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ARTICLE INFO ABSTRACT

Keywords: The endocannabinoid system (ECS) is a ubiquitous physiological system that plays a crucial role in maintaining
Cannabinoid receptor 2 CNS homeostasis and regulating its functions. It includes cannabinoid receptors (CBRs), endogenous cannabi-
NeuroHIV

noids (eCBs), and the enzymes responsible for their synthesis and degradation. In recent years, growing evidence
has highlighted the therapeutic potential of the ECS and CBRs, in a wide range of severe diseases and patho-
logical conditions, including Alzheimer’s and Parkinson’s diseases, Amyotrophic Lateral Sclerosis, Multiple
Sclerosis, Huntington’s Disease, HIV-1 associated neurocognitive disorders, neuropathic pain and migraine.
Targeting the cannabinoid type 2 receptor (CB2R) has gained attention due to its ability to (i) mitigate neuro-
inflammatory responses, (ii) regulate mitochondrial function and (iii) provide trophic support, all without
eliciting the psychotropic actions associated with CB1R activation. This review aims to explore the potential of
CB2R modulation as a strategy for the prevention and treatment of neurologic disorders, exploring both pre-
clinical and clinical findings.
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1. Introduction

The endocannabinoid system (ECS), discovered in 1988 by Allyn
Howlett and William A. Devane, is a key physiological system that
regulates various processes crucial for human health [1].

ECS consists of three main components including (i) endogenous
endocannabinoids (eCBs), namely anandamide (AEA), 2-arachidonoyl-
glycerol (2-AG), virodhamine (O-AEA), N-arachidonoyldopamine
(NADA), N-oleoylethanolamide (OEA) and N-palmitoylethanolamide
(PEA) (Table 1), (ii) cannabinoid receptors (mainly CB1R and CB2R, but
also the recently found orphan receptor GPR55) and (iii) various en-
zymes required for synthesizing and degrading eCBs [2-4]. More
recently, nuclear receptors such as peroxisome proliferation-activated
receptors (PPARs) have been recognized as interacting with the ECS
[5]. Additionally, the non-selective cation channel type 1 vanilloid re-
ceptor (TRPV1) [6] has also been identified as an endocannabinoid
receptor.

CB receptors (CBRs) are implicated in various physiological pro-
cesses and have gained attention as promising therapeutic targets for

several diseases. Interestingly, CB1R and CB2R are phylogenetically

ancient and different studies suggest that CBRs occur in mammals, birds,

amphibians, fish, sea urchins, molluscs, leeches and Hydra vulgaris [16].
CBRs are widely expressed in several tissues:

e CBIR, initially identified in rats [1], is encoded by the gene Cnr1 and
consists of 472 amino acids. CB1R is the most abundant in the central
nervous system (CNS), in adipocytes and the pituitary gland.

e CB2R, discovered in 1993, consists of 360 amino acids and is enco-
ded by the gene Cnr2. Although initially thought to be restricted to
peripheral tissues (it was originally named the ‘peripheral cannabi-
noid receptor’), mainly expressed in intestinal and lymphoid tissue
[17]; however, recent research has revealed that the CB2R is also
expressed in the CNS, where its role in neurodegenerative diseases is
under active investigation [18].

Both receptors belong to the A class of G-protein-coupled receptors
(GPCR) sharing about 44 % of sequence homology and 68 % of ho-
mology in their transmembrane domains. The main differences concern
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Table 1
Endogenous endocannabinoids and biological activities in relation to binding to
specific receptors.

eCBs Name Activity Effects References
Agonist/
Antagonist

N-arachidonoyl- TRPV1 - Treatment of [71
ethanolamide/ - < CB1 inflammatory, [8]
Anandamide (AEA) - < < CB2 respiratory and [9]

cardiovascular
disorders

- Antiproliferative
action

- Regulation of
autoimmune disease

2-arachidonic glycerol (2- CB1-CB2 - Modulation of pain [10]
AG)

O-arachidonoyl CB2 - Regulation of [11]
ethanolamine/ CB1 inflammation [12]
Virodhamine
(O-AEA)

N-arachidonoyldopamine CB1 - Role in nociception [13]
(NADA) and inflammation

N-oleoylethanolamide TRPV1- - Inhibition of food [14]
(OEA) PPAR«x intake

GPR119 - Reduction of body
weight
- Modulation of lipid
and glucose
metabolism

N-Palmitoylethanolamide PPAR« - Anti-inflammatory [15]
(PEA) GPR55 actions

GPR119

the N-terminal domain, the second extracellular loop (ECL2), and the C-
terminal domain [19]. The CB1R and CB2R are primarily coupled to
inhibitory Goi/o proteins, but may also interact with stimulatory G
proteins such as Gas and Gaq/11 depending on the cell or tissue type
[20]. GPCR activation typically leads to phosphorylation of G protein
receptor kinases (GRKs), which in turn recruit p-arrestins 1 and 2,
thereby triggering receptor desensitization and internalization [21,22].

Besides the classical signal pathways, both receptors exhibit non-
canonical signalling; for instance, CB2R activation in endothelial cells
and insulinoma f-cells results in calcium level increases mediated by a
PLC pathway [6,23]. Evidence suggests that CBIR and CB2R can form
heterodimers, which may affect their signalling properties; for example,
CB2R antagonists have been shown to block CB1R-mediated effects, and
vice versa [24]. Additionally, the CB2R can form heterodimers with
other receptors such as the C-X-C Motif Chemokine Receptor 4 (CXCR4)
[25].

Although extensive research is still required, recent investigation of
ECS activity has shown therapeutic promise in a wide range of different
diseases and pathological conditions, ranging from mood and anxiety
disorders, motor disorders such as Parkinson’s and Huntington’s Dis-
ease, neuropathic pain, multiple sclerosis and spinal cord injury, cancer,
atherosclerosis, and many other conditions [26,27].

2. Differential expression of CB2R in the neural cells

CB2R is differentially expressed in various neuronal cell types, with
notable variations across the CNS. Recent evidence has revealed sig-
nificant expression of CB2R in CNS cells, particularly in microglia and
neurons.

2.1. CB2R Expression in Microglia

CB2R was originally considered the “peripheral receptor”, due to its
high expression in the immune system and spleen [22,28]. However,
advancements in molecular biology techniques allowed for the detection
of CB2R in the brain, both at mRNA and protein levels [29,30]. Initial
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evidence of CB2R expression in the CNS emerged from studies on
microglia, the brain resident immune cells [31-33]. Microglial CB2R
expression varies upon cell activation state; it is low or undetectable in
resting microglia, but significantly increases upon activation [28,31,32,
34,35]. Since CB2R primarily mediates the immunosuppressive and
anti-inflammatory effects of ECS [36], its activation is thought to
modulate neuroinflammation by promoting a switch in microglial
phenotype from a pro-inflammatory state to a protective one [37]. In
activated microglia, CB2R stimulation leads to increased production of
endocannabinoids such as 2-AG and AEA, which enhances the
anti-inflammatory response through downstream CB1R and CB2R sig-
nalling cascades [27,32]. This dynamic regulation of CB2R underscores
its functional significance in neuroinflammation and highlights its po-
tential as a therapeutic target.

