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Abstract

Neuroinflammation can be caused by disease, aging, infection, brain injury, toxicity, or stress. It is a
contributory factor in the neuropathology of serious conditions that include multiple sclerosis (MS),
Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and autoimmune
encephalomyelitis (EAE). The neuroinflammatory response involves the activation of microglia, astrocytes,
the endothelial cells of the blood-brain barrier, and peripherally-derived immune cells. The
endocannabinoid system is composed of the natural cannabinoids, anandamide and 2-arachidonoyl
glycerol (2-AG), enzymes regulating their synthesis/catabolism, and the cannabinoid CB, and CB, receptors.
[t regulates multiple systems in the body including inflammation and endocannabinoid system
dysregulation is involved in numerous inflammatory conditions. The Cannabis sativa plant produces over
100 phytocannabinoids, some of which interact with the endocannabinoid system. The major
phytocannabinoids are delta-9-tetrahydrocannabinol (delta-9-THC), cannabidiol (CBD), and cannabigerol
(CBG). Compelling evidence is emerging that many phytocannabinoids have anti-inflammatory and
antioxidant properties. Phytocannabinoids including delta-9-THC, CBD, and CBG bind to a wide variety of
targets in the endocannabinoid and/or other systems, which probably accounts for their diversity of effects
in non-clinical and clinical studies. The benefits of certain phytocannabinoids have been proven by
regulatory approval for medical use of CBD (Epidiolex®), chemically synthesized delta-9-THC (Marinol® and
Syndros®) and 1:1 delta-9-THC/CBD (Sativex®). Furthermore, the widely recognized therapeutic properties
of Cannabis have been a key driver in legalizing the medical use of Cannabis in 38 USA states. In this review,
the potential of phytocannabinoids as effective treatments in neuroinflammatory disorders is discussed
based on a critical evaluation of the non-clinical and clinical evidence. We focused on delta-9-THC, CBD, and
CBG because they are the most abundant phytocannabinoids in Cannabis sativa and a substantial body of
scientific data exists to describe their respective pharmacological mechanisms.
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Introduction

Neuroinflammation in the brain and spinal cord is a response, often with consequent pain, that develops
from acute, chronic, or auto-inflammatory disorders and can lead to compromised organ function.
Neuroinflammation may be caused by disease, ageing, infection (viral or microbial), brain or spinal cord
injury, toxicity, or stress. Types of diseases involving neuroinflammation include multiple sclerosis (MS),
Alzheimer’s disease [1, 2], Parkinson’s disease, amyotrophic lateral sclerosis (ALS), and autoimmune
encephalomyelitis (EAE) [3].

The neuroinflammatory response involves the activation of microglia, astrocytes, endothelial cells of
the blood-brain barrier, and peripherally-derived immune cells [4, 5]. Microglia play a key role in the
mediation of neuroinflammatory responses. They carry out primary immune surveillance functions and
macrophage-like activities of the CNS, which include the production of cytokines [e.g., interleukin-1f (IL-
1), IL-6, and tumor necrosis factor-a (TNF-a)], secondary messengers (nitric oxide and prostaglandins)
and reactive oxygen species [5]. Cytokines are small proteins important in cell signalling and they have
been shown to be immunomodulatory agents. Cytokines include chemokines, interferons, ILs, lymphokines,
and TNFs, and they are produced by numerous types of cells, such as immune cells [3].

The endocannabinoid system is involved in the modulation of systems in the body including those for
cognition, anxiety, neurogenesis, pain sensation, immune system activity, and inflammation [6, 7].
Dysregulation of this system is implicated in various inflammatory conditions. The brain and peripheral
nervous systems of humans and many animal species synthesize various endocannabinoid molecules which
act as neurotransmitters (Figure 1).
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Figure 1. Phytocannabinoids and endocannabinoids. 2-AG: 2-arachidonoyl glycerol; CBC: cannabichromene; CBD: cannabidiol;
CBG: cannabigerol; CBN: cannabinol; delta-9-THC: delta-9-tetrahydrocannabinol; THCV: delta-9-tetrahydrocannabivarin
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The endocannabinoid system comprises (i) the endocannabinoids [natural cannabinoid substances in
the body including 2-AG and arachidonoyl ethanolamide (anandamide)], (ii) enzymes involved in
endocannabinoid synthesis and catabolism that regulate their concentration in the brain, and (iii) the
cannabinoid receptor types 1 and 2 (CB; and CB,) which transmit their signals in tissues and organs
(Figure 2) [8]. The CB; receptor is located in the brain and in various peripheral tissues, while the CB,
receptor is predominantly located in the periphery on immune cells, as well as in the CNS, mostly on
microglia, and at low levels in the brainstem [9, 10]. Although the CB; receptor is located on immune cells,
the endocannabinoid system primarily regulates inflammation via activation of CB, receptors. CB, receptor
stimulation controls oxidative stress processes and decreases neuroinflammation via their activation in
microglia leading to the release of anti-inflammatory molecules [11].
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Figure 2. Components of the endocannabinoid system. 2-AG: 2-arachidonoyl glycerol; ABDHG6: alpha/beta-hydrolase domain
containing 6; NAPE phospholipase D: N-arachidonoyl phosphatidyl ethanolamine phospholipase D

The Cannabis sativa plant produces phytocannabinoids that can interact with the endocannabinoid
systems of humans and animals. Cannabis plants contain over 100 phytocannabinoids, the major ones being
delta-9-tetrahydrocannabinol (delta-9-THC), cannabidiol (CBD), and cannabigerol (CBG). Other
cannabinoids include cannabidivarin (CBDV), delta-9-tetrahydrocannabivarin (THCV), cannabichromene
(CBC), delta-8-THC, and cannabinol (CBN) (Figure 1). Delta-9-THC is the major psychoactive (mind-
altering) component of the Cannabis plant with the minor cannabinoids, THCV, CBN, and delta-8-THC also
having psychoactive properties, albeit much weaker. CBD, CBG, and CBDV are not psychoactive. Delta-9-
THC produces its intoxicating, emotional, perceptual, and hedonic effects (“high”) by activating the CB;
receptor subtype in the CNS. This action is also responsible for delta-9-THC’s adverse impact on attention,
learning, memory, motor (movement), and cognitive performance. Delta-9-THC and CBD are the most
abundant cannabinoids in the Cannabis sativa plant, whereas CBG (the direct biological precursor to delta-
9-THC and CBD) is present at lower levels in the plant biomass. The levels of individual cannabinoids can,
however, vary considerably and this is dependent on the strain and age of the plants. Hemp is one type of
Cannabis plant species that is characterized by low delta-9-THC content, less than 0.3% as defined by USA
federal law [8, 12].

Increasing evidence is emerging that phytocannabinoids have anti-inflammatory and antioxidant
properties. Scientific reports suggest that phytocannabinoids including, delta-9-THC, CBD, and CBG bind to
many physiological targets in the endocannabinoid system, and/or other systems, possibly explaining the
multiple effects reported in non-clinical and clinical studies that will be discussed in this review. In addition
to the cannabinoid CB; and CB, receptors, phytocannabinoids also modulate non-cannabinoid receptors
including the transient receptor potential vanilloid (TRPV), TRP ankyrin (TRPA), and TRP melastatin
(TRPM) subfamilies, the G55 protein-coupled receptor (GPR55), voltage-gated calcium and sodium ion
channels and nuclear receptor transcription factors, i.e., nuclear factor kappa-B (NF-kB), and peroxisome
proliferator-activated receptor alpha (PPARa) and gamma (PPARy) [13, 14]. TRP ligand-gated cation
channels are found in many species and they are necessary for the transduction of sensory stimuli,
including those that mediate noxious thermal and mechanical stimuli. Six TRP channels from three

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 327



subfamilies mediate cannabinoid activity: TRPV1, TRPV2, TRPV3, TRPV4, TRPA1, and TRPMS8 [15]. GPR55
is a lysophosphatidylinositol-sensitive receptor, which also mediates cannabinoid signalling and it has been
suggested that GPR55 is the third cannabinoid receptor subtype. GPR55 receptors are ubiquitously located
in the CNS including the brainstem area and GPR55 signalling is a key element in the descending pain
control pathway and is involved in mechanical hyperalgesia that is associated with inflammatory and
neuropathic pain [16]. Voltage-gated ion channels are integral membrane proteins that have an important
function in the electrical signalling of excitable cells like neurons by the production of action potentials and
release of neurotransmitters. The transcription factor, NF-xB, is a regulator of immune functions and is a
primary inflammatory response mediator. NF-kB initiates the expression of pro-inflammatory genes,
including those responsible for the production of cytokines and chemokines. In vertebrates, the innate
(non-specific) immune system is one of the two main immunity systems, the second is the adaptive immune
system. NF-xB is critical for regulating the survival, activation, and differentiation of innate immune cells
and inflammatory T-cells [17]. PPARa and PPARy are members of the nuclear receptor superfamily of
transcription factors. They are important for regulating a diverse array of physiological processes including
inflammation [14].

With regard to the receptor binding activity of individual phytocannabinoids, delta-9-THC is a high-
affinity partial agonist at CB; and CB, receptors and also has an affinity for TRP channels, TRPV type-2
(TRPV2) channels and calcium ion channels. The form of CBD isolated from plants [(-)-CBD] has very low
affinity (only micromolar range) for the CB; receptor or CB, receptor. Unlike delta-9-THC, CBD does not
activate CB; receptors but may act as a negative allosteric modulator at this receptor subtype. At CB,
receptors, CBD is a partial agonist. CBG has weak partial agonist activity at CB; and CB, receptors and also
binds to TRPV channels, PPARy, and other targets [18]. CBDV is an agonist of TRPA type 1 (TRPA1)
channels, a moderate agonist at the TRPV type-1 (TRPV1) channel, and an antagonist at the TRPM8
channel. CBC is an agonist at CB, receptors and TRP channels, which has potent activity at TRPA1 channels.
CBN is a low-affinity partial agonist at CB, receptors and CB, receptors, a low-affinity agonist at TRPV and
TRPA1 channels, with antagonist activity at TRPM channels [13, 19].

In this review, we assess the evidence that phytocannabinoids have the potential to be efficacious
treatments in neuroinflammatory disorders and their proposed modes of action. We have focused on delta-
9-THC, CBD, and CBG because they are the most abundant phytocannabinoids in the Cannabis plant and
there is substantial scientific data describing their respective pharmacological mechanisms. This review
evaluates and summarizes the non-clinical and clinical evidence describing the properties of these
phytocannabinoids and their potential as treatments for neuroinflammatory diseases.

Non-clinical evidence for phytocannabinoid modulation of
neuroinflammation and antioxidant activity
Models of inflammation and pain

Delta-9-THC treatment reduces proinflammatory cytokine secretion, including IFN-y and TNF-a, and
suppresses the proliferation of T cells through apoptosis and/or induction of regulatory immune cells [20].
In a model of delayed-type hypersensitivity in mice, delta-9-THC (20 mg/kg) was reported to decrease
tissue swelling and immune cell infiltration and decrease lymphocyte activation at the site of an antigen
challenge in the footpad. Inhibition of the spontaneous secretion of IFN-y, TNF-a, and IL-17 was noted in
delta-9-THC-treated mice compared with the control group [21].

Adenosine agonists have been demonstrated to have anti-inflammatory effects. One study
administered a low dose of CBD to LPS-treated mice and reported decreased TNF-a production in mouse
serum [22]. This effect was reversed by the administration of an adenosine A,, receptor antagonist and was
abolished in the adenosine A,, receptor knockout mouse, showing that CBD produced its anti-inflammatory
effect by enhancing adenosine signalling.
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Recently, Karuppagounder et al. [23] evaluated the effects of CBD oil or CBG oil on pain and disease
progression in a model of osteoarthritis in mice (surgical destabilization of the medial meniscus). The mice
were administered vehicle, CBD oil, or CBG oil. CBD oil and CBG oil treatments improved the impaired gait
of the mice over the whole of the disease course (weeks 2 to 8 post-surgery). Mechanical allodynia (pain
resulting from a stimulus that would not normally cause pain) in the mice was not ameliorated by either
CBD or CBG oils. However, CBD oil and CBG oil reduced cold-induced allodynia. In the open-field test, both
CBD and CBG treatments normalized locomotor activity changes in the mice. The CBD oil and CBG oil
treatments also resulted in decreased synovitis. CBG oil alone decreased cartilage degeneration,
chondrocyte loss, and matrix metalloproteinase-13 expression, together with increased anabolic
chondrocyte numbers. Subchondral bone remodelling in the control group of mice was not improved by
either the CBD or CBG oils. These findings are supportive of the beneficial effects of CBD oil and CBG oil to
reduce pain and inflammation and improve locomotor activity and gait. Only CBG oil was
chondroprotective, indicating that it could provide superior efficacy in patients with osteoarthritis.

CBD and CBG were shown to be effective at reducing inflammation in the phenylbenzoquinone (PBQ,
an inflammatory agent)-induced writhing test in mice [24]. The two cannabinoids inhibited PBQ-induced
writhing at oral doses of up to 10 mg/kg. CBD was the more potent producing maximal inhibition at a very
low dose of 0.1 mg/kg. Other studies in mice have reported that CBG produces antinociceptive and anti-
inflammatory effects in various pain models including those established by intraperitoneal administration
of the inflammatory agents, formalin or carrageenan [25].

