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Abstract

Neurodegenerative diseases are a large and complex group of neurological disorders, in-
cluding Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple sclerosis,
and so on, which adversely affect the physical and mental health of millions of people
globally. Unfortunately, these diseases currently have no cure; only symptomatic treat-
ment is available. Therefore, there is still a growing interest in using cannabinoids to
treat neurodegenerative diseases. This systematic review examines the interrelationship
between cannabinoids, the blood-brain barrier, and neurodegeneration, and their mutual
effects. The objective of this review is to provide an overview of the endocannabinoid
system at the neurovascular interface, the alterations and dysregulation of the ECS in
neurodegenerative diseases, the interactions of phytocannabinoids with the blood-brain
barrier, and their therapeutic potential in the context of neurodegeneration. The findings
may facilitate the targeted application of cannabinoids to address multiple aspects of
neurodegenerative diseases.
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1. Introduction

The comprehensive analysis of the influence of natural compounds on the proper func-
tioning of living organisms and their use in disease treatment is one of the most important
and advanced areas in medical sciences today. Particular attention is paid in these studies
to cannabinoids. The classification of cannabinoids includes three large groups according
to their origin: endocannabinoids, synthetic cannabinoids, and phytocannabinoids [1].

Endocannabinoids (or endogenous cannabinoids) are endogenous lipid signaling
molecules that activate cannabinoid receptors [2].

Phytocannabinoids were first discovered in Cannabis sativa L. [3]; later, these com-
pounds were also found in Rhododendron species, some legumes, the genus Radula, and
some fungi [4]. From a chemical viewpoint, phytocannabinoids are meroterpenoids with a
resorcinol core containing isoprenyl, alkyl, or aralkyl side chains (Figure 1) as a general
rule [5]. More than 120 phytocannabinoids were identified in Cannabis sativa L. The parental
molecule is cannabigerolic acid (CBGA) (Figure 1) from which many cannabinoids are syn-
thesized; the dominant compounds tend to be A’-tetrahydrocannabinolic acid (A’-THCA)
and cannabinolic acid (CBDA) [6].
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Figure 1. The molecular structure and the synthesis pathways of several cannabinoids.

More than 450 synthetic cannabinoids are known; they are structurally similar to
phytocannabinoids and endocannabinoids [7].

Pharmacological studies have shown that cannabinoids possess anti-inflammatory,
immunosuppressive, and antioxidant properties [8]. From the research and clinical per-
spectives, these properties are very important with regard to neurodegenerative diseases
because the fundamental mechanisms underlying their development include aging, neu-
roinflammation, oxidative stress, mitochondrial dysfunction, apoptosis, protein disorders,
and so on [9]. These diseases are a large and complex group of neurological disorders, in-
cluding Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, multiple sclerosis,
amyotrophic lateral sclerosis, and so on, which adversely affect the physical and mental
health of millions of people globally.

Although cannabinoids are promising agents for the treatment of neurodegenerative
diseases [10,11], they may cause various short- and long-term side effects [12]. There is
still a growing interest in the use of cannabinoids in this regard because neurodegener-
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ative diseases have no cure at present, and only symptomatic treatment is available [8].
Progress in the development of cannabinoid-based drugs is impossible without a deep
knowledge of the endocannabinoid system (ECS), cannabinoids, the blood-brain barrier
(BBB), and neurodegeneration.

Therefore, understanding how cannabinoids, the blood-brain barrier, and neurodegen-
eration are interrelated and affect one another is vitally important for treating neurodegen-
erative diseases. Another important issue in this review is the endocannabinoid system. Its
dysregulation plays a pivotal role in the pathophysiology of neurodegenerative diseases by
facilitating neuroprotection and modulating the immune response. This review aims to pro-
vide an overview of the ECS at the neurovascular interface, alterations and dysregulation in
the ECS during neurodegenerative diseases, phytocannabinoids interactions with the BBB,
and their therapeutic potential in the context of neurodegeneration. The findings could
inform the targeting of cannabinoids for various aspects of these multifactorial diseases.

2. Methods

We performed a structured literature search using several electronic databases (Sci-
ence Direct, Google Scholar, PubMed, and Scopus). The search strategy was designed
to determine the relationship between the ECS, BBB, and cannabinoids in the context of
neurodegeneration on the basis of multiple criteria sorting methods [13]. The keywords
were searched alone or in combination with Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and multiple sclerosis. The manuscripts published between 2000
and 2025 were chosen for possible inclusion in the present work. Narrative reviews, case
reports or case series with 5 patients or fewer, letters, and editorials were excluded. A
set of original research publications was obtained, and a comprehensive analysis of the
interrelationship between cannabinoids, the blood-brain barrier and neurodegeneration
were performed.

3. The Endocannabinoid System (ECS) and Blood-Brain Barrier Regulation

BBB forms a dynamic interface maintained by the neurovascular unit (NVU), which
includes endothelial cells, pericytes, and glial cells (astrocytes and microglia) that together
regulate vascular permeability, cerebral blood flow, and neuroimmune signaling [14]. The
ECS is a critical modulatory network influencing sleep, immunity, reproduction, pain,
memory, and BBB maintenance, and so on, comprising cannabinoid receptors, endogenous
lipid ligands, and enzymes responsible for their synthesis and degradation [15].

Cannabinoid receptors CB1 and CB2 are G-protein-coupled receptors, with CB1 pre-
dominantly in the CNS mediating psychoactive effects, and CB2 mainly on immune cells,
upregulated under pathological conditions [16]. Both receptors are also expressed on
BBB cells, including endothelial cells, pericytes, and vascular cells [17,18]. They regulate
the neurovascular interface by inhibiting leukocyte influx and adhesion molecules [19,20],
maintaining tight junction proteins [21,22], and modulating neurotoxic mediators [15,23,24].

In stress-susceptible mice, the loss of the tight junction protein Claudin-5 in BBB
endothelial cells triggers astrocytic CB1 upregulation, which helps preserve BBB integrity,
indicating that ECS signaling contributes to stress resilience [22]. In drug-resistant mesial
temporal lobe epilepsy, the human brain microvasculature exhibits reduced CB1/CB2
expression in the epileptogenic hippocampus and increased expression in the temporal
neocortex, accompanied by enhanced Gai/o coupling. These changes colocalize with
tight junction proteins and correlate with BBB leakage, inflammation, and oxidative stress,
highlighting CB1 and CB2 as key regulators of the neurovascular system [25]. However,
CB1 activation in BBB endothelial cells can also induce oxidative stress and downregulate
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tight junction proteins, while astrocyte-specific CB1 knockout in EAE mice reduces BBB
breakdown and vascular endothelial growth factor A-mediated permeability [17,26].

GPR55 is a third ECS receptor expressed in the brain and peripheral tissues. It is
present in human brain microvascular endothelial cells, and its activation in rat endothelial
cells transiently reduces barrier integrity and increases BBB permeability in vivo [27].

The main endocannabinoids, 2-arachidonoylglycerol (2-AG) and anandamide (AEA),
are synthesized on demand from arachidonic acid-containing phospholipids via distinct en-
zymatic pathways, providing opportunities to modulate endocannabinoid signaling. AEA
is synthesized primarily by NAPE-Phospholipase D (NAPE-PLD) and 2-AG by DAG Lipase
(DAGLa/B). 2-AG functions as a full agonist at both CB1 and CB2 receptors, whereas AEA
serves as a partial agonist primarily at CB1. In addition to CB1/CB2, AEA (and 2-AG to a
lesser degree) activates other targets like TRPV1 (Transient Receptor Potential Vanilloid 1)
and GPR55, expanding the scope of endocannabinoid signaling [28].

AEA and 2-AG are hydrolyzed to release free arachidonic acid by their degrading
enzymes—fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL), re-
spectively. These enzymes also degrade endocannabinoid-like amides, such as N-oleoyl-
ethanolamine (OEA) and N-palmitoyl-ethanolamine (PEA), as well as oleamide. Oleamide
is an agonist of CB1 receptors and peroxisome proliferator-activated receptors (PPARs) and
is degraded by FAAH [29,30]. It has been found to inhibit gap junction communication in
glial and microvascular endothelial cells and to increase barrier permeability in vitro [31,32].
OEA and PEA do not bind the classical cannabinoid receptors, and they activate receptors
such as PPAR«, which mediates their anti-inflammatory effects and protective effects on
BBB integrity in vitro and in vivo [32-34]. PEA also acts via GPR55, and it can enhance
the effects of AEA and 2-AG on CB1 and CB2 receptors and TRPV1 by preventing the
breakdown of AEA and 2-AG, a mechanism known as the “entourage effect” [35-37].

ECS effects are context-dependent: under normal conditions, exogenous 2-AG or
AEA can impair microvascular function by reducing endothelial proliferation, increasing
apoptosis, and compromising vascular repair, whereas during pathological stress, they
mitigate endothelial inflammation, increase the expression of tight junction molecules
Claudin-5, ZO-1, and Beta-catenin, thus preserving BBB function [38—40].

Moreover, disrupted endocannabinoid metabolism (reduced levels of 2-AG and AEA
with elevated degrading enzymes) has been associated with BBB impairment in rodent
traumatic brain injury models [32,41-43].

The depletion of 2-AG, either by pharmacological or genetic blockade of DAGL«, com-
promises cultured brain endothelial monolayers (bEnd.3 cells), leading to fragmentation
of VE-cadherin and downregulation of Z-1. In vivo, inhibition of DAGL« was associated
with reduced 2-AG levels and decreased ZO-1 expression during BBB disruption [43,44].

MAGL is the primary enzyme controlling 2-AG hydrolysis in the brain. Pericytes
are the primary source of MAGL in the nervous system, regulating the 2-AG/arachidonic
acid ratio in a cell-specific manner. MAGL is important for maintaining BBB integrity.
Inhibition of MAGL protects the BBB during inflammatory or ischemic injury through
two main mechanisms: increasing 2-AG levels, which enhance protective cannabinoid
signaling, and reducing arachidonic acid production, which drives inflammation. Part of
this protective effect is mediated through CB1 and CB2 receptors, and the overall impact
depends on the type of insult [45]. Recent work with a potent MAGL inhibitor (MAGLAi 432)
confirms its ability to modulate 2-AG and arachidonic acid in neurovascular cells but also
highlights that inhibiting MAGL alone may not be sufficient to fully prevent BBB disruption
in severe inflammatory conditions, suggesting that additional mechanisms contribute to
BBB protection [46].
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Collectively, these findings underscore the importance of cellular context, receptor
distribution, and inflammatory milieu in determining ECS effects at the neurovascular
interface, highlighting the ECS as a complex yet promising target for neurovascular protec-
tion. Components of the endocannabinoid system at the neurovascular interface and their
roles in blood-brain barrier regulation are summarized (Figure 2, Table 1).
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Figure 2. Effects of endogenous cannabinoids on the BBB.
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Table 1. Components of the endocannabinoid system at the neurovascular interface and their roles in

blood-brain barrier regulation.

Component

Expression at NVU

Main Effects on BBB Structure and
Function

Clinical Findings

CB1 receptor

Brain endothelial cells, pericytes,
and glial cells [23,25,38]

Modulates tight junction proteins, vascular
tone, and oxidative stress [23,38]

CB1 can either preserve or disrupt the BBB;
CB1 activation led to downregulation of
tight junction proteins [17,26]. Other studies
reported that CB1 is upregulated in response
to BBB disruption and is responsible for BBB
integrity [22,25].

CB2 receptor

Brain endothelial cells, pericytes
[23,25], and glial cells [23,47].

Reduces leukocyte adhesion, preserves tight
junctions, and limits the release of
neurotoxic mediators [21,23].

CB2 activation attenuates BBB leakage and
neuroinflammation [21].

GPR55

Brain endothelial cells [27] and
glial cells [48].

GPR55 activation leads to transient
disruption and reorganization of tight and
adherent junction proteins in brain
microvascular endothelial cells [27].

Activation of GPR55 reduces BBB integrity
and increases BBB permeability in vivo [27].

Endocannabinoids (AEA, 2-AG)

Produced by brain endothelial
cells, astrocytes, and microglia
[15].

Under basal conditions, it may impair
endothelial repair, and under injury, it
increases claudin-5 and ZO-1[15,32,39].

Reduced AEA/2-AG levels with elevated
degrading enzymes associated with BBB
breakdown after traumatic brain injury [42].
AEA /2-AG treatment limits inflammation
and preserves BBB integrity in vitro [15,39].

