals (Therapeutic Goods Administration, 2020b).

Policy changes since 2016 are also relevant, as some state and
territory-level eligibility and approval requirements have been
simplified or removed (Royal Australian College of General
Practitioners, 2019). For example, in 2017, Queensland
restricted general practitioners from prescribing without the
endorsement of a condition-specialist physician, and required
state Health Department approval (in addition to TGA approval)
for all MC prescriptions (Public Health (Medicinal Cannabis) Act
2016 (Queensland)). Reformsmade in July 2019 allowed all HCPs
to prescribe, and the requirement for state approval for MC
prescribing was reduced to S8 products and only when
prescribing to drug-dependent patients (Health Legislation
Amendment Regulation (No.2) 2019 (Queensland)). Similar
reforms have been made in other jurisdictions, notably in New
South Wales and Victoria (Royal Australian College of General
Practitioners, 2019; Community Affairs References Committee,
2020).

Some recent increases in prescribing may be reflective of an
overall increase in mental health-related morbidity. An overall
increase in mental health-related government-subsidised and co-
payment prescriptions has been noted in 2020–2021, likely
related to the mental health burden of COVID-19 restrictions
and lockdowns in Australia (Australian Institute of Health and
Welfare, 2021). MC approvals for mental and behavioural
disorders also significantly increased during this period.

In contrast, SAS-B applications for epilepsy showed
downward trends. It is possible that this trend may be
influenced by the CBD-containing medicine Epidyolex
becoming a registered medicine in Australia (September 2020),
obviating the need for access to CBD under the SAS-B schemes
(Therapeutic Goods Administration, 2020b). Interestingly, the
proportion of approvals for S8 products for epilepsy has increased
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since mid-2019, perhaps reflecting inadequate treatment
responses in patients with S4 products (Anderson et al., 2020).
Future work should compare the changepoints in this (and other)
approval data to time-relevant contextual changes (e.g., legislative
changes).

Another notable trend is for younger males and females
gaining approvals for flower products for indications within
the mental and behavioural disorders group, as also noted by
Lane and Cohen (2021). This was also evident in correspondence
analyses that highlighted this distinct patient subgroup, and a
shift toward S8 products in the treatment of anxiety. In some
patient scenarios (e.g., breakthrough pain (Bhaskar et al., 2021)
and panic attacks (Stith et al., 2020)) vaporized flower is preferred
due to the rapid onset of action and shorter duration of action
compared to oral products (Huestis, 2007). Future analyses may
wish to explore this specific association further.

4.2 Disparities Between Prescribing and
Provided Therapeutic Goods Administration
Guidance
The SAS-B application process requires HCPs to provide a clinical
justification for prescription of MC products, drawing on available
evidence. The TGA provides Clinical Guidance documents to help
support this process, but these are limited to indications deemed to
have the highest quality evidence (chronic non-cancer pain;
epilepsy; palliative care; chemotherapy-induced nausea and
vomiting; and spasticity in multiple sclerosis) (Therapeutic
Goods Administration, 2017). Notably, there are no guidance
documents for leading conditions in the current dataset such as
anxiety (Black et al., 2019), sleep disorders (Suraev et al., 2020),
ASD (Fletcher et al., 2022), and PTSD (Hindocha et al., 2020).
These conditions, all which have >1,000 cumulative approvals, are
characterized by ongoing uncertainty aroundMCefficacy and poor
quality of available evidence. Regardless, HCP justification
provided in the SAS-B applications was evidentially sufficient to
warrant approval by the TGA.

Practitioners may see MC as a viable treatment option, even
with limited or ambiguous clinical evidence of efficacy or as last
resort treatment when all other conventional treatments have
failed (Hallinan et al., 2021). This may be the case with pain and
mental and behavioral disorders in particular, where there has
been ever-expanding clinical need, and a high side-effect burden
with conventional prescribing options (Deloitte Access
Economics, 2019; Braund et al., 2021; Painaustralia, 2021).

4.3 Identifying Gaps in Clinical Evidence
The SAS-B dataset may be particularly useful in identifying
indications where MC treatment effects might not be captured
in existing RCT data, either negatively or positively. Association
analyses might also assist in identifying subset populations,
particularly where approvals are not abundant. For example,
we were surprised to find an association between topical
products and approvals for convulsions; however, on further
examination, we found at least one topical CBD product that
is being investigated for use for the treatment of seizures, with this
route of administration intended to reduce possible side effects

seen with oral administration (O’Brien, 2019; Sebree et al., 2016).
Future studies may also assess the utility of a multiple
correspondence analysis to allow insights into multiple
associations within the SAS-B dataset, rather than the
restricted two-dimensional correspondence analysis used in
this study.

It is important to note that the SAS-B dataset is essentially
descriptive and provides no information around efficacy, or the
lack thereof, across indications. It might be presumed that the
presence of tens of thousands of prescriptions for an individual
condition (e.g., pain) must indicate efficacy, but this is not
assured. Repeat applications for the same patient for the same
condition might also be considered a proxy for perceived efficacy.
However, some conditions may resolve and no longer require
treatment, meaning that discontinuation outcomes are inherently
ambiguous. Prescribing could also be influenced by the now-
available public data on the TGA dashboard (Therapeutic Goods
Administration, 2021a), which could create a “feed-forward”
cycle in prescribing, even in the absence of perceived patient
benefit. Furthermore, while the TGA sets quality standards to
ensure consistent cannabinoid content in products used in the
SAS and AP schemes (Therapeutic Goods Administration,
2020b), limited information on these products is supplied by
product companies to the TGA (Therapeutic Goods
Administration, 2021b; Office of Drug Control, 2021). The
TGA also does not qualify or verify this information, so the
database is likely incomplete and inaccurate. Information on
cannabinoid content, dose, and how different conditions have
been dosed over time, would also be valuable, especially if coupled
to readouts of perceived efficacy.

4.4 Caveats and Limitations
Several limitations are important to consider when interpreting
this dataset and analysis. While the SAS-B dataset covers the large
majority of MC prescribing in Australia, some patient cohorts are
not represented, namely, patients receiving products through
SAS-A and AP schemes, those receiving compounded
products, and those enrolled in clinical trials. To the best of
our knowledge, data on patients receiving compounded products
or participating in active clinical trials are not collected by the
TGA. This changed from March 2022 where the TGA requires
prescribers to seek approval via the SAS-B or AP pathways prior
to prescribing a compounded MC product. Additionally, while
the TGA collects data on the AP scheme, the datasets supplied
were incomplete and ambiguous, and so the exact number of
patients could not be estimated.

Another significant limitation is the lack of a definitive link
between a SAS-B application being approved, a prescription being
written, and a product actually being dispensed to a patient (Prof.
Nick Lintzeris, personal communication). A prescriber may
submit multiple SAS-B applications for a single patient but
only write a prescription for one product. Alternatively, or in
addition, a prescription may be received by a patient but not
filled. Until November 2021, the TGA specified that SAS-B and
AP applications be for a single named product (Skerritt, 2017;
Therapeutic Goods Administration, 2021c), meaning that if a
specified product were unavailable from a manufacturer, an
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additional application needed to be submitted. To overcome this,
multiple simultaneous applications for different products were
often submitted for the same patient (Prof. Nick Lintzeris,
personal communication). This has the capacity to distort the
SAS-B dataset to over-estimate number of prescriptions. New
TGA regulations as of November 2021 allow prescribers to seek
an approval to prescribe any products of the same format (e.g.,
oral oils) in the same product “category” based on cannabinoid
content (Therapeutic Goods Administration, 2021c). These
changes were implemented to reduce the administrative
burden on prescribers who were seeking multiple approvals
for the same patient as a hedge against product unavailability.
The data collected and used in this paper pre-dates these changes,
but future analysis should consider the impact of these changes
on MC approvals. SAS-B approvals and AP registration status
also have expiration dates, after which they become invalid and
must be renewed/replaced. Variations in these timeframes may
also impact observed trends.

The data around indication in the current analysis must also
be treated with some caution. The SAS-B application process does
not require prescribers to specify strict diagnostic criteria,
resulting in potentially ambiguous or erroneous classifications
of patients. Some applications note patient symptoms rather than
diagnosis, for example, some applications noted “epilepsy”
(diseases of the nervous system) while others noted
“convulsions” (symptoms and signs). It is likely that these
approvals involved the same patient population, which, had
they been combined, might have produced different trends.
Additionally, many conditions are multi-factorial involving
multiple medical classifications; for example, MC for “cancer”
is ambiguous as to whether the treatment is intended to be
targeted at the tumour itself or the symptoms associated with
cancer and cancer therapy such as nausea, insomnia, or pain.
Implementation of a more rigorous diagnostic and data capture
process under the current regulatory framework would be amajor
advantage to future research.

The context in which these data were collected should also be
considered, as the regulatory framework and the study of MC
continues to evolve. Further analysis of change points in
prescribing trends across a broad range of indications within
the context of a timeline of published evidence and policy changes
would be informative, but is outside the scope of this
current work.

Finally, a polynomial regression line of best fit, which
assumes that there is infinite potential growth and restricted
from negative intercept (i.e., Poisson and Negative binomial
error distribution), imposes certain limitations. Using
generated trend lines to predict future usage or to model
usage in other jurisdictions may be possible, but should be
interpreted with caution. A Bass model which incorporates
eventual saturation of the available population, would be ideal
for appropriately assessing the capacity for growth in the future
(Burnham and Anderson, 2010). However, the point of
saturation is difficult to estimate given there is no current
model at which to estimate this point. Thus, for the
purposes of this current analysis, the polynomial model is
appropriate. Approvals in some indications, such as pain,

seem to be nearing saturation. By continuing to monitor
trends with the data over time, and capturing this saturating
data point, the fit of the Bass model to this data could be very
informative for other jurisdictions wishing to predict outcomes
from their own MC programs.