The efficacy of topical CBD for reducing inflammation and pain was assessed in a rat model of pain
while simultaneously investigating the appearance of any adverse effects. CBD gels (0.6, 3.1, 6.2, or 62
mg/day) were applied once daily for 4 consecutive days after arthritis induction. On the fourth day,
measured CBD concentrations showed that transdermal absorption was efficient and linear with the
0.6-6.2 mg/day doses. Topical CBD gel dose-dependently decreased joint swelling and pain, infiltration of
immune cells, and synovial membrane thickening. Tissue analysis of the spinal cord and dorsal root ganglia
showed that CBD dose-dependently reduced the pro-inflammatory biomarkers, calcitonin gene-related
protein (CGRP), and 0X42, in the spinal cord and TNF-a in dorsal root ganglion. The 6.2 and 62 mg/day CBD
doses were effective in producing improvements, while not adversely affecting higher brain function as
animal activity appeared normal [26].

The GPR55 receptor is activated by delta-9-THC and THCV, whereas CBD is a selective antagonist of
GPR55 [27]. Activation of GPR55 with a selective agonist enhances pro-inflammatory responses in
macrophage-derived foam cells and causes induction of pro-inflammatory, TNF-a levels and a reduction in
anti-inflammatory, IL-10 levels [28]. The antagonism of GPR55 by CBD provides a mechanism to indicate its
possible involvement in reducing inflammatory responses. Studies in GPR55 knockout mice have shown
reduced inflammatory and neuropathic pain in models of inflammation induced by adjuvants and partial
nerve ligation [29]. After adjuvant administration into the paws of the animals, inflammatory mechanical
hyperalgesia was abolished in the GPR55 knockout mice for up to 14 days post-treatment. Increased levels
of the anti-inflammatory cytokines, IL-4 and IL-10, were observed in the paws of the GPR55 knockout mice
when compared against levels in wild-type mice (no knockout of the GPR55 receptor). These results
suggest GPR55 signalling can affect the regulation of some cytokines, possibly contributing to the absence
of inflammatory mechanical hyperalgesia in the knockout mice [29]. In the model of neuropathic
hypersensitivity, GPR55 knockout mice also did not develop mechanical hyperalgesia for up to 28 days
post-insult. These research findings indicate that CBD effects on GPR55 could offer the potential for the
treatment of inflammatory and neuropathic pain [29]. An earlier study by Staton et al. [30] also used a
GPR55 knockout mouse line in models of adjuvant-induced inflammation and partial nerve ligation. After
intraplantar administration of adjuvant, inflammatory mechanical hyperalgesia was not present in GPR55
knockout mice for up to 14 days post-administration. Interestingly, there were increased levels of IL-4, IL-
10, and IFN-y in the paws of the knockout mice compared with GPR55 wild-type mice.
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Yimam et al. [31] employed widely used inflammatory and non-inflammatory animal pain models to
assess the antinociceptive and anti-inflammatory activity of CBD when used alone and also when combined
with bioflavonoid compositions. These models were the hotplate tail-flick test, the visceral pain model
(writhing test), and carrageenan-induced rat paw oedema. CBD was tested at 5% topically and 5, 10, 20,
and 40 mg/kg orally. Administered alone topically or orally, CBD produced dose-related, amelioration of
pain in all models. Reduction of pain and inflammation in these models was noted when CBD was
administered orally in combination with the oral administration of bioflavonoid compositions compared
with the administration of CBD alone.

CBC has also been shown to decrease carrageenan-induced and LPS-induced inflammation in rats and
mice, respectively [32, 33]. The carrageenan-induced increase in the levels of the cytokine-inducible nitric
oxide synthase, IL-13, and IL-6 was abrogated following treatment with CBC. It has also been observed to
modestly inhibit thermal nociception and potentiate delta-9-THC-induced antinociception in mice [32, 34].

Models of ALS

The anti-inflammatory and antioxidant properties of CBG and CBD were demonstrated in an in vitro model
of ALS using a motor neuron-like cell line. Pre-treatment with CBG alone and in combination with CBD
(each at 2.5 and 5 pM concentrations) reduced neuroinflammation induced by LPS-stimulated
macrophages. Pre-treatment with 5 pM CBD/CBG reduced the expression of pro-inflammatory, TNF-a and
increased that of anti-inflammatory, IL-10 and IL-37 [35]. LPS stimulation increases oxidative stress, as
shown by the upregulation of inducible nitric oxide synthase expression. CBD/CBG at the 5 uM dose
combination decreased inducible nitric oxide synthase expression in the cells [35].

Activation of PPARy produces beneficial anti-inflammatory effects in CNS diseases including ALS. The
anti-inflammatory effect of PPARy may be due to reduced production of inflammatory markers including
NF-xB. In this regard, using the motor neuron-like cell line model of ALS, CBG, alone, and in a CBD/CBG
combination treatment reduced the activation of NF-kB nuclear factor and elevated expression of PPARy
[35].

The anti-apoptotic properties of CBG and CBD were also demonstrated in this model [35].
Neuroinflammation produced apoptosis resulting in a loss of motor neurons and upregulation of Bax
protein (a pro-apoptotic member of the Bcl-2 protein family). The Bcl-2 family regulates mitochondrial
integrity via the controlled release of factors that are involved in apoptosis. A Bcl-2/Bax imbalance results
in altered mitochondrial membrane potential and structure leading to the induction of apoptosis. A
CBD/CBG combination treatment downregulated Bax protein expression and upregulated Bcl-2 expression,
demonstrating the anti-apoptotic effect of this phytocannabinoid treatment.

Models of Alzheimer’s disease

Neuroinflammation is involved in various neurodegenerative diseases, including Alzheimer’s disease. Delta-
9-THC was effective at removing intraneuronal amyloid-beta (A) in a model of Alzheimer’s disease using a
neuroblastoma cell line, as were CBD, CBG, CBN, CBC, delta-8-THC, and CBDV. They blocked the
accumulation of AB and stimulated the degradation and removal of preformed AP aggregates [36]. This
result was confirmed for CBD in another in vitro model of Alzheimer’s disease, where CBD pretreatment
protected against Af toxicity in the cells [37].

Oxidative stress is a primary component of aging and is increased in Alzheimer’s disease. Oxytosis is a
novel, oxidative stress-induced programmed cell death pathway that is distinct from apoptosis. In oxytosis,
glutamate inhibits cystine uptake into neurons and consequently reduces glutathione synthesis, stimulates
the production of mitochondrial reactive oxygen species, oxidative stress, calcium influx, and finally cell
death. In cultured hippocampal neurons, delta-9-THC, delta-8-THC, CBD, CBN, CBG, CBC, and CBDV
prevented oxytosis, which for CBN was shown to result from the targeting of mitochondria and promotion
of antioxidant defences independently of cannabinoid receptors [38].
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In Alzheimer’s disease models in mice, delta-9-THC inhibits acetylcholine esterase-induced aggregation
of AB and improves spatial memory performance in the radial arm water maze [37]. A separate study
reported that CBD reduced cortical IL-6 levels, although not TNF-a levels after A intraventricular
administration to mice and prevented the cognitive impairment of the animals in the Morris water maze
[39]. In another mouse model of Alzheimer’s disease, A was administered intracerebroventricularly with
CBD given orally. CBD reduced the cognitive deficits induced by Af via modulation of microglial activity,
promotion of neurotrophic factor release, and regulation of inflammatory genes, such as TNF-a and
monocyte chemoattractant protein-1(MCP-1) [30]. Complementary to these studies, Silvestro et al. [40]
demonstrated that CBD treatment improved cognitive function and reduced neuroinflammation in a mouse
Alzheimer’s disease model.

Models of Parkinson’s disease

In a rat model of Parkinson’s disease induced by injecting the neurotoxin, 6-hydroxydopamine into the
medial forebrain bundle of the brain, intracerebral administration of CBD for 3 days into the globus pallidus
improved the motor asymmetry and fine motor skills of the animals when compared with the control group
of rats [41].

Also using this rat model, Giuliano et al. [42] administered CBD chronically for 28 days. Animals treated
with CBD showed reduced nigrostriatal degeneration and neuroinflammatory response together with
improved motor performance. CBD treatment increased expression of the TRPV1 receptor in astrocytes,
but not in microglial cells in this brain region.

Using the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of Parkinson’s disease in mice,
CBD was administered for five weeks [43]. Although CBD did not produce a significant improvement in
tests of motor function, it did induce morphological changes in brain microglia, which was considered to
result from an anti-inflammatory response.

Models of Huntington's disease

Reduced numbers of CB; receptors in the striatum is an important pathogenic factor in Huntington’s
disease [44]. Delta-9-THC was found to improve deficits in motor coordination in a transgenic mouse model
(R6/2 mice) of Huntington’s disease and mitigate striatal atrophy and huntingtin protein aggregate
accumulation [44, 45]. A later study [46] investigated the effects of CBG on Huntington’s disease pathology
in a 3-nitropropionate-induced model in mice. Treatment with CBG inhibited neuronal death by
approximately 50% and reduced the upregulated expression of COX-2, inducible nitric oxide, and pro-
inflammatory cytokines including TNF-a and IL-6. Moreover, CBG treatment decreased the motor deficits in
the animals. The potential neuroprotective properties of CBG were also evaluated in a transgenic mouse
model of Huntington’s disease [46]. Treatment with CBG produced a smaller, but significant, recovery in
motor deficits assessed by performance in the rotorod test. Genes linked to Huntington’s disease that are
dysregulated in these mice were partially normalized by CBG treatment. There was also a moderate
improvement in the altered gene expression of the anti-inflammatory peptide, PPARY.

Models of autoimmune encephalomyelitis

A delta-9-THC/CBD combination treatment (10 mg/kg each), but not delta-9-THC or CBD used alone,
attenuated experimental autoimmune EAE in mice through reduction of neuroinflammation and
suppression of T cells. These effects were reported to be mediated via CB; and CB, receptors as the
THC/CBD combination treatment did not reduce neuroinflammation in mice that were deficient in these
receptor subtypes. The delta-9-THC/CBD combination treatment also decreased levels of the pro-
inflammatory cytokines (IL-17, INF-y, TNF-qa, IL-1, and IL-6), and increased anti-inflammatory types
including IL-4, IL-10, and TGF-f3 [47].

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 331



Models of cerebral hypoxia, ischemia and brain injury

In hypoxic-ischemic, immature mouse brains, CBD treatment significantly reduced the expression of
inflammatory markers including IL-6, TNF-a, COX-2, and inducible nitric oxide in ex vivo brain slices. By
using selective antagonists, this effect was fund to be mediated by CB, and adenosine A,, receptors, but not
by CB; receptors [48].

In a model of transient cerebral ischemia in rats, intracerebral CBD administration produced a
decrease in brain lesion size compared with the control group of rats. Additionally, there were significant
correlations between the reduction of infarct volume and TNF receptor 1/NF-kB expression, indicating that
CBD reduced the size of the brain lesion possibly through the reduction of TNF receptor 1/NF-kB-induced
neurotoxicity [49].

In a model of traumatic brain injury in rats, delta-9-THC when given post-injury improved anxiety-like
behavior in an elevated plus maze, but not in an open field task [50]. Performance in the forced swim task
(a model of depression) was improved in male rats, but a more severe depression-like behavior was
reported in female rats. Increased microglial activation was observed, similar to findings in previous
studies [51, 52]. However, there was no effect of delta-9-THC treatment on microglial activation in brain
limbic system structures. In another rat model, delta-9-THC did not improve deficits in motor function
caused by traumatic brain injury [53].

Traumatic brain injury in mice produced impaired sociability, increased aggression, and tactile
allodynia 14 days post-insult. Daily treatment with 10% CBD oil orally for 14 days improved these
behavioral parameters and also reduced the post-injury increases of the neurotransmitters, D-aspartate,
glutamate, and GABA in the medial prefrontal cortex [54]. In a separate study in rats, CBD administered
30 min before traumatic brain injury and again 6 hours post-injury, produced improvements of blood-brain
barrier integrity. CBD treatment also reduced concentrations of the proinflammatory mediators TNF-a and
IL-1B when compared with the control group animals [55].

Summary of the non-clinical studies

In the numerous non-clinical studies described in the above sections, delta-9-THC, CBD, and CBG as well as
other minor phytocannabinoids have been shown to have positive effects to reduce the activity of various
mediators of inflammation (including cytokines, TRP channels, GPR55 and nuclear transcription factors) on
oxidative activity and on programmed cell death. These reports show that phytocannabinoids can exert
their effects through multiple physiological mechanisms. The molecular mechanisms of action
underpinning the effects of phytocannabinoids on inflammation are, however, complex and are still to be
clarified fully by further research.

Clinical evidence for the therapeutic role of phytocannabinoids in
neuroinflammatory conditions

It is often incorrectly asserted that the therapeutic benefits of the phytocannabinoids have not been
adequately demonstrated in clinical trials and claims for their medical use are based on anecdotal evidence
and case reports. While this opinion is undoubtedly true in some cases, phytocannabinoids have well-
established clinical efficacy with products approved for the treatment of a range of neurological and other
disorders. Sativex® (nabiximols) is an approximately 1:1 mixture of delta-9-THC and CBD extracted from
Cannabis sativa that has been approved in Europe to provide symptom improvement in adult patients with
moderate to severe spasticity due to MS [56]. Although not yet approved in the USA, Sativex® is currently in
Phase 3 clinical trials in MS as a prerequisite to evaluation by the FDA (Food and Drug Administration) for
clinical use. Epidyolex® (Europe) or Epidiolex® (USA) is a highly purified (> 98% pure) CBD extract from
Cannabis sativa that is approved in Europe, USA, and many other countries to reduce or prevent seizures in
three rare childhood epilepsies, i.e., Lennox-Gastaut syndrome, Dravet syndrome, and tuberous sclerosis
complex [57]. Although Marinol® and Syndros® (dronabinol) is comprised of chemically synthesised delta-
9-THC, it is chemically and pharmacologically identical to the delta-9-THC extracted from Cannabis sativa
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leaves and flowers. Marinol® and Syndros™ are not approved for clinical use in Europe but are approved to
treat anorexia associated with weight loss in patients with AIDS (acquired immune deficiency syndrome)
and to prevent nausea and vomiting caused by cancer chemotherapy in the USA [58, 59]. Although it is not a
phytocannabinoid, mention should also be given to nabilone (Cesamet®) which is a synthetic chemical
analogue of delta-9-THC that is approved in Europe and the USA to control nausea and vomiting caused by
chemotherapeutic agents used in the treatment of cancer [60]. Like delta-9-THC, nabilone is a potent CB;
and CB, receptor agonist.