Synthetic enzymes (NAPE-PLD,
DAGL«/ )

Brain endothelial and glial cells
[22,43,47 49].

increases ECS tone in the brain;
DAGL x-derived 2-AG maintains
VE-cadherin and ZO-1 in brain endothelial
cells [44].

DAGL « inhibition compromises
endothelial monolayers and facilitates BBB
disruption [44].

Degrading enzymes
(FAAH, MAGL)

Brain endothelial, pericytes, and
glial cells [22,46,50].

Control 2-AG/AEA and arachidonic acid
levels; preserved BBB integrity via
anti-oxidative and anti-inflammatory
pathways.

MAGL inhibitor protects BBB integrity in an
ischemic model [46]; FAAH inhibitor
protects the permeability of brain
microvascular endothelial cells in vitro [50].

Endocannabinoid-like mediators
(PEA, OEA, oleamide)

Brain endothelial and glial cells
[29,30,33,34].

PEA and OEA have anti-inflammatory
effects on BBB via PPAR signaling; PEA
enhances the effects AEA and 2-AG [35];
oleamide inhibits gap-junction
communication in glial and microvascular
endothelial cells [29,31-34].

PEA and OEA enhance BBB integrity
in vitro and in vivo [33,34]. Oleamide
increases BBB permeability in vivo [31,32].
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4. Dysregulation of the Endocannabinoid System in
Neurodegenerative Diseases

Mechanisms involving endocannabinoid levels, the upregulation and degradation of
CB1 and CB2 receptors upregulation and degradation, and the main catabolic enzymes,
namely two types of hydrolases—fatty acid amidohydrolases and monoacylglycerol lipase—
play an important role in the pathophysiology of neurodegenerative diseases [51]. Various
molecular processes (suppressing pro-inflammatory factors, promoting neuronal survival,
shifting polarization of microglial cells, and so on) are modulated by CB1 [52]. CB2 may
regulate inflammatory responses and maintain immune homeostasis [53].

It is known that the increased content of endocannabinoids is initiated by direct
stimulation of the receptor by an endocannabinoid agonist or antagonist, and as a result,
inhibitors of FAAH and MAGL raise the excitability of the ECS by decreasing the hydrolysis
of endocannabinoids [54]. Although the comparable effects of FAAH, MAGL, and dual
FAAH/MAGL inhibitors on neurodegeneration remain poorly understood, the majority of
experimental studies on the basis of models of multiple sclerosis, Alzheimer’s, Parkinson’s,
and Huntington’s diseases demonstrate their protective effect against neurodegenerative
diseases [55,56]. Thus, FAAH and MAGL are promising therapeutic targets due to their
roles in modulating endocannabinoid levels and in the regulation of neuroinflammation
and neuroprotection.

Figure 3 illustrates the interactions between hydrolase inhibition and various path-
ways. According to Figure 3, the effects of repeated FAAH inhibition have been in-
vestigated on the following biochemical indicators: the corticosterone (CORT) [57],
the cyclooxygenase (COX) [58], prostaglandin E2 (PGE2) [59], nitric oxide (NO) [60],
3,4-dihydroxyphenylalanine (DOPA) [61] and brain-derived neurotrophic factor (BDNF) [62].
Figure 3 shows that short-term pharmacological inhibition of MAGL influences the CORT
level [63], cytokine expression [64], DOPA response [65] and Glial cell line-derived neu-
rotrophic factor (GDNF) expression [66].
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Protects the dopaminergic Reduces the toxicity of AB
" neurons J
4 5 o )
Protective effects against
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Figure 3. The effects of FAAH and MAGL inhibitors in animal models. The levels of the corticosterone
(CORT), the cyclooxygenase (COX-2), prostaglandin E2 (PGE2) and nitric oxide (NO) decrease, while
those of 3,4-dihydroxyphenylalanine (DOPA) and brain-derived neurotrophic factor (BDNF) increase
(FAAH inhibition). MAGL inhibition leads to a significant decrease in the CORT level, cytokine
expression, but DOPA levels and Glial cell line-derived neurotrophic factor (GDNF) expression
increase. The down arrow means decrease of concentration; the up arrow shows its increase.
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In addition, GDNF is of decisive importance for the maintenance of the nigrostri-
atal system [67] and an upregulation of GDNF acts against neurotoxicity in Parkinson’s
disease [68].

CB1 and CB2 modulations cause a decrease in microglial activation and inflammatory
cytokines IL-2 and IL-6 in Alzheimer’s disease [69].

The inhibition of MAGL and FAAH is a potential possibility to suppress inflammation,
prevent neurodegeneration, improve synaptic plasticity, and boost spatial learning [70].
The comparable effects of FAAH, MAGL, and dual FAAH/MAGL inhibitors on neurode-
generation remain poorly understood.

It is interesting that MAGL but not FAAH inactivation inhibits neuroinflammation and
allows for avoidance of neurodegeneration in a mouse model of Parkinson’s disease [65].
MAGL inhibition promotes normalization of arachidonic acid (AA) and 2-AG dynamics in
various models of multiple sclerosis, Parkinson’s disease, and Alzheimer’s disease [71]. Per-
haps inhibition of MAGL adjusts prostaglandin production and diminishes inflammation
in neurodegenerative diseases [72].

Overexpression of CB2 and FAAH enzymes has been found after postmortem analysis
of brains from Alzheimer’s disease patients, and increased amyloid beta plaque formations
have been recorded [73].

According to the in vivo study, the MAGL inhibitor is not able to change cognitive
deficits associated with sporadic Alzheimer’s disease, but it improves some biochemical
properties [74]. Systemic administration of MAGL/FAAH inhibitory compounds improves
memory impairments in rodent models of Alzheimer’s disease [75].

Future studies should focus on the catalytic mechanisms and regulation of both
hydrolases to develop effective inhibitors.

5. Phytocannabinoid Modulation of Blood-Brain Barrier Integrity
5.1. The Blood—Brain Barrier

The BBB is a highly selective semipermeable interface that separates the central ner-
vous system from the peripheral circulation. As mentioned previously, it is formed pri-
marily by brain microvascular endothelial cells joined by tight junction (T]) proteins, and
supported by the basement membrane, pericytes, and astrocyte end feet. Together with
perivascular components such as microglia and neurons, this structure constitutes the
NVU [76].

Functionally, the BBB maintains CNS homeostasis using physical, metabolic, and
transport barriers. These barriers enable the strict regulation of paracellular diffusion,
transcytosis, and solute flux through specific transport systems and metabolic enzymes,
allowing the entry of essential nutrients while removing potentially harmful compounds,
including most pathogens, toxins, and systemically administered drugs [77,78].

5.2. Phytocannabinoids and BBB Penetration

Figure 4 shows phytocannabinoids” effects on the BBB. Phytocannabinoids, as men-
tioned, are lipid-soluble, plant-derived cannabinoid compounds, which include major
neutral molecules such as delta-9-tetrahydrocannabinol, cannabidiol (THC), cannabidiol
(CBD), and cannabigerol (CBG), along with their acidic precursors like tetrahydrocannabi-
nol acid (THCA), cannabidiol acid (CBDA), and cannabigerolic acid (CBGA). Their natural
compounds’ high lipophilicity enables passive diffusion across the BBB, allowing them
to interact with endothelial cells, TJs, and other components of the neurovascular unit,
thereby influencing BBB permeability, neuroinflammation, and brain distribution [79,80].
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Figure 4. A schematic illustration of phytocannabinoids’ effects on the BBB.

The mechanisms underlying cannabinoid delivery to the brain remain incompletely
defined, in part due to variability in the routes of administration used for cannabinoid
delivery. Neutral cannabinoids such as THC and CBD are typically described as highly
lipophilic, enabling them to cross the BBB more readily than their acidic counterparts
(THCA and CBDA). Despite similar lipophilicity among neutral cannabinoids, their brain-
to-plasma exposure differs due to structural features such as molecular rigidity and polar
surface area, as well as formulation and route of administration [80,81].

5.3. Neutral Phytocannabinoids and the BBB

Beyond classical endocannabinoid system signaling, CBD and THC can modulate
BBB function through several non-classical targets such as PPARY, serotonergic receptors
(5-HT1A), TRP channels, and redox-sensitive signaling cascades that influence endothelial
survival, TJs, and inflammatory status [82].

In an in vitro human BBB model exposed to oxygen-glucose deprivation (OGD), CBD
reduced barrier hyperpermeability and endothelial damage. This protective effect was
blocked by PPARy and 5-HT1A antagonists, while CB1/CB2 antagonism had no effect,
indicating a cannabinoid-receptor-independent mechanism at the BBB [82]. CBD also
altered the expression of factors such as vascular cell adhesion molecule-1 (VCAM-1) and
vascular endothelial growth factor (VEGF) in brain endothelial cells via PPARy activa-
tion [82]. This suggests that its vascular-protective actions are driven by transcriptional
regulation of adhesion and angiogenic pathways, rather than by activation of classical
cannabinoid receptors.

CBD was also reported to counteract the inflammatory activation and barrier dis-
ruption of endothelial cells exposed to high-glucose conditions [83]. Additionally, CBD
enhances the transport of lipid nanocapsules across the BBB in both hCMEC /D3 in vitro
permeability assays and mouse biodistribution studies, with the smallest cannabinoid-
decorated nanocapsules showing the highest brain-targeting efficiency [84].

In an in vivo endotoxin shock model of encephalomyelitis, CBD effectively protected
the BBB from the loss caused by intravenous administration of LPS. This protective effect is
attributed to the downregulation of tumor necrosis factor-alpha (TNF-), cyclooxygenase-2
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(COX-2), and inducible nitric oxide synthase (iNOS), as confirmed by quantitative real-time
PCR [85].

Furthermore, CBD was reported to decrease aquaporin-4 (AQP4)- and GFAP-positive
cells, suppress pro-inflammatory cytokines (TNF-a and IL-1§3), and upregulate the TJs
proteins (claudin-5 and occludin) in the traumatic brain injury (TBI) model. CBD also
reduced brain water content and BBB breakdown following TBI, leading to improved
neurological status. Overall, CBD strengthened BBB integrity and diminished post-TBI
edema [86].

Interestingly, THC exhibits dual effects: while its high lipophilicity allows rapid BBB
penetration, it can also impair barrier integrity through oxidative stress, TJs reorganization,
and cytoskeletal alterations in brain microvascular endothelial cells. This barrier damage
results from redox imbalance and activation of stress-responsive signaling pathways. Al-
though CB1 activation contributes to these effects, the downstream damage appears to be
driven primarily by oxidative mechanisms and TJs remodeling [17].

At lower doses (e.g., 10 mg/kg), THC may indirectly enhance BBB stability through
its anti-inflammatory effects. Several articles suggest that THC may contribute to reducing
neuroinflammation and thereby indirectly enhance BBB integrity, particularly when com-
bined with CBD [87-89]. However, direct protective actions of THC on BBB endothelial
monolayers are less consistently demonstrated than those of CBD, which emphasizes the
need to define dose, exposure time, and inflammatory context when evaluating THC's
overall impact on BBB function [80,90].

Recent findings show that CBG and cannabidivarin (CBDV) exert a protective ef-
fect on the three cell types of the triple-culture BBB in vitro OGD model. In astrocytes,
both cannabinoid compounds decrease the release of interleukin-6 (IL-6) and lactate de-
hydrogenase (LDH), while CBDV additionally decreased the secretion of VEGF. CBDV
also decreased MCP-1 in brain endothelial cells. CBG diminishes DNA-damage markers,
whereas CBDV increases them. Their effects on astrocytic LDH were not altered by block-
ade of major cannabinoid, PPAR, serotonin, or TRP receptors; CBDV acted partly through
GPR55 and GPR18, while no specific target was identified for CBG [79].

5.4. Acidic Phytocannabinoids and the BBB

Acidic cannabinoids such as THCA and CBDA remain significantly less investigated
than their neutral counterparts (THC and CBD) in the context of BBB function. Current
data is limited to pharmacokinetic profiling and indirect neuroprotective outcomes rather
than direct effects on BBB components [81,91].

Despite their limited BBB penetration, THCA and CBDA cross the BBB in sufficient
amounts to alleviate Af3/tau pathology and neuroinflammation in Alzheimer’s models,
demonstrating indirect preservation of barrier integrity. Preliminary data from triple-
culture BBB in vitro models reveal that CBDA can alleviate ischemia-triggered increases in
permeability, similar to CBD [92]. Nevertheless, more in-depth studies about the precise
effects of acidic cannabinoids on TJs organization and expression, endothelial signaling,
and barrier integrity are needed [91,93].