Notably, microglia not only express CB2R but also synthesize and
degrade eCBs. Microglia express biosynthetic enzymes like NAPE-PLD,
DAGLa, and DAGLB and degrading enzymes like FAAH and MAGL,
which hydrolyze 2-AG and AEA into arachidonic acid and ethanolamine,
respectively [22,28,30,31,33,34,38-41]. Under neuroinflammatory
conditions, microglia can produce approximately 20 times more eCBs
than neurons and other glial cells in vitro, making them the main cellular
source of eCBs in these conditions [32]. This ability highlights CB2R as a
promising therapeutic target for neuroinflammatory conditions, where
its activation may help restore the balance between the beneficial and
harmful effects of inflammation, ultimately promoting neuroprotection
and functional recovery [42-46].

2.2. Role of CB2R in neuronal cells

Beyond inflammation control, CB2R modulates neuronal activity,
impacting neuronal excitability, synaptic transmission and plasticity,
neurotransmitter release, ionic currents and membrane potential. Elec-
trophysiological studies demonstrated that CB2R activation reduces
neuronal excitability in various brain regions [47,48], modulating also
neurotransmitter release. CB2R neuroprotective effects vary within a
region- and in a cell type-specific manner, impacting neurons, astro-
cytes, microglia, and oligodendrocytes, thus influencing neuro-
degeneration, protection, and repair.

In vitro studies have shown that CB2R activation reduces the release
of neurotransmitter, such as GABA, glutamate and dopamine in the
nucleus accumbens [49-51]. In contrast, CB2R activation increased
dopamine and serotonin levels in a rodent model of Parkinson’s disease
and reduced ischemia-induced glutamate release in the hippocampus
[52]. Several studies have also shown that CB2R activation regulates
calcium influx [47,53] and interacts with ion channels such as GIRKs
and HCN channels [47,54]. Moreover, CB2R influences synaptic plas-
ticity by regulating long-lasting hyperpolarization in hippocampal CA3
pyramidal neurons and cortical interneurons [55].

Several findings highlight CB2R’s potential in treating neurodegen-
erative disorders like Parkinson’s and Alzheimer’s by preventing
neuronal apoptosis and degeneration. In models of AD, PD, and
ischemia, CB2R agonists such as WIN55,212-2 and beta-caryophyllene
reduced oxidative stress, prevented neuronal apoptosis, and modu-
lated neuroinflammatory pathways [56-58]. In AD models, chronic
CB2R activation protected long-term potentiation (LTP) in hippocampal
neurons [59].

Overall, CB2R represents a promising target for developing treat-
ments for oxidative stress-related neurological and inflammatory
disorders.

2.3. CB2R Expression in Neurons

CB2R expression in neurons remains controversial due to limitations
in detection specificity. To date, both CB2R mRNA and protein have
been detected in several brain regions and cell types under physiological
conditions [29,60].
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Techniques like Reverse Transcription-quantitative real-time Poly-
merase Chain Reaction (RT-qPCR) and in situ hybridization (ISH) have
consistently demonstrated the presence of CB2R mRNA in the neocortex,
amygdala, nucleus accumbens, ventral tegmental area (VTA), globus
pallidus, brainstem, hippocampus, cerebellum, hypothalamus and retina
[29,60-62].

Using RT-qPCR and a highly sensitive in situ hybridization technique
(RNAscope), Li and colleagues [28] showed that CB2R mRNA is
expressed in both glutamatergic and GABAergic hippocampal neurons in
mice, with no significant age-related changes from one week of age to
adulthood. Moreover, consistent with previous results, they did not
detect CB2R mRNA in microglia of healthy animals [28].

2.4. Improving Specificity and Sensitivity in CB2R Protein Detection

Different studies have also reported the presence of CB2R protein in
the same regions where CB2R mRNA is detected, including the hippo-
campus, VTA, brainstem, retina, cerebellum, amygdala and hypothala-
mus [29]. However, limitations in antibody specificity and sensitivity
cause challenges in reliable detection of CB2R protein [28,29,62].

The use of CB2R-knockout (CB2R”") mice could represent a prom-
ising model for investigation of solution to investigate CB2R specificity
in the brain [28,60,63]. The first CB2R”" mice, developed by Buckley
and colleagues [64], have been used to map CB2R tissue functions,
assessing its involvement in different physiological processes and dis-
eases, and verifying the specificity of CB2R agonists, antagonists and
antibodies [63]. Studies have confirmed CB2R expression in different
brain regions of wild-type mice, but not in the corresponding regions of
CB2R”" mice, highlighting the specificity of CB2R in the brain [18,63].

2.5. CBI1R-CB2R Cross-Talk in Neural Cells

The cross-talk between CB1 and CB2 receptors (CB1R-CB2R) in
neural cells represents a complex interplay that modulates various
physiological and pathological processes, including neuroprotection,
neuroinflammation, and synaptic plasticity.

The mode of this interaction is not unique but there are several
mechanisms to explain CB1R-CB2R cross-talk:

1. CB1R-CB2R Heterodimerization. Studies have shown that CB1R and
CB2R can form functional heterodimers in neural cells. This direct
receptor-receptor interaction modulates intracellular signalling,
influencing pathways such as Akt phosphorylation and neurite
outgrowth [24,65].

2. Intracellular Signalling Convergence. Despite CBI1R and CB2R
coupling to different G-proteins (CB1R mainly to Gi/o and CB2R
primarily to Gi), their downstream pathways often overlap, influ-
encing ERK/MAPK, PI3K/Akt, and NF-xB signalling. These in-
teractions fine-tune responses related to cell survival, inflammation,
and oxidative stress [24].

3. Ligand-Dependent Modulation. Endocannabinoids such as 2-AG and
AEA can activate both CB1R and CB2R, leading to context-dependent
effects. For example, CB1R activation promotes neuroprotection,
whereas CB2R activation primarily modulates neuroinflammatory
responses [62].

4. Interaction with Other Receptor Systems. CB1R and CB2R cross-talk
with other receptor systems, such as somatostatin receptors (SSTRs).
Activation of either SSTRs or CB1R leads to neuroprotective effects
by modulating cell survival pathways, particularly ERK1/2, against
quinolinic acid-induced excitotoxicity [66].

From the point of view of functional implications, the CB1R-CB2R
crosstalk affects neurogenesis in key neurogenic niches, such as the
subventricular zone (SVZ) and the dentate gyrus (DG). This interplay
regulates proliferation, differentiation, and migration of neural pro-
genitor cells [67]. Moreover, the interaction between CB1R and CB2R
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plays a crucial role in neuroprotection and neuroimmune modulation,
and presents a significant therapeutic potential for neurodegenerative
and neuroinflammatory diseases [65,68].

Collectively, these findings suggest CB2R as a promising therapeutic
target for modulating neuroinflammation. However, it is essential to
note that ECS components in microglia vary depending on the specific
type of pathology. Therefore, to optimize future possible therapies,
further studies are needed in order to define more explicitly how
microglia and the ECS interact in different developmental stages of each
CNS disorder.

3. CB2R as a therapeutic target

The endocannabinoid system (ECS) exerts multiple physiological and
pathophysiological effects, thereby making its components promising
drug targets for various conditions [3,69-71]. Among these effects,
CB2R has gained significant attention due to its antioxidant,
anti-inflammatory, immunomodulatory and anti-apoptotic properties
demonstrated in the absence of the adverse psychotropic effects typi-
cally associated with CB1R activation [72].