In May of 2024, the US Department of Justice announced that the Attorney General was initiating the
process of requesting that the scheduling of marijuana under the Controlled Substance Act (CSA) to be
changed from C-I to C-1II [61]. The criterion for placing a drug in C-I is because it poses a significant risk of
abuse and dependence and has no approved medical use. The rescheduling of marijuana to C-III marks a
seismic shift in the attitude of USA legislators and lawmakers because first, it implicitly accepts that
marijuana has medical benefits, and second, C-III scheduling is commensurate with the abuse/dependence
risk of marijuana being classed as moderate. At the time of writing this review, the rescheduling process is
in progress, but the recommendation has not been accepted or ratified by USA legislators. It is important to
emphasize that rescheduling marijuana into C-1II is not the equivalent of legalization for medical use, which
at the Federal level, is still a long way off.

In addition to the clinically proven efficacy of phytocannabinoids, there is a wealth of trials that are
seeking to investigate the therapeutic potential of these interesting molecules in a range of diseases and
disorders. In the following section, we describe the clinical evidence relevant to the use of various
phytocannabinoids in the management of neuroinflammatory disorders and their associated comorbidities.

Multiple sclerosis

MS is an auto-immune disease in which inflammation of the brain and spinal cord causes damage to the
myelin sheaths surrounding nerves and the nerve axons that impede neurotransmission. The deficits can
produce an enormous range of adverse physiological manifestations including impaired autonomic, motor,
sensory, cognitive, and behavioral functioning, and also, psychiatric problems. The recurrent pattern of MS
episodes occurs because the nerve fibres partially repair the damage. However, recovery is only temporary
resulting in progressively shorter periods of remission and more severe and debilitating relapses [62-65].

According to its European Medicines Agency (EMA) Summary of Product Characteristics, the efficacy
and safety of Sativex® oromucosal spray for alleviating spasticity in MS has been evaluated in pivotal trials
in more than 1,500 patients [56]. Although the efficacy of Sativex® was not encouraging in initial clinical
trials, subsequent trials that focused on the ability of Sativex® to maintain neurophysiological function
demonstrated significant efficacy in reducing spasticity and slowing the progressive decline in neuromotor
function.

There are three scientifically plausible and complementary mechanisms that would deliver therapeutic
benefit in MS, i.e., the anti-inflammatory properties of phytocannabinoids, inhibition of excessive
glutamatergic neurotransmission/excitotoxicity mediated via CB; and CB, receptor activation, and direct
action to facilitate neuronal firing mediated by CB; receptor activation [66-69]. As discussed in earlier
sections of the review, numerous studies have shown that delta-9-THC has anti-neuroinflammatory
properties. For instance, delta-9-THC increases the production of anti-inflammatory cytokines while
simultaneously decreasing pro-inflammatory cytokine production in vitro and in vivo e.g., [21, 35, 70, 71].
All of these mechanisms, which are dependent on activation of CB; and/or CB, receptors, are independent
of a pharmacological contribution from CBD because this molecule does not interact with either
cannabinoid receptor subtype at clinically relevant doses. This conclusion does not imply that CBD makes
no therapeutic contribution to the efficacy of Sativex® in the treatment of MS; rather it highlights that the
mechanism or mechanisms responsible for its benefits have not yet been identified.

The potential medical benefits of the phytocannabinoids present in Cannabis sativa have been
extensively studied in patients with MS. Most trials have employed fixed-dose delta-9-THC/CBD
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combinations, but some have investigated whole-plant extracts, and the effects of smoked Cannabis on
spasticity in MS have been studied in 1 trial.

Vaney et al. [72] conducted a double-blind, placebo-controlled trial in 57 patients with MS using an
active treatment consisting of a whole-plant Cannabis extract containing 2.5 mg delta-9-THC and 0.9 mg
CBD. At the end of 2 weeks, there were trends for improvement, but no statistically significant effects of the
active treatment on spasticity or mobility. This outcome was encouraging and consistent with the relatively
modest beneficial effect of Sativex® in much larger clinical trials. Wade et al. [73] carried out a small
placebo-controlled trial to evaluate the efficacy of whole-plant extracts of Cannabis sativa to compare delta-
9-THC, CBD, and 1:1 delta-9-THC/CBD in 24 subjects consisting mainly of patients with MS (n = 18), but
also including subjects spinal cord injury (n = 4), brachial plexus damage (n = 1), and limb amputation due
to neurofibrobromatosis (n = 1). They reported that delta-9-THC and delta-9-THC/CBD significantly
reduced spasticity and CBD decreased pain in this mixed group of patients. Pain relief with the active
treatment was significantly superior to placebo, and in some patients, impaired bladder control, muscle
spasms, and spasticity were also improved. Following on from this preliminary study, Wade et al. [74]
conducted a much larger Phase 2 trial in MS using 1:1 delta-9-THC/CBD (Sativex®) to determine whether it
would have a beneficial impact on the panoply of MS symptoms by reducing the most troubling symptom
for each patient as the primary outcome. Although the study failed to meet its primary objective, it did
observe that delta-9-THC/CBD significantly reduced spasticity in these patients. This was an important
finding because it revealed that these cannabinoids were unlikely to be a panacea in treating MS when
administered alone or in combination, and it pointed to key facets of MS that could benefit from this
treatment.

Zajicek et al. [75-79] have conducted a sequence of large-scale randomized clinical trials to evaluate
the possible therapeutic benefits of delta-9-THC/CBD combinations and delta-9-THC as monotherapy and
in the management of MS. The initial Phase 3 CAMS (CAnnabinoids for Multiple Sclerosis) trial was a 15-
week, randomized, double-blind, placebo-controlled trial conducted on more than 600 individuals with MS
across 33 UK centres. Its aim was to investigate whether synthetic delta-9-THC (Marinol™) or a 2:1 fixed-
dose delta-9-THC/CBD combination would reduce overall spasticity scores relative to placebo (primary
outcome) and ameliorate some other debilitating effects of MS. The outcome of the CAMS trial was
disappointing because both treatment interventions failed to achieve the primary outcome, although some
statistically significant therapeutic effects, notably reductions in patient-reported spasticity and pain were
observed [75]. The CAMS trial was extended using a sub-cohort of individuals from each treatment arm
who agreed to continue on their allocated intervention on a double-blind basis out to 12-months (delta-9-
THC: n = 138; delta-9-THC/CBD: n = 125; placebo: n= 120) [76]. The statistically significant, modest
treatment effects of both cannabinoid treatments were confirmed together with potential improvements in
some aspects of disability being observed in the delta-9-THC-treated subjects [75]. Complementing these
preliminary positive signals was the observation that delta-9-THC and delta-9-THC/CBD treatments
significantly reduced urinary urge incontinence episodes in MS patients [79]. Uncontrolled tremor is a
common, disabling neurological consequence of MS. Fox et al. [78] conducted a small, placebo-controlled
crossover trial to evaluate whether self-titrated delta-9-THC (< 25 mg/day) would reduce tremor in MS
patients, but found no beneficial effect on this symptom. Clear evidence of the benefits of cannabinoids in
treating MS emerged from a second Phase 3 trial which studied an ethanolic extract from the Cannabis
sativa plant containing delta-9-THC/CBD (2.5 mg delta-9-THC/0.8-1.8 mg CBD) [77]. In this 12-week,
randomised, double-blind, placebo-controlled, multicentre trial in 279 individuals with MS, the Cannabis
extract (maximum daily delta-9-THC dose = 25 mg/day) produced highly significant reductions in muscle
stiffness, muscle spasms, and pain relative to placebo together improved sleep quality that was evident at
week-4 and maintained throughout the trial. The Cannabis extract intervention was safe and well tolerated
in this group of MS subjects [77].

As described above, the ability of cannabinoids to reduce spasticity in MS is a robust and reproducible
outcome that is predominantly based on pharmaceutical delta-9-THC/CBD combinations, e.g., Sativex®.
However, Sativex® is not an approved drug in the USA and many other countries, and in addition, many MS
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sufferers seek to self-medicate their symptoms using Cannabis. In a placebo-controlled, crossover trial in a
mixed population of Cannabis-experienced and Cannabis-naive subjects with MS with substantial spasticity,
smoked Cannabis (4% delta-9-THC) on 3 occasions reduced the level of spasticity by ~50% compared with
smoking placebo cigarette. The side effects of smoked Cannabis were similar to oral delta-9-THC with the
addition of unacceptable levels of feeling “high” in some subjects [80].

In addition to the other adverse manifestations of MS, pain is a common symptom that affects < 70% of
sufferers. Rog et al. [81] had previously reported the therapeutic benefits of delta-9-THC/CBD to reduce
pain intensity and sleep disturbance caused by MS in a group of 66 patients with MS accompanied by
central pain (n = 59 with dysesthetic pain, n = 7 with painful spasms). In these patients, treatment with
2.5 mg delta-9-THC/2.7 mg CBD (Sativex® oro-mucosal spray, maximum of 25 sprays/day) produced
moderate but highly significant improvements on both outcome measures. Delta-9-THC/CBD was well
tolerated, but the expected delta-9-THC side effects of dizziness, somnolence, and mild cognitive
impairment were observed.

Russo et al. [82] conducted a small, open-label trial in 20 patients with MS divided equally between
groups with and without neuropathic pain. Subjects were permitted to use Sativex® (average dose 8
sprays/day) for 4 weeks. Treatment with Sativex® improved a number of outcomes in both patient groups,
but crucially, it markedly and significantly decreased the self-rated pain scores and improved the quality of
life in MS patients with neuropathic pain.

Given that delta-9-THC and the other psychoactive peptides present in Cannabis sativa have abuse and
dependence potential and can also induce troublesome psychiatric adverse events, the safety risk
associated with initiating Cannabis-naive patients to delta-9-THC-containing medicines is an important
consideration. Aragona et al. [83] conducted an 8-week (3-weeks on Sativex® or placebo with a 2-week
washout period between treatments), crossover trial in 17 Cannabis-naive MS patients with and found that
the intervention was well tolerated with no evidence of dependence or withdrawal. That said, there were
significant correlations between the plasma concentration of delta-9-THC and scores for “anxiety”,
“aggression”, and “paranoia”. Other side effects associated with Sativex® therapy were dry mouth, fatigue,
nausea/vomiting, drowsiness, dizziness, and lower limb weakness.

Collectively, the clinical evidence provides sound support for the use of delta-9-THC/CBD to treat
spasticity in MS with preliminary evidence indicating benefits in reducing pain.

The Sativex® (delta-9-THC/CBD)—EMA Summary of Product Characteristics [56] also reports data
obtained in a 12-week randomized, double-blind, placebo-controlled trial to investigate whether it reduced
spasticity in 72 children and adolescents suffering from cerebral palsy or traumatic brain injury.
Unfortunately, the outcome of the trial was Sativex® did not produce a statistically significant reduction in
the severity of spasticity in this patient population.

A literature search for reports from clinical trials that have investigated CBD or delta-9-THC as
monotherapy treatments for MS unearthed only 2 small clinical trials. The preliminary investigation by
monotherapy with delta-9-THC or CBD [74] has been discussed earlier in this section. Svendsen et al. [84]
evaluated the effect of delta-9-THC (Marinol®) on central pain in a group of 24 subjects with MS and
observed modest, but statistically significant, reductions in spontaneous pain and some related measures;
however, treatment with delta-9-THC did not improve a raft of sensory testing outcomes in these patients.

Pain

Neuroinflammation can induce chronic neuropathic pain that is characterized by increased sensitivity to
painful stimuli (hyperalgesia), the perception of innocuous stimuli as painful (allodynia), and spontaneous
pain. Neuropathic pain may occur after a bout of shingles (post-herpetic neuralgia) or as a secondary
consequence of nerve trauma or trapping. Neuropathic pain is typically unresponsive to treatment with
conventional analgesics, e.g., paracetamol, salicylates, and opioids. Antidepressants, e.g., amitriptyline and
duloxetine, and anticonvulsants, e.g., gabapentin and pregabalin, are effective in treating neuropathic pain
in some patients, but this condition remains an enormous area of unmet clinical need.
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Sativex® has undergone clinical testing as a potential treatment for neuropathic pain characterized by
allodynia [85], diabetic neuropathy [86], and neuropathic pain associated with MS [77, 81, 82]. In addition,
Sativex® has also been evaluated for the management of pain caused by rheumatoid arthritis [87]. The
positive effects of Sativex® in treating neuropathic pain caused by MS [77, 81, 82] were discussed in the
previous section. Nurmikko et al. [85] evaluated the efficacy and safety of Sativex® in a 1:1 randomized,
double-blind, placebo-controlled 5-week clinical trial in 125 subjects with neuropathic pain of peripheral
origin. Compared with the placebo, Sativex® significantly decreased scores on the Numerical Rating Scale of
pain intensity, the Neuropathic Pain Scale composite score, measures of dynamic and punctate allodynia,
and the Pain Disability Index. In the open-label extension trial, the attenuation of neuropathic pain by
Sativex® was maintained out to 1year. A less successful outcome was recorded when Sativex® was
evaluated as a treatment for painful diabetic neuropathy [86]. This small, randomized, placebo-controlled
trial was conducted in a group of 30 subjects with painful diabetic neuropathy who took Sativex® or a
placebo for 12 weeks (2-weeks titration and 10-weeks maintenance). Sativex® produced no statistically
significant improvement in either the mean daily pain scores (primary outcome measure) or quality-of-life
assessments (secondary outcome measures). The authors suggest the failure was due to the influence of
depression in some subjects, but given the small size of the trial, this proposal is no more than conjecture.