6. Neuroprotective and Therapeutic Roles of Phytocannabinoids

Neurodegenerative disorders, such as Alzheimer’s disease and Parkinson’s disease,
share a prominent component of chronic neuroinflammation [94,95].

Microglial cells and astrocytes play key roles in regulating neuroinflammatory pro-
cesses [96]. Glial cells also contribute to the formation and maintenance of the impermeable
blood-brain barrier, which prevents potentially toxic blood-borne substances from entering
the brain [97].
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Cannabinoids can beneficially modulate these neuroimmune responses and may
contribute to the preservation of BBB integrity under inflammatory conditions, thereby
supporting their potential relevance in neuroprotective strategies rather than establishing
direct therapeutic efficacy [23,96-100].

At this neurovascular interface, the endocannabinoid system becomes particularly
relevant. Endogenous cannabinoids such as anandamide and 2-AG are synthesized locally
by endothelial cells, astrocytes, and microglia, enabling rapid modulation of tight junction
dynamics, vascular tone, and leukocyte trafficking [23,98-100].

In models of LPS-induced and ischemia-related inflammation, cannabinoid treatment
preserves tight-junction structure and reduces BBB permeability. Furthermore, CBD or selec-
tive CB2 agonists decrease endothelial expression of ICAM-1 and VCAM-1, thereby limiting
leukocyte adhesion and trans-endothelial migration, while increasing trans-endothelial
electrical resistance, a functional marker of tight-junction reinforcement. These findings
suggest that CBD may exert protective and beneficial effects in inflammatory diseases
of the nervous system, including epilepsy, psychiatric disorders, and neurodegenerative
conditions. These vascular effects involve not only receptor activation but also suppres-
sion of NF-kB-dependent transcriptional programs within endothelial cells. Additionally,
cannabinoids modulate the RhoA /ROCK signaling pathway, a pathway that regulates
cytoskeletal tension and tight junction stability, providing a mechanistic link between ECS
activation and structural BBB preservation [80].

During inflammatory activation, microglial CB2 receptor expression increases, al-
lowing cannabinoids to selectively modulate pro-inflammatory (M1-like) phenotypes
while sparing or enhancing protective, phagocytic functions (M2-like). This selective im-
munomodulation distinguishes cannabinoids from broad immunosuppressants [101,102].

Accordingly, microglial activation is a regulatable process and has emerged as a
therapeutic target in neurodegenerative diseases. Chronic and dysregulated microglial
activation is a hallmark of several neurodegenerative disorders, including Alzheimer’s
and Parkinson’s diseases, where sustained production of pro-inflammatory cytokines
contributes to progressive neuronal damage. Nicotinic acetylcholine receptors (nAChRs)
expressed in neurons, as well as microglia and astrocytes, participate in the cholinergic
anti-inflammatory pathway activated by vagus nerve stimulation [103-105]. This pathway
has been implicated in limiting neuroinflammation-driven neurodegeneration by suppress-
ing innate immune activation within the CNS. Experimental studies show that stimulating
these receptors attenuates LPS-induced cytokine production in macrophages and microglial
cells [106-108]. For example, activation of the a7 nAChR by nicotine markedly reduces
the ischemia-induced expression of TNF-« and IL-1f3, indicating o7 nAChR-dependent
suppression of microglial activation. Given the overlap between ischemia-induced inflam-
mation and inflammatory mechanisms observed in chronic neurodegenerative diseases,
modulation of «7 nAChR signaling may represent a potential strategy for attenuating
microglia-mediated neurodegeneration [109].

Building on this concept, selective 7 nAChR agonists, such as GTS-21, demonstrate
anti-inflammatory and neuroprotective effects in mouse models of neuroinflammation. In
LPS-induced Parkinsonian inflammation and in MPTP-based PD models, GTS-21 reduces
the expression of iNOS and pro-inflammatory cytokines. At the same time, it increases the
levels of the anti-inflammatory mediator TGF-[3. These effects coincide with the suppression
of NF-«kB signaling and the activation of PPARy-dependent pathways. In MPTP-treated
mice, GTS-21 alleviates motor deficits and reduces microglial activation, linking cholinergic
modulation of microglia to structural and functional neuroprotection in dopaminergic
degeneration [95].
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Astrocytes maintain CNS homeostasis by regulating cerebral blood flow, supporting
neuronal metabolism, and modulating neuronal function through cytokine secretion [97].
Under inflammatory conditions, astrocytes become reactive and produce molecules that
inhibit axonal regeneration, while releasing cytokines and chemokines that shape CNS
immune responses [110]. Astrocytes also prevent glutamate-mediated excitotoxicity by
rapidly clearing synaptic glutamate, thus avoiding excessive glutamate receptor activation,
pathological Ca?* influx, and ionic imbalance [97,111]. In neurodegenerative diseases such
as Alzheimer’s disease, Huntington’s disease, and amyotrophic lateral sclerosis, failure of
this astrocyte-dependent glutamate buffering system promotes sustained excitotoxic stress
and progressive neuronal loss [112].

Reactive astrocytes comprise functionally distinct subtypes. Pro-inflammatory Al
astrocytes are induced by microglia-derived cytokines and exhibit neurotoxic properties,
impairing neuronal development and promoting the death of both neurons and oligo-
dendrocytes, whereas A2 astrocytes support neuronal survival and repair mechanisms.
Modulation of astrocytic phenotypes therefore represents a potential mechanism through
which cannabinoids may influence neuroinflammatory environments in diseases such as
Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, multiple sclerosis, and
amyotrophic lateral sclerosis [113]. CB1 has an important role in modulating stress re-
sponses in vivo models. Understanding the beneficial endocannabinoid-related adaptations
within the BBB can represent a promising strategy for developing innovative therapies for
neurodegenerative diseases [22].

Cannabinoids modulate excitotoxicity by regulating glutamate release through CB1
receptors on presynaptic terminals. CB1 signaling controls excessive neurotransmitter
release partly by influencing voltage-gated calcium channels. Additionally, CB1-mediated
inhibition of mitochondrial respiration in axonal terminals may reduce metabolic stress
during inflammatory insults, thereby providing further protection against excitotoxic
damage [114,115].

Neuroinflammation also induces excessive production of reactive oxygen and nitro-
gen species, creating oxidative stress that damages membrane lipids, proteins, nucleic
acids, and mitochondria, ultimately promoting cell death. In multiple sclerosis (MS),
cannabinoids may protect against oxidative injury by limiting nitric oxide production in
macrophages/microglia and astrocytes [116-119].

Phytocannabinoids, particularly CBD, reduce the generation of reactive species while
enhancing endogenous antioxidant defenses and mitochondrial resilience. CBD activates
the Nrf2 pathway and upregulates downstream targets, such as heme oxygenase-1 (HO-1),
thereby strengthening the cell’s antioxidant capacity. In the brain, Nrf2 further contributes
to neuroprotection by mitigating neuroinflammation triggered by harmful stimuli com-
monly observed in neurodegenerative diseases. Through modulation of pathways such
as the NLRP3 inflammasome, Nrf2 plays a central defensive role against oxidative stress,
gliosis, protein aggregation, and inflammatory damage, thereby reinforcing the neuro-
protective potential of CBD in disorders such as Alzheimer’s and Parkinson’s disease.
By stabilizing mitochondrial membrane potential and reducing cytochrome c-dependent
caspase activation, CBD further attenuates apoptosis under conditions of oxidative and
neuroinflammatory stress, adding an additional mechanistic layer to its neuroprotective
profile [120-122].

Accumulating evidence indicates that phytocannabinoids, such as CBG, A°-THC, and
CBD, interact with multiple targets in the ECS and beyond. In addition to CB1 and CB2
receptors, they modulate TRP channels (TRPV, TRPA, and TRPM), GPR55, voltage-gated
calcium and sodium channels, and transcriptional regulators, including NF-«B [123,124].
Through modulation of NF-«B and these ion channels, phytocannabinoids can attenuate
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neuroinflammatory signaling and reduce the expression of pro-inflammatory cytokines and
chemokines, processes that are critically involved in the pathogenesis of neurodegenerative
diseases such as Alzheimer’s and Parkinson’s disease. NF-kB serves as a key regulator of
immune function by driving the expression of pro-inflammatory genes, including those
encoding cytokines and chemokines, and by controlling the activation, differentiation, and
effector functions of innate immune cells and inflammatory T cells [125].

Another important non-cannabinoid target is PPARy, which represses pro-inflammatory
gene expression and counteracts NF-«B activity. PPARx and PPARy agonism is therefore of
growing interest as a therapeutic mechanism through which phytocannabinoids may act in
neuroinflammatory conditions [123,124,126-128]. In this context, CBD acts as a PPARy agonist,
attenuating NF-kB signaling. PPARy enhances lipid accumulation in both mice and humans
and is involved in the pro-apoptotic and tumor-regressive effects of CBD. CBD induces an
increase in COX-2-dependent prostaglandin levels, promoting PPARy translocation to the
nucleus and consequently triggering apoptotic cell death. PPARY represents a critical factor in
CBD'’s ability to modulate inflammatory responses [129,130].

Based on the role in modulating neuroinflammation and stabilizing the BBB, both
preclinical and clinical studies have evaluated phytocannabinoids in neurodegenerative
disorders, such as AD, PD, Huntington’s disease, ALS and MS. Studies show that A?-THC
reduces pro-inflammatory cytokines, including IFN-y and TNF-«, and suppresses T-cell
proliferation, whereas CBD and CBG reduce inflammation and pain and improve motor
function [131,132].

In AD models, studies demonstrated that various phytocannabinoids, including CBD,
THC, and CBG, reduce neuroinflammation and protect against intracellular amyloid-3
(Ap) toxicity, promote the breakdown of aggregates, decrease the expression of TNF-«,
COX-2, and IL-6, and contribute to improved cognitive performance. Moreover, CBD was
found to reduce oxytosis, a cell death pathway associated with oxidative stress. Mechanisti-
cally, phytocannabinoids exert these neuroprotective effects not only through classical CB1
and CB2 receptor-mediated signaling but also by modulating oxidative stress responses,
mitochondrial function, and proteostasis pathways. In particular, CBD and cannabigerol
(CBG) have been shown to enhance cellular antioxidant defenses, reduce the accumulation
of reactive oxygen species (ROS), and preserve mitochondrial bioenergetics in neurons
exposed to AB-induced toxicity. Additionally, these compounds enhance protein clearance
mechanisms, thereby mitigating proteotoxic stress and reducing the accumulation of mis-
folded Af aggregates, which may support neuronal survival and function. Collectively,
these findings indicate that phytocannabinoids act through a multifaceted neuroprotective
network, making them promising candidates for therapeutic intervention in Alzheimer’s
disease [133-136]. In a recent study, CBG, CBDV, and acidic cannabinoids have been
demonstrated to have neuroprotective properties in PC12 cells; these compounds inhibit
amyloid (3-evoked neurotoxicity [137]. Another computational and biochemical research
investigating Alzheimer’s disease in vivo revealed that repeated treatment with CBDA and
CBGA may prevent aggregation of 3-amyloid fibrils and restore the expression level of
TRPM?7 according to the (3-arrestin assay on GPR109A and qPCR [138].

In Parkinson’s disease models, CBD reduces dopaminergic degeneration, shifts mi-
croglial activity toward an anti-inflammatory state, and improves motor performance.
Additionally, CBD increases TRPV1 expression in astrocytes, which may support repair
processes [139].

In models of Huntington’s disease, A’-THC has been shown to attenuate motor coor-
dination deficits and reduce both striatal degeneration and the accumulation of huntingtin
protein aggregates in R6/2 transgenic mice. Cannabigerol (CBG) has demonstrated neuro-
protective effects in multiple Huntington’s disease models, including a 3-nitropropionate-
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induced model and transgenic mice. In the 3-nitropropionate model, CBG significantly
decreased neuronal death; lowered the levels of pro-inflammatory mediators, including
COX-2, inducible nitric oxide, TNF-¢, and IL-6; and improved motor performance. In
transgenic mice, CBG treatment produced modest improvements in motor coordination,
partially normalized genes dysregulated in Huntington’s disease, and enhanced the expres-
sion of anti-inflammatory mediators, including PPARy [140-142].