The development of agonists and antagonists targeting CB1R and
CB2R has become a dynamic field of research; while CB1R agonists show
potential in treating pain, inflammation, multiple sclerosis, and neuro-
degenerative diseases, CB1R antagonists may be beneficial for treating
obesity-related metabolic disorders, mental health issues, liver fibrosis,
and nicotine addiction [73]. Similarly, CB2R agonists are being inves-
tigated for treating inflammatory and neuropathic pain, neuro-
inflammation, and neurodegenerative pathologies, and modulating
immune system responses [20]. Unlike CBIR, targeting CB2R offers
therapeutic benefits without psychotropic effects, making it an attrac-
tive target in conditions requiring long-term treatment.

Despite these advances, a critical issue to address is the development
of ligands that selectively target CB2R over CB1R, as many current
compounds lack receptor specificity [20]. To address this issue, recent
advancements in molecular modeling, including modern molecular dy-
namics simulations and computational approaches, have been helpful in
predicting binding affinities and identifying receptor-subtype-specific
compounds. These methods provide new insights into drug-receptor
interactions at the atomic level, offering valuable data for the design
of selective CB1R and CB2R ligands. Moreover, analyzing the free en-
ergy of ligand-residue interactions allowed the identification of specific
binding sites, helping to design modulators that are potent, selective,
and functionally specific for each receptor subtype [74].

In conclusion, while CB2R represents a promising therapeutic target
for a wide range of conditions, further research into its structure and the
development of receptor-specific ligands are critical steps toward real-
izing its full therapeutic potential.

4. Targeting the endocannabinoid system for the treatment of
neurodegenerative diseases

The ECS could slow neurodegenerative disease progression through
its anti-inflammatory, neuroprotective, and anti-apoptotic effects,
which are of particular interest in conditions characterized by chronic
neuroinflammation and immune activation. The following sections
discuss ECS activities in specific conditions, highlighting their thera-
peutic potential across a spectrum of neurodegenerative and psychiatric
disorders.

4.1. NeuroHIV

The term HIV-1 associated neurocognitive disorders (HAND) was
introduced in 2007 [75] and refers to a range of cognitive disorders that
include mainly three subtypes: (i) HIV-associated dementia (HAD), (ii)
minor neurocognitive disorders (MND), and (iii) asymptomatic neuro-
cognitive impairments (ANI) [76]. In the past, the occurrence of
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neurocognitive disorders, particularly HAD and HIV encephalitis (HIVE)
was high in HIV patients, as emerged at autopsy [76,77]. Although the
introduction of combined antiretroviral therapy (cART), has signifi-
cantly reduced the incidence of severe HAD and HIVE [78], the preva-
lence of the milder forms of HAND still remains high. By impairing
executive functions, HAND can impact the quality of life, memory
consolidation, decision-making ability, attention and mood [79]. The
persistence of HAND can be traced to two factors: (i) cART does not fully
eradicate HIV [80] allowing the virus to remain latent in various cells
including microglial cells, triggering neuroinflammation [81], and (ii)
cART drugs have limited penetration into the CNS [82]. Upon HIV
infection, microglial cells secrete several inflammatory factors,
including the viral trans-activating protein Tat, which causes the release
of chemokines, cytokines, and a chemotactic response that recruit un-
infected microglia, expanding the neuroinflammatory process.

CB2R, expressed at low levels in microglia and neurons, is dynami-
cally upregulated in response to CNS inflammation [83,84]. Studies on
white matter from HIV patients with HIVE have revealed increased
expression of CB2R in microglia, astrocytes, and perivascular macro-
phages [85]. Accordingly, in the cortical tissue of SIV-infected rhesus
macaques, CB2R upregulation was reported in perivascular mono-
cytes/macrophages and microglia [86]. This upregulation may repre-
sent an anti-inflammatory response, which is common in various
neuronal insults, including those induced by bacterial or viral inflam-
matory mediators and neurotoxins [87].

Interestingly, several in vitro studies suggest that CB2R upregulation
could regulate microglial activity, shifting it to an anti-inflammatory,
pro-healing state and promoting its migration to the site of the injury
[84]. In contrast, CB2R agonists can inhibit microglial migration in
response to harmful stimuli, such as (i) viral products [53], (ii) synapse
loss induced by HIV-1 envelope glycoprotein 120 (gp120) [88,89] and
(iii) activation of the NLRP3 inflammasome [90] potentially blunting
neuroinflammation. Thus, CB2R may represent a promising therapeutic
target in multiple neuropathological conditions. Since CB2R is endowed
with neuroprotective effects and lacks psychotropic effects, many efforts
have been made to develop ligands for CB2R, including synthetic can-
nabinoids and p-caryophyllene (BCP) a natural cannabinoid ligand,
abundant in cannabis and non-cannabis plants, including spices and
other edible plants [91].

Despite promising preclinical findings, the clinical use of CB2R ag-
onists remains limited [92]; to illustrate, only a single pilot study has
tested the effects of oral cannabinoids in HIV patients, and demonstrated
a favorable safety profile and anti-inflammatory properties [93].

4.2. Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common form of age-related
dementia and represents a major challenge in public health. Over the
past few decades, the prevalence of AD has increased exponentially,
affecting millions of individuals worldwide and significantly impacting
the lives of patients and their families [94]. AD is characterized by a
progressive cognitive decline, severely impairing memory, abstract
thinking, communication and executive function. At the neuropatho-
logical level, the disease is defined by two hallmarks including extra-
cellular beta-amyloid (AB) plaques, which result from altered amyloid
precursor protein (APP) processing, and intracellular neurofibrillary
tangles composed of hyperphosphorylated tau protein [95]. These
pathological markers play a pivotal role in the definitive diagnosis of AD
and are closely associated with the progression of symptoms [94].
Another key feature of AD is glial activation, intimately linked to neu-
roinflammation, which recent discoveries have highlighted as a critical
factor in disease progression [96]. Recent studies emphasized earlier
involvement of the immune system, prompting a re-evaluation of the
role of microglial cells. As a result, innovative therapies aim to slow
degeneration by targeting not only neurons but also glial cells, partic-
ularly microglia and astrocytes, due to their key role in
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neuroinflammation in AD and other neurodegenerative diseases.

The lack of effective pharmacological treatment for AD has encour-
aged research to explore novel therapeutic avenues, including the
intriguing field of cannabinoids. Alterations in the ECS have been
observed in AD [97], and eCBs have gathered increasing interest for
their potential involvement in this condition [98-100]. Preliminary
studies have indicated that eCBs, such as cannabidiol (CBD) and
delta-9-tetrahydrocannabinol (A9-THC) could possess neuroprotective
and anti-inflammatory effects that might slow the progression of AD
[101,102]. Although the role of the ECS in AD remains contraversial, a
case-report study has shown that microdoses of a cannabis extract
ameliorated mnemonic and non-mnemonic AD symptoms, as assessed
by the Mini-Mental State Examination and Alzheimer’s Disease Assess-
ment Scale-Cognitive Subscale [103].

In AD patients, the expression of CB2R is upregulated in microglia of
neuritic plaques in regions such as the hippocampus and entorhinal
cortex [99,104]. This suggests that CB2R could be involved in the in-
flammatory processes associated with AD. Administration of CB2R ag-
onists seems to reduce microglial activation and the release of
proinflammatory cytokines, such as tumor necrosis factor (TNF)-a,
triggered by exposure to AP fibrils, both in vitro and in vivo [99,
105-107]. Notably, post-mortem examination of brains from AD pa-
tients have revealed an up-regulation of CB2R in cells connected to
AB-enriched neuritic plaques [87,99,108], further implicating CB2R in
the inflammatory response.