Several studies have also demonstrated the pain-relieving effects of inhaled or smoked Cannabis in
post-traumatic, post-surgical, and diabetic neuropathy [88-90]. Although the studies report that efficacy
was generally accompanied by the emergence of CNS side-effects typically associated with taking
psychoactive cannabinoids, Wilsey et al. [89] reported that the pain-relieving effect of vaporized Cannabis
was also evident at doses that did not impair daily functioning. Viewed overall, there is reasonable evidence
to support the proposal that Cannabis is an effective treatment for neuropathic pain. In contrast, Cannabis
offers no relief against nociceptive pain or hyperalgesia as demonstrated by its inability to reduce pain
induced by electrical stimulation, heat, capsaicin, or secondary sunburn induced hyperalgesia in a well-
designed placebo-controlled crossover study in 18 subjects [91].

Blake et al. [87] performed a randomized, double-blind, parallel-group, placebo-controlled trial to
evaluate whether Sativex® could reduce the burden of pain in patients with rheumatoid arthritis. The trial
enrolled 58 subjects who received daily treatment for 5 weeks with either Sativex® or placebo. Compared
with placebo, Sativex® produced significant reductions in several pain endpoints (pain on movement, pain
at rest and pain at present, and Short-Form McGill Pain Questionnaire) and improvements in quality of
sleep and disease activity. Most adverse effects were mild or moderate, no serious adverse effects were
reported in the Sativex®-treated subjects, and there were no withdrawals due to adverse events.

CBD has also been studied in clinical trials to determine whether it has analgesic properties.

Xu et al. [92] determined the efficacy and safety of topically applied CBD oil in a 4-week, double-blind,
randomized controlled trial in patients with neuropathic pain. Twenty-nine subjects were treated up to
four times daily with CBD (250 mg, n = 15) or placebo oil (n = 14). The Neuropathic Pain Scale rating was
completed twice-weekly to assess the change from baseline to the end of the treatment period. The study
population included 62% males and 38% females with a mean age of 68 years. Compared with placebo,
topically applied CBD significantly reduced intense pain, sharp pain, cold, and itchy sensations caused by
peripheral neuropathy and showed a strong trend for reducing deep pain. There were no adverse events
associated with topically applied CBD.

Low doses of orally administered CBD (20 or 30 mg/day) had no beneficial analgesic effect on pain
associated with osteoarthritis or psoriatic arthritis in a double-blind placebo-controlled trial in 136
subjects [93]. CBD also produced no positive effects on sleep quality, depression, anxiety, or pain
catastrophizing scores [93]. Very recently, Bawa et al. [94] conducted an open-label, feasibility trial in 15
subjects to evaluate a topically applied CBD gel as a potential treatment for osteoarthritis-induced pain and
impaired manual function. With the caveat there was no placebo control, the results were promising with
the application of CBD (4%) gel applied thrice daily for 4 weeks producing significant reductions from
baseline in all pain measures, increased grip strength, and improvement in the quality-of-life scores for

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 336



sleep, anxiety, stiffness, and fatigue. The penetration of CBD into the body was confirmed by urinary
measurement of CBD and its major metabolite [94].

Although some areas of disagreement exist between studies, the picture emerging from clinical trials is
one of accumulating evidence to show that neuropathic pain and its complications are responsive to
treatment with delta-9-THC/CBD combinations, and also to delta-9-THC or CBD as monotherapy. More
research is required to support these hypotheses, but areas of interest would be to enlarge the therapeutic
window between efficacy and CNS side-effects for delta-9-THC-containing products, and the use of topical
formulations of CBD that deliver high levels of drug to its site of action.

Alzheimer’s disease

Accumulation of AB and neuroinflammation play a critical role in the pathogenesis and development of
Alzheimer’s disease. Activated microglia in the CNS and increased levels of inflammatory mediators around
AP plaques in the brains of patients are linked to the pathogenesis of the disease. A and neurofibrillary
tangles can indirectly activate the immune response and/or microglia, leading to the release of various pro-
inflammatory cytokines and neurotoxic mediators, including pro-inflammatory cytokines, such as IL-1, IL-
6, and TNF-a, plus superoxide, nitric oxide, reactive oxygen species and the expression of inducible nitric
oxide synthase e.g., [37, 39, 40]. Alterations to the endocannabinoid system in Alzheimer’s disease have also
been observed [95]. CB, receptor upregulation has been consistently observed in ex vivo brain tissue taken
from Alzheimer’s patients and in rodent models of the disease [96]. In contrast, reductions in CB; receptor
density have been reported to occur in areas of microglial activation in the brains of Alzheimer’s sufferers
and also in animal models of the disease [96]. CB, receptor expression can be initiated by
immunomodulation induced by pathogenic events occurring in the disease. In clinical studies, increased
levels of fatty acid amide hydrolase and CB, receptor density have been found in microglia adjacent to
plaque-associated hippocampal tissue [97]. Moreover, these changes were positively correlated with Af3
levels and plaque deposition [98]. Conversely, stimulation of microglial CB, receptors initiated the removal
of native Af from human brain tissue sections [99].

In patients with Alzheimer’s disease or dementia, some studies have reported that delta-9-THC
improved non-cognitive symptoms (behavioral and psychological symptoms of dementia) such as agitation
[100, 101], whereas other studies have observed no beneficial effect of delta-9-THC on dementia symptoms
[102, 103]. For example, 21 days of treatment with a low-dose, oral delta-9-THC (1.5 mg, 3-times daily) did
not affect dementia-related neuropsychiatric symptoms, although it was well tolerated with no clinically
relevant side effects [103].

In a placebo-controlled, crossover trial, 12 patients with Alzheimer’s disease who were treated daily
for 6 weeks with dronabinol (synthetic delta-9-THC) displayed improvements in disturbed behavior [104].
Adverse reactions that were more frequently reported by subjects taking dronabinol than placebo included
euphoria, somnolence, and tiredness. However, it should be noted that these adverse events did not require
discontinuation of treatment. In an open-label pilot study in 5 Alzheimer’s patients, 2 weeks treatment with
dronabinol (2.5 mg daily) reduced unwanted night-time activity and resulted in improvements in the
Neuropsychiatric Inventory total score, aberrant motor behavior, and agitation in patients with advanced
stages of the disease [105].

The synthetic, delta-9-THC analog, nabilone (1-2 mg/day administered orally) significantly reduced
agitation and improved overall neuropsychiatric symptoms in a group of 39 patients with Alzheimer’s
disease in a randomized, double-blind, crossover trial (6-weeks active treatment, 6-weeks placebo
separated by a 1-week washout period). Mild sedation was the only adverse event of note [100].

There is the possibility that CBD’s anti-inflammatory and antioxidant properties have neuroprotective
actions that could slow the progression of Alzheimer’s disease. Enhancing the brain concentration of the
endogenous cannabinoids, anandamide, and 2-AG, by preventing their enzymatic catabolism is a
therapeutic approach worthy of consideration. In support of this approach, frontal and temporal cortical
tissues taken from 38 post-mortem patients who had been suffering from Alzheimer’s disease had
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significantly reduced levels of anandamide and its precursor compared with samples taken from 17 age-
matched control subjects [106]. Clinical studies have shown that treatment with CBD increases the plasma
concentration of anandamide [107]. CBD may elevate levels of the endocannabinoid, anandamide, within
body tissues via two potential mechanisms: First, by restricting the transport process facilitated by fatty
acid binding proteins, and second, by inhibiting fatty acid amide hydrolase, an enzyme responsible for the
catabolism of anandamide.

Huntington’s disease and Parkinson’s disease

Promising benefits of Cannabis and medical marijuana have been reported for the alleviation of
neurological symptoms in patients with movement disorders including Huntington’s and Parkinson’s
disease.

Akinyemi et al. [108] conducted a meta-analysis on the results from 22 trials conducted after 2002 that
have investigated the therapeutic effects of medical marijuana or Cannabis in Huntington’s disease. The
outcome measures were changes in psychomotor- and sleep-related symptoms. The meta-analysis
provided strong evidence for significant improvements in the neurological symptoms of spasms, tremors,
spasticity, chorea, and quality of sleep following treatment with medical marijuana. Analysis of specific
motor symptoms using Huntington'’s disease-specific rating scales also found significant treatment-related
improvements in the severity of tremors and rigidity. In contrast to the positive findings with marijuana or
Cannabis, a double-blind, randomized, placebo-controlled trial to evaluate CBD in patients with
Huntington'’s disease observed no beneficial effect of 10 mg/kg/day oral CBD (i.e., roughly 700 mg/day) on
Huntington’s disease-related symptoms (e.g., chorea sensitivity, sustained tongue protrusion, functional
ability, or information recall and storage) [109]. One explanation for the lack of efficacy of CBD in this trial
could have been due to the low dose that was tested.

In an exploratory, double-blind trial in 7 subjects with Parkinson’s disease who did not have dementia
or other comorbid psychiatric disorder, a 6-week regimen of oral CBD therapy (300 mg/day) did not
improve motor function (assessed via the Unified Parkinson’s Disease Rating Scale), but it did improve the
patient’s quality of life [110]. CBD also improved REM (rapid eye movement) sleep behavior disorder in 4
patients without producing side effects [110]. In an open-label pilot study in 6 Parkinson’s disease patients,
CBD starting at 150 mg/day for 4 weeks, improved psychotic symptoms without adverse side-effects or
negative effects on motor neurons [111]. In a later open-label trial, 10 individuals with Parkinson’s disease
were given CBD treatment (20-25 mg/kg/day) for 10-15 days. The results showed mean decreases in total
and motor Movement Disorder Society Unified Parkinson Disease Rating Scale scores at the maximal CBD
dose compared with a baseline of 17.8% and 24.7%, respectively. Notably, participants also reported
enhancements in non-motor functions like improved night-time sleep and a decline in emotional or
behavioral dysregulation (e.g., irritability and restlessness) [112].

Traumatic brain injury

Traumatic brain injuries destroy neural tissue resulting in impaired blood perfusion, excessive release of
the neurotransmitter, glutamate (excitotoxicity), inflammation, and progressive secondary neuronal cell
death. Very few studies have been conducted to explore the effects of phytocannabinoids in patients with
traumatic brain injury, and no findings from randomized, controlled trials have been published.

Dexanabinol is a non-psychoactive, synthetic cannabinoid with anti-oxidant and anti-inflammatory
properties. In a randomized, double-blind, placebo-controlled clinical study in 67 patients with severe
traumatic brain injury, intravenous administration of dexanabinol (48 mg or 150 mg) within 6 hours of
injury resulted in lower intracranial pressure and a reduced number of hypotensive episodes, indicating
improvements in cerebral edema. Dexanabinol also improved recovery 1 month post-injury, and the
intervention was safe and well tolerated in these patients [113]. Disappointingly, in the subsequent Phase 3
trial in 861 patients with severe traumatic brain injury, a single intravenous injection of 150 mg of
dexanabinol administered within 6 hours of the injury failed to produce significant improvement versus
placebo on the Glasgow Coma Scale at 6 months post-injury [114].
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Summary of clinical trial results with phytocannabinoids

The therapeutic benefits of the phytocannabinoids are clearly demonstrated by the medical use of CBD
(Epidiolex®) to prevent certain rare forms of childhood epilepsy, delta-9-THC (Marinol® and Syndros®) to
manage nausea/vomiting associated with cancer chemotherapy and counteract anorexia associated with
weight loss in AIDS patients, and CBD + delta-9-THC (Sativex®) to relieve spasticity in MS. In addition,
nabilone (Cesamet®), which is a synthetic delta-9-THC analogue, is approved to treat chemotherapy-
induced nausea/vomiting and AIDs-related weight loss. CBD and delta-9-THC exemplify the medical
benefits of non-psychoactive and psychoactive phytocannabinoids, and also highlight diverse
pharmacological mechanisms involved with delta-9-THC serving as a CB;/CB, receptor agonist and CBD
having no pharmacologically relevant affinity for these cannabinoid receptors. Although the findings are
preliminary there is evidence emerging from clinical trials to indicate that delta-9-THC and CBD (alone or in
combination) can help alleviate various forms of pain, e.g., neuropathic pain, inflammatory pain, and pain
associated with MS. There is also evidence to suggest these phytocannabinoids may have beneficial effects
in reducing agitation, improving sleep patterns and the quality of life in subjects suffering from a range of
neurological diseases. Like all clinical investigations, there will be successes and failures, and as exemplified
by dexanabinol, a positive result in a Phase 2 trial may not be replicated in larger, multi-site, Phase 3,
clinical trials.