In ALS models, CBD and CBG reduce neuroinflammation and suppress the NF-«B
pathway while increasing IL-10 and IL-37 expression [143].

In multiple sclerosis models, a combined treatment of CBD and THC suppresses T
cells, reduces the secretion of pro-inflammatory cytokines (IL-17, IFN-y, and TNF-«), and
increases the secretion of anti-inflammatory cytokines (IL-4, IL-10, and TGF-f3). These
effects are dependent on CB1/CB2 receptors [89].

Most evidence comes from preclinical models, but no animal models of neurode-
generative diseases fully imitate human diseases. Therefore, clinical trials are extremely
important in pharmaceutical applications of phytocannabinoids. To systematically illus-
trate the evidence obtained from these studies, Table 2 summarizes their findings from
clinical studies in various neurodegenerative diseases, including the type of cannabinoid,
study model, main effects, and mechanisms [90].

Collectively, clinical evidence indicates that phytocannabinoids such as CBD and
A°-THC may provide symptomatic relief in neurodegenerative disorders, including im-
provements in pain, spasticity, sleep disturbances, and agitation (Table 2). Nevertheless,
well-controlled, large-scale clinical trials are required to determine their long-term safety,
efficacy, and potential role beyond symptomatic management [90].
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Table 2. Summary of findings from clinical studies in various neurodegenerative diseases.
Disease Phytocannabinoid S:sl:ig}; Sample Size Dose Duration Phytocannabinoid Effects End&i)a;‘ﬁaa]:il;?lds Clinical Findings ‘z‘::::ts:
. Capsules: 2.5 mg . Minor adverse events
. A°-THC + CBD Randomized, THC + 0.9 mg CBD May reduce spasticity, . CB1/CB2-mediated slightly more
Multiple N double-blind, 57 . 14 J L E CBD may increase anti-inflammatory g N
R (Sativex) . standardized alleviates pain, improves : . frequent in active
Sclerosis , placebo-controlled patients days anandamide levels modulates glutamatergic : X
[144] . (escalated to max sleep e phase; generally mild
crossover trial neurotransmission e
~30mg THC/day) toxicity symptoms
Randomized Increased body weight
A%-THC /Dronabinol double-blind, 12 Oral Dronabinol 6 overall; 1mpr0ve_d behavior . Seizure
, . . . and reduced disturbed - CB1/CB2 agonist .
[145] placebo-controlled, patients 2.5 mg twice daily weeks - - (one patient)
behavior more during
crossover dronabinol periods
Alzheimer’s Randomized, Improvement in agitation . .
Disease Nabilone [146] double-blind, 39 Oral 0.5-1 mg/day 6 Reduces agitation - scores compared with Mild sedation,
placebo-controlled patients weeks placebo somnolence
. . . Increase anandamide
Randomized, Potential neuro-protective R  epee: - . . .
CBD [147,148] double-blind, 1.3 Oral 600 mg/day 4 and anti-inflammatory via FAAH inhibition . Antioxidant, Mild gastrmr}testmal
lacebo-controlled patients weeks effects and transport anti-inflammatory effects, upset, fatigue
P restriction
Randomized P Not specifically Trial showed safety and
double-blind, No significant motor, evaluated tolerability but no
Huntington’s A°-THC + CBD lacebo-controll/e d 24 Oromucosal spray: 12 cognitive, behavioral or Increase anandamide sionificant symptomatic No severe adverse
Disease (Sativex) [149] p X L patients up to 12 sprays/day weeks functional improvement vs. via FAAH inhibition gl ymptom events; well tolerated
crossover pilot clinical placebo and transport benefit at the prescribed
trial restriction dose
Improved non-motor
CBD Exploratory o1 Oral symptoms: sleep Possible anandamide ~ Non CB1/CB2-mediated; Mild somnolence
[150] double-blind trial patients 150400 mg/day dlsturban_c_es, psychosis; no ephancement, gpt10x1dant, diarrhea
Parkinson’s significant motor anti-inflammatory anti-inflammatory
Disease improvement
. Improvement in psychotic .
. 6 Oral 4 Reduced psychosis and : No serious
CBD[151] Open-label trial patients 150400 mg/day weeks agitation symptoms without adverse events

worsening motor function
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7. Side Effects

Adverse effects of cannabinoid intake on almost all body systems are well known;
their durations and severity depend on many factors, for example, age, sex, concentrations
of cannabinoids, and so on [152]. Acidic cannabinoids show mild side effects, while neutral
cannabinoids are associated with severe side effects, including psychoactivity [153]. For
example, side effects of THC may include various psychoactive effects, tachycardia, dry
mouth, red eyes, etc. [154].

It is mostly unclear whether cannabinoids crossing the BBB pose a specific risk to the
BBB. In fact, it has been demonstrated in cell and animal models that THC induces BBB
damage, which is partly associated with CB1 activation and triggering the oxidative stress
response [17].

All adverse events reported in clinical trials are reflected in Table 2.

8. Future Directions: Targeting the BBB-ECS Axis

Another key challenge is the strong context dependence of ECS signaling within
the NVU. The effects of ECS components on BBB integrity vary depending on the cell
type. For example, astrocytic CB1 protects against claudin-5 loss during stress [22], while
endothelial CB1 induces oxidative stress and tight junction breakdown [17]. This highlights
the importance of studying ECS modulation in a cell-specific and time-dependent manner.

Despite growing interest in the role of phytocannabinoids and the ECS in regulating
the BBB, important gaps in knowledge remain. Most mechanistic studies on BBB regulation
have focused on CBD and THC. In contrast, acidic phytocannabinoids such as THCA,
CBDA, and CBGA have been studied mainly for their pharmacokinetics and general neuro-
protective effects [81,92,155]. Multicellular BBB models and in vivo studies are necessary to
better understand how these acidic compounds affect tight junction organization, trans-
porter function, and neurovascular signaling, particularly given their lower penetration
through the BBB compared to neutral counterparts.

Future research should consider combined strategies that target both ECS components
and related pathways involved in neuroinflammation and oxidative stress, such as PPAR
signaling. Since MAGL and FAAH inhibitors, CB2 activation, and phytocannabinoids like
CBD and CBG influence overlapping molecular pathways, rational polypharmacology
may provide better protection of BBB integrity and neuronal function than single-target
approaches. Moreover, ECS and phytocannabinoids may indirectly influence BBB per-
meability, NVU function, and neurodegeneration [8]. Changes in microbial metabolites,
alteration of circulating cytokine profiles, and modulation of peripheral immune cells
may indirectly alleviate BBB stress and enhance barrier integrity and function [156]. This
mechanism remains incompletely investigated regarding the endocannabinoid system and
phytocannabinoids in neurodegenerative disease models.

The known neurodegenerative disease models require further improvement because
the existing models may not allow for the complicated interaction between cellular patholo-
gies and their associated clinical syndromes.

9. Conclusions

All the above findings refer to the important roles of the ECS, cannabinoids, BBB, and
neurodegeneration in the pathophysiology of neurodegenerative diseases. The various neu-
roprotective properties of cannabinoids through many cellular and molecular pathways in
neurodegenerative diseases have been demonstrated. CBD and THC have been researched
much more extensively than many other phytocannabinoids. For example, CBG, CBDV,
and acidic cannabinoids have great potential for the treatment of neurodegenerative dis-
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eases due to their chemical diversity and ability to interact with various targets. However,
they have not been investigated deeply.

Permeability assays, in vivo BBB evaluation studies, and formulation strategies to
improve delivery are urgently required to define the full therapeutic promise of THCA,
CBDA, and other acidic forms of cannabinoids at the BBB.

Outstanding progress has been made in understanding the multifaceted activities
of cannabinoids through various mechanisms. However, major gaps still remain, partic-
ularly with regard to the imperfect preclinical models and limited clinical studies, with
difficulties due to inconsistent methods and small sample sizes. Future investigations of
endocannabinoid hydrolytic enzymes should give priority to considering the kinetics of
enzyme-catalyzed hydrolysis and search for novel inhibitors or activators; modulating
CB1 and CB2 for re-generating balance in neurons and glial cells; reducing degenerative
and inflammatory damage; and elucidating the potential mechanisms of cannabinoids for
maintaining and increasing BBB integrity.

Author Contributions: Conceptualization, S.F.-B. and S.B.-S.; methodology, B.K., S.F.-B. and S.B.-S;
validation, L.Y.,, B.K,, S.E-B. and S.B.-S.; formal analysis, L.Y., B.K,, S.F.-B. and S.B.-S.; investigation,
LY, BK, N.S, T.Z.-A., S.D., S.E-B. and S.B.-S.; resources, S.F.-B. and S.B.-S.; data curation, B.K,;
writing—original draft preparation, L.Y., B.K,, N.S., T.Z.-A., S.D., S.E-B. and S.B.-S.; writing—review
and editing, L.Y., BK,N.S,, T.Z.-A.,S.D., S.F-B. and S.B.-S.; visualization, T.Z.-A. and B.K,; supervi-
sion, S.E-B. and S.B.-S.; project administration, S.F.-B. and S.B.-S. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the Israel Science Foundation, grant number 634/24.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare that they have no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

A°-THCA A°-Tetrahydrocannabinolic acid

2-AG 2-Arachidonoylglycerol

Ap Amyloid-p

AEA Anandamide

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis
AQP4 Aquaporine-4

BBB Blood-brain barrier

BDNF Brain-derived neurotrophic factor
CB1 Cannabinoid receptor 1

CB2 Cannabinoid receptor 2
CBDA Cannabidiolic acid

CBDV Cannabidivarin

CBG Cannabigerol

CBGA Cannabigerolic acid

CNS Central nervous system
CORT Corticosterone

COX-2 Cyclooxygenase-2

DAGL«x Diacylglycerol lipase o
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DOPA
EAE
ECS
FAAH
GDNF
GPR55
GTS-21
HO1
ICAM-1
IFN-y
1L-2
IL-6
iNOS
LDH
LPS
Mi-like
M2-like
MAGL
MAGLIi
MS
MPTP
nAChRs
NAPE-PLD
NF-«B
NO
NVU
OGD
PD
PEA
PGE2
PPARYy
RhoA
ROCK
TBI

TJ
TNF-«
TRP
TRPA
TRPM
TRPV
VCAM-1
VE-cadherin
VEGF
Z0O-1

References
Shevyrin, V.A.; Morzherin, Y.Y. Cannabinoids: Structures, Effects, and Classification. Russ. Chem. Bull. 2015, 64, 1249-1266.

1.

~

[CrossRef]

3,4-dihydroxyphenylalanine

Experimental autoimmune encephalomyelitis
Endocannabinoid system

Fatty acids amide hydrolase

Glial cell line-derived neurotrophic factor
G-protein-coupled receptor 55
3-(2,4-dimethoxy-benzylidene) anabaseine
Heme oxygenase 1

Intercellular adhesion molecule 1

Interferon gamma

Interleukin-2

Interleukin-6

Inducible nitric oxide synthase

Lactate dehydrogenase

Lipopolysaccharide

Macrophages 1-like

Macrophages 2-like

Monoacylglycerol lipase

Monoacylglycerol lipase inhibitor

Multiple Sclerosis
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Nicotinic acetylcholine receptors

N-acyl phosphatidylethanolamine phospholipase D

Nuclear Factor kappa-light-chain-enhancer of activated B cells

Nitric Oxide

Neurovascular unit

Oxygen-glucose deprivation

Parkinson’s disease
N-palmitoyl-ethanolamine

Prostaglandin E2

Peroxisome proliferator-activated receptor y
Ras homolog family member A
Rho-associated, coiled-coil containing protein kinase
Traumatic brain injury

Tight junction

Tumor necrosis factor-oc

Transient receptor potential

Transient receptor potential subfamily A
Transient receptor potential melastatin
Transient receptor potential vanilloid
Vascular cell adhesion protein 1

Vascular endothelial cadherin

Vascular endothelial growth factor

Zonula occludens-1

Hourani, W.; Alexander, S.P.H. Cannabinoid Ligands, Receptors and Enzymes: Pharmacological Tools and Therapeutic Potential.
Brain Neurosci. Adv. 2018, 2,2398212818783908. [CrossRef] [PubMed]
Sommano, S.R.; Chittasupho, C.; Ruksiriwanich, W.; Jantrawut, P. The Cannabis Terpenes. Molecules 2020, 25, 5792. [CrossRef]

Giilck, T.; Moller, B.L. Phytocannabinoids: Origins and Biosynthesis. Trends Plant Sci. 2020, 25, 985-1004. [CrossRef]