Moreover, given the multifactorial nature of AD, exploring thera-
peutic combinations that target CB2R alongside other modalities, such
as immunomodulatory or conventional treatments, may enhance effi-
cacy. For instance, combining CB2R agonists with drugs that modulate
neurotransmission or reduce amyloid-beta (Af) accumulation could
slow disease progression more effectively.

While the CB2R remains the main target, future research should
investigate the role of other ECS components, such as CB1 receptors or
enzymes like FAAH and MAGL, with the intent to modulate neuro-
inflammation and neuroprotection in AD.

It is important to note that research in this area is still in its early
stages. However, while cellular and animal models have provided sup-
port for the role of the ECS in AD, clinical studies aimed at exploring
cannabinoid-based therapies to address behavioral disturbances in AD,
such as night-time agitation, eating behavior, and aggressiveness, have
shown only limited success [109,110]. Nonetheless, the safety and ef-
ficacy of such treatments need to be further explored in larger clinical
studies in order to understand their full therapeutic potential.

4.3. Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegen-
erative disease in the elderly population, following AD [111]. This dis-
order affects the basal ganglia, characterized by the progressive
degeneration of dopaminergic neurons within the substantia nigra (SN)
of the midbrain. Given the need for new, non-invasive treatments for PD,
cannabinoids, such as cannabidiol (CBD) and
delta-9-tetrahydrocannabinol (A9-THC) may offer therapeutic potential
due to the prominent modulatory role played by the cannabinoid
signaling system in the basal ganglia [112]. Although cannabinoids
should never be considered a first-line treatment, they could serve as
adjuvant therapy in specific situations. For instance, they could slow the
deterioration of the brain’s dopaminergic systems, for which no current
treatment exists.

The ECS plays a prominent role in modulating neurotransmitter
secretion within the basal ganglia, influencing both healthy and path-
ological conditions. Components of the ECS are abundant in basal
ganglia structures and the activation and/or inhibition of this system is
associated with important motor responses that are maintained and even
enhanced under conditions of malfunction and/or degeneration.

Despite the increasing amount of research on cannabinoids and their
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effects in PD, clinical data on their efficacy and safety in PD patients
remains lacking. One study found that cannabis, CBD, and nabilone (a
synthetic form of THC) consistently improved motor symptoms
compared to placebo. All treatments also alleviated various non-motor
symptoms, particularly with cannabis reducing pain intensity, and
CBD blunting neuropsychiatric symptoms in a dose-dependent manner.
Adverse effects were usually mild, with CBD showing rare side effects,
except at very high doses. These findings suggest that cannabinoids
could be safely used to treat motor symptoms in PD and some non-motor
symptoms, though large-scale randomized control trials (RCTs) would
be required to confirm their overall efficacy and safety [113].

In a systematic review of 569 papers on PD and cannabinoid treat-
ment, only seven randomized trials were identified, and the results did
not support the efficacy of cannabinoids in treating motor signs of PD.
Therefore the authors conclude that there is insufficient data to support
the administration of cannabinoids to PD patients [114].

Although levodopa remains the most effective medication available
for managing PD motor symptoms, other treatments may be considered
first to avoid levodopa-related motor complications. Different case series
and a single case report described that cannabinoids might have po-
tential beneficial effects on PD motor symptoms such as akinesia, tremor
or dyskinesia. However, the results of RCTs evaluating cannabinoids for
PD motor symptoms have been not encouraging. So far, four RCTs
involving 49 PD patients have been published, testing CBD, THC/CBD,
nabilone, and rimonabant. Three of these RCTs failed to show significant
effects of cannabinoids on parkinsonian motor symptoms or levodopa-
induced dyskinesia (LID) when used as add-on therapy [115].

Concerning clinical research, only one of the four RCTs showed an
effect on motor symptoms with alleviation of LID [115,116]. Despite
strong preclinical evidence supporting cannabinoid-based therapies, the
clinical potential of cannabinoid-based medicines for PD has been little
explored, highlighting the need for alternative treatments to classic
dopaminergic replacement therapy for motor symptoms and neuro-
protective strategies in PD.

4.4. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenera-
tive disease characterized by the progressive degeneration of both upper
and lower motor neurons, leading to irreversible paralysis of skeletal
muscles, ultimately resulting in respiratory failure.

ALS is classified into two main forms: (i) sporadic (SALS) which is the
more common form, accounting for 90-95 % of cases, with a poorly
understood genetic inheritance component, and (ii) the familial type
(fALS, 5-10 %), which is typically associated with autosomal dominant
inheritance, though rarely to recessive and X-linked transmission [117].
Despite this distinction, the pathogenetic mechanisms underlying both
forms share significant overlaps and are not easily classified. The
pathophysiology of both fALS and sALS is multifactorial, involving (i)
neurofilament accumulation, (ii) excitotoxicity, (iii) mitochondrial
dysfunction and dysregulation, (iv) impaired axonal transport, (v)
intracellular protein aggregates, and (vi) genetic mutations, though
many of these processes remain incompletely understood.

Current treatment options for ALS are limited, with only a few drugs
(riluzole, edaravone) approved to slow or ameliorate some symptoms.
The marketing authorization of ursodoxicoltaurine (Relyvio/Albrioza,
AMZX0035) has been voluntary discontinued by the producer. However,
none of these therapies can halt the disease progression, and other in-
terventions remain symptomatic and palliative treatments [117,118].
This therapeutic gap has driven research into the potential role of can-
nabinoids in modulating ALS-associated pathological events [119].

Elevations in mRNA and protein levels of AEA and 2-AG, along with a
parallel increase in CB2R expression, have been observed in the spinal
cord of SOD1 mutant [120-123] and TDP43 transgenic mice [124,125].
Similar findings have also been reported in the spinal cord of a canine
neurodegenerative model resembling ALS [126], and in postmortem
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tissues obtained from ALS patients, including spinal cords and primary
motor cortex [127]. In particular, the up-regulation of CB2R occur
predominantly in activated astrocytes and microglial cells. Since both
are primarily recruited to sites of injury in the spinal grey and white
matter, as well as at motor neuron lesions, this mechanism could be a
protective response [124]. This hypothesis is supported by different
studies showing that ECBs can reduce microglial activation and the
release of pro-inflammatory cytokines via the CB2R [119].

Concerning the mechanisms underlying these effects, plant-derived
cannabinoids like A9-THC seems to reduce oxidative and excitotoxic
damage in spinal cord cultures in vitro, likely through the reduction of
pro-inflammatory cytokines and the upregulation of brain-derived
neurotrophic factor (BDNF) [128,129]. Furthermore, experimental
studies have demonstrated that cannabinoids, such as the non-selective
cannabinoid agonist WIN55,212-2 and the CB2R-selective agonist
AM-1241, can extend survival in ALS animal models [89,90,98].

Although the number of clinical trials remains limited, the results
obtained so far are promising. A randomized, double-blind crossover
trial of oral A9-THC administration (5 mg twice daily for 2 weeks) in a
small number of ALS patients showed that the treatment was well
tolerated, though no significant effects on cramp frequency and intensity
was observed [130]. Supporting evidence from two other clinical studies
also confirmed the tolerability of cannabinoids in ALS patients [131].

Additionally, following the approval of nabizimols (Sativex) for
treating spasticity in multiple sclerosis, four clinical studies are currently
exploring the potential of cannabinoids as disease-modifying therapies
in ALS (NCT01776970; NCT03690791; NCT04997954; NCT03944447).
One of these trials has obtained promising results, showing an accept-
able profile of safety and tolerability and positive effects on ALS-
associated spasticity [132].