Viewed collectively, various outcomes observed in these clinical trials are consistent with CBD, delta-9-
THC and potentially some other phytocannabinoids present in the Cannabis sativa plant having anti-
neuroinflammatory properties, but more clinical research is required to answer the question definitively.
The clinical trials definitively proving the therapeutic benefits of delta-9-THC/CBD and delta-9-THC
monotherapy in MS were conducted well over 10 years ago, and further development work on these
compounds is unlikely. Although legislators in many countries are relaxing their laws to allow self-
medication with Cannabis, there is a dearth of new trials looking at the potential use of whole-plant
Cannabis sativa extracts in new clinical indications. The development and approval of CBD to treat 2 rare
forms of childhood epilepsy have produced an upsurge of interest in evaluating CBD in a range of other
indications including anxiety, psychosis, autism, pain, and HIV. Since CBD is devoid of clinically relevant
affinity for CB; and CB, receptors, the hypothesized pharmacological mechanisms predicting efficacy in
these indications must, therefore, be independent of cannabinoid receptor activation and based on the
interaction of drug novel targets. An area where we foresee new research is on the raft of lesser-known
phytochemical and novel synthetic psychoactive cannabinoids that are now emerging [115]. It is highly
probable that the pharmacological properties of these newer cannabinoids will be exhaustively
investigated to determine whether they have potential as drug candidates for clinical development.

Conclusions

Research with phytocannabinoids and their synthetic analogues is long past the point at which their value
as medical treatments was unproven. CBD, delta-9-THC, and synthetic analogues of these compounds have
been evaluated in rigorous, placebo-controlled trials where their therapeutic benefit has been
unequivocally demonstrated. The approval of CBD to prevent specific types of seizures in children opened
the doors to investigating the therapeutic potential of phytocannabinoids through mechanisms that do not
necessarily involve the activation of CB; or CB, receptors.

Preclinical research has demonstrated the anti-inflammatory and anti-neuroinflammatory properties
of various phytocannabinoids, and in addition, has identified a plethora of mechanisms that could mediate
the actions of these compounds. Early clinical trials have revealed outcomes that are consistent with delta-
9-THC, CBD, and other phytocannabinoids delivering efficacy by relieving inflammation and preventing the
production of inflammatory mediators. What is now required are more clinical trials to confirm or disprove
these preliminary findings together with closer ties between non-clinical and clinical research to forge a
link between molecular mechanisms and therapeutic outcomes.
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It should also be appreciated that almost all clinical research on phytocannabinoids has concentrated
on the most abundant compounds, i.e., delta-9-THC and CBD, there are more than one hundred other
psychoactive and non-psychoactive cannabinoids present in the Cannabis sativa plant, and many of them
have not even been pharmacologically characterized at the non-clinical level. They comprise a valuable
resource for future research.

Attitudes to the legalization of Cannabis are changing and part of the driver for change is a recognition
that the Cannabis sativa plant produces phytocannabinoids that have been claimed to have medical
benefits. Although most of these claims have never been proven to the standard required for regulatory
approval, the anecdotal evidence is sufficiently compelling for the medical use of Cannabis to have been
legalized in 38 USA states and in the federal District of Columbia.

To conclude, the endocannabinoid system in the human body plays a key role in a multitude of
physiological functions including inflammatory and immunological responses, pain, temperature control,
endocrine regulation, feeding behaviour, learning and memory, emotional processing, and sleep. Many of
these actions can be mimicked by the phytocannabinoid, delta-9-THC, which is an agonist at the human CB;
and CB, receptor subtypes. However, the story is much more complex and interesting and the last decade
has witnessed a seismic shift in our level of knowledge about the pharmacological mechanisms and clinical
benefits that are offered by the phytocannabinoids present in Cannabis sativa. There is now tantalizing
evidence to indicate that various phytocannabinoids have anti-inflammatory properties that could open the
doors to the discovery and development of new treatments for a range of neuroinflammatory conditions.

Abbreviations

AIDS: acquired immune deficiency syndrome
ALS: amyotrophic lateral sclerosis

APB: amyloid-beta

CAMS: CAnnabinoids for Multiple Sclerosis
CB;: cannabinoid receptor types 1

CBC: cannabichromene

CBD: cannabidiol

CBDV: cannabidivarin

CBG: cannabigerol

CBN: cannabinol

delta-9-THC: delta-9-tetrahydrocannabinol
EAE: encephalomyelitis

GPR55: G55 protein-coupled receptor

IL-18: interleukin-1f3

MS: multiple sclerosis

NF-kB: nuclear factor-«B

PPARYy: peroxisome proliferator-activated receptor gamma
THCV: tetrahydrocannabivarin

TNF-a: tumor necrosis factor alpha

TRP: transient receptor potential

TRPA: transient receptor potential ankyrin
TRPM: transient receptor potential melastatin

TRPV: transient receptor potential vanilloid
Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 340



Declarations

Author contributions

SS: Conceptualization, Investigation, Writing—original draft, Writing—review & editing. TS and RS:

Investigation, Writing—review & editing. DH: Investigation, Writing—review & editing. All authors read

and approved the submitted version.

Conflicts of interest

David Heal and Sharon Smith are shareholders and employees of DevelRx Ltd. Ruarri Spurgeon is a Director
of Medicanna Ltd and EthicaCBD. Taurri Spurgeon is Head of Marketing at Medicanna Ltd and EthicaCBD.
The authors confirm they did not receive any external financial support for writing this article.

Ethical approval

Not applicable.

Consent to participate

Not applicable.

Consent to publication

Not applicable.

Availability of data and materials

Not applicable.

Funding

Not applicable.

Copyright
© The Author(s) 2024.

References

1.

Sokolova A, Hill MD, Rahimi F, Warden LA, Halliday GM, Shepherd CE. Monocyte chemoattractant
protein-1 plays a dominant role in the chronic inflammation observed in Alzheimer’s disease. Brain
Pathol. 2009;19:392-8. [DOI] [PubMed] [PMC(]

Walter S, Letiembre M, Liu Y, Heine H, Penke B, Hao W, et al. Role of the toll-like receptor 4 in
neuroinflammation in Alzheimer’s disease. Cell Physiol Biochem. 2007;20:947-56. [DOI] [PubMed]
Linker RA, Maurer M, Gaupp S, Martini R, Holtmann B, Giess R, et al. CNTF is a major protective
factor in demyelinating CNS disease: a neurotrophic cytokine as modulator in neuroinflammation.
Nat Med. 2002;8:620-4. [DOI] [PubMed]

Dunn AJ, Swiergiel AH, Zhang H, Quan N. Reduced ingestion of sweetened milk induced by
interleukin-1 and lipopolysaccharide is associated with induction of cyclooxygenase-2 in brain
endothelia. Neuroimmunomodulation. 2006;13:96-104. [DOI] [PubMed] [PMC(]

Norden DM, Trojanowski PJ, Villanueva E, Navarro E, Godbout JP. Sequential activation of microglia
and astrocyte cytokine expression precedes increased Iba-1 or GFAP immunoreactivity following
systemic immune challenge. Glia. 2016;64:300-16. [DOI] [PubMed] [PMC(]

Matei D, Trofin D, Iordan DA, Onu [, Condurache I, lonite C, et al. The Endocannabinoid System and
Physical Exercise. Int ] Mol Sci. 2023;24:1989. [DOI] [PubMed] [PMC(]

Behl T, Makkar R, Sehgal A, Singh S, Makeen HA, Albratty M, et al. Exploration of multiverse activities
of endocannabinoids in biological systems. Int ] Mol Sci. 2022;23:573. [DOI] [PubMed] [PMC]

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349/ent.2024.00087 Page 341


https://dx.doi.org/10.1111/j.1750-3639.2008.00188.x
http://www.ncbi.nlm.nih.gov/pubmed/18637012
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8094842
https://dx.doi.org/10.1159/000110455
http://www.ncbi.nlm.nih.gov/pubmed/17982277
https://dx.doi.org/10.1038/nm0602-620
http://www.ncbi.nlm.nih.gov/pubmed/12042814
https://dx.doi.org/10.1159/000096291
http://www.ncbi.nlm.nih.gov/pubmed/17047394
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2140001
https://dx.doi.org/10.1002/glia.22930
http://www.ncbi.nlm.nih.gov/pubmed/26470014
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4707977
https://dx.doi.org/10.3390/ijms24031989
http://www.ncbi.nlm.nih.gov/pubmed/36768332
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9916354
https://dx.doi.org/10.3390/ijms23105734
http://www.ncbi.nlm.nih.gov/pubmed/35628545
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9147046

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Rathod SS, Agrawal YO. Phytocannabinoids as potential multitargeting neuroprotectants in
Alzheimer’s disease. Curr Drug Res Revs. 2024;16:94-110. [DOI] [PubMed]

Cabral GA, Griffin-Thomas L. Emerging role of the cannabinoid receptor CB, in immune regulation:
therapeutic prospects for neuroinflammation. Expert Rev Mol Med. 2009;11:e3. [DOI] [PubMed]
[PMC]

Mechoulam R, Parker LA. The endocannabinoid system and the brain. Annu Rev Psychol. 2013;64:
21-47.[DOI] [PubMed]

Boorman E, Zajkowska Z, Ahmed R, Pariante CM, Zunszain PA. Crosstalk between endocannabinoid
and immune systems: a potential dysregulation in depression? Psychopharmacology (Berl). 2016;
233:1591-604. [DOI] [PubMed] [PMC]

Al-Khazaleh AK, Zhou X, Bhuyan D], Miinch GW, Al-Dalabeeh EA, Jaye K, et al. The Neurotherapeutic
Arsenal in Cannabis sativa: Insights into Anti-Neuroinflammatory and Neuroprotective Activity and
Potential Entourage Effects. Molecules. 2024;29:410. [DOI] [PubMed] [PMC]

Ligresti A, de Petrocellis L, di Marzo V. From Phytocannabinoids to Cannabinoid Receptors and
Endocannabinoids: Pleiotropic Physiological and Pathological Roles Through Complex
Pharmacology. Physiol Rev. 2016;96:1593-659. [DOI] [PubMed]

Stasitowicz A, Tomala A, Podolak |, Cielecka-Piontek J. Cannabis sativa L. as a Natural Drug Meeting
the Criteria of a Multitarget Approach to Treatment. Int ] Mol Sci. 2021;22:778. [DOI] [PubMed]
[PMC]

de Petrocellis L, Ligresti A, Moriello AS, Allara M, Bisogno T, Petrosino S, et al. Effects of cannabinoids
and cannabinoid-enriched Cannabis extracts on TRP channels and endocannabinoid metabolic
enzymes. Br | Pharmacol. 2011;163:1479-94. [DOI] [PubMed] [PMC(]

Ryberg E, Larsson N, Sjogren S, Hjorth S, Hermansson N, Leonova ], et al. The orphan receptor GPR55
is a novel cannabinoid receptor. Br ] Pharmacol. 2007;152:1092-101. [DOI] [PubMed] [PMC]

Naya NM, Kelly J, Corna G, Golino M, Polizio AH, Abbate A, et al. An Overview of Cannabidiol as a
Multifunctional Drug: Pharmacokinetics and Cellular Effects. Molecules. 2024;29:473. [DOI]
[PubMed] [PMC]

Zagzoog A, Mohamed KA, Kim HJJ, Kim ED, Frank CS, Black T, et al. In vitro and in vivo
pharmacological activity of minor cannabinoids isolated from Cannabis sativa. Sci Rep. 2020;10:
20405. [DOI] [PubMed] [PMC(C]

Stone NL, Murphy A], England TJ, O’Sullivan SE. A systematic review of minor phytocannabinoids
with promising neuroprotective potential. Br ] Pharmacol. 2020;177:4330-52. [DOI] [PubMed]
[PMC]

Rao R, Nagarkatti PS, Nagarkatti M. A° Tetrahydrocannabinol attenuates Staphylococcal enterotoxin
B-induced inflammatory lung injury and prevents mortality in mice by modulation of miR-17-92
cluster and induction of T-regulatory cells. Br ] Pharmacol. 2015;172:1792-806. [DOI] [PubMed]
[PMC]

Sido JM, Jackson AR, Nagarkatti PS, Nagarkatti M. Marijuana-derived A-9-tetrahydrocannabinol
suppresses Th1/Th17 cell-mediated delayed-type hypersensitivity through microRNA regulation. ]
Mol Med (Berl). 2016;94:1039-51. [DOI] [PubMed] [PMC(]

Carrier EJ, Auchampach JA, Hillard CJ]. Inhibition of an equilibrative nucleoside transporter by
cannabidiol: a mechanism of cannabinoid immunosuppression. Proc Natl Acad Sci U S A. 2006;103:
7895-900. [DOI] [PubMed] [PMC(]

Karuppagounder V, Chung ], Abdeen A, Thompson A, Bouboukas A, Pinamont W], et al. Therapeutic
Effects of Non-Euphorigenic Cannabis Extracts in Osteoarthritis. Cannabis Cannabinoid Res. 2023;8:
1030-44. [DOI] [PubMed]

Formukong EA, Evans AT, Evans FJ. Analgesic and antiinflammatory activity of constituents of
Cannabis sativa L. Inflammation. 1988;12:361-71. [DOI] [PubMed]