5 CONCLUSION

Data captured by the TGA in the first 5 years following
implementation of a MC prescribing regulatory framework in
Australia displays rapidly escalating numbers of approvals,
particularly since January 2020, and other highly dynamic
trends. These data and associated analyses, provide a unique
resource that can be drawn upon by researchers, practitioners,
and regulators to better understand current clinical practice around
MC in Australia, and to identify where research gaps exist relative
to prescribing. The analysis presented here shows the utility of such
accessible records as the regulatory framework forMC continues to
evolve. Other jurisdictions which have initiated, or are looking to
initiate,MC schemesmight usefully consider the Australianmodel.
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Cannabis for Medical Use: Analysis of
Recent Clinical Trials in View of
Current Legislation
F. Baratta*, I. Pignata, L. Ravetto Enri and P. Brusa

Department of Drug Science and Technology, University of Turin, Turin, Italy

Cannabis has long been regarded as a recreational substance in the Western world. The
recent marketing authorization of some medicinal products of industrial origin and the
introduction onto the market of inflorescences for medical use mean that medical doctors
can now prescribe Cannabis-based medicines in those countries which allow it.
Nevertheless, there is still considerable controversy on this topic in the scientific
community. In particular, this controversy concerns: the plant species to be used; the
pathologies that can be treated and consequently the efficacy and safety of use; the routes
of administration; the methods of preparation; the type and dosage of cannabinoids to be
used; and, the active molecules of interest. As such, although medical Cannabis has been
historically used, the results of currently completed and internationally published studies
are inconclusive and often discordant. In light of these considerations, the aim of this work
is to analyse the current legislation in countries that allow the use of medical Cannabis, in
relation to the impact that this legislation has had on clinical trials. First of all, a literature
search has been performed (PubMed and SciFinder) on clinical trials which involved the
administration of Cannabis for medical use over the last 3 years. Of the numerous studies
extrapolated from the literature, only about 43 reported data on clinical trials on medical
Cannabis, with these mainly being performed in Australia, Brazil, Canada, Denmark,
Germany, Israel, Netherlands, Switzerland, the United Kingdom and the United States of
America. Once the reference countries were identified, an evaluation of the legislation in
relation to Cannabis for medical use in each was carried out via the consultation of the
pertinent scientific literature, but also of official government documentation and that of local
regulatory authorities. This analysis provided us with an overview of the different legislation
in these countries and, consequently, allowed us to analyse, with greater awareness, the
results of the clinical trials published in the last 3 years in order to obtain general interest
indications in the prosecution of scientific research in this area.
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1 INTRODUCTION

Cannabis was widely used in the past for its curative properties.
The earliest records of its medicinal use date back to China where
Cannabis has been cultivated for millennia for use as a fiber, food,
and medicine. Over time, it spread to the whole of Asia, the
Middle East, and Africa. In the West, the plant started to attract
scientific interest only in the 20th century. However, in the last
century, the cultivation, sale, and use of Cannabis was made
illegal in the majority of countries (Lafaye, et al., 2017; Pisanti and
Bifulco, 2019; Romano and Hazekamp, 2019; Arias, et al., 2021).

In the last few decades, there has been revived support for its
decriminalisation, and legalisation for medical uses thanks to new
and scientifically founded indications of its potential therapeutic
value. This is partly due to the support gained in the media, and to
the high expectations for its efficacy, even though these hopes, for
many diseases, are not sufficiently supported by scientific
research (Hill, 2015; Whiting, et al., 2015).

The phytocomplex of Cannabis plants is made up of more
than 500 molecules, of which about a hundred belong to the
Cannabinoid chemical class. Among these molecules, even small
variations in molecular structure can produce significantly
different effects. The molecules of greatest interest to
pharmacologists are the decarboxylated forms of 9-
tetrahydracannabinol (THC) and cannabidiol since these are
easily absorbed in the intestine (Grotenhermen, 2003; Gould,
2015; Baratta, et al., 2019; Baratta, et al., 2021).

Recently, Cannabis based industrial medicines have been
approved for sale, and medical use inflorescences have been
made available. This has given medical doctors, in those
countries which allow it, the option to prescribe Cannabis-
based products. At present, the most widely available products
are: Marinol® (AbbVie Inc) and Syndros® (Benuvia Therapeutics)
which contain dronabinol, an isomer of delta-9-
tetrahydrocannabinol; Cesamet® based on nabilone (Meda
Pharmaceuticals Inc.), another synthetic cannabinoid; Sativex®
(GW Pharma Ltd.), based on an ethanol extraction of Cannabis
sativa; and Epidiolex®1 (Greenwich Biosciences), which contains
CBD (Casiraghi, et al., 2018).

A variety of pharmaceutical-grade inflorescence products are
also available on the market. Usually, the label only indicates the
concentrations of THC and CBD. This is a critical point as the
phytocomplex of medical Cannabis contains many active
molecules which contribute to the “Entourage effect,” a
hypothesis postulating a positive synergic action between
cannabinoids and terpenes (Stella, et al., 2021; Baratta, et al.,
2022).

Given the increasing availability of the above products, many
countries have introduced specific legislation, regulations, and
guidelines regarding the use of medical use Cannabis in the
treatment of various pathologies. Nevertheless, debate
continues around this subject within the scientific community.
The main points of contention are the correct plant varieties to be

used, the pathologies to be treated, and, consequently, the efficacy
and safety of their use. There are no universally shared indications
on the optimum administration route, the preparation
methodology, the definitive types of cannabinoids and dosages
to recommend, or even the identity of the active molecule of
interest. This controversy stems in large part from the findings of
the clinical trials conducted till now. Although the number of
studies and publications is growing rapidly, for many diseases the
results are often contradictory or inconclusive. All too often, these
trials were performed on a non-homogeneous population, and
utilising diverse plant material, extraction methods, dosages,
pharmaceutical forms, and administration routes. Moreover,
the trials were often conducted without a control group
(Stella, et al., 2021).

In light of all these considerations, the objective of this work is
to analyse the current legislation and regulations in a number of
countries where medical use Cannabis is permitted in order to
evaluate any relationship of these on the design of clinical trials
carried out there.

2 MATERIALS AND METHODS

We carried out a literature search (PubMed and SciFinder) for
clinical trials with medical Cannabis published in the last 3 years
(2019/01/01–2021/12/15). We excluded literature reviews, non-
clinical trials, and articles about non-medical use Cannabis. We
also considered published articles about clinical trial protocols to
be carried out. The key search terms used were clinical trials,
medical Cannabis, and medical use.

After the publications had been selected, the countries of
origin were identified in order to perform an evaluation of the
current regulations in each regarding medical Cannabis. The
scientific literature, and relevant official publications from
government and local authorities were consulted for this
analysis.

Finally, the characteristics and the results of the clinical studies
were analysed to evaluate any possible link to the state legislation
where the studies had been carried out.

3 RESULTS

Of the 400 matches from the literature search, only 10% (43) of
the publications reported data from trials or clinical protocols
regarding medical Cannabis. The relevant trials were carried out
in: Australia, Brazil, Canada, Denmark, Germany, Israel,
Netherlands, Switzerland, the United Kingdom, and the
United States of America. Given their geographical
distribution, these countries can be considered of interest
despite the small number of studies available.

For each of the countries in question, the current legislation on
medical Cannabis was analysed, and some specific features are
reported such as: prescription procedure, indicated pathologies
for medical Cannabis, products available for sale, dispensation
forms, authorisation to grow Cannabis for medical use, and
reimbursement procedure.

1Epidiolex® has received approval in the European Union under the tradename
Epidyolex®.
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3.1 Current Legislation
3.1.1 Australia
Although there are some regulatory differences among the federal
states regarding the importation of products, and the qualification
required to write a prescription, medical Cannabis may be
prescribed after receiving authorisation from the Therapeutic
Goods Administration, through the Special Access Scheme for an
individual patient, or through the Authorized Prescriber Scheme
for a group of patients with the same condition. Products of
industrial origin are exempt from these schemes as approval for
sale has already been granted (Sativex® and Epidiolex®).

As well as Sativex® and Epidiolex®, indicated for the treatment
of spasticity in multiple sclerosis and paediatric epilepsy, herbal-
Cannabis based products may also be prescribed. The most
common conditions are spasticity in multiple sclerosis, nausea
or vomiting caused by anti-tumoral chemotherapy, pain or
anxiety in patients with terminal diseases, and refractory child
epilepsy. The physician may in any case write a prescription for
pathologies other than those indicated.

Pharmacies are authorised to dispense medical Cannabis-
based products.

The cost of the therapy is not subsidised by the government.
Alcohol and Drug Foundation, 2021; Australian Capital

Territory Government, 2021; Australian Government, 2017a;
Australian Government, 2017b; Australian Government, 2018;
Australian Government, 2020; Australian Government, 2021;
Australian Institute of Health and Welfare, 2019; Castle, et al.,
2019; Centre for Medicinal Cannabis Research and Innovation,
2021; Health Direct, 2019; Mersiades, et al., 2019; The Health
Products Regulatory Authority, 2017; The Office of Drug
Control, 2021)

3.1.2 Brazil
Various products of industrial origin are available such as
Epidiolex® and Sativex®, and the importation of Cannabis-
derived products is generally authorised. However, the
importation of the raw plant or parts of the plant is not
permitted. Products with a concentration of THC greater than
0.2% may only be prescribed when no alternative therapy is
available, and the patient has reached the irreversible or terminal
stage of their disease. Prescription is under the responsibility of
the prescribing medical doctor. The medication may be taken
either orally or by inhalation.

The cost of the treatment is generally high and is completely at
the patient’s expense.

The dispensation may take place in a pharmacy, where
Cannabis may not be processed, however.

(Crippa, et al., 2018; Marketrealist, 2019; Ministério da Saúde,
2019; Reuters, 2019; Brazilian Government, 2021)

3.1.3 Canada
The situation in Canada is quite different, medical Cannabis
(with the exception of approved industrial products) is not
considered as a medicine; hence, it is not dispensed in
pharmacies. Medical doctors or nurses may prescribe it for
individual patients. The patient can then acquire it from a
licensed vendor; grow a quantity sufficient for personal use in

residence after registering with the Ministry for Health; nominate
a grower in their place (a grower can only cultivate for two
people); or acquire it from a provincial or area level licensed
retailer. The patient is allowed to prepare Cannabis-based
products, but the use of organic solvents such as butane,
benzene, methyl-chloride, or chlorinated hydrocarbons is
forbidden.

Regarding industrial products, Sativex® is available for sale; it
is indicated for the treatment of spasticity in multiple sclerosis.
Other recommended uses include additional pain relief for
neuropathic pain in adult patients with multiple sclerosis, and
additional pain relief for patients with late-stage cancer who
experience moderate to serious pain when already undergoing
palliative care with the highest tolerable dosages of opioids.
Nabilone is approved for treatment of serious nausea and
vomiting associated with chemotherapy, while dronabinol is
approved for the treatment of AIDS-related anorexia, and for
serious nausea and vomiting associated with chemotherapy.
Dronabinol was withdrawn for the Canadian market by the
producer in February 2012, but not for health risks.

Generally, Cannabis may be used for any symptom without
demonstrating the inefficacy of the previous therapies.

The approved industrial products may be reimbursed by
health insurance companies, while all the others are non-
reimbursable.

(Fischer, et al., 2015; Ablin, et al., 2016; Health Canada, 2016;
The Health Products Regulatory Authority, 2017; Abuhasira,
et al., 2018; Conseil fédéral, 2018; Government of Canada,
2019; Health Canada, 2022)

3.1.4 Denmark
All medical doctors are authorised to prescribe Cannabis-based
products as part of a 4 years pilot project launched in January
2018. As part of this project, a medical doctor may prescribe
medicines that are not approved for distribution or sale in
Denmark. However, the medical doctor must take full
responsibility for the products they prescribe and must
determine the proper dosage for each patient. Medical doctors
may refer to the guidelines laid out by the Danish Medicines
Agency. The imported plant products available for prescription
may vary in content, but they must comply with strict standards
and regulations governing the cultivation of the plant species, and
the production and standardisation of the Cannabis-based
product.

Herbal Cannabis is available by prescription only in
pharmacies, which may also prepare magistral preparations.

Regarding industrial products, neurologists may prescribe
Sativex® to treat spasticity from multiple sclerosis. In general,
medical doctors may prescribe imported Cannabis-derived
medicines that have not been approved for sale in Denmark,
such as Marinol® and Cesamet® on compassionate grounds, but
only if the request is approved by the Danish Medicines Agency.