Andre, C.M.; Hausman, J.-F.; Guerriero, G. Cannabis Sativa: The Plant of the Thousand and One Molecules. Front. Plant Sci. 2016,

7,19. [CrossRef]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1007/s11172-015-1008-1
https://doi.org/10.1177/2398212818783908
https://www.ncbi.nlm.nih.gov/pubmed/32166144
https://doi.org/10.3390/molecules25245792
https://doi.org/10.1016/j.tplants.2020.05.005
https://doi.org/10.3389/fpls.2016.00019
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 18 of 24

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Berman, P; Sulimani, L.; Gelfand, A.; Amsalem, K.; Lewitus, G.M.; Meiri, D. Cannabinoidomics—An Analytical Approach to
Understand the Effect of Medical Cannabis Treatment on the Endocannabinoid Metabolome. Talanta 2020, 219, 121336. [CrossRef]
Banister, 5.D.; Connor, M. The Chemistry and Pharmacology of Synthetic Cannabinoid Receptor Agonists as New Psychoactive
Substances: Origins. Handb. Exp. Pharmacol. 2018, 252, 165-190. [CrossRef]

Sharon, N.; Yarmolinsky, L.; Khalfin, B.; Fleisher-Berkovich, S.; Ben-Shabat, S. Cannabinoids’ Role in Modulating Central and
Peripheral Immunity in Neurodegenerative Diseases. Int. J. Mol. Sci. 2024, 25, 6402. [CrossRef]

Ghosh, S.; Debnath, I.; Bhunia, S.; Nandi, S.; Ashique, S.; Nayak, A.; Mallick, S.; Basak, S. Decoding Natural Products for
Neuroprotection: Pathway Networks and Structural Insights for Drug Development. Chin. Herb. Med. 2025, 17, 643-672.
[CrossRef] [PubMed]

Cristino, L.; Bisogno, T.; Di Marzo, V. Cannabinoids and the Expanded Endocannabinoid System in Neurological Disorders. Nat.
Rev. Neurol. 2020, 16, 9-29. [CrossRef]

Morales, P; Jagerovic, N. Novel Approaches and Current Challenges with Targeting the Endocannabinoid System. Expert. Opin.
Drug Discov. 2020, 15, 917-930. [CrossRef]

Cohen, K.; Weizman, A.; Weinstein, A. Positive and Negative Effects of Cannabis and Cannabinoids on Health. Clin. Pharmacol.
Ther. 2019, 105, 1139-1147. [CrossRef]

Sotoudeh-Anvari, A. The Applications of MCDM Methods in COVID-19 Pandemic: A State of the Art Review. Appl. Soft Comput.
2022, 126, 109238. [CrossRef] [PubMed]

Gong, Y.; Wu, M.; Huang, Y.; He, X,; Yuan, J.; Dang, B. Research Developments in the Neurovascular Unit and the Blood-brain
Barrier (Review). Biomed. Rep. 2025, 22, 88. [CrossRef] [PubMed]

Hagan, K.; Varelas, P; Zheng, H. Endocannabinoid System of the Blood-Brain Barrier: Current Understandings and Therapeutic
Potentials. Cannabis Cannabinoid Res. 2022, 7, 561-568. [CrossRef]

Martinez Ramirez, C.E.; Ruiz-Perez, G.; Stollenwerk, T.M.; Behlke, C.; Doherty, A.; Hillard, C.J. Endocannabinoid Signaling in the
Central Nervous System. Glia 2023, 71, 5-35. [CrossRef]

Zhang, Q.; Huang, W.; Li, T.; Wang, X,; Lai, X.; Hu, W.; Li, Z.; Zeng, X.; Huang, J.; Zhang, R. A9-Tetrahydrocannabinol Induces
Blood-Brain Barrier Disruption: Involving the Activation of CB1R and Oxidative Stress. Neuropharmacology 2025, 270, 110366.
[CrossRef]

Haspula, D.; Clark, M.A. Cannabinoid Receptors: An Update on Cell Signaling, Pathophysiological Roles and Therapeutic
Opportunities in Neurological, Cardiovascular, and Inflammatory Diseases. Int. ]. Mol. Sci. 2020, 21, 7693. [CrossRef] [PubMed]
Ramirez, A.; Viveros, ].M. Brewing with Cannabis Sativa vs. Humulus Lupulus: A Review. J. Inst. Brew. 2021, 127, 201-209.
[CrossRef]

Yang, H.; Zhou, J.; Lehmann, C. GPR55—A Putative “Type 3” Cannabinoid Receptor in Inflammation. J. Basic. Clin. Physiol.
Pharmacol. 2016, 27, 297-302. [CrossRef]

Ramirez, S.H.; Hasko, J.; Skuba, A.; Fan, S.; Dykstra, H.; McCormick, R.; Reichenbach, N.; Krizbai, I.; Mahadevan, A.; Zhang,
M.; et al. Activation of Cannabinoid Receptor 2 Attenuates Leukocyte-Endothelial Cell Interactions and Blood-Brain Barrier
Dysfunction under Inflammatory Conditions. J. Neurosci. 2012, 32, 4004—4016. [CrossRef]

Dudek, K.A; Paton, S.E.J.; Binder, L.B.; Collignon, A.; Dion-Albert, L.; Cadoret, A.; Lebel, M.; Lavoie, O.; Bouchard, J.; Kaufmann,
EN.; et al. Astrocytic Cannabinoid Receptor 1 Promotes Resilience by Dampening Stress-Induced Blood—Brain Barrier Alterations.
Nat. Neurosci. 2025, 28, 766-782. [CrossRef]

Vendel, E.; de Lange, E.C.M. Functions of the CB1 and CB2 Receptors in Neuroprotection at the Level of the Blood-Brain Barrier.
Neuromol. Med. 2014, 16, 620-642. [CrossRef]

Chung, Y.C.; Shin, W.H.; Baek, J.Y.; Cho, E.J.; Baik, HH.; Kim, S.R.; Won, S.Y.; Jin, B.K. CB2 Receptor Activation Prevents
Glial-Derived Neurotoxic Mediator Production, BBB Leakage and Peripheral Immune Cell Infiltration and Rescues Dopamine
Neurons in the MPTP Model of Parkinson’s Disease. Exp. Mol. Med. 2016, 48, €205. [CrossRef]

Nunez-Lumbreras, M.L.A.; Castaneda-Cabral, ]J.L.; Valle-Dorado, M.G.; Sanchez-Valle, V.; Orozco-Suarez, S.; Guevara-Guzman,
R.; Martinez-Juarez, I.; Alonso-Vanegas, M.; Walter, E; Deli, M.A_; et al. Drug-Resistant Temporal Lobe Epilepsy Alters the
Expression and Functional Coupling to Galphai/o Proteins of CB1 and CB2 Receptors in the Microvasculature of the Human
Brain. Front. Behav. Neurosci. 2020, 14, 611780. [CrossRef]

Colomer, T.; Sdnchez-Martin, E.; Bernal-Chico, A.; Moreno-Garcia, A.; Serrat, R.; Baraibar, A.M.; Uribe-Irusta, A.; Iriarte-Sarria,
A.; Skupio, U.; Matute, C.; et al. Astrocyte CB1 Receptors Drive Blood-Brain Barrier Disruption in CNS Inflammatory Disease.
bioRxiv 2025. [CrossRef]

Leo, L.M,; Familusi, B.; Hoang, M.; Smith, R.; Lindenau, K.; Sporici, K.T.; Brailoiu, E.; Abood, M.E.; Brailoiu, G.C. GPR55-Mediated
Effects on Brain Microvascular Endothelial Cells and the Blood-Brain Barrier. Neuroscience 2019, 414, 88-98. [CrossRef]

Duncan, R.S.; Riordan, S.M.; Gernon, M.C.; Koulen, P. Cannabinoids and Endocannabinoids as Therapeutics for Nervous System
Disorders: Preclinical Models and Clinical Studies. Neural Regen. Res. 2024, 19, 788-799. [CrossRef]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1016/j.talanta.2020.121336
https://doi.org/10.1007/164_2018_143
https://doi.org/10.3390/ijms25126402
https://doi.org/10.1016/j.chmed.2025.09.005
https://www.ncbi.nlm.nih.gov/pubmed/41399798
https://doi.org/10.1038/s41582-019-0284-z
https://doi.org/10.1080/17460441.2020.1752178
https://doi.org/10.1002/cpt.1381
https://doi.org/10.1016/j.asoc.2022.109238
https://www.ncbi.nlm.nih.gov/pubmed/35795407
https://doi.org/10.3892/br.2025.1966
https://www.ncbi.nlm.nih.gov/pubmed/40166412
https://doi.org/10.1089/can.2021.0101
https://doi.org/10.1002/glia.24280
https://doi.org/10.1016/j.neuropharm.2025.110366
https://doi.org/10.3390/ijms21207693
https://www.ncbi.nlm.nih.gov/pubmed/33080916
https://doi.org/10.1002/jib.654
https://doi.org/10.1515/jbcpp-2015-0080
https://doi.org/10.1523/JNEUROSCI.4628-11.2012
https://doi.org/10.1038/s41593-025-01891-9
https://doi.org/10.1007/s12017-014-8314-x
https://doi.org/10.1038/emm.2015.100
https://doi.org/10.3389/fnbeh.2020.611780
https://doi.org/10.1101/2025.06.23.660998
https://doi.org/10.1016/j.neuroscience.2019.06.039
https://doi.org/10.4103/1673-5374.382220
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 19 of 24

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Dionisi, M.; Alexander, S.P.H.; Bennett, A.J]. Oleamide Activates Peroxisome Proliferator-Activated Receptor Gamma (PPARy) In
Vitro. Lipids Health Dis. 2012, 11, 51. [CrossRef] [PubMed]

Leggett, ].D.; Aspley, S.; Beckett, S.R.G.; D’Antona, A.M.; Kendall, D.A.; Kendall, D.A. Oleamide Is a Selective Endogenous
Agonist of Rat and Human CB1 Cannabinoid Receptors. Br. J. Pharmacol. 2004, 141, 253-262. [CrossRef] [PubMed]

Boger, D.L.; Patterson, ].E.; Guan, X.; Cravatt, B.F; Lerner, R.A.; Gilula, N.B. Chemical Requirements for Inhibition of Gap Junction
Communication by the Biologically Active Lipid Oleamide. Proc. Natl. Acad. Sci. USA 1998, 95, 4810-4815. [CrossRef]

Hind, W.H.; Tufarelli, C.; Neophytou, M.; Anderson, S.I.; England, T.J.; O’Sullivan, S.E. Endocannabinoids Modulate Human
Blood-Brain Barrier Permeability In Vitro. Br. J. Pharmacol. 2015, 172, 3015-3027. [CrossRef] [PubMed]

Kong, D.; Xie, B.; Li, Y.; Xu, Y. PEA Prevented Early BBB Disruption after Cerebral Ischaemic/Reperfusion (I/R) Injury through
Regulation of ROCK/MLC Signaling. Biochem. Biophys. Res. Commun. 2021, 566, 164-169. [CrossRef] [PubMed]

Li, Y.; Wu, C; Zhang, Y.; Wang, Q.; Huang, Y.; Xie, Y.; Yang, L.; Xu, L.; Wang, S. Oleoylethanolamide Exerts Neuroprotection
Following Ischemic Stroke through Microglial PPARalpha Signal. Int. Immunopharmacol. 2025, 158, 114824. [CrossRef] [PubMed]
Petrosino, S.; Schiano Moriello, A.; Cerrato, S.; Fusco, M.; Puigdemont, A.; De Petrocellis, L.; Di Marzo, V. The Anti-Inflammatory
Mediator Palmitoylethanolamide Enhances the Levels of 2-Arachidonoyl-Glycerol and Potentiates Its Actions at TRPV1 Cation
Channels. Br. J. Pharmacol. 2016, 173, 1154-1162. [CrossRef]

Benitez-Angeles, M.; Morales-Lazaro, S.L.; Judrez-Gonzalez, E.; Rosenbaum, T. TRPV1: Structure, Endogenous Agonists, and
Mechanisms. Int. |. Mol. Sci. 2020, 21, 3421. [CrossRef]

Clayton, P; Hill, M.; Bogoda, N.; Subah, S.; Venkatesh, R. Palmitoylethanolamide: A Natural Compound for Health Management.
Int. ]. Mol. Sci. 2021, 22, 5305. [CrossRef]

Hagan, K.A.; Zheng, H. Endocannabinoids May Enhance the Blood-Brain Barrier Function During Ischemic Stroke. Master’s
Theis, Albany College of Pharmacy and Health Sciences, New York, NY, USA, 2021.