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 342


https://dx.doi.org/10.2174/2589977515666230502104021
http://www.ncbi.nlm.nih.gov/pubmed/37132109
https://dx.doi.org/10.1017/S1462399409000957
http://www.ncbi.nlm.nih.gov/pubmed/19152719
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2768535
https://dx.doi.org/10.1146/annurev-psych-113011-143739
http://www.ncbi.nlm.nih.gov/pubmed/22804774
https://dx.doi.org/10.1007/s00213-015-4105-9
http://www.ncbi.nlm.nih.gov/pubmed/26483037
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4828487
https://dx.doi.org/10.3390/molecules29020410
http://www.ncbi.nlm.nih.gov/pubmed/38257323
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10821245
https://dx.doi.org/10.1152/physrev.00002.2016
http://www.ncbi.nlm.nih.gov/pubmed/27630175
https://dx.doi.org/10.3390/ijms22020778
http://www.ncbi.nlm.nih.gov/pubmed/33466734
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7830475
https://dx.doi.org/10.1111/j.1476-5381.2010.01166.x
http://www.ncbi.nlm.nih.gov/pubmed/21175579
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3165957
https://dx.doi.org/10.1038/sj.bjp.0707460
http://www.ncbi.nlm.nih.gov/pubmed/17876302
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2095107
https://dx.doi.org/10.3390/molecules29020473
http://www.ncbi.nlm.nih.gov/pubmed/38257386
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10818442
https://dx.doi.org/10.1038/s41598-020-77175-y
http://www.ncbi.nlm.nih.gov/pubmed/33230154
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7684313
https://dx.doi.org/10.1111/bph.15185
http://www.ncbi.nlm.nih.gov/pubmed/32608035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7484504
https://dx.doi.org/10.1111/bph.13026
http://www.ncbi.nlm.nih.gov/pubmed/25425209
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4376457
https://dx.doi.org/10.1007/s00109-016-1404-5
http://www.ncbi.nlm.nih.gov/pubmed/27038180
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4992583
https://dx.doi.org/10.1073/pnas.0511232103
http://www.ncbi.nlm.nih.gov/pubmed/16672367
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1472541
https://dx.doi.org/10.1089/can.2021.0244
http://www.ncbi.nlm.nih.gov/pubmed/35994012
https://dx.doi.org/10.1007/BF00915771
http://www.ncbi.nlm.nih.gov/pubmed/3169967

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Deiana S. Chapter 99—Potential Medical Uses of Cannabigerol: A brief overview. In: Preedy VR,
editor. Handbook of Cannabis and Related Pathologies. San Diego: Academic Press; 2017. pp.
958-67. [DOI]

Hammell DC, Zhang LP, Ma F, Abshire SM, Mcllwrath SL, Stinchcomb AL, et al. Transdermal
cannabidiol reduces inflammation and pain-related behaviours in a rat model of arthritis. Eur ] Pain.
2016;20:936-48. [DOI] [PubMed] [PMC(]

Kolbe MR, Hohmann T, Hohmann U, Ghadban C, Mackie K, Zoller C, et al. THC Reduces Ki67-
Immunoreactive Cells Derived from Human Primary Glioblastoma in a GPR55-Dependent Manner.
Cancers (Basel). 2021;13:1064. [DOI] [PubMed] [PMC(]

Lanuti M, Talamonti E, Maccarrone M, Chiurchiu V. Activation of GPR55 Receptors Exacerbates
oxLDL-Induced Lipid Accumulation and Inflammatory Responses, while Reducing Cholesterol Efflux
from Human Macrophages. PLoS One. 2015;10:e0126839. [DOI] [PubMed] [PMC]

Anavi-Goffer S, Baillie G, Irving A], Gertsch ], Greig IR, Pertwee RG, et al. Modulation of L-a-
lysophosphatidylinositol/GPR55 mitogen-activated protein kinase (MAPK) signaling by
cannabinoids. ] Biol Chem. 2012;287:91-104. [DOI] [PubMed] [PMC]

Staton PC, Hatcher JP, Walker D], Morrison AD, Shapland EM, Hughes ]JP, et al. The putative
cannabinoid receptor GPR55 plays a role in mechanical hyperalgesia associated with inflammatory
and neuropathic pain. Pain. 2008;139:225-36. [DOI] [PubMed]

Yimam M, O’Neal A, Horm T, Jiao P, Hong M, Rossiter S, et al. Antinociceptive and Anti-Inflammatory
Properties of Cannabidiol Alone and in Combination with Standardized Bioflavonoid Composition. |
Med Food. 2021;24:960-7. [DOI] [PubMed]

DeLong GT, Wolf CE, Poklis A, Lichtman AH. Pharmacological evaluation of the natural constituent of
Cannabis sativa, cannabichromene and its modulation by A%-tetrahydrocannabinol. Drug Alcohol
Depend. 2010;112:126-33. [DOI] [PubMed] [PMC]

Turner CE, Elsohly MA. Biological activity of cannabichromene, its homologs and isomers. ] Clin
Pharmacol. 1981;21:283S-91S. [DOI] [PubMed]

Davis WM, Hatoum NS. Neurobehavioral actions of cannabichromene and interactions with delta 9-
tetrahydrocannabinol. Gen Pharmacol. 1983;14:247-52. [DOI] [PubMed]

Mammana S, Cavalli E, Gugliandolo A, Silvestro S, Pollastro F, Bramanti P, et al. Could the
Combination of Two Non-Psychotropic Cannabinoids Counteract Neuroinflammation? Effectiveness
of Cannabidiol Associated with Cannabigerol. Medicina (Kaunas). 2019;55:747. [DOI] [PubMed]
[PMC]

Schubert D, Kepchia D, Liang Z, Dargusch R, Goldberg ], Maher P. Efficacy of Cannabinoids in a Pre-
Clinical Drug-Screening Platform for Alzheimer’s Disease. Mol Neurobiol. 2019;56:7719-30. [DOI]
[PubMed] [PMC(]

Chen L, Sun Y, Li ], Liu S, Ding H, Wang G, et al. Assessing Cannabidiol as a Therapeutic Agent for
Preventing and Alleviating Alzheimer’s Disease Neurodegeneration. Cells. 2023;12:2672. [DOI]
[PubMed] [PMC]

Liang Z, Soriano-Castell D, Kepchia D, Duggan BM, Currais A, Schubert D, et al. Cannabinol inhibits
oxytosis/ferroptosis by directly targeting mitochondria independently of cannabinoid receptors.
Free Radic Biol Med. 2022;180:33-51. [DOI] [PubMed] [PMC(]

Martin-Moreno AM, Reigada D, Ramirez BG, Mechoulam R, Innamorato N, Cuadrado A, et al.
Cannabidiol and other cannabinoids reduce microglial activation in vitro and in vivo: relevance to
Alzheimer’s Disease. Mol Pharmacol. 2011;79:964-73. [DOI] [PubMed] [PMC]

Silvestro S, Schepici G, Bramanti P, Mazzon E. Molecular Targets of Cannabidiol in Experimental
Models of Neurological Disease. Molecules. 2020;25:5186. [DOI] [PubMed] [PMC]

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 343


https://dx.doi.org/10.1016/B978-0-12-800756-3.00115-0
https://dx.doi.org/10.1002/ejp.818
http://www.ncbi.nlm.nih.gov/pubmed/26517407
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4851925
https://dx.doi.org/10.3390/cancers13051064
http://www.ncbi.nlm.nih.gov/pubmed/33802282
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7959141
https://dx.doi.org/10.1371/journal.pone.0126839
http://www.ncbi.nlm.nih.gov/pubmed/25970609
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4430319
https://dx.doi.org/10.1074/jbc.M111.296020
http://www.ncbi.nlm.nih.gov/pubmed/22027819
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3249141
https://dx.doi.org/10.1016/j.pain.2008.04.006
http://www.ncbi.nlm.nih.gov/pubmed/18502582
https://dx.doi.org/10.1089/jmf.2020.0178
http://www.ncbi.nlm.nih.gov/pubmed/33570460
https://dx.doi.org/10.1016/j.drugalcdep.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20619971
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2967639
https://dx.doi.org/10.1002/j.1552-4604.1981.tb02606.x
http://www.ncbi.nlm.nih.gov/pubmed/7298870
https://dx.doi.org/10.1016/0306-3623(83)90004-6
http://www.ncbi.nlm.nih.gov/pubmed/6301931
https://dx.doi.org/10.3390/medicina55110747
http://www.ncbi.nlm.nih.gov/pubmed/31752240
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6915685
https://dx.doi.org/10.1007/s12035-019-1637-8
http://www.ncbi.nlm.nih.gov/pubmed/31104297
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6815693
https://dx.doi.org/10.3390/cells12232672
http://www.ncbi.nlm.nih.gov/pubmed/38067101
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10705747
https://dx.doi.org/10.1016/j.freeradbiomed.2022.01.001
http://www.ncbi.nlm.nih.gov/pubmed/34999187
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8840979
https://dx.doi.org/10.1124/mol.111.071290
http://www.ncbi.nlm.nih.gov/pubmed/21350020
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3102548
https://dx.doi.org/10.3390/molecules25215186
http://www.ncbi.nlm.nih.gov/pubmed/33171772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7664437

41.

42.

43.

44,

45.

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

Patricio F, Morales Davila E, Patricio-Martinez A, Arana Del Carmen N, Martinez I, Aguilera ], et al.
Intrapallidal injection of cannabidiol or a selective GPR55 antagonist decreases motor asymmetry
and improves fine motor skills in hemiparkinsonian rats. Front Pharmacol. 2022;13:945836. [DOI]
[PubMed] [PMC]

Giuliano C, Francavilla M, Ongari G, Petese A, Ghezzi C, Rossini N, et al. Neuroprotective and
Symptomatic Effects of Cannabidiol in an Animal Model of Parkinson’s Disease. Int ] Mol Sci. 2021;
22:8920. [DOI] [PubMed] [PMC]

Celorrio M, Rojo-Bustamante E, Fernandez-Sudrez D, Saez E, Estella-Hermoso de Mendoza A, Miiller
CE, et al. GPR55: A therapeutic target for Parkinson’s disease? Neuropharmacology. 2017;125:
319-32. [DOI] [PubMed]

Blazquez C, Chiarlone A, Sagredo O, Aguado T, Pazos MR, Resel E, et al. Loss of striatal type 1
cannabinoid receptors is a key pathogenic factor in Huntington’s disease. Brain. 2011;134:119-36.
[DOI] [PubMed]

Dowie M], Howard ML, Nicholson LF, Faull RL, Hannan A], Glass M. Behavioural and molecular
consequences of chronic cannabinoid treatment in Huntington’s disease transgenic mice.
Neuroscience. 2010;170:324-36. [DOI] [PubMed]

Valdeolivas S, Navarrete C, Cantarero I, Bellido ML, Mufioz E, Sagredo O. Neuroprotective properties
of cannabigerol in Huntington’s disease: studies in R6/2 mice and 3-nitropropionate-lesioned mice.
Neurotherapeutics. 2015;12:185-99. [DOI] [PubMed] [PMC]

Al-Ghezi ZZ, Busbee PB, Alghetaa H, Nagarkatti PS, Nagarkatti M. Combination of cannabinoids, delta-
9-tetrahydrocannabinol (THC) and cannabidiol (CBD), mitigates experimental autoimmune
encephalomyelitis (EAE) by altering the gut microbiome. Brain Behav Immun. 2019;82:25-35. [DOI]
[PubMed] [PMC]

Castillo A, Toldn MR, Fernandez-Ruiz ], Romero ], Martinez-Orgado ]. The neuroprotective effect of
cannabidiol in an in vitro model of newborn hypoxic-ischemic brain damage in mice is mediated by
CB, and adenosine receptors. Neurobiol Dis. 2010;37:434-40. [DOI] [PubMed]

Khaksar S, Bigdeli MR. Correlation Between Cannabidiol-Induced Reduction of Infarct Volume and
Inflammatory Factors Expression in Ischemic Stroke Model. Basic Clin Neurosci. 2017;8:139-46.
[DOI] [PubMed] [PMC(]

Bhatt D, Hazari A, Yamakawa GR, Salberg S, Sgro M, Shultz SR, et al. Investigating the cumulative
effects of A’-tetrahydrocannabinol and repetitive mild traumatic brain injury on adolescent rats.
Brain Commun. 2020;2:fcaa042. [DOI] [PubMed] [PMC(]

Fehily B, Bartlett CA, Lydiard S, Archer M, Milbourn H, Majimbi M, et al. Differential responses to
increasing numbers of mild traumatic brain injury in a rodent closed-head injury model. ]
Neurochem. 2019;149:660-78. [DOI] [PubMed]

Madathil SK, Wilfred BS, Urankar SE, Yang W, Leung LY, Gilsdorf ]S, et al. Early Microglial Activation
Following Closed-Head Concussive Injury Is Dominated by Pro-Inflammatory M-1 Type. Front
Neurol. 2018;9:964. [DOI] [PubMed] [PMC(]

Black T, Zagoog A, Roebuck A], Greba Q, Neary JP, Howland ]G, et al. Sex-specific differences in
rotarod performance and type 1 cannabinoid receptor levels in a rat model of traumatic brain injury
treated with A’-tetrahydrocannabinol. BioRxiv 487790 [Preprint]. 2022 [cited 2024 Mar 18].
Available from: https://www.biorxiv.org/content/10.1101/2022.04.11.487790v1

Belardo C, Iannotta M, Boccella S, Rubino RC, Ricciardi F, Infantino R, et al. Oral Cannabidiol Prevents
Allodynia and Neurological Dysfunctions in a Mouse Model of Mild Traumatic Brain Injury. Front
Pharmacol. 2019;10:352. [DOI] [PubMed] [PMC]

Jiang H, Li H, Cao Y, Zhang R, Zhou L, Zhou Y, et al. Effects of cannabinoid (CBD) on blood brain
barrier permeability after brain injury in rats. Brain Res. 2021;1768:147586. [DOI] [PubMed]

Sativex Oromucosal Spray [Internet]. Datapharm; [cited 2024 Mar 5]. Available from: https://www.
medicines.org.uk/emc/product/602