In general, the Danish Medicines Agency indicates that
medical Cannabis be considered as a therapy only for the
following conditions: painful spasticity in multiple sclerosis,
painful spasticity caused by spinal cord damage,
chemotherapy-induced nausea, and neuropathic pain. As part
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of the pilot project, Cannabismay, however, be prescribed to any
patient even outside of the guidelines. The use of Cannabis is not
recommended for patients under 18 years of age.

The prices of the prescribed products within the pilot project
are set freely by the manufacturers. It is possible to obtain a
reimbursement as of 01/01/2019 (retroactive for 2018). Patients
in the terminal stages of a disease are fully reimbursed, while
patients with other illnesses receive a 50% reimbursement, up to
annual maximum of 10,000 Danish Krone. The reimbursement is
automatically deducted at the time of the purchase in a pharmacy.

For prescriptions that are not part of the pilot project, the medical
doctor may request a reimbursement for an individual patient from
the Danish Medicines Agency. It will consider the request for those
patients with pathologies whereCannabis-based treatment appears to
be effective, and for those whom all other treatments with approved
medicines have been used without effect.

(The Health Products Regulatory Authority, 2017; Abuhasira,
et al., 2018; Krcevski-Skvarc, et al., 2018; Danish Medicines
Agency, 2020; Gustavsen, et al., 2021)

3.1.5 Germany
Medical doctors may prescribe medical Cannabis using a specific
“narcotics” prescription form. The prescription may be for any
condition that has no standard treatment, or the standard
treatment cannot be used owing to reactions, or based on the
patient’s specific condition. Among the industrial products
available is Sativex®, which is indicated for spasticity in
refractory multiple sclerosis. In addition, it is possible to
prescribe dronabinol without particular restrictions regarding
its indicated use. Nabilone is approved for nausea and
vomiting associated with chemotherapy and unresponsive to
conventional therapies. Finally, Epidiolex® and many types of
Cannabis inflorescences may also be prescribed. Magisterial
preparations may be prescribed, and pharmacies may dispense
extracts of Cannabis and inflorescences.

In the past, Cannabis could also be theoretically grown in
residence by private individuals if conventional therapies had
been inefficacious, no other alternative treatments were available,
and/or to reduce the cost of therapy. Actually, this possibility has
never been really applied. Since 2019, however, a system of checks
on the production and supply of Cannabis has been introduced
by the government.

The patients may request a reimbursement from health
insurance companies. For this purpose the prescribing medical
doctor has the task of certifying the seriousness of the disease, that
the standard therapies have been ineffective, or cannot be used
due to the patient’s specific condition, or that there is a reasonable
likelihood that medical Cannabis will be effective for that subject.

(Grotenhermen andMüller-Vahl, 2012; Ablin, et al., 2016; The
Health Products Regulatory Authority, 2017; Abuhasira, et al.,
2018; Conseil fédéral, 2018; Federal Institute for Drugs and
Medical Devices, 2018; Krcevski-Skvarc, et al., 2018; Rasche,
et al., 2019; Federal Institute for Drugs and Medical Devices,
2022a; Federal Institute for Drugs and Medical Devices, 2022b;
Federal Institute for Drugs and Medical Devices, 2022c; Federal
Institute for Drugs andMedical Devices, 2022d; German Institute
for Medical Cannabis, 2022)

3.1.6 Israel
In Israel, patients with a prescription may use a licensed
pharmacy to obtain medical Cannabis. There is a list of
conditions for which Cannabis may be used, but the medical
doctor may also prescribe it for other pathologies: in any case, it
may only be used when other therapies have proved ineffective.
The list includes neuropathic pain, serious cachexia in AIDS
patients, spasticity from multiple sclerosis, pain associated with
Parkinson’s disease, Tourette’s syndrome, treatment of metastatic
cancer or chemotherapy-induced symptoms, inflammatory
intestinal diseases and post-traumatic stress disorders.

In general, the products available are Cannabis inflorescences,
Sativex® and Epidiolex®. The number of medical Cannabis
patients among the Israeli population is one of the highest in
the world (on February 2022 about 100,000 Israelis -about 1% of
the population-were allowed to consume medical Cannabis).

Sativex® is recommended for spasticity frommultiple sclerosis
unresponsive to other treatments, or as an additional analgesic
therapy in adult patients with advanced stage cancer with
moderate to severe pain despite being administered the highest
tolerable dosage of opioids; Epidiolex® is used to treat convulsions
in Dravet syndrome, and Lennox-Gastaut syndrome.

As for herbal Cannabis, a government-run programme
produces and distributes this product. Medical Cannabis is
supplied in two forms: as an oil extract for oral administration
or sub-lingual deposition, and as the inflorescence which may be
smoked or inhaled with vaporisers. The cost of the therapy is
reimbursed in part by some private and state health insurance
schemes.

(abcNEWS, 2022; Ablin, et al., 2016; Abuhasira, et al., 2018;
Krcevski-Skvarc, et al., 2018; State of Israel - Minister of Health,
2017; State of Israel - Minister of Health, 2022; The Health
Products Regulatory Authority, 2017)

3.1.7 Netherlands
In Netherlands, all medical doctors may prescribe medical
Cannabis. The pharmacies may also produce extracts using the
plant material produced by the Office of Medical Cannabis. These
are usually oil extracts to be taken orally or deposited under the
tongue. Some types of inflorescences are available for this
purpose: the concentration of the active molecules and
granulation properties may vary. The inflorescences may also
be taken in the decoction form or inhaled through vaporisers.

Sativex® is approved for the treatment of spasticity from
multiple sclerosis refractory to conventional therapies.

Cannabis is indicated for the treatment of pain (multiple
sclerosis, or spinal cord injuries), chronic pain, nausea and
vomiting (in chemotherapy or radiotherapy, HIV therapies,
adverse reactions to hepatitis C medication), palliative care for
cancer or AIDS (to increase appetite and alleviate pain, nausea
and weight loss), Tourette’s syndrome, and refractory glaucoma,
epilepsy and epileptic syndromes (even in children). In addition,
its use is indicated in the reduction in symptomology of the
following pathologies: Crohn’s disease, ulcerative colitis, itching,
migraine, rheumatic conditions, ADHD, post-traumatic stress
disorders, agitation in Alzheimer’s disease and cerebral trauma.
Medical doctors are in any case authorised to prescribe these
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therapies for other conditions if they consider it fit. Cannabis-
based products must, however, be considered only in cases where
authorised medicines have inefficacious or provoked
unacceptable adverse reactions.

As concerns the available herbal Cannabis species, Bediol®
(THC 6.3%; CBD 8%) is usually recommended as the first-choice
therapy to alleviate pain or as an anti-inflammatory therapy.
Bedrocan® (THC 22%; CBD <1.0%), Bedica® (THC 14%; CBD
<1.0%) and Bedrobinol® (THC 13.5%; CBD <1.0%) are
considered more effective for the treatment of symptoms such
as appetite loss, weight loss, nausea, vomiting, anorexia, cachexia,
emesis, Tourette’s syndrome, and glaucoma. Bedrolite® (THC
<1.0%; CBD 7.5%) is employed for certain forms of epilepsy.

The healthcare system does not reimburse the cost of
Cannabis-based medicines. In some cases, the patient may be
able to claim from private insurance schemes.

(The Health Products Regulatory Authority, 2017; Abuhasira,
et al., 2018; Conseil fédéral, 2018; Krcevski-Skvarc, et al., 2018;
Bedrocan, 2021; Office of Medicinal Cannabis, 2022)

3.1.8 Switzerland
The prescription and use of Cannabis-based magistral
preparations is authorised for spasticity (multiple sclerosis),
chronic pain, appetite loss in AIDS, and nausea, pain, and
appetite loss from cancer.

The magistral preparations are prepared in a pharmacy.
Medical doctors may prescribe Cannabis-based medicines

only after receiving authorisation from the Federal office of
the Public Health System.

The cost of the therapy is not reimbursed systematically, but
on a case-by-case basis.

As well as the inflorescence, it is possible to use dronabinol and
Epidiolex®. Sativex® is also authorised for use and available for
treatment of spasticity from multiple sclerosis.

(Abuhasira, et al., 2018; Krcevski-Skvarc, et al., 2018; Swiss
Confederation, Federal Office of Public Health, 2020; Swiss
Confederation, Federal Office of Public Health, 2021a; Swiss
Confederation, Federal Office of Public Health, 2021b; Swiss
Confederation, Federal Office of Public Health, 2021c)

3.1.9 United Kingdom
In the United Kingdom, medical Cannabis is generally prescribed
to adults and children with rare and serious forms of epilepsy,
adults suffering from nausea or vomiting from chemotherapy,
and adults with muscular stiffness or spasms from multiple
sclerosis. This therapy is considered only in cases in which no
alternative treatment is available, or other treatments have been
inefficacious. The available products are Epidiolex®, prescribed to
patients with Lennox-Gastaut syndrome or Dravet syndrome;
nabilone, which is authorised for nausea and vomiting associated
with chemotherapy; dronabinol is also available, but it has no
marketing authorization; and Sativex®, which is prescribed for
muscular spasms in multiple sclerosis unresponsive to other
treatments (even though it is discouraged by NICE in that it is
not cost-effective).

The medical Cannabis therapy cannot be obtained from a
general practitioner but must be prescribed by a hospital

specialist registered with the General Medical Council. The
medical doctor may collect data on adverse reactions, which
can also be signalled directly by the patient through a yellow
card system.

(Department of Health and Social Care, 2018; Medicines and
healthcare products Regulatory Agency, 2020; MS Society, 2021;
National Health Service, 2021; General Medical Council, 2022;
National Health Service, 2022; UK Government, 2022)

3.1.10 United States of America
There are significant legislative differences among the states
concerning Cannabis in the United States. In some states the
legislation in force is extremely limiting, in others significantly
less restrictive. Therefore, the state laws may not be completely
harmonised with federal laws.

Regarding industrial products, the FDA has approved the
prescription of dronabinol and nabilone for the treatment of
chemotherapy-induced nausea and vomiting. Dronabinol may
also be used for the treatment of appetite and weight loss in HIV
patients. Epidiolex® may be prescribed for the treatment of
epileptic disorders, Lennox-Gastaut syndrome and Dravet’s
syndrome.

Concerning herbal Cannabis, only 36 states have legalised or
decriminalised its use. In general, in those states which have
authorised the use of medical use Cannabis, there are restrictions
on its prescription. Depending to the local laws, therefore,
Cannabis may be prescribed for pain, anxiety, epilepsy,
glaucoma, appetite and weight loss associated with AIDS,
inflammatory intestinal disturbances irritable intestine
syndrome, motor disturbances due to Tourette’s syndrome or
multiple sclerosis, nausea and vomiting caused by chemotherapy,
sleep disorders, posttraumatic stress disorders. Some states allow
the addition, at the prescribing medical doctor’s discretion, of
pathologies other than those expressly stated.

Generally, medical doctors do not need specific training to
prescribe Cannabis, but in many states, it is necessary to
register before doing so. In other states, medical doctors
must attend a short training course to be able to register. In
some states, it is enough that the medical doctor gives advice
verbally to take medical Cannabis, or its use may be
recommended by a health care professional who is not a
medical doctor. On the other hand, in some states, it is
necessary that two medical doctors confirm the need for a
Cannabis-based treatment for a patient. Depending on the
state, Cannabis may be supplied to the patient by licensed
dispensaries, or it may be grown at home by the patient or by a
caregiver.