From this perspective, targeting the endocannabinoid system,
particularly the CB2R to modulate pathogenic processes at the molec-
ular and cellular levels offer a potential approach to address the current
lack of effective therapies for ALS.

4.5. Multiple Sclerosis

Multiple sclerosis (MS) is an inflammatory demyelinating disease
characterized by neurological symptoms including weakness, altered
sensation, balance and vision impairment. These symptoms result from
immune-mediated CNS events driving the destruction of myelin and
oligodendrocytes, which ultimately leads to a progressive axonal loss
and synaptic dysfunction [133,134]. Approximately half of MS patients
experience cognitive dysfunction, possibly related to the pathological
overproduction of reactive oxygen and nitrogen species (RONS) and
pro-inflammatory mediators. These factors contribute to mitochondrial
and axonal damage, which in turn leads to neurodegeneration in several
regions of the CNS [135].

The complexity of the pathophysiological processes in progressive
MS suggests that targeting multiple events simultaneously could be a
promising therapeutic approach [136]. At present, the therapeutic
strategies focus on drugs reducing the frequency and severity of the
attacks (methylprednisolone) and on disease-modifying therapies
(INF-f1, natalizumab, fingolimod, teriflunomide, dimethylfumarate and
alemtuzumab), that slow the progression of the disease. However,
despite their efficiency in managing MS symptoms, these therapies still
face significant challenges about effectiveness and safety, and slowing
disease progression.

Experimental Autoimmune Encephalomyelitis (EAE) is a widely used
animal model of MS, used to develop and validate drugs and health
interventions for MS [137]. EAE is induced in mice by immunization
with the myelin oligodendrocyte glycoprotein (MOG) [138], which
triggers the activation and central migration of peripheral
myelin-specific T lymphocytes leading to demyelination and axonal
degeneration [139]. In EAE mice, activated macrophages and microglial
cells release multiple mediators of tissue damage, including proteases,
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nitric oxide (NO) and reactive oxygen species (ROS) that contribute to
demyelination and axonal injury, as well as the oxidation of genomic
and mitochondrial DNA [140]. Interestingly, studies using this model
shed light on the biological effects of CBs providing growing evidence
for the involvement of the ECS in both the inflammatory and the
neurodegenerative processes typical of MS.

Several studies have shown increased levels of anandamide (AEA)
and a down-expression of 2-AG in the inflammatory lesions [141], ce-
rebrospinal fluid, lymphocytes [142], and plasma [143] from MS pa-
tients. Higher levels of AEA have also been detected in the brains of EAE
mice. These findings seem to be due to AEA increased synthesis and
reduced degradation [142]. In contrast, other studies showed that both
AEA and 2-AG are downregulated in the brains of EAE rats [144] and in
the cerebrospinal fluid of MS patients with remitting/relapsing or pro-
gressive disease [145]. Furthermore, the expression of FAAH, the
enzyme involved in AEA degradation, CB1R and CB2R are upregulated
in MS lesions, indicating that the levels of this endocannabinoid might
be reduced in MS patients [146].

In CB2R-deficient animals, disease severity correlates specifically
with reduced CB2R expression in encephalitogenic T cells, rather than
microglia or CNS cells. These animals are more susceptible to EAE in-
duction compared to wild-type mice, and exhibit increased disease
severity and mortality [147]. Treatment with Gpla, a highly selective
CB2R agonist, has been shown to reduce disease severity by decreasing
neuronal damage and demyelination. This effect is attributed to the
prevention of Th1l and Th17 cell differentiation in secondary lymphoid
organs [148]. The CB2R agonist also decreases CNS accumulation of
encephalitogenic T cells by inhibiting the expression of chemokine re-
ceptors and adhesion molecules by leukocytes. In addition, Gpla ame-
liorates recovery in EAE with long-term reduction in demyelination and
axonal loss, highlighting the relevance of CB2R signaling in disease
pathogenesis [149,150].

In 2000, Baker and colleagues first discovered the antispasticity ef-
fects of the CB2R-selective agonist JWH-133 in an autoimmune model of
MS. Administration of JWH-133 (1.5 mg-kg-1 i.v.) reduced spasticity at
both 10 min and 30 min after injection [151]. In a separate study,
Gomez and colleagues reported that the treatment of purified oligo-
dendrocyte progenitor cells (OPC) obtained from primary mixed glial
cultures, with JWH-133 (0.5 pM), accelerated differentiation and
increased the levels of myelin basic protein (MBP), a marker of oligo-
dendrocyte maturity, within 48 h after start of the differentiation pro-
cess [152,153].

These findings further suggest the significance of CB2R in the pro-
gression of demyelinating diseases, such as MS, and underscore the
therapeutic value of targeting CB2R signaling in brain repair. To date,
Nabiximols (Sativex), a standardized 1:1 (w/w) mix of CBD and
A9-THC, is prescribed for neuropathic pain and spasticity associated
with MS [154,155], demonstrating the pivotal role of CB2R in mediating
of the immune system in MS.

4.6. Huntington'’s Disease

Huntington’s Disease (HD) is a rare neurodegenerative disorder
characterized by progressive motor dysfunction, cognitive decline, and
behavioural impairments. It is caused by a mutation in the HTT gene,
which leads to an abnormal expansion of CAG repeats, resulting in the
production of mutant huntingtin protein. This toxic protein accumulates
in neurons, particularly in the striatum and cortex, leading to neuronal
dysfunction and cell death [156,157].

Clinically, HD manifests with involuntary movements (chorea),
impaired coordination, mood disturbances (such as depression and ir-
ritability), and progressive cognitive impairment. Symptoms usually
appear between the ages of 30 and 50, with a gradual worsening over
time. The disease follows an autosomal dominant inheritance pattern,
meaning that a child of an affected individual has a 50 % chance of
inheriting the mutation [158].
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Currently, there is no cure for HD, and treatment focuses on symp-
tom management. Research efforts are ongoing to develop disease-
modifying therapies, including gene silencing approaches and neuro-
protective strategies [159].

In HD, the endocannabinoid system (ECS) undergoes significant
dysfunction, contributing to neurodegeneration, synaptic deficits, and
neuroinflammation. A hallmark of HD pathology is the early and pro-
gressive loss of CB1 receptors in the striatum and cortex, impairing
synaptic plasticity and exacerbating motor and cognitive symptoms
[160]. Additionally, alterations in endocannabinoid levels, such as
reduced 2-arachidonoylglycerol (2-AG), further disrupt neuronal ho-
meostasis [161]. Meanwhile, CB2 receptors become upregulated in
reactive microglia, indicating a role in neuroinflammation, which could
be targeted for therapeutic benefit [162].

Given these alterations, ECS-based interventions such as CB1 ago-
nists to restore synaptic function, CB2 agonists to counteract inflam-
mation, and inhibitors of endocannabinoid degradation to enhance
neuroprotection, are being explored as potential strategies to slow dis-
ease progression and alleviate symptoms in HD patients.

Research using cellular models of HD, such as the inducible HD43
cell line derived from rat ST14A cells, has demonstrated a fully func-
tional ECS. These studies revealed alterations in ECS components,
including changes in endocannabinoid levels and receptor expression,
suggesting that modulating ECS activity could influence disease pro-
gression at the cellular level [163]. Moreover, Blazquez and colleagues
have demonstrated that CB2 receptor agonists reduce neuro-
inflammatory markers and protect neuronal cultures from excitotoxicity
[164].