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 344


https://dx.doi.org/10.3389/fphar.2022.945836
http://www.ncbi.nlm.nih.gov/pubmed/36120297
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9479130
https://dx.doi.org/10.3390/ijms22168920
http://www.ncbi.nlm.nih.gov/pubmed/34445626
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8396349
https://dx.doi.org/10.1016/j.neuropharm.2017.08.017
http://www.ncbi.nlm.nih.gov/pubmed/28807673
https://dx.doi.org/10.1093/brain/awq278
http://www.ncbi.nlm.nih.gov/pubmed/20929960
https://dx.doi.org/10.1016/j.neuroscience.2010.06.056
http://www.ncbi.nlm.nih.gov/pubmed/20600638
https://dx.doi.org/10.1007/s13311-014-0304-z
http://www.ncbi.nlm.nih.gov/pubmed/25252936
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4322067
https://dx.doi.org/10.1016/j.bbi.2019.07.028
http://www.ncbi.nlm.nih.gov/pubmed/31356922
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6866665
https://dx.doi.org/10.1016/j.nbd.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19900555
https://dx.doi.org/10.18869/nirp.bcn.8.2.139
http://www.ncbi.nlm.nih.gov/pubmed/28539998
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5440923
https://dx.doi.org/10.1093/braincomms/fcaa042
http://www.ncbi.nlm.nih.gov/pubmed/32954298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7425386
https://dx.doi.org/10.1111/jnc.14673
http://www.ncbi.nlm.nih.gov/pubmed/30702755
https://dx.doi.org/10.3389/fneur.2018.00964
http://www.ncbi.nlm.nih.gov/pubmed/30498469
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6249371
https://www.biorxiv.org/content/10.1101/2022.04.11.487790v1
https://dx.doi.org/10.3389/fphar.2019.00352
http://www.ncbi.nlm.nih.gov/pubmed/31040777
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6476923
https://dx.doi.org/10.1016/j.brainres.2021.147586
http://www.ncbi.nlm.nih.gov/pubmed/34289379
https://www.medicines.org.uk/emc/product/602
https://www.medicines.org.uk/emc/product/602

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Assessment report [Internet]. Amsterdam: European Medicines Agency; c2019 [cited 2024 Mar 6].
Available from: https://www.ema.europa.eu/en/documents/assessment-report/epidyolex-epar-pu
blic-assessment-report_en.pdf

MARINOL (dronabinol) capsules, for oral use, CIII [Internet]. U.S. Food and Drug Administration;
[cited 2024 Mar 6]. Available from: https://www.accessdata.fda.gov/drugsatfda_docs/label /2017 /0
18651s0291bl.pdf

LABEL: SYNDROS—dronabinol solution [Internet]. National Institutes of Health and National Library
of Medicine; [cited 2024 Mar 5]. Available from: https://dailymed.nlm.nih.gov/dailymed/druginfo.cf
m?setid=a7801c70-995d-46a2-91ee-141ef427c6b5

LABEL: CESAMET—nabilone capsule [Internet]. National Institutes of Health and National Library of
Medicine; [cited 2024 Mar 4]. Available from: https://dailymed.nlm.nih.gov/dailymed/druglnfo.cf
m?setid=83c7ac15-ece9-47de-b83c-d575544fa449

Justice Department submits proposed regulation to reschedule marijuana [Internet]. Washington:
Office of Public Affairs US Department of Justice; [cited 2024 Mar 5]. Available from: https://www.ju
stice.gov/opa/pr/justice-department-submits-proposed-regulation-reschedule-marijuana
Compston A, Coles A. Multiple sclerosis. Lancet. 2008;372:1502-17. [DOI] [PubMed]

Lassmann H, van Horssen ], Mahad D. Progressive multiple sclerosis: pathology and pathogenesis.
Nat Rev Neurol. 2012;8:647-56. [DOI] [PubMed]

Manjaly Z, Harrison NA, Critchley HD, Do CT, Stefanics G, Wenderoth N, et al. Pathophysiological and
cognitive mechanisms of fatigue in multiple sclerosis. ] Neurol Neurosurg Psychiatry. 2019;90:
642-51. [DOI] [PubMed] [PMC]

Klotz L, Antel ], Kuhlmann T. Inflammation in multiple sclerosis: consequences for remyelination and
disease progression. Nat Rev Neurol. 2023;19:305-20. [DOI] [PubMed]

Sibaev A, Yiice B, Kemmer M, van Nassauw L, Broedl U, Allescher HD, et al. Cannabinoid-1 (CB;)
receptors regulate colonic propulsion by acting at motor neurons within the ascending motor

pathways in mouse colon. Am ] Physiol Gastrointest Liver Physiol. 2009;296:G119-28. [DOI]
[PubMed]

Sibaev A, Yuece B, Allescher HD, Saur D, Storr M, Kurjak M. The endocannabinoid anandamide
regulates the peristaltic reflex by reducing neuro-neuronal and neuro-muscular neurotransmission
in ascending myenteric reflex pathways in rats. Pharmacol Rep. 2014;66:256-63. [DOI] [PubMed]
Oliviero A, Arevalo-Martin A, Rotondi M, Garcia-Ovejero D, Mordillo-Mateos L, Lozano-Sicilia A, et al.
CB1 receptor antagonism/inverse agonism increases motor system excitability in humans. Eur
Neuropsychopharmacol. 2012;22:27-35. [DOI] [PubMed]

Maramai S, Brindisi M. Targeting Endocannabinoid Metabolism: an Arrow with Multiple Tips Against
Multiple Sclerosis. ChemMedChem. 2020;15:1985-2003. [DOI] [PubMed]

De Filippis D, Esposito G, Cirillo C, Cipriano M, De Winter BY, Scuderi C, et al. Cannabidiol reduces
intestinal inflammation through the control of neuroimmune axis. PLoS One. 2011;6:€28159. [DOI]
[PubMed] [PMC]

Harvey BS, Sia TC, Wattchow DA, Smid SD. Interleukin 17A evoked mucosal damage is attenuated by

cannabidiol and anandamide in a human colonic explant model. Cytokine. 2014;65:236-44. [DOI]
[PubMed]

Vaney C, Heinzel-Gutenbrunner M, Jobin P, Tschopp F, Gattlen B, Hagen U, et al. Efficacy, safety and
tolerability of an orally administered cannabis extract in the treatment of spasticity in patients with
multiple sclerosis: a randomized, double-blind, placebo-controlled, crossover study. Mult Scler.
2004;10:417-24. [DOI] [PubMed]

Wade DT, Robson P, House H, Makela P, Aram ]. A preliminary controlled study to determine
whether whole-plant cannabis extracts can improve intractable neurogenic symptoms. Clin Rehabil.
2003;17:21-9. [DOI] [PubMed]

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 345


https://www.ema.europa.eu/en/documents/assessment-report/epidyolex-epar-public-assessment-report_en.pdf
https://www.ema.europa.eu/en/documents/assessment-report/epidyolex-epar-public-assessment-report_en.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/018651s029lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2017/018651s029lbl.pdf
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=a7801c70-995d-46a2-91ee-141ef427c6b5
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=a7801c70-995d-46a2-91ee-141ef427c6b5
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=83c7ac15-ece9-47de-b83c-d575544fa449
https://dailymed.nlm.nih.gov/dailymed/drugInfo.cfm?setid=83c7ac15-ece9-47de-b83c-d575544fa449
https://www.justice.gov/opa/pr/justice-department-submits-proposed-regulation-reschedule-marijuana
https://www.justice.gov/opa/pr/justice-department-submits-proposed-regulation-reschedule-marijuana
https://dx.doi.org/10.1016/S0140-6736(08)61620-7
http://www.ncbi.nlm.nih.gov/pubmed/18970977
https://dx.doi.org/10.1038/nrneurol.2012.168
http://www.ncbi.nlm.nih.gov/pubmed/23007702
https://dx.doi.org/10.1136/jnnp-2018-320050
http://www.ncbi.nlm.nih.gov/pubmed/30683707
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6581095
https://dx.doi.org/10.1038/s41582-023-00801-6
http://www.ncbi.nlm.nih.gov/pubmed/37059811
https://dx.doi.org/10.1152/ajpgi.90274.2008
http://www.ncbi.nlm.nih.gov/pubmed/19033531
https://dx.doi.org/10.1016/j.pharep.2013.09.008
http://www.ncbi.nlm.nih.gov/pubmed/24911079
https://dx.doi.org/10.1016/j.euroneuro.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21571507
https://dx.doi.org/10.1002/cmdc.202000310
http://www.ncbi.nlm.nih.gov/pubmed/32762071
https://dx.doi.org/10.1371/journal.pone.0028159
http://www.ncbi.nlm.nih.gov/pubmed/22163000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3232190
https://dx.doi.org/10.1016/j.cyto.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24238999
https://dx.doi.org/10.1191/1352458504ms1048oa
http://www.ncbi.nlm.nih.gov/pubmed/15327040
https://dx.doi.org/10.1191/0269215503cr581oa
http://www.ncbi.nlm.nih.gov/pubmed/12617376

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Wade DT, Makela P, Robson P, House H, Bateman C. Do cannabis-based medicinal extracts have
general or specific effects on symptoms in multiple sclerosis? A double-blind, randomized, placebo-
controlled study on 160 patients. Mult Scler. 2004;10:434-41. [DOI] [PubMed]

Zajicek ], Fox P, Sanders H, Wright D, Vickery ], Nunn A, et al.; UK MS Research Group. Cannabinoids
for treatment of spasticity and other symptoms related to multiple sclerosis (CAMS study):
multicentre randomised placebo-controlled trial. Lancet. 2003;362:1517-26. [DOI] [PubMed]
Zajicek JP, Sanders HP, Wright DE, Vickery PJ, Ingram WM, Reilly SM, et al. Cannabinoids in multiple
sclerosis (CAMS) study: safety and efficacy data for 12 months follow up. ] Neurol Neurosurg
Psychiatry. 2005;76:1664-9. [DOI] [PubMed] [PMC(C]

Zajicek JP, Hobart JC, Slade A, Barnes D, Mattison PG; MUSEC Research Group. Multiple sclerosis and
extract of cannabis: results of the MUSEC trial. ] Neurol Neurosurg Psychiatry. 2012;83:1125-32.
[DOI] [PubMed]

Fox P, Bain PG, Glickman S, Carroll C, Zajicek ]J. The effect of cannabis on tremor in patients with
multiple sclerosis. Neurology. 2004;62:1105-9. [DOI] [PubMed]

Freeman RM, Adekanmi O, Waterfield MR, Waterfield AE, Wright D, Zajicek ]. The effect of cannabis
on urge incontinence in patients with multiple sclerosis: a multicentre, randomised placebo-

controlled trial (CAMS-LUTS). Int Urogynecol ] Pelvic Floor Dysfunct. 2006;17:636-41. [DOI]
[PubMed]

Corey-Bloom ], Wolfson T, Gamst 4, Jin S, Marcotte TD, Bentley H, et al. Smoked cannabis for
spasticity in multiple sclerosis: a randomized, placebo-controlled trial. CMAJ. 2012;184:1143-50.
[DOI] [PubMed] [PMC(]

Rog DJ, Nurmikko TJ, Friede T, Young CA. Randomized, controlled trial of cannabis-based medicine in
central pain in multiple sclerosis. Neurology. 2005;65:812-9. [DOI] [PubMed]

Russo M, Naro A, Leo A, Sessa E, D’Aleo G, Bramanti P, et al. Evaluating Sativex® in Neuropathic Pain
Management: A Clinical and Neurophysiological Assessment in Multiple Sclerosis. Pain Med. 2016;
17:1145-54. [DOI] [PubMed]

Aragona M, Onesti E, Tomassini V, Conte A, Gupta S, Gilio F, et al. Psychopathological and cognitive
effects of therapeutic cannabinoids in multiple sclerosis: a double-blind, placebo controlled,
crossover study. Clin Neuropharmacol. 2009;32:41-7. [DOI] [PubMed]

Svendsen KB, Jensen TS, Bach FW. Does the cannabinoid dronabinol reduce central pain in multiple
sclerosis? Randomised double blind placebo controlled crossover trial. BMJ]. 2004;329:253. [DOI]
[PubMed] [PMC]

Nurmikko TJ, Serpell MG, Hoggart B, Toomey PJ, Morlion BJ, Haines D. Sativex successfully treats
neuropathic pain characterised by allodynia: a randomised, double-blind, placebo-controlled clinical
trial. Pain. 2007;133:210-20. [DOI] [PubMed]

Selvarajah D, Gandhi R, Emery CJ, Tesfaye S. Randomized placebo-controlled double-blind clinical
trial of cannabis-based medicinal product (Sativex) in painful diabetic neuropathy: depression is a
major confounding factor. Diabetes Care. 2010;33:128-30. [DOI] [PubMed] [PMC]

Blake DR, Robson P, Ho M, Jubb RW, McCabe CS. Preliminary assessment of the efficacy, tolerability
and safety of a cannabis-based medicine (Sativex) in the treatment of pain caused by rheumatoid
arthritis. Rheumatology (Oxford). 2006;45:50-2. [DOI] [PubMed]

Ware MA, Wang T, Shapiro S, Robinson A, Ducruet T, Huynh T, et al. Smoked cannabis for chronic
neuropathic pain: a randomized controlled trial. CMA]J. 2010;182:E694-701. [DOI] [PubMed] [PMC]
Wilsey B, Marcotte T, Deutsch R, Gouaux B, Sakai S, Donaghe H. Low-dose vaporized cannabis
significantly improves neuropathic pain. | Pain. 2013;14:136-48. [DOI] [PubMed] [PMC(]

Wallace MS, Marcotte TD, Umlauf A, Gouaux B, Atkinson JH. Efficacy of Inhaled Cannabis on Painful
Diabetic Neuropathy. ] Pain. 2015;16:616-27. [DOI] [PubMed] [PMC(]

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 346


https://dx.doi.org/10.1191/1352458504ms1082oa
http://www.ncbi.nlm.nih.gov/pubmed/15327042
https://dx.doi.org/10.1016/S0140-6736(03)14738-1
http://www.ncbi.nlm.nih.gov/pubmed/14615106
https://dx.doi.org/10.1136/jnnp.2005.070136
http://www.ncbi.nlm.nih.gov/pubmed/16291891
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1739436
https://dx.doi.org/10.1136/jnnp-2012-302468
http://www.ncbi.nlm.nih.gov/pubmed/22791906
https://dx.doi.org/10.1212/01.wnl.0000118203.67138.3e
http://www.ncbi.nlm.nih.gov/pubmed/15079008
https://dx.doi.org/10.1007/s00192-006-0086-x
http://www.ncbi.nlm.nih.gov/pubmed/16552618
https://dx.doi.org/10.1503/cmaj.110837
http://www.ncbi.nlm.nih.gov/pubmed/22586334
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3394820
https://dx.doi.org/10.1212/01.wnl.0000176753.45410.8b
http://www.ncbi.nlm.nih.gov/pubmed/16186518
https://dx.doi.org/10.1093/pm/pnv080
http://www.ncbi.nlm.nih.gov/pubmed/26764336
https://dx.doi.org/10.1097/WNF.0B013E3181633497
http://www.ncbi.nlm.nih.gov/pubmed/18978501
https://dx.doi.org/10.1136/bmj.38149.566979.AE
http://www.ncbi.nlm.nih.gov/pubmed/15258006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC498019
https://dx.doi.org/10.1016/j.pain.2007.08.028
http://www.ncbi.nlm.nih.gov/pubmed/17997224
https://dx.doi.org/10.2337/dc09-1029
http://www.ncbi.nlm.nih.gov/pubmed/19808912
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2797957
https://dx.doi.org/10.1093/rheumatology/kei183
http://www.ncbi.nlm.nih.gov/pubmed/16282192
https://dx.doi.org/10.1503/cmaj.091414
http://www.ncbi.nlm.nih.gov/pubmed/20805210
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2950205
https://dx.doi.org/10.1016/j.jpain.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23237736
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3566631
https://dx.doi.org/10.1016/j.jpain.2015.03.008
http://www.ncbi.nlm.nih.gov/pubmed/25843054
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5152762

91.