Smoking medical Cannabis is prohibited in some states.
Similarly even the edible forms are prohibited in some states.
Generally, the administration is performed orally or by vaporiser.

Patients are generally registered so that the possession and use
of medical Cannabis is not prosecuted.

Abuhasira, et al., 2018; Alharbi, 2020; Carliner, et al., 2017;
Choo and Emery, 2017; Corroon and Kight, 2018; Johnson, et al.,
2021; Mead, 2017; National Conferences of State Legislatures,
2022; ProCon, 2022; Ryan, et al., 2021; The Health Products
Regulatory Authority, 2017)
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TABLE 1 | Characteristics of the selected clinical trials.

Clinical trials with a POSITIVE outcome

Country Study TITLE Study type Administration Product Condition Number of
patients

1 AUSTRALIA A pilot randomised placebo-
controlled trial of cannabidiol
to reduce severe behavioural
problems in children and
adolescents with intellectual
disability Efron et al. (2021)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD Severe behavioural
problems (in children and
adolescents with
intellectual disability)

8

2 AUSTRALIA Oral THC:CBD cannabis
extract for refractory
chemotherapy-induced
nausea and vomiting: a
randomised, placebo-
controlled, phase II crossover
trial Grimison et al. (2020)

Double-blinded
Multicentre
Placebo-
controlled
Randomized

Oral (capsules) Herbal Cannabis:
THC:CBD (1:1 ratio)
Cannabis sativa L.
extract

Refractory
chemotherapy-induced
nausea and vomiting

80 enrolled 72
completed the
study

3 AUSTRALIA Cannabis use in patients
3 months after ceasing
nabiximols for the treatment of
cannabis dependence:
Results from a placebo-
controlled randomised trial
Lintzeris et al. (2020)

Double-blinded
Multicentre
Placebo-
controlled
Randomized

Oro-mucosal spray Sativex
®
(obtained

from Cannabis
sativa L.)

Cannabis dependence 128

4 AUSTRALIA A Phase 1, Randomised,
Placebo-Controlled, Dose
Escalation Study to
Investigate the Safety,
Tolerability and
Pharmacokinetics of
Cannabidiol in Fed Healthy
Volunteers Perkins et al.
(2020)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD Safety, tolerability and
pharmacokinetics
evaluations on healthy
volunteers

24

5 ISRAEL The pharmacokinetics,
efficacy, and safety of a novel
selective dose cannabis
inhaler in patients with chronic
pain: A randomized, double-
blinded, placebo-controlled
trial Almog et al. (2020)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis:
Bedrocan

®
(22% THC,

<1% CBD)

Chronic pain 27 enrolled 25
completed the
study

6 ISRAEL Pharmacokinetic
investigation of synthetic
cannabidiol oral formulations
in healthy volunteers Izgelov
et al. (2020)

Blinded Oral (powder, oil or
self-nano-
emulsifying drug
delivery system)

CBD Oral absorption
processes of synthetic
CBD when given in
different oral formulations
in healthy volunteers

12

7 ISRAEL The safety, tolerability, and
effectiveness of PTL-101, an
oral cannabidiol formulation, in
pediatric intractable epilepsy:
A phase II, open-label, single-
center study Mitelpunkt et al.
(2019)

Open-label Oral (capsules) CBD Treatment-resistant
epilepsy (in paediatric
patients)

16 enrolled 11
completed

8 ISRAEL Effect of adding medical
cannabis to analgesic
treatment in patients with low
back pain related to
fibromyalgia: an observational
cross-over single centre study
Yassin et al. (2019)

Observational Inhalation THC:CBD (1:4 ratio)
herbal Cannabis

Low back pain related to
fibromyalgia

31

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the selected clinical trials.

Clinical trials with a POSITIVE outcome

Country Study TITLE Study type Administration Product Condition Number of
patients

9 SWITZERLAND Cannabidiol enhances verbal
episodic memory in healthy
youngparticipants:A randomized
clinical trial Hotz et al. (2021)

Double-blinded
Placebo-
controlled
Randomized

Inhalation CBD Verbal episodic memory
in healthy young subjects

39

10 UNITED
KINGDOM

Cannabidiol for the treatment of
cannabis use disorder: a phase
2a, double-blind, placebo-
controlled, randomised,
adaptive Bayesian trial
Freeman et al. (2020)

Double-blinded
Placebo-
controlled
Randomized

Oral (capsules) CBD Desire to stop using
Cannabis

82

11 UNITED
KINGDOM

Normalization of
mediotemporal and prefrontal
activity, and mediotemporal-
striatal connectivity, may
underlie antipsychotic effects
of cannabidiol in psychosis
O’Neill et al. (2021)

Double-blinded
Placebo-
controlled
Randomized

Oral (capsules) CBD Psychosis 34 enrolled 32
completed

12 UNITED
KINGDOM

Effects of cannabidiol on brain
excitation and inhibition
systems; a randomised
placebo-controlled single
dose trial during magnetic
resonance spectroscopy in
adults with and without
autism spectrum disorder
Pretzsch et al. (2019a)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD Brain excitation and
inhibition systems

34

13 UNITED
KINGDOM

The effect of cannabidiol
(CBD) on low-frequency
activity and functional
connectivity in the brain of
adults with and without
autism spectrum disorder
(ASD) Pretzsch et al. (2019c)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD Low-frequency activity
and functional
connectivity in the brain

34

14 UNITED
KINGDOM

Dissociable effects of
cannabis with and without
cannabidiol on the human
brain’s resting-state
functional connectivity Wall
et al. (2019)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis:
Cannabis containing
both THC and CBD;
Cannabis
containing THC

Human brain’s resting-
state networks

17

15 United States Food effect on pharmacokinetics
of cannabidiol oral capsules in
adult patients with refractory
epilepsy Birnbaum
et al. (2019)

Open-label Oral (capsules) CBD Refractory epilepsy 11 enrolled 8
completed the
study

16 United States Cannabidiol for the Reduction of
Cue-Induced Craving and
Anxiety in Drug-Abstinent
Individuals With Heroin Use
Disorder: A Double-Blind
Randomized Placebo-
Controlled Trial Hurd et al. (2019)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD Drug cue–induced
craving and anxiety in
drug-abstinent individuals
with heroin use disorder

50 enrolled 42
completed

17 United States The Effectiveness of Topical
Cannabidiol Oil in Symptomatic
Relief of Peripheral Neuropathy
of the Lower extremities Xu et al.
(2020)

Double-blinded
Placebo-
controlled
Randomized

Topical (cream) CBD Peripheral neuropathy 29

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the selected clinical trials.

Clinical trials with a POSITIVE outcome

Country Study TITLE Study type Administration Product Condition Number of
patients

18 United States A randomized trial of medical
cannabis in patients with stage
IV cancers to assess feasibility,
dose requirements, impact on
pain and opioid use, safety,
and overall patient satisfaction
Zylla et al. (2021)

Placebo-
controlled
Randomized

Inhalation, oral,
topical

A variety of formulations
(also based on herbal
Cannabis) with differing
ratios of THC/CBD
were provided
depending on individual
patient symptoms

Pain, opioid use, safety,
and satisfaction in cancer
patient

30

Clinical Trials With A NEGATIVE Outcome

Country Title Study Type Administration Administerd
Product

Condition Number Of
Patients

1 AUSTRALIA The CANBACK trial: a
randomised, controlled clinical
trial of oral cannabidiol for
people presenting to the
emergency department with
acute low back pain Bebee
et al. (2021)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD Low back pain 100

2 BRAZIL Cannabidiol for COVID-19
Patients with Mild to Moderate
Symptoms (CANDIDATE
Study): A Randomized,
Double-Blind, Placebo-
Controlled Clinical Trial Crippa
et al. (2021)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD COVID-19 105

3 UNITED
KINGDOM

The acute effects of cannabidiol
on the neural correlates of
reward anticipation and
feedback in healthy volunteers
Lawn et al. (2020)

Double-blinded
Placebo-
controlled
Randomized

Oral (capsules) CBD Neural correlates of
reward anticipation and
feedback

28 enrolled 24
completed the
study

4 UNITED
STATES

The short-term impact of 3
smoked cannabis
preparations versus placebo
on PTSD symptoms: A
randomized cross-over clinical
trial Bonn-Miller et al. (2021)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis:
Cannabis containing
12% THC and <0.05%
CBD; Cannabis
containing 11% CBD
and 0.50% THC;
Cannabis containing
7.9% THC and
8.1% CBD

Posttraumatic Stress
Disorder

80 enroled 76
completed
stage I 74
completed
stage II

5 UNITED
STATES

Acute effects of cannabinoids
on symptoms of obsessive-
compulsive disorder: A human
laboratory study Kayser et al.
(2020)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis:
Cannabis containing
THC 7% and CBD
0.18%; Cannabis
containing 0.4% THC
and 10.4% CBD

Obsessive-compulsive
disorder

14 enrolled 12
completed the
study

Clinical Trials With an INCONCLUSIVE Outcome

Country Title Study Type Administration Administerd Product Condition Number of
patients

1 AUSTRALIA Citalopram and Cannabidiol:
In Vitro and In Vivo Evidence
of Pharmacokinetic
Interactions Relevant to the
Treatment of Anxiety
Disorders in Young People
Anderson et al. (2021)

Controlled
Randomized

Oral (capsules) CBD Anxiety disorders 6

(Continued on following page)
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TABLE 1 | (Continued) Characteristics of the selected clinical trials.

Clinical Trials With an INCONCLUSIVE Outcome

Country Title Study Type Administration Administerd Product Condition Number of
patients

2 AUSTRALIA Model-based analysis on
systemic availability of co-
administered cannabinoids
after controlled vaporised
administration Liu et al.
(2020)

Double-blinded
Placebo-
controlled
Randomized

Inhalation THC; CBD; THC + low-dose
CBD; THC + high-
dose CBD

Evaluate the active dosage 36

3 AUSTRALIA A randomised controlled trial
of vaporised Δ9-
tetrahydrocannabinol and
cannabidiol alone and in
combination in frequent and
infrequent cannabis users:
acute intoxication effects
Solowij et al. (2019)

Double-blinded
Placebo-
controlled
Randomized

Inhalation THC; CBD; THC + low-dose
CBD; THC + high-
dose CBD

Evaluate the acute
intoxication effects

36

4 ISRAEL Oral CBD-rich Cannabis
Induces Clinical but Not
Endoscopic Response in
Patients with Crohn’s
Disease, a Randomised
Controlled Trial Naftali et al.
(2021a)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) THC:CBD (1:4 ratio) herbal
Cannabis

Crohn’s Disease 56

5 ISRAEL Cannabis is associated with
clinical but not endoscopic
remission in ulcerative colitis:
A randomized controlled trial
Naftali et al. (2021b)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis: Cannabis
containing 16% THC and
0.1% CBD

Ulcerative colitis 32

6 ISRAEL Cannabinoid treatment for
autism: a proof-of-concept
randomized trial Aran et al.
(2021)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) THC:CBD (1:20 ratio) herbal
Cannabis; purified CBD:
THC (1:20 ratio)

Autism spectrum disorder
in children and
adolescents

150

7 NETHERLANDS An experimental randomized
study on the analgesic
effects of pharmaceutical-
grade cannabis in chronic
pain patients with
fibromyalgia Van de Donk
et al. (2019)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis:
Bedrocan

®
(22% THC, < 1%

CBD); Bediol
®
(6.3% THC,

8% CBD); Bedrolite
®
(9%

CBD, <1% THC)

Pain in patients with
fibromyalgia

20

8 UNITED
KINGDOM

Effects of cannabidivarin
(CBDV) on brain excitation
and inhibition systems in
adults with and without
Autism Spectrum Disorder
(ASD): a single dose trial
during magnetic resonance
spectroscopy Pretzsch et al.
(2019b)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) Cannabidivarin Autism Spectrum Disorder 34

9 UNITED
STATES

Effect of Inhaled Cannabis
for Pain in Adults With Sickle
Cell Disease. A Randomized
Clinical Trial Abrams et al.
(2020)

Double-blinded
Placebo-
controlled
Randomized

Inhalation Herbal Cannabis: Cannabis
containing 4.4% THC and
4.9% CBD

Pain in patients with sickle
cell disease

23

(Continued on following page)
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3.2 Study Protocols and Clinical Trials
There are 43 publications of proposed, or executed, clinical
trial protocols in those countries whose legislation has been
analysed; eight of these regarded proposed clinical trial
protocols.