Fisher, D.; Crous, M.; Makhathini, K.B. The Effects of Endocannabinoids on Inflammation of Endothelial Cells of The Blood-Brain
Barrier. IBRO Neurosci. Rep. 2023, 15, S276. [CrossRef]

Banks, W.A.; Gray, A.M.; Erickson, M.A.; Salameh, T.S.; Damodarasamy, M.; Sheibani, N.; Meabon, ].S.; Wing, E.E.; Morofuji,
Y.; Cook, D.G.; et al. Lipopolysaccharide-induced blood-brain barrier disruption: Roles of cyclooxygenase, oxidative stress,
neuroinflammation, and elements of the neurovascular unit. J. Neuroinflamm. 2015, 12, 223. [CrossRef]

Panikashvili, D.; Shein, N.A.; Mechoulam, R.; Trembovler, V.; Kohen, R.; Alexandrovich, A.; Shohami, E. The Endocannabinoid
2-AG Protects the Blood-Brain Barrier after Closed Head Injury and Inhibits MRNA Expression of Proinflammatory Cytokines.
Neurobiol. Dis. 2006, 22, 257-264. [CrossRef]

Ahluwalia, M.; McMichael, H.; Kumar, M.; Espinosa, M.P.; Bosomtwi, A.; Lu, Y.; Khodadadi, H.; Jarrahi, A.; Khan, M.B.; Hess,
D.C; et al. Altered Endocannabinoid Metabolism Compromises the Brain-CSF Barrier and Exacerbates Chronic Deficits after
Traumatic Brain Injury in Mice. Exp. Neurol. 2023, 361, 114320. [CrossRef]

Liktor-Busa, E.; Levine, A.A; Young, S.J.; Bader, C.; Palomino, S.M.; Polk, ED.; Couture, S.A.; Pires, PW.; Anderson, T.; Largent-
Milnes, T.M. Inhibition of Diacylglycerol Lipase Alpha Induced Blood-Brain Barrier Breach in Female Sprague-Dawley Rats.
J. Physiol. 2025, 603, 929-947. [CrossRef]

Levine, A.A.; Liktor-Busa, E.; Balasubramanian, S.; Palomino, S.M.; Burtman, A.M.; Couture, S.A.; Lipinski, A.A.; Langlais,
PR.; Largent-Milnes, T.M. Depletion of Endothelial-Derived 2-AG Reduces Blood-Endothelial Barrier Integrity via Alteration of
VE-Cadherin and the Phospho-Proteome. Int. J. Mol. Sci. 2023, 25, 531. [CrossRef]

Guadalupi, L.; Mandolesi, G.; Vanni, V.; Balletta, S.; Caioli, S.; Pavlovic, A.; De Vito, F.; Fresegna, D.; Sanna, K.; Vitiello, L.;
et al. Pharmacological Blockade of 2-AG Degradation Ameliorates Clinical, Neuroinflammatory and Synaptic Alterations in
Experimental Autoimmune Encephalomyelitis. Neuropharmacology 2024, 252, 109940. [CrossRef]

Kemble, A.; Hornsperger, B.; Ruf, L; Richter, H.; Benz, J.; Kuhn, B.; Heer, D.; Wittwer, M.; Engelhardt, B.; Grether, U.; et al. A
Potent and Selective Inhibitor for the Modulation of MAGL Activity in the Neurovasculature. bioRxiv 2022. [CrossRef]

Zhang, H.; Hilton, D.A.; Hanemann, C.O.; Zajicek, ]. Cannabinoid Receptor and N-Acyl Phosphatidylethanolamine Phospholipase
D--Evidence for Altered Expression in Multiple Sclerosis. Brain Pathol. 2011, 21, 544-557. [CrossRef]

Zhao, F; Zhang, X.; Liu, T,; Sun, J.; Li, X.; Zhang, W.; Tian, X. GPR55 Activation Alleviates Cognitive Dysfunction Caused by
Neuropathic Pain through Modulation of Microglia Polarization and Synaptic Plasticity via the CaMKKbeta/ AMPK/SOCS3
Signaling Pathway. Cell. Signal. 2025, 135, 112070. [CrossRef]

Viader, A.; Ogasawara, D.; Joslyn, C.M.; Sanchez-Alavez, M.; Mori, S.; Nguyen, W.; Conti, B.; Cravatt, B.F. A Chemical Proteomic
Atlas of Brain Serine Hydrolases Identifies Cell Type-Specific Pathways Regulating Neuroinflammation. eLife 2016, 5, e12345.
[CrossRef] [PubMed]

Wang, X.; Xiang, X.; Hu, J.; Wu, Y; Li, Y.; Jin, S.; Wu, X. Pharmacological Activation of GPR55 Improved Cognitive Impairment
Induced by Lipopolysaccharide in Mice. J. Mol. Neurosci. 2022, 72, 1656-1669. [CrossRef] [PubMed]

Basavarajappa, B.S.; Shivakumar, M.; Joshi, V.; Subbanna, S. Endocannabinoid System in Neurodegenerative Disorders.
J. Neurochem. 2017, 142, 624-648. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1186/1476-511X-11-51
https://www.ncbi.nlm.nih.gov/pubmed/22584002
https://doi.org/10.1038/sj.bjp.0705607
https://www.ncbi.nlm.nih.gov/pubmed/14707029
https://doi.org/10.1073/pnas.95.9.4810
https://doi.org/10.1111/bph.13106
https://www.ncbi.nlm.nih.gov/pubmed/25651941
https://doi.org/10.1016/j.bbrc.2021.06.019
https://www.ncbi.nlm.nih.gov/pubmed/34126347
https://doi.org/10.1016/j.intimp.2025.114824
https://www.ncbi.nlm.nih.gov/pubmed/40359891
https://doi.org/10.1111/bph.13084
https://doi.org/10.3390/ijms21103421
https://doi.org/10.3390/ijms22105305
https://doi.org/10.1016/j.ibneur.2023.08.481
https://doi.org/10.1186/s12974-015-0434-1
https://doi.org/10.1016/j.nbd.2005.11.004
https://doi.org/10.1016/j.expneurol.2023.114320
https://doi.org/10.1113/JP287680
https://doi.org/10.3390/ijms25010531
https://doi.org/10.1016/j.neuropharm.2024.109940
https://doi.org/10.1101/2022.05.04.490688
https://doi.org/10.1111/j.1750-3639.2011.00477.x
https://doi.org/10.1016/j.cellsig.2025.112070
https://doi.org/10.7554/eLife.12345
https://www.ncbi.nlm.nih.gov/pubmed/26779719
https://doi.org/10.1007/s12031-022-02020-y
https://www.ncbi.nlm.nih.gov/pubmed/35596056
https://doi.org/10.1111/jnc.14098
https://www.ncbi.nlm.nih.gov/pubmed/28608560
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 20 of 24

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

O’Sullivan, S.E. An Update on PPAR Activation by Cannabinoids. Br. J. Pharmacol. 2016, 173, 1899-1910. [CrossRef]

Kosar, M.; Sarott, R.C.; Sykes, D.A.; Viray, A.E.G.; Vitale, RM.; Tomasevi¢, N.; Li, X.; Ganzoni, R.L.Z; Kicin, B.; Reichert, L.; et al.
Flipping the GPCR Switch: Structure-Based Development of Selective Cannabinoid Receptor 2 Inverse Agonists. ACS Cent. Sci.
2024, 10, 956-968. [CrossRef]

Kruk-Slomka, M.; Dzik, A.; Budzynska, B.; Biala, G. Endocannabinoid System: The Direct and Indirect Involvement in the
Memory and Learning Processes—A Short Review. Mol. Neurobiol. 2017, 54, 8332-8347. [CrossRef]

Khan, N.; Laudermilk, L.; Ware, J.; Rosa, T.; Mathews, K.; Gay, E.; Amato, G.; Maitra, R. Peripherally Selective CB1 Receptor
Antagonist Improves Symptoms of Metabolic Syndrome in Mice. ACS Pharmacol. Transl. Sci. 2021, 4, 757-764. [CrossRef]
Ehrhart, J.; Obregon, D.; Mori, T.; Hou, H.; Sun, N.; Bai, Y.; Klein, T.; Fernandez, F.; Tan, J.; Shytle, R.D. Stimulation of Cannabinoid
Receptor 2 (CB2) Suppresses Microglial Activation. J. Neuroinflamm. 2005, 2, 29. [CrossRef] [PubMed]

Pereira, C.F,; Boileau, I.; Kloiber, S. Effects of Pharmacological Inhibition of Fatty Acid Amide Hydrolase on Corticosterone
Release: A Systematic Review of Preclinical Studies. Discov. Ment. Health 2025, 5, 51. [CrossRef]

Migliore, M.; Habrant, D.; Sasso, O.; Albani, C.; Bertozzi, S.M.; Armirotti, A.; Piomelli, D.; Scarpelli, R. Potent Multitarget
FAAH-COX Inhibitors: Design and Structure-Activity Relationship Studies. Eur. J. Med. Chem. 2016, 109, 216-237. [CrossRef]
[PubMed]

Nango, H.; Tsuruta, K.; Miyagishi, H.; Aono, Y.; Saigusa, T.; Kosuge, Y. Update on the Pathological Roles of Prostaglandin E2 in
Neurodegeneration in Amyotrophic Lateral Sclerosis. Transl. Neurodegener. 2023, 12, 32. [CrossRef]

Farkas, I.; Vastagh, C.; Farkas, E.; Balint, F.; Skrapits, K.; Hrabovszky, E.; Fekete, C.; Liposits, Z. Glucagon-Like Peptide-1
Excites Firing and Increases GABAergic Miniature Postsynaptic Currents (MPSCs) in Gonadotropin-Releasing Hormone (GnRH)
Neurons of the Male Mice via Activation of Nitric Oxide (NO) and Suppression of Endocannabinoid Signaling Pathways. Front.
Cell. Neurosci. 2016, 10, 214. [CrossRef]

Viveros-Paredes, ].M.; Gonzalez-Castafieda, R.E.; Escalante-Castafieda, A.; Tejeda-Martinez, A.R.; Castafieda-Achutigui, F;
Flores-Soto, M.E. Efecto Del Inhibidor de Amida Hidrolasa de Acidos Grasos En El Dafio Neuronal Dopaminérgico Inducido Por
MPTP. Neurologia 2019, 34, 143-152. [CrossRef]

Armeli, F; Coccurello, R.; Giacovazzo, G.; Mengoni, B.; Paoletti, I.; Oddi, S.; Maccarrone, M.; Businaro, R. FAAH Inhibition
Counteracts Neuroinflammation via Autophagy Recovery in AD Models. Int. J. Mol. Sci. 2024, 25, 12044. [CrossRef]

Wang, Y.; Gu, N.; Duan, T.; Kesner, P; Blaskovits, F,; Liu, J.; Lu, Y.; Tong, L.; Gao, F.; Harris, C.; et al. Monoacylglycerol Lipase
Inhibitors Produce Pro- or Antidepressant Responses via Hippocampal CA1 GABAergic Synapses. Mol. Psychiatry 2017, 22,
215-226. [CrossRef]

Kerr, D.; Harhen, B.; Okine, B.; Egan, L.; Finn, D.; Roche, M. The Monoacylglycerol Lipase Inhibitor JZL 184 Attenuates
LPS-induced Increases in Cytokine Expression in the Rat Frontal Cortex and Plasma: Differential Mechanisms of Action.
Br. J. Pharmacol. 2013, 169, 808-819. [CrossRef]

Nomura, D.K.; Morrison, B.E.; Blankman, J.L.; Long, ].Z.; Kinsey, S.G.; Marcondes, M.C.G.; Ward, A.M.; Hahn, YK.; Lichtman,
A.H,; Conti, B.; et al. Endocannabinoid Hydrolysis Generates Brain Prostaglandins That Promote Neuroinflammation. Science
2011, 334, 809-813. [CrossRef]

Pasquarelli, N.; Porazik, C.; Bayer, H.; Buck, E.; Schildknecht, S.; Weydt, P.; Witting, A.; Ferger, B. Contrasting Effects of Selective
MAGL and FAAH Inhibition on Dopamine Depletion and GDNF Expression in a Chronic MPTP Mouse Model of Parkinson’s
Disease. Neurochem. Int. 2017, 110, 14-24. [CrossRef] [PubMed]