92.

93.

94.

95.

96.

97.

98.

99,

100.

101.

102.

103.

104.

105.

106.

107.

108.

Kraft B, Frickey NA, Kaufmann RM, Reif M, Frey R, Gustorff B, et al. Lack of analgesia by oral
standardized cannabis extract on acute inflammatory pain and hyperalgesia in volunteers.
Anesthesiology. 2008;109:101-10. [DOI] [PubMed]

Xu DH, Cullen BD, Tang M, Fang Y. The Effectiveness of Topical Cannabidiol Oil in Symptomatic Relief

of Peripheral Neuropathy of the Lower Extremities. Curr Pharm Biotechnol. 2020;21:390-402. [DOI]
[PubMed]

Vela ], Dreyer L, Petersen KK, Arendt-Nielsen L, Duch KS, Kristensen S. Cannabidiol treatment in
hand osteoarthritis and psoriatic arthritis: a randomized, double-blind, placebo-controlled trial.
Pain. 2022;163:1206-14. [DOI] [PubMed]

Bawa Z, Lewis D, Gavin PD, Libinaki R, Joubran L, EI-Tamimy M, et al. An open-label feasibility trial of
transdermal cannabidiol for hand osteoarthritis. Sci Rep. 2024;14:11792. [DOI] [PubMed] [PMC(]
Benito C, Nuiiez E, Pazos MR, Tolén RM, Romero J. The endocannabinoid system and Alzheimer’s
Disease. Mol Neurobiol. 2007;36:75-81. [DOI] [PubMed]

Ramirez BG, Blazquez C, Pulgar TGd, Guzman M, de Ceballos ML. Prevention of Alzheimer’s Disease
pathology by cannabinoids: neuroprotection mediated by blockade of microglial activation. ]
Neurosci. 2005;25:1904-13. [DOI] [PubMed] [PMC]

Benito C, Nuilez E, Tolén RM, Carrier E], Rdbano A, Hillard C], et al. Cannabinoid CB, receptors and
fatty acid amide hydrolase are selectively overexpressed in neuritic plaque-associated glia in
Alzheimer’s Disease brains. ] Neurosci. 2003;23:11136-41. [DOI] [PubMed] [PMC]

Solas M, Francis PT, Franco R, Ramirez M]. CB, receptor and amyloid pathology in frontal cortex of
Alzheimer’s Disease patients. Neurobiol Aging. 2013;34:805-8. [DOI] [PubMed]

Tolén RM, Nuiiez E, Pazos MR, Benito C, Castillo Al, Martinez-Orgado JA, et al. The activation of
cannabinoid CB, receptors stimulates in situ and in vitro beta-amyloid removal by human
macrophages. Brain Res. 2009;1283:148-54. [DOI] [PubMed]

Herrmann N, Ruthirakuhan M, Gallagher D, Verhoeff NPLG, Kiss A, Black SE, et al. Randomized
Placebo-Controlled Trial of Nabilone for Agitation in Alzheimer’s Disease. Am ] Geriatr Psychiatry.
2019;27:1161-73. [DOI] [PubMed]

Charernboon T, Lerthattasilp T, Supasitthumrong T. Effectiveness of Cannabinoids for Treatment of
Dementia: A Systematic Review of Randomized Controlled Trials. Clin Gerontol. 2021;44:16-24.
[DOI] [PubMed]

van den Elsen GAH, Ahmed AIA, Verkes R], Feuth T, van der Marck MA, Olde Rikkert MGM.
Tetrahydrocannabinol in Behavioral Disturbances in Dementia: A Crossover Randomized Controlled
Trial. Am ] Geriatr Psychiatry. 2015;23:1214-24. [DOI] [PubMed]

van den Elsen GA, Ahmed Al, Verkes R], Kramers C, Feuth T, Rosenberg PB, et al.
Tetrahydrocannabinol for neuropsychiatric symptoms in dementia: A randomized controlled trial.
Neurology. 2015;84:2338-46. [DOI] [PubMed] [PMC]

Volicer L, Stelly M, Morris ], McLaughlin ], Volicer B]. Effects of dronabinol on anorexia and disturbed
behavior in patients with Alzheimer’s Disease. Int | Geriatr Psychiat. 1997;12:913-9. [PubMed]
Walther S, Mahlberg R, Eichmann U, Kunz D. Delta-9-tetrahydrocannabinol for nighttime agitation in
severe dementia. Psychopharmacology (Berl). 2006;185:524-8. [DOI] [PubMed]

Jung K, Astarita G, Yasar S, Vasilevko V, Cribbs DH, Head E, et al. An amyloid ,,-dependent deficit in
anandamide mobilization is associated with cognitive dysfunction in Alzheimer’s Disease. Neurobiol
Aging. 2012;33:1522-32. [DOI] [PubMed] [PMC]

Hua DY, Hindocha C, Baio G, Lees R, Shaban N, Morgan (], et al. Effects of cannabidiol on anandamide
levels in individuals with cannabis use disorder: findings from a randomised clinical trial for the
treatment of cannabis use disorder. Transl Psychiatry. 2023;13:131. [DOI] [PubMed] [PMC(]
Akinyemi E, Randhawa G, Longoria V, Zeine R. Medical Marijuana Effects in Movement Disorders,

Focus on Huntington Disease; A Literature Review. ] Pharm Pharm Sci. 2020;23:389-95. [DOI]
[PubMed]

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 347


https://dx.doi.org/10.1097/ALN.0b013e31817881e1
http://www.ncbi.nlm.nih.gov/pubmed/18580179
https://dx.doi.org/10.2174/1389201020666191202111534
http://www.ncbi.nlm.nih.gov/pubmed/31793418
https://dx.doi.org/10.1097/j.pain.0000000000002466
http://www.ncbi.nlm.nih.gov/pubmed/34510141
https://dx.doi.org/10.1038/s41598-024-62428-x
http://www.ncbi.nlm.nih.gov/pubmed/38783008
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC11116491
https://dx.doi.org/10.1007/s12035-007-8006-8
http://www.ncbi.nlm.nih.gov/pubmed/17952652
https://dx.doi.org/10.1523/JNEUROSCI.4540-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15728830
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6726060
https://dx.doi.org/10.1523/JNEUROSCI.23-35-11136.2003
http://www.ncbi.nlm.nih.gov/pubmed/14657172
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6741043
https://dx.doi.org/10.1016/j.neurobiolaging.2012.06.005
http://www.ncbi.nlm.nih.gov/pubmed/22763024
https://dx.doi.org/10.1016/j.brainres.2009.05.098
http://www.ncbi.nlm.nih.gov/pubmed/19505450
https://dx.doi.org/10.1016/j.jagp.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31182351
https://dx.doi.org/10.1080/07317115.2020.1742832
http://www.ncbi.nlm.nih.gov/pubmed/32186469
https://dx.doi.org/10.1016/j.jagp.2015.07.011
http://www.ncbi.nlm.nih.gov/pubmed/26560511
https://dx.doi.org/10.1212/WNL.0000000000001675
http://www.ncbi.nlm.nih.gov/pubmed/25972490
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4464746
http://www.ncbi.nlm.nih.gov/pubmed/9309469
https://dx.doi.org/10.1007/s00213-006-0343-1
http://www.ncbi.nlm.nih.gov/pubmed/16521031
https://dx.doi.org/10.1016/j.neurobiolaging.2011.03.012
http://www.ncbi.nlm.nih.gov/pubmed/21546126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3154439
https://dx.doi.org/10.1038/s41398-023-02410-9
http://www.ncbi.nlm.nih.gov/pubmed/37085531
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC10121552
https://dx.doi.org/10.18433/jpps30967
http://www.ncbi.nlm.nih.gov/pubmed/33064979

109.

110.

111.

112.

113.

114.

115.

Consroe P, Laguna ], Allender ], Snider S, Stern L, Sandyk R, et al. Controlled clinical trial of
cannabidiol in Huntington’s disease. Pharmacol Biochem Behav. 1991;40:701-8. [DOI] [PubMed]
Chagas MH, Zuardi AW, Tumas V, Pena-Pereira MA, Sobreira ET, Bergamaschi MM, et al. Effects of
cannabidiol in the treatment of patients with Parkinson’s disease: an exploratory double-blind trial. ]
Psychopharmacol. 2014;28:1088-98. [DOI] [PubMed]

Zuardi AW, Crippa JA, Hallak JE, Pinto JP, Chagas MH, Rodrigues GG, et al. Cannabidiol for the
treatment of psychosis in Parkinson’s disease. ] Psychopharmacol. 2009;23:979-83. [DOI] [PubMed]
Leehey MA, Liu Y, Hart F, Epstein C, Cook M, Sillau S, et al. Safety and Tolerability of Cannabidiol in
Parkinson Disease: An Open Label, Dose-Escalation Study. Cannabis Cannabinoid Res. 2020;5:
326-36. [DOI] [PubMed] [PMC(]

Knoller N, Levi L, Shoshan I, Reichenthal E, Razon N, Rappaport ZH, et al. Dexanabinol (HU-211) in
the treatment of severe closed head injury: a randomized, placebo-controlled, phase II clinical trial.
Crit Care Med. 2002;30:548-54. [DOI] [PubMed]

Maas Al, Murray G, Henney H 3rd, Kassem N, Legrand V, Mangelus M, et al. Efficacy and safety of
dexanabinol in severe traumatic brain injury: results of a phase IIl randomised, placebo-controlled,
clinical trial. Lancet Neurol. 2006;5:38-45. [DOI] [PubMed]

Varshneya NB, Taylor CL, Schutzer WE, Kozell LB, Schmachtenberg JL, Eshleman A], et al. Binding
Affinity and Functional Activity of 24 Emerging Cannabinoids at the CB1 Receptor and Safety-
Related Targets. College on Problems of Drug Dependence. CPDD 2024: Proceedings of the College
on Problems of Drug Dependence (CPDD) 86th Annual Scientific Meeting; 2024 Jun 15-19; Montreal,
Canada. Poster M38.

Explor Neuroprot Ther. 2024;4:325-48 | https://doi.org/10.37349 /ent.2024.00087 Page 348


https://dx.doi.org/10.1016/0091-3057(91)90386-g
http://www.ncbi.nlm.nih.gov/pubmed/1839644
https://dx.doi.org/10.1177/0269881114550355
http://www.ncbi.nlm.nih.gov/pubmed/25237116
https://dx.doi.org/10.1177/0269881108096519
http://www.ncbi.nlm.nih.gov/pubmed/18801821
https://dx.doi.org/10.1089/can.2019.0068
http://www.ncbi.nlm.nih.gov/pubmed/33381646
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7759259
https://dx.doi.org/10.1097/00003246-200203000-00009
http://www.ncbi.nlm.nih.gov/pubmed/11990913
https://dx.doi.org/10.1016/S1474-4422(05)70253-2
http://www.ncbi.nlm.nih.gov/pubmed/16361021

	Abstract
	Keywords
	Introduction
	Non-clinical evidence for phytocannabinoid modulation of neuroinflammation and antioxidant activity
	Models of inflammation and pain
	Models of ALS
	Models of Alzheimer’s disease
	Models of Parkinson’s disease
	Models of Huntington’s disease
	Models of autoimmune encephalomyelitis
	Models of cerebral hypoxia, ischemia and brain injury
	Summary of the non-clinical studies

	Clinical evidence for the therapeutic role of phytocannabinoids in neuroinflammatory conditions
	Multiple sclerosis
	Pain
	Alzheimer’s disease
	Huntington’s disease and Parkinson’s disease
	Traumatic brain injury
	Summary of clinical trial results with phytocannabinoids

	Conclusions
	Abbreviations
	Declarations
	Author contributions
	Conflicts of interest
	Ethical approval
	Consent to participate
	Consent to publication
	Availability of data and materials
	Funding
	Copyright

	References