Hence, 35 publications regarded actual clinical trial data.
These were sub-divided into three groups: the first, “positive
outcome,” included those studies which demonstrated the
efficacy of the preparation administered, or that the actual
results were in line with those expected (18). The second
group, “negative outcome,” included those studies where the
authors reported that the administered product was no more
efficacious than the placebo (5). Finally, the third group,
“inconclusive outcome,” comprised those studies where the
results were not conclusive (12).

The characteristics of the taken into account clinical studies
are summarized in Table 1.

3.2.1 Clinical Trials With a Positive Outcome
Of the 18 studies in this category, 4 were conducted in Australia, 4
in Israel, 1 in Switzerland, 5 in the United Kingdom, and 4 in the
United States.

Regarding the study design, 2 were multi-centred, 13 used the
double-blind method, 14 had a randomised control design, and
14 used a placebo control group.

The sample size varied greatly, from a minimum of 8 to a
maximum of 128 enrolled subjects.

As for the products used in the trials, 12 studies administer
CBD, 6 studied herbal Cannabis derivatives.

CBD was administered orally in 10 cases, topically and by
inhalation in only one study. The herbal Cannabis derivatives
were administered by inhalation in 3 cases, and by the oral
route in 2 cases. One study considered products to be
administered orally, by inhalation or topically.

In 9 studies, the Cannabis derivatives were administered in
addition to a standard therapy.

The most commonly studied conditions were behaviour,
cerebral activity, and memory (6), pain (4), addiction or
abstinence to drugs (3), epilepsy (2), pharmacokinetic
studies, safety, and tolerability (2), and nausea and
vomiting (1). Two studies were carried out on a paediatric
population.

In general, the studies involving the administration of CBD
regarded epilepsy, addiction or abstinence to drugs, behaviour,
cerebral activity and memory, peripheral neuropathy,
pharmacokinetic studies, and safety and tolerability.

Instead, studies administering herbal Cannabis derivatives
focused mainly about pain and then about nausea and
vomiting, cerebral activity and Cannabis dependence. In most
cases both THC and CBD were administered in different ratios.
In some cases, a herbal Cannabis strain was used with a high
concentration of THC.

(Almog, et al., 2020; Birnbaum, et al., 2019; Efron, et al., 2021;
Freeman, et al., 2020; Grimison, et al., 2020; Hotz, et al., 2021;
Hurd, et al., 2019; Izgelov, et al., 2020; Lintzeris, et al., 2020;
Mitelpunkt, et al., 2019; O’Neill, et al., 2021; Perkins, et al., 2020;
Pretzsch, et al., 2019a; Pretzsch, et al., 2019c;Wall, et al., 2019; Xu,
et al., 2020; Yassin, et al., 2019; Zylla, et al., 2021)

TABLE 1 | (Continued) Characteristics of the selected clinical trials.

Clinical Trials With an INCONCLUSIVE Outcome

Country Title Study Type Administration Administerd Product Condition Number of
patients

10 UNITED
STATES

Effects of oral, smoked, and
vaporized cannabis on
endocrine pathways related
to appetite and metabolism:
a randomized, double-blind,
placebo-controlled, human
laboratory study Farokhnia
et al. (2020)

Double-blinded
Placebo-
controlled
Randomized

Inhalation and
oral (food)

THC Appetite and metabolism
in healthy valuntaires

20

11 UNITED
STATES

Effects of Hemp Extract on
Markers of Wellness, Stress
Resilience, Recovery and
Clinical Biomarkers of Safety
in Overweight, But
Otherwise Healthy Subjects
Lopez et al. (2020)

Double-blinded
Placebo-
controlled
Randomized

Oral (solution) CBD (from Herbal Cannabis
oil extract)

Markers of wellness,
stress resilience, recovery
and clinical biomarkers of
safety in overweight, but
otherwise healthy subjects

65

12 UNITED
STATES

Cognitive function and
adaptive skills after a 1-year
trial of cannabidiol (CBD) in a
pediatric sample with
treatment-resistant epilepsy
Thompson et al. (2020)

Open-label Oral (solution) CBD Cognitive function and
adaptive skills in a
paediatric patients with
treatment-resistant
epilepsy

38
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3.2.2 Clinical Trials With a Negative Outcome
Five trials had a negative outcome. Two of these were conducted
in the United States, 1 in Australia, 1 in Brazil and 1 in the
United Kingdom.

All of the trials had a randomised control, used a placebo
control group, and a double-blind control. The sample size
ranged from 14 to 105 enrolled subjects.

As for the products used, 3 studies administered oral
preparations containing CBD. 2 studies were based on the
administration of inflorescences by inhalation. 4 studies out
of 5 administered the product in addition to a standard
therapy.

The conditions studied in these trials with CBD were pain,
COVID-19 infection, and the effects on neural correlates of
reward anticipation and feedback. Herbal Cannabis, in three
different forms and different ratios of THC/CBD), was
administered to evaluate its efficacy in the treatment of
Obsessive-Compulsive Disorder (OCD) and Post-Traumatic
Stress Disorder (PTSD).

None of these studies demonstrated that the administered
product was more efficacious than the placebo control.

(Kayser, et al., 2020; Lawn, et al., 2020; Bebee, et al., 2021;
Bonn-Miller, et al., 2021; Crippa, et al., 2021)

3.2.3 Clinical Trials With an Inconclusive Outcome
12 studies had an inconclusive outcome: 3 were conducted in
Australia, 3 in Israel, 1 in the Netherlands, 1 in the
United Kingdom and 4 in the United States.

Regarding study design, 10 included a double-blind system, 11
had a randomised control, and 10 utilised a placebo control
group. The sample size ranged from a minimum of 6 subjects to a
maximum of 150 individuals. Two of the studies were conducted
on paediatric subjects.

Concerning the products used, 2 studies administered CBD
alone, one study used THC alone, 1 study administered
cannabidivarin, 2 studies administered THC and CBD, both
alone and in a mixture, 5 studies administered herbal
Cannabis derivatives, and 1 study administered both THC and
CBD as well as a herbal Cannabis extract.

CBD and cannabidivarin were administered orally; THC, and
the mixtures of THC and CBD were administered by inhalation.
THC was also administered orally. The herbal Cannabis
derivatives were administered by inhalation in 3 studies, while
they were for oral use in 2 studies. 1 study used oral
administration of a herbal Cannabis extract or an equivalent
mixture of THC and CBD.

Six trials predicted that the administration was additional to
standard therapy.

The conditions to be studied for the efficacy of CBD were
anxiety and cognitive function in patients suffering from epilepsy.
THC and/or CBDwere administered to evaluate the active dosage
or to study its effects on problems linked to appetite and
metabolism, herbal Cannabis derivatives were studied to
evaluate their activity in Crohn’s disease, ulcerative colitis,
pain, haemolytic anaemia, markers of wellness and clinical
biomarkers in obese patients. Trials related to autism were

conducted with, as well as cannabidivarin, the administration
of a herbal Cannabis extract or an equivalent mixture of THC
and CBD.

When herbal Cannabis derivatives were administered, the
concentration of THC and CBD, and the ratio of the two
varied greatly among the trials. Some used products with a
high concentration of THC, while others used products with a
high concentration of CBD. In 1 trial, different types of
inflorescences were administered to evaluate the most
efficacious ratio of THC to CBD concentrations against pain.

(Pretzsch, et al., 2019b; Solowij, et al., 2019; Van de Donk,
et al., 2019; Abrams, et al., 2020; Farokhnia, et al., 2020; Liu, et al.,
2020; Lopez, et al., 2020; Thompson, et al., 2020; Naftali, et al.,
2021a; Anderson, et al., 2021; Aran, et al., 2021; Naftali, et al.,
2021b)

3.2.4 Study Protocols
There are 8 examples of published protocols that have not yet
initiated the clinical trial phase. 4 are in Australia, and 1 each in
Denmark, Canada, Germany, and Netherlands. The number of
enrolled subjects is between 10 and 180 in total. One study will be
carried out among the paediatric population.

Concerning the study design, 3 will be multi-centre studies, 7
use a double-blind system, 8 are randomised, and 7 use a placebo
control group.

Regarding the products to be used, 4 protocols will use the oral
administration of THC and CBD. The ratio between the
components in question varies from study to study. In 2
protocols, the administration of CBD is also foreseen. One
protocol foresees the administration of both CBD and a
preparation containing a high concentration of THC.

For those studies using THC and CBD mixtures, the
pathologies to be studied are, pain, dementia, spasms, and the
activation of the immune system in HIV patients. Instead, the
CBD alone preparations will be administered for behavioural
problems and phobias. The herbal-Cannabis derived product will
be administered for chronic tic disorder. The protocol that
foresees the administration of both CBD and a preparation
with a high concentration of THC will focus on the alleviation
of pain.

(Costiniuk, et al., 2019; Hendricks, et al., 2019; Urbi, et al.,
2019; Van der Flier, et al., 2019; Efron, et al., 2020; Hardy, et al.,
2020; Jakubovski, et al., 2020; Timler, et al., 2020)

4 DISCUSSION

From the analysis of the current legislation in states where clinical
trials and proposed protocols on medical Cannabis and derived
products have been published in the last 3 years, many significant
differences have been found regarding the products available, the
indicated pathologies for which it may be prescribed, the
production of the raw plant material, as well as its
reimbursement and prescription. It was evaluated to consider
the studies published in the last 3 years supposing that the
researchers have benefited from the latest knowledge on
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medical Cannabis and to make an overview of the pathologies
currently under study.

In particular, regarding industrial products, practically every
country, with the exception of the United States, has approved the
use of Sativex®. However, Epidiolex®, dronabinol.Netherlands,
and nabilone are also quite common.