Nevalainen, N.; Chermenina, M.; Rehnmark, A.; Berglof, E.; Marschinke, F,; Stromberg, I. Glial Cell Line-Derived Neurotrophic
Factor Is Crucial for Long-Term Maintenance of the Nigrostriatal System. Neuroscience 2010, 171, 1357-1366. [CrossRef] [PubMed]
d’Anglemont de Tassigny, X.; Pascual, A.; Lépez-Barneo, ]. GDNF-Based Therapies, GDNF-Producing Interneurons, and Trophic
Support of the Dopaminergic Nigrostriatal Pathway. Implications for Parkinson’s Disease. Front. Neuroanat. 2015, 9, 10. [CrossRef]
Rathod, S.S.; Agrawal, Y.O. Phytocannabinoids as Potential Multitargeting Neuroprotectants in Alzheimer’s Disease. Curr. Drug
Res. Rev. 2024, 16, 94-110. [CrossRef] [PubMed]

Du, H.; Chen, X,; Zhang, J.; Chen, C. Inhibition of COX-2 Expression by Endocannabinoid 2-Arachidonoylglycerol Is Mediated
via PPAR-Gamma. Br. J. Pharmacol. 2011, 163, 1533-1549. [CrossRef]

Alhouayek, M.; Masquelier, J.; Muccioli, G.G. Controlling 2-Arachidonoylglycerol Metabolism as an Anti-Inflammatory Strategy.
Drug Discov. Today 2014, 19, 295-304. [CrossRef]

Korhonen, J.; Kuusisto, A.; van Bruchem, J.; Patel, J.Z.; Laitinen, T.; Navia-Paldanius, D.; Laitinen, J.T.; Savinainen, J.R.; Parkkari,
T.; Nevalainen, T.J. Piperazine and Piperidine Carboxamides and Carbamates as Inhibitors of Fatty Acid Amide Hydrolase
(FAAH) and Monoacylglycerol Lipase (MAGL). Bioorg. Med. Chem. 2014, 22, 6694-6705. [CrossRef]

Papa, A.; Pasquini, S.; Contri, C.; Gemma, S.; Campiani, G.; Butini, S.; Varani, K.; Vincenzi, F. Polypharmacological Approaches
for CNS Diseases: Focus on Endocannabinoid Degradation Inhibition. Cells 2022, 11, 471. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1111/bph.13497
https://doi.org/10.1021/acscentsci.3c01461
https://doi.org/10.1007/s12035-016-0313-5
https://doi.org/10.1021/acsptsci.0c00213
https://doi.org/10.1186/1742-2094-2-29
https://www.ncbi.nlm.nih.gov/pubmed/16343349
https://doi.org/10.1007/s44192-025-00155-z
https://doi.org/10.1016/j.ejmech.2015.12.036
https://www.ncbi.nlm.nih.gov/pubmed/26774927
https://doi.org/10.1186/s40035-023-00366-w
https://doi.org/10.3389/fncel.2016.00214
https://doi.org/10.1016/j.nrl.2016.11.008
https://doi.org/10.3390/ijms252212044
https://doi.org/10.1038/mp.2016.22
https://doi.org/10.1111/j.1476-5381.2012.02237.x
https://doi.org/10.1126/science.1209200
https://doi.org/10.1016/j.neuint.2017.08.003
https://www.ncbi.nlm.nih.gov/pubmed/28826718
https://doi.org/10.1016/j.neuroscience.2010.10.010
https://www.ncbi.nlm.nih.gov/pubmed/20933580
https://doi.org/10.3389/fnana.2015.00010
https://doi.org/10.2174/2589977515666230502104021
https://www.ncbi.nlm.nih.gov/pubmed/37132109
https://doi.org/10.1111/j.1476-5381.2011.01444.x
https://doi.org/10.1016/j.drudis.2013.07.009
https://doi.org/10.1016/j.bmc.2014.09.012
https://doi.org/10.3390/cells11030471
https://www.ncbi.nlm.nih.gov/pubmed/35159280
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 21 of 24

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Bajaj, S.; Zameer, S.; Jain, S.; Yadav, V.; Vohora, D. Effect of the MAGL /FAAH Dual Inhibitor JZL-195 on Streptozotocin-Induced
Alzheimer’s Disease-like Sporadic Dementia in Mice with an Emphasis on A3, HSP-70, Neuroinflammation, and Oxidative Stress.
ACS Chem. Neurosci. 2022, 13, 920-932. [CrossRef] [PubMed]

Chen, R.; Zhang, J.; Wu, Y,; Wang, D.; Feng, G.; Tang, Y.-P; Teng, Z.; Chen, C. Monoacylglycerol Lipase Is a Therapeutic Target for
Alzheimer’s Disease. Cell Rep. 2012, 2, 1329-1339. [CrossRef]

Gawdji, R.; Shumway, K.R.; Emmady, P.D. Physiology, Blood Brain Barrier; StatPearls Publishing: St. Petersburg, FL, USA, 2025.
Yang, H.-M. Overcoming the Blood—-Brain Barrier: Advanced Strategies in Targeted Drug Delivery for Neurodegenerative
Diseases. Pharmaceutics 2025, 17, 1041. [CrossRef]

Konig, S.; Jayarajan, V.; Wray, S.; Kamm, R.; Moeendarbary, E. Mechanobiology of the Blood-Brain Barrier during Development,
Disease and Ageing. Nat. Commun. 2025, 16, 7233. [CrossRef]

Stone, N.L.; England, T.J.; O’Sullivan, S.E. Protective Effects of Cannabidivarin and Cannabigerol on Cells of the Blood—-Brain
Barrier Under Ischemic Conditions. Cannabis Cannabinoid Res. 2021, 6, 315-326. [CrossRef]

Calapai, F,; Cardia, L.; Sorbara, E.E.; Navarra, M.; Gangemi, S.; Calapai, G.; Mannucci, C. Cannabinoids, Blood-Brain Barrier, and
Brain Disposition. Pharmaceutics 2020, 12, 265. [CrossRef]

Anderson, L.L.; Low, LK; Banister, S.D.; McGregor, 1.S.; Arnold, J.C. Pharmacokinetics of Phytocannabinoid Acids and Anti-
convulsant Effect of Cannabidiolic Acid in a Mouse Model of Dravet Syndrome. J. Nat. Prod. 2019, 82, 3047-3055. [CrossRef]
[PubMed]

Hind, W.H.; England, T.J.; O’Sullivan, S.E. Cannabidiol Protects an In Vitro Model of the Blood-Brain Barrier from Oxygen-glucose
Deprivation via PPARy and 5-HT 1A Receptors. Br. J. Pharmacol. 2016, 173, 815-825. [CrossRef]

Rajesh, M.; Mukhopadhyay, P.; Batkai, S.; Hasko, G.; Liaudet, L.; Drel, V.R.; Obrosova, I.G.; Pacher, P. Cannabidiol Attenuates
High Glucose-Induced Endothelial Cell Inflammatory Response and Barrier Disruption. Am. J. Physiol.-Heart Circ. Physiol. 2007,
293, H610-H619. [CrossRef]

Aparicio-Blanco, J.; Romero, I.A.; Male, D.K,; Slowing, K.; Garcia-Garcia, L.; Torres-Suérez, A.I. Cannabidiol Enhances the Passage
of Lipid Nanocapsules across the Blood-Brain Barrier Both In Vitro and In Vivo. Mol. Pharm. 2019, 16, 1999-2010. [CrossRef]
Ruiz-Valdepefias, L.; Martinez-Orgado, J.A.; Benito, C.; Mill4n, A.; Tolén, RM.; Romero, J. Cannabidiol Reduces
Lipopolysaccharide-Induced Vascular Changes and Inflammation in the Mouse Brain: An Intravital Microscopy Study.
J. Neuroinflamm. 2011, 8, 5. [CrossRef] [PubMed]

Jiang, H.; Li, H.; Cao, Y.; Zhang, R.; Zhou, L.; Zhou, Y.; Zeng, X.; Wu, J.; Wu, D.; Wu, D.; et al. Effects of Cannabinoid (CBD) on
Blood Brain Barrier Permeability after Brain Injury in Rats. Brain Res. 2021, 1768, 147586. [CrossRef] [PubMed]

Anil, SM.; Peeri, H.; Koltai, H. Medical Cannabis Activity Against Inflammation: Active Compounds and Modes of Action. Front.
Pharmacol. 2022, 13, 908198. [CrossRef]

Al-Ghezi, Z.Z.; Miranda, K.; Nagarkatti, M.; Nagarkatti, P.S. Combination of Cannabinoids, A9- Tetrahydrocannabinol and
Cannabidiol, Ameliorates Experimental Multiple Sclerosis by Suppressing Neuroinflammation Through Regulation of MiRNA-
Mediated Signaling Pathways. Front. Immunol. 2019, 10, 1921. [CrossRef] [PubMed]

Al-Ghezi, Z.Z.; Busbee, PB.; Alghetaa, H.; Nagarkatti, P.S.; 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. [CrossRef]

Smith, S.; Spurgeon, T.; Spurgeon, R.; Heal, D. Phytocannabinoids—Evaluation of Their Therapeutic Role in Neuroinflammation.
Explor. Neuroprot. Ther. 2024, 4, 325-348. [CrossRef]

Kim, J.; Choi, P; Park, Y.-T.; Kim, T.; Ham, J.; Kim, J.-C. The Cannabinoids, CBDA and THCA, Rescue Memory Deficits and
Reduce Amyloid-Beta and Tau Pathology in an Alzheimer’s Disease-like Mouse Model. Int. . Mol. Sci. 2023, 24, 6827. [CrossRef]
Stone, N. Phytocannabinoids, Neuroprotection and the Blood-Brain Barrier. Ph.D. Thesis, University of Nottingham, Nottingham,
UK, 2020.

Dei Cas, M.; Casagni, E.; Casiraghi, A.; Minghetti, P.; Fornasari, D.M.M.; Ferri, F.; Arnoldi, S.; Gambaro, V.; Roda, G. Phyto-
cannabinoids Profile in Medicinal Cannabis Oils: The Impact of Plant Varieties and Preparation Methods. Front. Pharmacol. 2020,
11, 570616. [CrossRef]

Estes, M.L.; McAllister, A.K. Maternal Immune Activation: Implications for Neuropsychiatric Disorders. Science 2016, 353,
772-777. [CrossRef]

Park, J.E.; Leem, Y.H.; Park, ].S.; Kim, D.Y,; Kang, J.L.; Kim, H.S. Anti-Inflammatory and Neuroprotective Mechanisms of GTS-21,
an A7 Nicotinic Acetylcholine Receptor Agonist, in Neuroinflammation and Parkinson’s Disease Mouse Models. Int. J. Mol. Sci.
2022, 23, 4420. [CrossRef]

Subhramanyam, C.S.; Wang, C.; Hu, Q.; Dheen, S.T. Microglia-Mediated Neuroinflammation in Neurodegenerative Diseases.
Semin. Cell Dev. Biol. 2019, 94, 112-120. [CrossRef]

He, E; Sun, Y.E. Glial Cells More than Support Cells? Int. ]. Biochem. Cell Biol. 2007, 39, 661-665. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1021/acschemneuro.1c00699
https://www.ncbi.nlm.nih.gov/pubmed/35316021
https://doi.org/10.1016/j.celrep.2012.09.030
https://doi.org/10.3390/pharmaceutics17081041
https://doi.org/10.1038/s41467-025-61888-7
https://doi.org/10.1089/can.2020.0159
https://doi.org/10.3390/pharmaceutics12030265
https://doi.org/10.1021/acs.jnatprod.9b00600
https://www.ncbi.nlm.nih.gov/pubmed/31686510
https://doi.org/10.1111/bph.13368
https://doi.org/10.1152/ajpheart.00236.2007
https://doi.org/10.1021/acs.molpharmaceut.8b01344
https://doi.org/10.1186/1742-2094-8-5
https://www.ncbi.nlm.nih.gov/pubmed/21244691
https://doi.org/10.1016/j.brainres.2021.147586
https://www.ncbi.nlm.nih.gov/pubmed/34289379
https://doi.org/10.3389/fphar.2022.908198
https://doi.org/10.3389/fimmu.2019.01921
https://www.ncbi.nlm.nih.gov/pubmed/31497013
https://doi.org/10.1016/j.bbi.2019.07.028
https://doi.org/10.37349/ent.2024.00087
https://doi.org/10.3390/ijms24076827
https://doi.org/10.3389/fphar.2020.570616
https://doi.org/10.1126/science.aag3194
https://doi.org/10.3390/ijms23084420
https://doi.org/10.1016/j.semcdb.2019.05.004
https://doi.org/10.1016/j.biocel.2006.10.022
https://www.ncbi.nlm.nih.gov/pubmed/17141551
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 22 of 24