Animal models, particularly the R6/2 mouse model of HD, have
shown significant alterations in the ECS. Notably, there is a reduction in
cannabinoid receptor type 1 (CB1) binding in the striatum, accompanied
by changes in endocannabinoid content and enzyme activities. These
findings indicate that ECS dysfunction contributes to HD pathology and
that restoring ECS balance might offer neuroprotective benefits. In vivo,
administration of CB2 agonists in HD animal models has been shown to
mitigate microglial activation, reduce neuronal loss, and improve motor
deficits [165-168].

A pilot clinical trial investigated the effects of Sativex, an oromucosal
spray containing a balanced combination of THC and CBD, in HD pa-
tients. This double-blind, randomized, placebo-controlled, cross-over
study administered up to 12 sprays per day over 12 weeks. While the
study aimed to assess the safety and efficacy of ECS modulation in HD
patients, further research is necessary to establish definitive therapeutic
outcomes.

Clinical studies, although limited, suggest that CB2 receptor activa-
tion may offer neuroprotection and symptomatic relief, but further well-
designed trials are needed to confirm efficacy and optimize treatment
protocols [169-173].

Despite promising preclinical findings, challenges remain, including
optimizing the blood-brain barrier permeability of cannabinoid com-
pounds, mitigating side effects, and addressing the heterogeneity of ECS
alterations across disease stages. The ECS represents a promising ther-
apeutic target for HD due to its involvement in motor control, neuro-
protection, and inflammation modulation, and future research should
focus on refining ECS-targeted drug development and conducting robust
clinical trials.

4.7. Pain perception and migraine

Both pre-clinical and clinical studies have reported an impairment of
ECS in migraine and chronic pain complaints, supporting the ECS as a
potential therapeutic target for analgesia in chronic pain disorders
[174-176].

Early evidence indicated an increase in FAAH activity in platelets
from female patients affected by migraine, suggesting an accelerated
degradation of AEA. This, in turn, reduced plasma AEA levels which
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correlated with a lowered pain threshold in these individuals [177,178].
Accordingly, cerebrospinal fluid (CSF) concentrations of AEA were
found to be significantly lower in chronic migraine patients compared to
controls without migraine [179].

These data prompted researchers over the last two decades, to focus
on potentiating endocannabinoids through the inhibition of their
degradation. In an animal model of nitroglycerin (NTG)-induced
migraine, the FAAH inhibitor URB937 significantly alleviated both
acute as well as chronic NTG-induced hyperalgesia, reduced c-Fos
expression and prevented the typical increase in cytokine transcription
[180,181]. URB937 also attenuated the activation of the trigeminal
nucleus caudalis (TNC) and the locus coeruleus, two brain areas
involved in migraine pain [180]. Moreover, in models of acute inflam-
mation (carrageenan-induced hyperalgesia) and chronic neuropathic
pain  (streptozotocin-induced allodynia), URB937 attenuated
pain-related behaviors producing anti-nociceptive and
anti-inflammatory effects in both models [182,183].

Other two FAAH inhibitors, such as URB597 and PF3845, inhibited
NTG-induced hypersensitivity and reduced trigeminal neuron activation
in a dose-dependent manner in rodents [184,185]. Accordingly,
NTG-induced mechanical allodynia as well as activation of TNC were
completely abolished in FAAH-deficient mice [184]. Furthermore, both
URB597 and PF3845 alleviated mechanical allodynia in a rat model of
HIV sensory neuropathy [186], and URB597 demonstrated analgesic
effects in an animal model of orofacial pain when administered centrally
as well as peripherally [187].

More recently, two analogues of URB597, (ARN14633 and
ARN14280), with enhanced solubility and bioavailability, have been
synthesized. These inhibitors presented greater anti-hyperalgesic and
anti-inflammatory actions compared to URB597 and produced a marked
elevation in endocannabinoid levels in the NTG migraine rat model
[176]. Another potent and selective FAAH inhibitor, ASP8477,
increased brain AEA levels and reduced mechanical allodynia in rat
models of neuropathic pain and osteoarthritis [188,189].

In recent pre-clinical studies, JZL195, which inhibits both FAAH and
MAGL, was shown to significantly reduce NTG-induced hyperalgesia
and cytokine gene expression levels at both central and peripheral levels
[181]. Inhibition of MAGL with JZL184 also suppressed morphological
and functional signs of collagen-induced arthritis (CIA) in mice [190].

Recently, thanks to its legalization in various countries, the medical
use of cannabis has become an alternative and increasingly popular
therapy for managing migraine and chronic pain. Patients using medical
cannabis have reported reduction in migraine frequency and pain
severity compared with baseline [191,192]. Moreover, oral cannabinoid
preparations have been shown to reduce the incidence of nausea and
vomiting during migraine attacks [193]. In patients with fibromyalgia
and neuropathic pain, cannabis treatment reduced pain intensity and
related symptoms, such as anxiety and depression [194]. A recent case
report described a 72-year-old female patient with diffuse arthritic pain
who experienced improved pain control, and a consequent reduction in
the use of opioids, following cannabis treatment [195]. These data
suggest that medical cannabis may be a useful option for managing
migraine and chronic pain disorders, thereby improving patients’
quality of life.

5. Preclinical and clinical drug development for CB2R

Since the discovery of the CB2 in 1988, drug discovery approaches
targeting the CB2R have flourished. Particular attention has been given
to selective agonists targeting the CB2R to overcome the neuro-
psychotropic side effects associated with CB1R activation. The phar-
macological modulation of CB2R holds therapeutic promise for various
diseases, such as inflammatory disorders and immunological conditions,
pain management and cancer treatment. Despite the numerous efforts
made, no CB2R agonists have received regulatory approval for thera-
peutic use in peripheral or central nervous system disorders. The
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transition from preclinical studies to approved therapies has faced
challenges, including limited efficacy in human trials and potential side
effects. Consequently, while several CB2R-targeting drugs have been
tested in clinical trials, none have been approved as therapeutic candi-
dates for these conditions.

GW405833, a potent and selective agonist for the CB2R, was initially
studied for its anti-inflammatory and anti-hyperalgesic effects in
different animal models; however, most recent studies have explored a
very wide diversity of other conditions, such as (i) neuroinflammation
and oxidative stress, (ii) sepsis, (iii) acute liver failure, (iv) acute
pancreatitis, (v) anxiety and depression, as well as (vi) the process of Tau
protein deposition in neurodegenerative diseases.

GW405833 has been shown to reduce edema development as well as
inhibit the hypersensitivity caused by intraplantar injection of carra-
geenan [196]. GW405833, up to 30 mg/kg, elicits remarkably effica-
cious antihyperalgesic effects in different rodent pain models, including
neuropathic (Seltzer), incisional and inflammatory (Freund’s complete
adjuvant) pain. In contrast, analgesia, sedation and catalepsy were not
observed in this dose range but appeared at the 100 mg/kg dosage. The
antihyperalgesic and analgesic activities of GW405833 are not depen-
dent on the release of endogenous opioids, but the more accepted hy-
pothesis envisages that cannabinoid CB2R modulators affect pain
indirectly via modulation of immune cell activity, possibly at the site of
injury, resulting in decreased local levels of sensitizing agents, such as
NGF, prostanoids, cytokines and histamine, that ultimately affect
neuronal excitability [197].

The rat model of neuropathic pain produced by the chronic
constriction injury of the sciatic nerve develops a depression-like
behaviour, represented by an increase in the time of immobility in the
forced swimming test. GW405833 was able to reduce mechanical hy-
persensitivity as well as depression-like behaviour in rats with neuro-
pathic pain, without affecting the sham-treated animals [198].