In all the countries, the use of herbal Cannabis is also
authorised. The only exception is Brazil, which is certainly the
country with the most restrictive legislation. Netherlands is the
only country to provide directions for use, which are not binding,
but quite strict, regarding the plant strain to be used for a
determined pathology based on the concentration of active
molecules (THC and CBD). Instead, for the other countries, it
must be pointed out that the current legislation provides for the
use of inflorescences or herbal Cannabis extracts without
providing specific directions concerning the recommended
concentration of active molecules to treat a determined condition.

Regarding the pathologies or symptoms associated with the
more or less well-defined conditions, the most common are pain,
nausea, vomiting, spasticity, and epilepsy followed by spasms,
and weight and appetite loss. The less frequently indicated
conditions in this case include Tourette’s syndrome, PTSD,
and glaucoma. In many countries, additional conditions are
considered in more or less detail.

In this regard, it is interesting to note that the country with the
greatest number of specifically recommended pathologies not
indicated in other countries is the Netherlands: perhaps based on
the longstanding use of Cannabis both for medical use and
recreational purposes. Although the legislation regarding
medical Cannabis is quite comprehensive in all the countries
considered, some of them, namely Australia, Canada, Denmark,
Germany, Israel, Netherlands, and the United States, also permit
the prescription of Cannabis for any therapeutic application at
the discretion of the medical doctor. However, in Germany,
Netherlands and Israel, this is limited to cases in which other
therapies have proved ineffective, excessive adverse reactions to
standard treatments have occurred, or valid alternative
treatments are not available. Instead, in Australia, Canada,
Denmark, and the United States, therapeutic strategies
different from those specified are authorised regardless of any
prior treatment. The prescription of medical Cannabis for any
condition certainly does not conform to the procedures generally
in force for other medicinal products, and especially products
with a psychoactive effect such as those prepared
containing THC.

It is interesting to note that in Canada, and in some states in the
United States, the medical inflorescences may be grown directly by
the patient, and the treatment may be recommended by a health
worker, and not only a medical doctor; in the event that the plant
species is not home-grown, it is distributed through a licensed
dispensary. In Germany, Israel and Netherlands, herbal Cannabis
is grown locally under the supervision of a government agency.
This is significant if one considers that, in these three countries, the
prescription process is highly deregulated regarding the
recommended pathologies to be treated with Cannabis, but the
same does not apply to its cultivation.

The normal administration routes are oral or by inhalation.
Some countries, such as Israel, authorise smoking Cannabis
inflorescences as a route of administration, something that is
categorically banned in some states of the United States.

In addition, regarding prescription, it is noteworthy that the
United Kingdom is the only country where this must be obtained
from a hospital specialist. In some states in the United States, on
the other hand, the prescribing medical doctor must be registered
to prescribe this therapy and have attended a specific training
course. In Australia and Switzerland, medical doctors may write
the prescription only after receiving authorisation from a specific
agency. Therefore, there is a different focus on the prescription
process and hence inhomogeneity in this aspect too. The
treatment costs are generally borne by the patient, and no
reimbursement is foreseen, unless it is from a private health
insurance scheme. This certainly restricts access to this kind of
therapy to the more privileged members of society.

Concerning the results of the clinical trials, some interesting
observations may be made. In the first place, a greater number of
studies have been published in certain countries. These countries are
the United States (11) and Australia (9), followed by Israel (7) and
the United Kingdom (7). In general, the majority of the studies
featured randomisation, the use of a double-blind method, and a
placebo control group: these are factors which guarantee the quality
of the data gathered. On the other hand, the majority of the studies
took place with a small sample size. Moreover, the studies made use
of a heterogeneous population: healthy and ill volunteers, adults and
children, acute and chronically ill patients, and subjects who had
previously used or had never used Cannabis prior to the study.
Factors that, being so numerous, make it particularly challenging to
draw any conclusive evaluations of the results of these trials, and
more in general, the real efficacy of medical Cannabis.

Considering only the studies with a positive outcome, it
should be noted that the studied pathologies are coherent with
those provided for in current legislation i.e., pain, epilepsy,
nausea, and vomiting; on the contrary, psychosis, behavioural
problems, memory and cerebral activity represent a novelty.
Furthermore, there is a net distinction between the products
used based on the different conditions to be treated: the trials
on pain, nausea and vomiting with positive outcomes
administered herbal Cannabis derivatives in which, in 3
cases out of 4, both THC and CBD are present; the other
studies with a positive outcome administered CBD alone. In
those trials with a negative outcome, CBD was administered
for pain, while herbal Cannabis derivatives were used for
conditions such as OCD or PTSD. This consideration
supports the use of herbal Cannabis in which both THC
and CBD are present for pain, even though it should be
stressed that the studies with a positive outcome for this
pathology had a maximum of 30 enrolled subjects.

The studies with an inconclusive outcome regarded a
variegated list of conditions including anxiety, Crohn’s
syndrome, ulcerative colitis, pain, and appetite loss. Many of
these are already included in some national regulations although
the efficacy of Cannabis in these cases according to the currently
available data is not satisfactorily demonstrated.
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It is evident that the only pathology present in all three study
categories is pain, for which 4 studies had a positive outcome, 1
had a negative outcome, and 1 had an inconclusive outcome.

Among the study protocols to be trialled, pain and spasticity
appear again, approved by legislation in most countries and the
object of numerous studies, as well as a number of less-investigated
conditions such as dementia, phobias, tic disorders and the
activation of the immune system in HIV patients.

Based on the research conducted, it is, therefore, possible to stress
that in spite of the growing number of recent studies on medical
Cannabis, many of which have had a positive outcome while many
others have had an inconclusive or negative outcome. The presumed
broad spectrum action of Cannabis has led to the initiation of many
trials and the preparation of many study protocols for a wide range
of pathologies with the enrolment of subjects with diverse
characteristics from study to study. This means that there is very
little data for each pathology or symptomology.

Another important factor is that the products used are very
diverse from each other; consequently, a comparison is extremely
difficult to make, especially for the herbal products. All of the trials
indicate the precise dosages used in terms of active molecules, but
when it comes to inflorescences, or extracts derived from them, the
concentration is provided only for the THC and CBD content and
not for the other active molecules. Furthermore, the diverse
administration routes make a comparison based on
pharmacokinetics difficult for the molecules of interest.

Therefore, it is difficult to compare the studies and draw
conclusions concerning the efficacy of the protocol for the
single pathologies. However, for some, substantial evidence is
emerging regarding their efficacy and the suitable products to
ensure that. From the analysed data, it is clear that the best pain
treatment is herbalCannabis derivatives containing both THC and
CBD, just as the best way to treat epilepsy is to administer CBD.

One interesting point is that for some of the pathologies
approved for treatment with medical Cannabis under the
current legislation, the data do not paint a definitive picture.
This is true for conditions such as anxiety, ulcerative colitis,
Crohn’s syndrome, and appetite enhancement.

On the other hand, the current legislation often authorises
inflorescences or extracts without indicating the exact
concentration of the active molecules. In parallel, many studies
use different plant strains or study a small number of subjects,
making it difficult to compare and consequently interpret the
results. Moreover, in many studies, the Cannabis-based
medicines were administered in addition to other treatments
making any evaluation of their efficacy it even more complex.

5 CONCLUSION

Medical Cannabis is often considered as if it were a single
active component, but, in fact, there are countless possible
variations. Hence, it will be some time before the current list of
pathologies that each product may be used for can be updated
based on definitive clinical data on the efficacy of the various

components. Certainly, the development of standardised
industrial products will facilitate the execution of more
meaningful trials compared to those that involve the
administration of inflorescences or derived extracts
prepared using a variety of methods and, thus, highly
variable in terms of concentration of the active molecules.

The authors want moreover to put in evidence that, despite
legislation authorising the use of medical Cannabis and
instituting the national production centre for inflorescences
more than 5 years ago, Italy is still among the states where
clinical trials have not been conducted. This gap is due to
legal restrictions on the approval and conduction of clinical
trials in this field, and the difficulty in sourcing the raw plant
material, of which there is always a shortage. The result of this is
therapies using inflorescences and extracts which have never
undergone specific clinical trialling.

In the end, the influence of the media, economic interests,
and the demands of associations representing patients
affected by these diseases and conditions, for whom
Cannabis is a panacea, means that in many countries it is
currently possible to use medical Cannabis even though the
scientific data do not entirely support the signs of efficacy:
certainly this is a special case where the consolidated
procedures for the administration of any product in the
medical field have been either overlooked or ignored. It is
time that the regulatory agencies considered whether this is
actually safeguarding the health of patients.

LIMITS

The analysis of the current legislation may not be exhaustive in
that it refers only to public texts available online.
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Potency and Therapeutic THC and
CBD Ratios: U.S. Cannabis Markets
Overshoot
Sarah D. Pennypacker1, Katharine Cunnane1, Mary Catherine Cash1,2 and
E. Alfonso Romero-Sandoval1*
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Backgroundandaims:The effects exudedby cannabis are a result of the cannabinoids trans-
Δ⁹-tetrahydrocannabinol (THC) and cannabidiol (CBD), and is dependent upon their
pharmacological interaction and linked to the two cannabinoids’ concentrations and ratios.
Based on current literature and trends of increasing cannabis potency, we postulate that most
medical cannabis products with THC and CBD have ratios capable of producing significant
acute intoxication and are similar to recreational products. We will test this by organizing
products into clinically distinct categories according to TCH:CBD ratios, evaluating the data in
terms of therapeutic potential, and comparing the data obtained from medical and recreational
programs and from states with differing market policies.

Methods:We utilized data encompassing online herbal dispensary product offerings from nine
U.S. states. The products were analyzed after being divided into four clinically significant THC:
CBD ratio categories identified based on the literature: CBD can enhance THC effects (THC:
CBD ratios ≥1:1), CBD has no significant effect on THC effects (ratios ~ 1:2), CBD can either
have no effect or can mitigate THC effects (ratios 1:>2 < 6), or CBD is protective against THC
effects (ratios ≤1:6).

Results: A significant number of products (58.5%) did not contain any information on CBD
content. Across all states sampled, the majority (72–100%) of both medical and recreational
products with CBD (>0%) fall into the most intoxicating ratio category (≥1:1 THC:CBD), with
CBD likely enhancing THC’s acute effects. The least intoxicating categories (1:>2 < 6 and ≤1:6
THC:CBD) provided the smallest number of products. Similarly, themajority of productswithout
CBD (0%) contained highly potent amounts of THC (>15%). These results were consistent,
regardless of differing market policies in place.

Conclusions: Despite the distinct goals of medical and recreational cannabis users, medical
and recreational program product offerings are nearly identical. Patients seeking therapeutic
benefits from herbal cannabis products are therefore at a substantial risk of unwanted side
effects, regardless of whether they obtain products from medical or recreational programs.
Efforts are needed to better inform patients of the risks associated with high potency cannabis
and the interaction between THC and CBD, and to help shape policies that promote more
therapeutic options.
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INTRODUCTION

Trans-Δ9-tetrahydrocannabinol (THC) and cannabidiol (CBD)
are the twomost prominent cannabinoids that comprise cannabis
(Elsohly et al., 2014). The pharmacologic effects they each exude
are quite distinct. For instance, CBD does not produce acute
intoxication, has been proven to treat refractory epileptic
syndromes in children, and may have anti-inflammatory,
anxiolytic, and antipsychotic indications (Zuardi et al., 1993;
Bergamaschi et al., 2011a; Bergamaschi et al., 2011b; Leweke
et al., 2012; Iseger and Bossong, 2015; Devinsky et al., 2017). Yet,
there is currently no substantial evidence that CBD alone has
analgesic efficacy in humans—the primary indication for which
patients seek out cannabis in the United States (U.S.) (Boehnke
et al., 2019). On the other hand, THC produces the acute
intoxication associated with cannabis and has been linked to
multiple undesirable effects, such as paranoia, memory
impairment, increased risk for psychotic illness, and cannabis
dependency and the development of cannabis use disorder
(CUD) (Di Forti et al., 2009; Izzo et al., 2009; Freeman et al.,
2014).

Notably though, THC has shown promising analgesic efficacy
(Abrams et al., 2007; Ellis et al., 2009; Ware et al., 2010; Wilsey
et al., 2013; Wallace et al., 2015; Wilsey et al., 2016; van de Donk
et al., 2019). This analgesic effect of THC is still under
investigation (Boehnke and Clauw, 2019) but likely mirrors
THC’s concentration and thus cannabis’ intoxication potential
(Wilsey et al., 2013; Andreae et al., 2015; Wallace et al., 2015; van
de Donk et al., 2019). In clinical trials studying the analgesic
efficacy for cannabis, the THC concentrations utilized are
consistently <10% (Abrams et al., 2007; Ellis et al., 2009; Ware
et al., 2010; Wilsey et al., 2013; Wallace et al., 2015; Wilsey et al.,
2016). In fact, significantly lower THC concentrations (1–3%)
were used in several of the studies and resulted in sufficient
clinical efficacy to manage pain (Wilsey et al., 2013; Wallace et al.,
2015; Wilsey et al., 2016). Furthermore, adverse event potential
and subsequent treatment discontinuation seems to increase at
higher THC concentrations utilized in these studies. This parallel
between THC concentration and intoxication and adverse event
potential is increasingly becoming an issue as the potency of
cannabis available rises (ElSohly et al., 2016; Chandra et al., 2019)
despite patients often wishing to experience therapeutic benefits
of THC without the associated subjective side effects (Joy et al.,
1999; Grotenhermen, 2004; Hall, 2015). As a result, a difficult
balancing act between analgesia and acute intoxication ensues.

Still, cannabis with high concentrations of THC (>15%) and
greater intoxication potential is often favored in the recreational
realm (Romero-Sandoval et al., 2018) and is associated with
worse chronic pain in regular users (Boehnke et al., 2020).
This discrepancy between the goals of medical and
recreational products presumably should be reflected in the
potency of the products each type of market offers. However,
our previous findings demonstrated that average THC

concentrations advertised online in medical programs are
similar to those in recreational programs (Cash et al., 2020).
Moreover, frequent medical cannabis users prefer inhaled
cannabis with high levels of THC (Boehnke et al., 2020). The
accessibility of high potency products could create a
misconception about the safety of cannabis and downplay the
risks and side effects associated with products containing high
THC concentrations. It also leaves patients looking to use
cannabis for medical purposes with mostly products outside
the realm of what is considered potentially suitable for
therapeutic purposes (Romero-Sandoval et al., 2018). It is
important to note that while there may be some patients who
enjoy the “high” or are willing to assume the risk of high THC
consumption (as it may happen with opioids), this is not
recommended from a medical standpoint. This sentiment is
strongly supported by the International Association for the
Study of Pain (IASP), which recently released a report which
concluded that much more research is needed to determine the
benefits and risks of cannabis for the treatment of pain before
there is a chance cannabis can be endorsed for such usage (IASP
Presidential Task Force on Cannabis and Cannabinoid Analgesia,
2021).

While these previous findings are certainly alarming, they only
show a partial picture of the cannabis products offered in legal
U.S. markets. CBD has long been proven to alter cannabis’ effects,
and while CBD data was presented alongside THC
concentrations categories in our previous study, the data was
not thoroughly analyzed in relation to THC:CBD ratios and
concentrations (Cash et al., 2020). Literature suggests that
different concentrations of THC and CBD and different ratios
of THC:CBD induce variances in experienced subjective effects
(Pennypacker and Romero-Sandoval, 2020). In fact, it appears
that certain lower ratios of THC:CBD are more apt to produce an
attenuation of THC induced effects (Dalton et al., 1976; Englund
et al., 2013; van de Donk et al., 2019) while higher ratios are more
likely to enhance THC induced effects (Arkell et al., 2019; Solowij
et al., 2019; van de Donk et al., 2019). For instance, one study
found that inhaled cannabis at a 2:1 THC:CBD ratio (8 mg THC
(1.6%)/4 mg CBD (0.8%)) enhanced the subjects’ intoxication
when compared with THC alone (8 mg), but a 1:20 THC:CBD
ratio (8 mg THC (1.6%)/400 mg CBD (80%)) reduced the
subjects’ intoxication when compared with THC alone (8 mg)
(van de Donk et al., 2019). Notably, these findings are
counterintuitive to the popular idea that CBD is simply
protective against the intoxicating effects of THC, that CBD is
the yin to THC’s yang.

It is therefore important to determine whether the products
available in dispensaries are pharmacologically safe for patients
(medicinal) or the general public (adult use or recreational), not
only by means of THC concentrations, but also CBD
concentrations and the ratio of THC:CBD. Our previous
findings clearly show that when analyzing the types of
products offered in legal cannabis markets based solely on
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THC, the majority of products contain levels not recommended
(i.e., >15% THC) since they are associated with strong
intoxicating effects (Cash et al., 2020). However, we wonder
whether the combination of these high THC levels with
certain CBD concentrations and/or the ratio of THC:CBD
could result in a pharmacological interaction that reduces the
risk of high levels of THC. We identified some products that are
more pharmacologically amenable to medical purposes, based on
their THC levels (i.e., <10%) (Cash et al., 2020); but it is also
possible that these products will contain THC:CBD ratios that
lead to a pharmacologic interaction that enhances THC
intoxicating effects (Pennypacker and Romero-Sandoval,
2020). In other words, it is clinically relevant to garner
whether or not the existing products contain these two
cannabinoids at concentrations and ratios that are suitable for
patients. Specifically, it is necessary to determine if CBD at the
levels available in dispensaries will exude pharmacologic
protective/beneficial effects or detrimental effects to established
THC liabilities (e.g., stronger intoxication, withdrawal, tolerance,
dependence, addiction, psychiatric issues, etc.).

Since medical cannabis programs mimic recreational programs,
we hypothesize that ratios and concentrations of CBD in products
available in medical cannabis programs are similar to that in
recreational cannabis programs, with the majority at levels which
will likely enhance THC’s subjective effects. This study subsequently
will test this hypothesis following these aims: 1) identify and
categorize the THC:CBD ratios associated with different clinically
meaningful pharmacologic effects when administered in
conjunction via inhalation, 2) characterize the cannabis products
available online within the determined ratio categories, 3) evaluate
whether the probable pharmacologic effects of products labeled as
recreational differ from the probable effects of products labeled as
medical, and 4) determine if varying types of market structures (e.g.,
medical and recreational products offered in same facility or in
separate facilities) provide clinically different cannabis offerings
based on THC:CBD ratios.

MATERIALS AND METHODS

Data Collection
We utilized the publicly available data set from our previously
published study (Cash et al., 2020). To summarize, states with
legalized medical and/or recreational programs that have legalized
cannabis for pain management were identified. The data sampling
included online dispensary product offerings from nine U.S. states
and spanned two distinct geographical locations: the Northeast
region [Maine (ME), Massachusetts (MA), New Hampshire
(NH), Rhode Island (RI) and Vermont (VT)] and the Western
region [California (CA), Colorado (CO), New Mexico (NM),
Washington (WA)] of the United States (U.S.). At the time of
sampling, all of the Northeastern states as well as NM had legalized
only themedical use of cannabis, andCA,CO, andWAhad legalized
cannabis for both medical and recreational use. Additionally,
medical and recreational products were offered in separate
facilities in WA, while both medical and recreational products
were allowed to be offered in the same building in CO, and

products were not differentiated medical or recreational in CA.
Inhaled cannabis has a more favorable pharmacokinetic profile than
other routes of administration and has shown analgesic efficacy for
various chronic pain conditions, the most common reason cited for
seeking out medical marijuana in the U.S. (Wilsey et al., 2013;
Andreae et al., 2015; Wallace et al., 2015; Romero-Sandoval et al.,
2018). Herbal products (flowers and pre-rolls) were therefore the
focus of the sampling. Individual product cannabinoid data (THC
and CBD content) was recorded.

Ratio Categorization
In order to carry out the first study aim, and based on our previous
observations (Pennypacker and Romero-Sandoval, 2020), we
identified four clinically significant THC:CBD ratio categories:
CBD can enhance THC effects (THC:CBD ratios ≥1:1), CBD has
no significant effect on THC effects (ratios ~1:2), CBD can either
have no effect or is protective against THC effects (ratios 1:>2< 6), or
CBD is protective against THC effects (ratios ≤1:6). Products with
THC:CBD ratios >0.7 were considered to fall into the first category,
≥1:1. Products with THC:CBD ratios ≥0.4 and <0.7 were considered
to fall into the second category, ~ 1:2. Products with THC:CBD
ratios <0.4 and>0.167 were considered to fall into the third category,
1:>2 < 6. And finally, products with THC:CBD ratios ≤0.167 were
considered to fall into the fourth category, ≤1:6. While further
investigation into concomitant administration of THC and CBD,
their pharmacological interaction, and the resulting effects is
certainly needed, this theme remained consistent throughout a
thorough review of the literature (Pennypacker and Romero-
Sandoval, 2020).

Statistical Analysis
Mean and standard deviation analysis was performed for each state
and for distinct medical and recreational program comparisons. The
four clinically significant THC:CBD ratio categories, ≥1:1, ~1:2, 1:>2
< 6, and ≤1:6, were analyzed for each state and program type. Either
Student’s T test or One-way ANOVA and Turkey’s multiple
comparison test were used, and a p < 0.05 was considered
statistically significant. Relevant data is presented as (mean ± SD;
median 25% percentile, 75% percentile).

RESULTS

Our results come from 8,534 herbal cannabis products (we did not
exclude any product based on THC concentration) and their THC
and CBD concentration information (Cash et al., 2020). These
products were obtained from 653 dispensaries’ websites from
nine states; CA (n = 606 total products), CO (n = 545 for
medical, n = 707 for recreational), ME (n = 37), MA (n = 332),
NH (n = 106), NM (n = 668), RI (n = 49), VT (n = 21), WA (n =
2,834 for medical, n = 2,629 for recreational). We found that most of
these products, 58.5%, do not have anyCBD content information.Of
the 3,545 products with CBD content information (41.5% of all
surveyed products), 839 (26.5% of products with CBD information)
reported 0% content and 2,606 (73.5% of products with CBD
information) reported >0% CBD concentration . The proportion
of products with no CBD content, with 0% CBD content, and with
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>0% CBD content information varies widely among states
(Figure 1).