In the acute sepsis model, GW405833 significantly prolonged the
survival rate and diminished the production of proinflammatory cyto-
kines in macrophages of LPS-treated mice [199]. In keeping with this
observation, GW405833 administered at the doses of 3-, 10-, and
30-mg/kg, alleviated the manifestations of EAE in an experimental
model of mice with autoimmune encephalomyelitis (EAE), and pre-
sented positive effects on locomotor activity and cytokine release.
Again, GW405833 significantly reduced inflammation, by decreasing
serum levels of IL-12 and TNF-a proinflammatory cytokines, without
exerting any significant side effects [200].

The inflammatory response involving infiltration and activation of
liver macrophages represents a crucial effector in inducing acute liver
failure (ALF). GW405833 displayed positive properties in the animal
model of liver injury. In the liver of ALF mice, GW405833 pre-treatment
significantly reduced liver macrophage infiltration and M1 proin-
flammatory polarization; HIF-1a expression was down-regulated, and
the release of inflammatory factors such as TNF-a and IL-1p was
inhibited and hepatocyte apoptosis diminished [201]. GW405833
treatment remarkably relieved concavalin A-induced liver injury and
decreased serum aminotransferase levels [202]. In an in vitro model of
acute pancreatitis, GW405833 in a concentration-dependent manner,
reduced ACh-induced Ca2" oscillations and also blunted the enhanced
Ca?" oscillations caused by the pancreatitis inducer L-arginine, thereby
abolishing its effects [203]. Recently, GW405833 was able to decrease
the fluorescence intensity of tau, a protein whose accumulation can lead
to impaired autophagic protein degradation pathways, essential for
cellular homeostasis and survival [204]. Despite the various and inter-
esting pharmacological effects of GW405833, its progression to clinical
use has been limited, and it has not advanced to become a therapeutic
candidate.

AM-1241 is another selective CB2R agonist that has been tested in
different pathological conditions, ranging from inflammation, hyper-
algesia and allodynia to epilepsy, ischemia-reperfusion cardiac and in-
testinal damage, fibrosis of different origins and obesity. AM-1241 has
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Table 2
Main molecules tested in preclinical studies.
Molecule Animal model Effects References
GW405833  acute inflammation and exerts antihyperalgesic [196,214]
pain rat model and analgesic effects
mouse model of chronic stimulates mechanical [197]
pain hypersensitivity
acute sepsis mice model prolongs survival [199]
EAE mice model ameliorates locomotor [200]
activity and cytokine
release
mice acute liver failure diminishes hepatocytes [201]
model apoptosis
mice liver injury model decreases serum [202]
aminotransferase levels
in vitro mice model of reduces ACh-induced [203]
acute pancreatitis Ca®" oscillations
neuroblastoma cellular improves autophagy [204]
model of tauopathy
AM-1241 mice model of OA reduces disease [205]
progression
rat liver injury reduces liver [206]
inflammation and
fibrosis
rat IR model reduces myocardial [207]
ischemia/reperfusion
injury
mice model of protects against [208]
cardiomyopathy ethanol- necroptosis
induced
rat model of intestinal recovers the functional [209]
ischemia/reperfusion contractility of ileum
injury
rat model of liver fibrosis  decreases the collagen [210]
fibre deposition
rat model of lung fibrosis reduces pulmonary [211]
fibrosis
pilocarpine-induced alleviates epileptic [212]
chronic epilepsy mouse seizures
model
pentylenetetrazole- increases seizure severity [213]

induced seizure rat model

been shown to attenuate inflammation in various disease models. In a
mice model of osteoarthritis, AM-1241 given once a week at the dose of
3 mg or 9 mg/kg/day, inhibited chondrocyte inflammation and extra-
cellular matrix degradation by modulating the Nrf2/HO-1 and NF-kB
signalling pathways, thereby leading to reduced disease progression
[205]. Similarly, in a liver rat injury model caused by bile duct ligation,
chronic treatment with AM-1241 (3 mg/kg, ip for three consecutive
weeks) reduced liver inflammation and fibrosis [206]. AM-1241 was
widely investigated as a therapy for myocardial infarction, because of its
cardioprotective effects. Indeed, AM-1241 given at the dose of 6 mg/kg
ip, 1 hour prior to the damage induction, has been reported to attenuate
several markers of myocardial ischemia/reperfusion injury by reducing
oxidative stress and inflammation, through the Nrf2/HO-1 pathway
[207]. Similarly, in a murine model of ethanol-induced cardiomyopa-
thy, 1-hour pretreatment with AM-1241 (20 mg/kg, ip) protected
against the development of necroptosis [208]. Similarly, in a rat model
of intestinal ischemia/reperfusion injury, pretreatment with AM-1241
(5 mg/kg) favoured restoration of ileum smooth muscle myocon-
tractility. This effect was accompanied by prevention of intestinal lipid
peroxide production, neutrophils infiltration and the release of proin-
flammatory cytokines (TNF-a and IL-1f) [209]. AM-1241 demonstrated
several antifibrotic activities. In a rat model of liver fibrosis, induced by
thioacetamide, chronic AM-1241 treatment (3 and 6 mg/kg, daily, for
three weeks) improved oxidative stress markers, suppressed the release
of the pro-inflammatory cytokines and decreased collagen fibre depo-
sition, ameliorating liver fibrosis [210]. A similar effect was observed in
a rat model of lung fibrosis induced by bleomycin; in this case, both
pretreatment and chronic treatment with AM-1241 (7 or 28 days,
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3 mg/kg, ip) resulted in reduced pulmonary fibrosis. This effect was
accompanied by reductions in hydroxyproline and collagen type 1 levels
and the inhibition of IL-6 and TNF-u release [211]. Conflicting data
regarding the potential anti-seizure effects of AM-1241 have been re-
ported. In a pilocarpine-induced chronic epilepsy mouse model,
AM-1241 (1 and 3 mg/kg, administered ip on the 8th day after the in-
duction of status epilepticus and once daily for 21 days) alleviated
epileptic seizures and epilepsy-associated depression by inhibiting
neuroinflammation [212]. By comparison, another study reported that
AM-1241 increased seizure severity in a pentylenetetrazole-induced
seizure rat model [213], suggesting that the effects of AM-1241 on
seizure activity may depend on the seizure model and experimental
conditions. Although it has promising preclinical results, AM-1241 has
not progressed to clinical trials or therapeutic applications.

The data described above are summarised in Table 2.

Despite the vast preclinical research, only a small handful, roughly
5-10 selective CB2R agonists, have advanced into clinical trials. Notable
examples include compounds such as olorinab and lenabasum.

Olorinab (APD371), originally developed by Arena Pharmaceuticals,
now acquired and merged into Pfizer, is an oral highly selective full
agonist of the CB2R, peripherally restricted. Preclinical studies showed
that olorinab, by targeting primarily the peripheral CB2R, was effective
at reducing visceral hypersensitivity in animal models of Inflammatory
Bowel diseases (IBD) and Irritable Bowel Syndrome (IBS), while mini-
mizing the risk of psychoactive effects [215]. Olorinab has undergone a
phase Ila clinical trial involving 14 patients (18-80 years of age) affected
by moderate-to-severe abdominal pain [average abdominal pain score
(AAPS) of > 4, on 7 consecutive days during the screening period] due to
quiescent to mildly active inflammatory Crohn’s Disease. This pre-
liminary study was an open-label, randomized, parallel-group, multi-
center trial (NCT03155945). The study comprised a screening period of
4 weeks, an 8-week randomized treatment period, and a 2-week
follow-up. Eligible subjects were randomized (stratified by sex) in a
1:1 ratio to olorinab 25 or 100 mg three times daily, for 8 weeks. Results
from this study showed a clinically significant reduction in pain scores,
with the highest dose yielding the most improvement. Olorinab was well
tolerated, with only mild-to-moderate adverse events reported. No
CNS-related adverse effects were registered. However, this
proof-of-concept study although demonstrating encouraging results,
was limited by a small sample size, the open-label study design, and the
lack of a placebo control treatment group [216].