For subsequent analysis, we used only products with >0% CBD
content, unless otherwise indicated. We noticed that not all
evaluated states offered products belonging to all four THC:CBD
categories we consider clinically meaningful. However, all the states
offer products from the THC:CBD ratios ≥1:1 category (CBD
enhances THC effects, Figure 2). In fact, and in line with our
hypothesis, the majority of both medical and recreational products
analyzed (72–100%) fall into the foremost listed category, with CBD
likely potentiating THC effects; and products likely to provide CBD
mitigation of THC effects (THC:CBD ratios ≤1:6) make up the
smallest category (0–5%, Figure 2).

Intriguingly, themajority of products within the THC:CBD ratios
≥1:1 category have >15% THC, a concentration that is highly
intoxicating, in all states, with the exception of VT where

products contain <10% THC (Figure 3). All other THC:CBD
ratio categories are comprised of products with <10% THC in all
studied states (Figure 3).

We observed that products with CBD information containing 0%
CBD (839 products), have in average > 15% THC in all states with
these products (NH, RI, and VT did not have this type of product);
with NM, CA, CO (Medical and Recreational), and WA (Medical
and Recreational) containing >20% and ME and MA containing
16.5 and 19.3% THC in average respectively (Figure 4). When
products with CBD information containing <15% THC were
examined (417 products deemed more suitable for medical
purposes), we observed that the majority of products fall into the
~ 1:2, 1:>2 < 6, and ≤1:6 ratio categories in all states except in ME
where ≥1:1 products dominate; the THC average ranges from 6–9%
and CBD averages from 6–11%, except inMEwhere THC and CBD
averages were 11.7 and 1.4% respectively (Figure 4). Potent products

FIGURE 1 | Proportion of products by CBD content information provided per state. Total products sampled per state listed below each graph.

FIGURE 2 | Proportion of products within THC:CBD ratio categories per state. Total products per state listed below each graph.
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with>15%THCandCBD informationwere very similar to products
with 0%CBD, namely containing in average > 20%THC in all cases,
except inME (18% THC average), and VT (did not have products in
this category), and <1% CBD levels in all states, except in CO
Medical (1.5% CBD average; Figure 4).

DISCUSSION

Overall, this study’s results are alarming. They reveal current product
offerings do not reflect scientific evidence regarding what
concentrations of THC and CBD could be potentially
therapeutic. Combined with holes in popular knowledge and
misconceptions about THC and CBD, the current market can
lead to problematic patient dosing as they try to maximize
therapeutic benefits, such as analgesia, while subjecting
themselves to THC’s acute intoxicating effects. For instance,
across all states, the vast majority of both medical and
recreational products with CBD (>0%) fall into the THC:CBD
ratio category ≥1:1, with CBD likely enhancing THC subjective
effects. The THC:CBD categories ≤1:6 and 1:>2 < 6, those with the

lowest intoxication potential, provide the least amount of products. It
is notable that products with lower THC, considered suitable for
medical purposes, might in fact not have significant analgesic value
(Dalton et al., 1976; van de Donk et al., 2019), since they have THC:
CBD ratios of≤1:6 or 1:>2< 6, where CBDwould likely reduce THC
effects. More potent products that may be suitable for regular users
or patients who have developed tolerance, those with 10–15% THC
and ratios ≥1:1 and ~ 1:2, are difficult to find in two major medical
programs (CO and WA) when compared to >15% THC products.
This leaves patients with mostly highly intoxicating options.
Moreover, these findings are consistent across both medicinal
and recreational programs, and in markets that offer both
medical and recreational products (e.g., CA), or where all
products are considered medical (e.g., NM). These findings also
remain true regardless of whether they coexist in the same building
(e.g., CO), or if they are in separated facilities (e.g., WA).

As shown, despite CBD having long been proven to
pharmacologically alter cannabis’ overall effects, a large portion of
products did not provide information on CBD content. This could
potentially lead to unwanted side effects as patients do not have all
the information on the drug they are taking. The results reveal that

FIGURE 3 | THC and CBD percent distribution by ratio category for all products with >0% CBD in each state. Data shown as mean ± SD.
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products with 0% CBD are very potent (Figure 4), with most
products containing >15% THC, and virtually all containing close
to or >10% THC. These products, especially those with >15% THC
are counter indicated clinically and are therefore not recommended
or safe to be marketed as medical cannabis (Romero-Sandoval et al.,
2018; Boehnke et al., 2020; Cash et al., 2020). Similarly, products with
CBD and >15% THC overwhelmingly behave similarly to those
without any CBD. Virtually all of these high potency products
contain <1% CBD, with mean values close to 0%. Consequently,
products with high THC are likely to have little CBD. This theme can
be helpful to note, especially for the significant number of products
that do not offer information on CBD content. There are a few
product exceptions in Washington medical and Colorado medical
programs where there is more variation in CBD content, even in the
high potency products.While there are certainly not enough of these
outlying products to change the overall market makeup, this
variation seems to indicate that medical programs recognize a
demand for products different than those in the recreational
market. Still, based on the literature, these products with high
potency THC and high CBD concentrations likely produce
significant unwanted psychotropic effects and can be harmful to
patients seeking chronic pain relief (Wilsey et al., 2013; Andreae
et al., 2015; Wallace et al., 2015; Boehnke et al., 2020; Pennypacker
and Romero-Sandoval, 2020).

Beyond recent research demonstrating the effects of cannabis
constituents, the momentum of current policy trends elicits a
pressing need to understand the clinical therapeutic value of the

cannabis available in the emerging market. As of February 2022, 37
states have legalized the medical usage of cannabis, and 18 states and
Washington, D.C. have fully legalized cannabis (for both medical
and recreational usage). Meanwhile, the rise of the opioid epidemic
inU.S. has placed painmanagement under scrutiny and jumpstarted
the search for treatment options with less adverse effects. Cannabis is
advantageously place to be, and is often cited as an one of these
alternatives (Caldera, 2020). In fact, presence of medical cannabis
programs may be associated with a reduced opioid usage (Lucas,
2017). In themidst of the U.S. cannabismarkets’ rapid evolution and
the changing attitudes towards traditional pain management, fully
understanding what cannabis products are offered from a
pharmacologic perspective could both better inform patients and
providers, and potentially shape usage and the future of the U.S.
cannabis market.

We understand that our data show advertised products rather
than consumer acquired products. However, our data matches the
natural supply and demand dynamic of any commodity, for which
cannabis is not an exception. Thus, the frequency of products
identified in our study in terms of THC and CBD concentrations
encompasses the frequency of product sales describe by others
(Smart et al., 2017; Davenport, 2021). Furthermore, our data
(frequency of potent herbal products) align with data on
cannabis exposure from the National Poison Data System which
shows that exposures more often involves plant material than other
processed forms of cannabis products (e.g., edibles, concentrates,
etc.) and this happens more often in states where adult cannabis use

FIGURE 4 | All individual products with CBD content information with corresponding THC and CBD percentage in each state. The first column for each graph
contains all products with 0% CBD and their corresponding THC content; the second and third columns contain products with >0% CBD, with the second column
containing products with ≤15% THC, and the third column containing products with >15% THC.
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(recreational) is legal (Dilley et al., 2021). Similarly, it is important to
note that the data used in this studywas collected in 2018 (Cash et al.,
2020). This is a limitation of the study as some of the data may have
changed. However, the trends on market behavior this paper
highlights are still relevant. If there are any pertinent changes,
they are likely detrimental as the potency of cannabis has
continually been increasing over the past several decades (ElSohly
et al., 2016; Chandra et al., 2019; ElSohly et al., 2021). These themes
are not limited to just the herbal market, but have been reflected in
the edible cannabis market as well (Steigerwald et al., 2018). It is also
relevant to highlight the expansion of the CBD product market. We
do not know the extent to which CBD shops are influencing the
presence of CBD in herbal cannabis products that have THC.
According to trends found in illicit herbal cannabis products
seized by the Drug Enforcement Administration, THC’s average
potency ( ~ 4% in 1995, 9.75% in 2009, and 13.88% in 2019)
continues to rise and outpace CBD content ( ~ 0.28% in 2001, 0.39%
in 2009, and 0.56% 2019) (ElSohly et al., 2016; ElSohly et al., 2021).
There was a substantial increase in the average THC:CBD ratio from
2009 to 2017 (24.81–103.48 respectively) which reversed in 2018
(54.39) and 2019 (24.58) (ElSohly et al., 2021). This reversal is
potentially a result of the expanding legalization of marijuana and
CBD product market, both of which should be reflected in this
study’s data based on the timeframe. We therefore believe that this
data is still highly relevant and reflective of the current market
overall.

Furthermore, it is important to recognize that while this study’s
results are concerning, they can also be seen as promising. In
addition to the decreasing ratio recently noted, clinically
meaningful options—those that can likely prove beneficial to
patients—are offered in all states; they are just in the minority
and need to be teased out. The hurdles ahead to salvage the medical
cannabis market seem to be in two categories. First, changing public
misconceptions about THC and CBD’s interplay and perceptions of
what THC and CBD percentages clinically correlate too. Specifically,
there is a need for education emphasizing that different
concentrations of THC and CBD correlate to different
pharmacologic effects, that adding high concentrations of CBD
does not negate the psychotropic effects of THC, and that high
potency cannabis (>15% THC) is in fact counter indicated for
medical use. This will result in a more informed patient
population. It can also help sway the demand away from high
potency products and reduce incentives for the cannabis market to
continually increase the potency of their offerings. Secondly,
adequate policies regarding medical cannabis should also reflect
the pharmacology and clinical correlates. This can be achieved
through several means. By enforcing that products advertised for
medical purposes actually have efficacy based on scientific literature,
new policies can help expose the medically relevant products and
segregate them from the recreational products. This could prove
extremely meaningful, as it has been shown that patients regard the
information provided by dispensaries as safe and reliable (Capler
et al., 2017). Policies can also highlight the various clinically relevant
ratios, fleshing out and offering substantial options in the
therapeutically relevant categories. Lastly, policies can recommend
dispensing medical products in a stepwise fashion, with the more
potent products offered on amore stringent basis, such as after lower

potency options proved ineffective for a patient. This can ensure an
overall safer market for patients looking to achieve therapeutic
benefits from cannabis without the risk of amplifying THC acute
effects.

CONCLUSION

In summary, medical cannabis programs’ mirror recreational
cannabis programs’ herbal product offerings in terms of
pharmacological profile, and do so regardless of facility type.
An evaluation of these products’ ratios and concentrations
revealed that the majority are highly potent (>15% THC) and
contain THC:CBD ratios that will likely produce an additive
effect on THC’s effects (≥1:1). And while analgesic effects likely
parallel THC’s potency, so does intoxication and the frequency of
adverse events (Wilsey et al., 2013; Andreae et al., 2015; Wallace
et al., 2015; van de Donk et al., 2019). Therefore, many of the
products marketed for medical purposes are counter indicated
pharmacologically and potentially harmful (Romero-Sandoval
et al., 2018; Boehnke et al., 2020). On the other hand, options
that are likely the most suitable for therapeutic use are limited,
even in medical programs. Ultimately, these results can be used to
better inform patient populations and relevant policies and help
steer the herbal medical cannabis market to be more reflective of
clinical evidence.
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