The phase IIb CAPTIVATE trial (NCT04043455) evaluated the effi-
cacy and safety of olorinab in treating abdominal pain in patients with
IBS. The randomized, double-blind, placebo-controlled, parallel-group
trial included 273 subjects (18-70 years of age) with IBS-D (diar-
rhoea-predominant) and IBS-C (constipation-predominant) subtypes,
who were randomized to receive olorinab at doses of 10 mg, 25 mg,
50 mg, or a placebo, administered three times daily over 12 weeks.
Treatment response was observed across all groups, and even though the
primary endpoint (change in the weekly Average Abdominal Pain Score
(AAPS) from baseline to week 12) was not met, in a predefined subgroup
analysis of participants with moderate to severe baseline pain (AAPS
>6.5), the 50 mg dose group showed a clinically meaningful and sta-
tistically significant reduction in pain compared to placebo.

Olorinab was commonly well tolerated, with adverse event rates
comparable to those of the placebo group and no serious adverse events
reported. The most frequently reported adverse effects across all treat-
ment groups were nausea (5.5 %), headache (4.8 %), nasopharyngitis
(3.7 %), dizziness (2.9 %), dry mouth (2.6 %), and upper respiratory
tract infection (2.6 %). Nausea was more frequent in participants who
received olorinab (14/202, 6.9 %) than in those who received placebo
(1/70, 1.4 %). No clinically meaningful changes in heart rate, ECG
readings, or physical examinations were documented, although one
participant in the olorinab 10 mg group, one in the 25 mg group and one
in the 50 mg group discontinued treatment because of increased blood
pressure, orthostatic hypotension and elevated liver transaminases,



Table 3

Main molecules in clinical studies.

Molecule Phase, typology of clinical Number of Pathologic condition Duration Dose Schedule Effects ADR References
trial, clinicaltrials.gov id patients (s)
number /age
Olorinab phase Ila, randomized, open- 14 subjects,  quiescent to mild active 8-week, 25 or three times clinically significant reduction in pain not significant [216]
(APD371) label, parallel-group, 18-80y inflammatory Crohn’s plus a 2- 100 mg daily scores
multicenter; NCT03155945 Disease week
follow-up
period
phase IIb, randomized, 273 IBS (IBS-D and IBS-C) 12-week 10, 25 or three times the 50 mg dose group showed a nausea (5.5 %), headache (4.8 %), [217]
double-blind, parallel-group,  subjects, 50 mg daily clinically meaningful and statistically nasopharyngitis (3.7 %), dizziness
placebo-controlled 18-70 y significant reduction in pain (2.9 %), dry mouth (2.6 %), and upper
-CAPTIVATE; NCT04043455 respiratory tract infection (2.6 %).
Lenabasum phase III, randomized, 365 diffuse cutaneous systemic 52 week 5or twice daily trial outcome negative no significant adverse events [218]
(JBT-101) double-blind, placebo- subjects, sclerosis 20 mg
controlled, multicenter > 18y
RESOLVE—1; NCT03398837
phase II; randomized, 22 subjects,  dermatomyositis with 84 days 20 mg once daily improved CDASI (Cutaneous no significant adverse events [219]
double-blind, placebo- 18-70 y refractory, moderate-to- from day Dermatomyositis Disease Area and
controlled, single centre; severely active skin 1-28 Severity Index) scores
NCT02466243 disease twice daily
from day
29-84
phase II, randomized, 85 subjects,  cystic fibrosis 16-week lor5mg  once daily reductions in sputum inflammatory no significant adverse events [220]
double-blind, placebo 27-30y from week markers, specifically IL—8 and
controlled, multicentric; 1-4 immunoglobulin G, and decreases in
NCT02465450 20 mg once daily neutrophils, eosinophils, and neutrophil
from week elastase
5-12
twice daily
from week
5-13
S—777469 phase Ib/Ila, randomized, 37 subjects,  atopic dermatitis 14 days 50, 200 twice daily not results available not results available [221]
double-blind, placebo- 1865y or
controlled; NCT00697710 800 mg
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respectively [217]. Phase II trials showed mixed results, and the pros-
pect of its further development is uncertain.

Lenabasum (JBT-101), also called ajulemic acid, is an oral, selective,
CB2R agonist developed by Corbus Pharmaceuticals which has been
investigated in clinical trials for conditions associated with inflamma-
tion and fibrosis, particularly systemic sclerosis, also known as sclero-
derma. RESOLVE-1 is a multicentric Phase 3, randomized, double-blind,
placebo-controlled trial evaluating the efficacy and safety of lenabasum
in patients (365, >18 years of age) with diffuse cutaneous systemic
sclerosis (deSSc) (NCT03398837). Lenabasum showed promise in
earlier-phase studies, but it failed to meet expectations in Phase 3 trials
for systemic sclerosis, leading to discontinuation of its development for
this indication. However, lenabasum may still have potential in other
inflammatory conditions or fibrotic diseases [218].

The efficacy of lenabasum for treatment of fibrotic diseases, such as
cystic fibrosis (CF) was also evaluated. A 16-week, phase 2, double-
blind, randomized, placebo controlled, multicentric study analyzed
the effects of lenabasum during 12 weeks of treatment with a follow up
at week 16. Biomarker analyses showed that the treatment was associ-
ated with notable reductions in sputum inflammatory markers, specif-
ically IL-8 and immunoglobulin G, and decreases in neutrophils,
eosinophils, and neutrophil elastase, consistent with its anti-in-
flammatory effects [219,220].

S-777469, a CB2R agonist developed by Shionogi & Co., has been
studied studied for its anti-inflammatory and analgesic effects in atopic
dermatitis. A phase Ib/Ila, multiple-dose, double-blind, randomized,
placebo-controlled study to assess the safety, tolerability, pharmacoki-
netics, and pharmacodynamics of s-777469 in subjects with mild to
moderate atopic dermatitis (50, 200 or 800 mg or placebo) is ongoing
(NCT00697710).

Currently, no pure CB2R agonist has been fully approved for human
use, but lenabasum and olorinab have shown promise in clinical trials.

The data described above are summarised in Table 3.

6. Conclusions

The ECS, and especially the CB2R, offers great potential for devel-
oping new treatments that target neuroinflammation and neuro-
degeneration. Modulating CB2R could help restore balance in both
neurons and glial cells, reducing degenerative and inflammatory dam-
age without the psychotropic effects of cannabinoids and CB1R activa-
tion. Therefore, CB2R modulation is a promising approach for treating
complex neurodegenerative diseases.

However, clinical studies are limited, with challenges due to small
sample size, inconsistent methods, and a lack of understanding of long-
term effects. The safety of CB2R modulation also needs further research.

Future studies should focus on larger clinical trials to test the effec-
tiveness, safety, and long-term impact of CB2R-targeted therapies.
Improving preclinical models will also help clarify how these therapies
work and guide future treatments.
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