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Brook, E.; Mamo, J.; Wong, R.; Al-Salami, H.; Falasca, M.; Lam, V.; Takechi, R. Blood-Brain Barrier Disturbances in Diabetes-
Associated Dementia: Therapeutic Potential for Cannabinoids. Pharmacol. Res. 2019, 141, 291-297. [CrossRef]

Persidsky, Y.; Ramirez, S.H.; Haorah, J.; Kanmogne, G.D. Blood-Brain Barrier: Structural Components and Function Under
Physiologic and Pathologic Conditions. |. Neuroimmune Pharmacol. 2006, 1, 223-236. [CrossRef]

Mecha, M; Feli, A ; Inigo, PM.; Mestre, L.; Carrillo-Salinas, FJ.; Guaza, C. Cannabidiol Provides Long-Lasting Protection against
the Deleterious Effects of Inflammation in a Viral Model of Multiple Sclerosis: A Role for A2A Receptors. Neurobiol. Dis. 2013, 59,
141-150. [CrossRef]

Catalin, B.; Cupido, A.; Iancau, M.; Albu, C.V,; Kirchhoff, F. Microglia: First Responders in the Central Nervous System. Rom. J.
Morphol. Embryol. 2013, 54, 467-472. [PubMed]

Hickman, S.; I1zzy, S.; Sen, P.; Morsett, L.; El Khoury, J. Microglia in Neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef]

Kawamata, J.; Suzuki, S.; Shimohama, S. A7 Nicotinic Acetylcholine Receptor Mediated Neuroprotection in Parkinson’s Disease.
Curr. Drug Targets 2012, 13, 623-630. [CrossRef]

Li, L,; Liu, Z,; Jiang, Y.-Y.; Shen, W.-X; Peng, Y.-P.; Qiu, Y.-H. Acetylcholine Suppresses Microglial Inflammatory Response via
A7nAChHR to Protect Hippocampal Neurons. |. Integr. Neurosci. 2019, 18, 51-56. [CrossRef]

John, D.; Shelukhina, I.; Yanagawa, Y.; Deuchars, J.; Henderson, Z. Functional Alpha?7 Nicotinic Receptors Are Expressed on
Immature Granule Cells of the Postnatal Dentate Gyrus. Brain Res. 2015, 1601, 15-30. [CrossRef]

Borovikova, L.V,; Ivanova, S.; Zhang, M.; Yang, H.; Botchkina, G.I.; Watkins, L.R.; Wang, H.; Abumrad, N.; Eaton, J.W.; Tracey, K.J.
Vagus Nerve Stimulation Attenuates the Systemic Inflammatory Response to Endotoxin. Nature 2000, 405, 458-462. [CrossRef]
Shytle, R.D.; Mori, T.; Townsend, K.; Vendrame, M.; Sun, N.; Zeng, J.; Ehrhart, J.; Silver, A.A ; Sanberg, P.R.; Tan, J. Cholinergic
Modulation of Microglial Activation by A7 Nicotinic Receptors. J. Neurochem. 2004, 89, 337-343. [CrossRef]

Parrish, W.R.; Rosas-Ballina, M.; Gallowitsch-Puerta, M.; Ochani, M.; Ochani, K.; Yang, L.-H.; Hudson, L.; Lin, X.; Patel, N.;
Johnson, S.M.; et al. Modulation of TNF Release by Choline Requires A7 Subunit Nicotinic Acetylcholine Receptor-Mediated
Signaling. Mol. Med. 2008, 14, 567-574. [CrossRef] [PubMed]

Guan, Y.-Z,; Jin, X.-D.; Guan, L.-X,; Yan, H.-C.; Wang, P.; Gong, Z.; Li, S.-J.; Cao, X.; Xing, Y.-L.; Gao, T.-M. Nicotine Inhibits
Microglial Proliferation and Is Neuroprotective in Global Ischemia Rats. Mol. Neurobiol. 2015, 51, 1480-1488. [CrossRef]
Mahad, D.H.; Trapp, B.D.; Lassmann, H. Pathological Mechanisms in Progressive Multiple Sclerosis. Lancet Neurol. 2015, 14,
183-193. [CrossRef] [PubMed]

Matute, C.; Alberdi, E.; Ibarretxe, G.; Sdnchez-Gémez, M.V. Excitotoxicity in Glial Cells. Eur. . Pharmacol. 2002, 447, 239-246.
[CrossRef]

Lewerenz, J.; Maher, P. Chronic Glutamate Toxicity in Neurodegenerative Diseases—What Is the Evidence? Front. Neurosci. 2015,
9, 469. [CrossRef]

Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Miinch, A.E.; Chung, W.-S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481-487. [CrossRef]
Pryce, G.; Ahmed, Z.; Hankey, D.J.R.; Jackson, S.J.; Croxford, J.L.; Pocock, ].M.; Ledent, C.; Petzold, A.; Thompson, AJ;
Giovannoni, G.; et al. Cannabinoids Inhibit Neurodegeneration in Models of Multiple Sclerosis. Brain 2003, 126, 2191-2202.
[CrossRef]

Talarico, G.; Trebbastoni, A.; Bruno, G.; de Lena, C. Modulation of the Cannabinoid System: A New Perspective for the Treatment
of the Alzheimer’s Disease. Curr. Neuropharmacol. 2019, 17, 176-183. [CrossRef]

Offen, D.; Gilgun-Sherki, Y.; Melamed, E. The Role of Oxidative Stress in the Pathogenesis of Multiple Sclerosis: The Need for
Effective Antioxidant Therapy. J. Neurol. 2004, 251, 261-268. [CrossRef]

Mestre, L.; Correa, F.; Arévalo-Martin, A.; Molina-Holgado, E.; Valenti, M.; Ortar, G.; Di Marzo, V.; Guaza, C. Pharmacological
Modulation of the Endocannabinoid System in a Viral Model of Multiple Sclerosis. ]. Neurochem. 2005, 92, 1327-1339. [CrossRef]
[PubMed]

Molina-Holgado, E.; Vela, ].M.; Arévalo-Martin, A.; Almazén, G.; Molina-Holgado, F; Borrell, J.; Guaza, C. Cannabinoids Promote
Oligodendrocyte Progenitor Survival: Involvement of Cannabinoid Receptors and Phosphatidylinositol-3 Kinase/ Akt Signaling.
J. Neurosci. 2002, 22, 9742-9753. [CrossRef]

Hasbi, A.; George, S.R. Multilayered Neuroprotection by Cannabinoids in Neurodegenerative Diseases. Explor. Neuroprot. Ther.
2025, 5, 100498. [CrossRef]

Marini, P.; Maccarrone, M.; Saso, L.; Tucci, P. The Effect of Phytocannabinoids and Endocannabinoids on Nrf2 Activity in the
Central Nervous System and Periphery. Neurol. Int. 2024, 16, 776-789. [CrossRef] [PubMed]

Tucci, P; Lattanzi, R.; Severini, C.; Saso, L. Nrf2 Pathway in Huntington’s Disease (HD): What Is Its Role? Int. J. Mol. Sci. 2022, 23,
15272. [CrossRef]

Cuadrado, A. NRF2 in Neurodegenerative Diseases. Curr. Opin. Toxicol. 2016, 1, 46-53. [CrossRef]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1016/j.phrs.2019.01.009
https://doi.org/10.1007/s11481-006-9025-3
https://doi.org/10.1016/j.nbd.2013.06.016
https://www.ncbi.nlm.nih.gov/pubmed/24068392
https://doi.org/10.1038/s41593-018-0242-x
https://doi.org/10.2174/138945012800399026
https://doi.org/10.31083/j.jin.2019.01.114
https://doi.org/10.1016/j.brainres.2014.12.041
https://doi.org/10.1038/35013070
https://doi.org/10.1046/j.1471-4159.2004.02347.x
https://doi.org/10.2119/2008-00079.Parrish
https://www.ncbi.nlm.nih.gov/pubmed/18584048
https://doi.org/10.1007/s12035-014-8825-3
https://doi.org/10.1016/S1474-4422(14)70256-X
https://www.ncbi.nlm.nih.gov/pubmed/25772897
https://doi.org/10.1016/S0014-2999(02)01847-2
https://doi.org/10.3389/fnins.2015.00469
https://doi.org/10.1038/nature21029
https://doi.org/10.1093/brain/awg224
https://doi.org/10.2174/1570159X16666180702144644
https://doi.org/10.1007/s00415-004-0348-9
https://doi.org/10.1111/j.1471-4159.2004.02979.x
https://www.ncbi.nlm.nih.gov/pubmed/15748152
https://doi.org/10.1523/JNEUROSCI.22-22-09742.2002
https://doi.org/10.37349/ent.2025.100498
https://doi.org/10.3390/neurolint16040057
https://www.ncbi.nlm.nih.gov/pubmed/39051218
https://doi.org/10.3390/ijms232315272
https://doi.org/10.1016/j.cotox.2016.09.004
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 23 of 24

123.

124.

125.

126.

127.
128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

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, 1593-1659. [CrossRef]
Stasitowicz, A.; Tomala, A.; Podolak, I.; Cielecka-Piontek, J. Cannabis Sativa L. as a Natural Drug Meeting the Criteria of a
Multitarget Approach to Treatment. Int. J. Mol. Sci. 2021, 22, 778. [CrossRef]

Martinez Naya, N.; Kelly, J.; Corna, G.; Golino, M.; Polizio, A.H.; Abbate, A.; Toldo, S.; Mezzaroma, E. An Overview of
Cannabidiol as a Multifunctional Drug: Pharmacokinetics and Cellular Effects. Molecules 2024, 29, 473. [CrossRef]

Daynes, R.A.; Jones, D.C. Emerging Roles of PPARS in Inflammation and Immunity. Nat. Rev. Immunol. 2002, 2, 748-759.
[CrossRef]

Heneka, M.; Landreth, G. PPARs in the Brain. Biochim. Biophys. Acta—Mol. Cell Biol. Lipids 2007, 1771, 1031-1045. [CrossRef]

Le Foll, B.; Di Ciano, P; Panlilio, L.V.; Goldberg, S.R.; Ciccocioppo, R. Peroxisome Proliferator-Activated Receptor (PPAR) Agonists
as Promising New Medications for Drug Addiction: Preclinical Evidence. Curr. Drug Targets 2013, 14, 768-776. [CrossRef]
Ramer, R.; Heinemann, K.; Merkord, J.; Rohde, H.; Salamon, A.; Linnebacher, M.; Hinz, B. COX-2 and PPAR~y Confer Cannabidiol-
Induced Apoptosis of Human Lung Cancer Cells. Mol. Cancer Ther. 2013, 12, 69-82. [CrossRef]

Chang, R.C.; Thangavelu, C.S,; Joloya, EM.; Kuo, A ; Li, Z.; Blumberg, B. Cannabidiol Promotes Adipogenesis of Human and
Mouse Mesenchymal Stem Cells via PPARy by Inducing Lipogenesis but Not Lipolysis. Biochem. Pharmacol. 2022, 197, 114910.
[CrossRef] [PubMed]

Rao, R.; Nagarkatti, P.S.; Nagarkatti, M. A 9 Tetrahydrocannabinol Attenuates Staphylococcal Enterotoxin B-induced Inflammatory
Lung Injury and Prevents Mortality in Mice by Modulation of Mi R-17-92 Cluster and Induction of T-regulatory Cells. Br. ].
Pharmacol. 2015, 172, 1792-1806. [CrossRef]

Karuppagounder, V.,; Chung, J.; Abdeen, A.; Thompson, A.; Bouboukas, A.; Pinamont, W.J.; Yoshioka, N.K.; Sepulveda, D.E,;
Raup-Konsavage, W.M.; Graziane, N.M.; et al. Therapeutic Effects of Non-Euphorigenic Cannabis Extracts in Osteoarthritis.
Cannabis Cannabinoid Res. 2023, 8, 1030-1044. [CrossRef] [PubMed]

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, 7719-7730. [CrossRef] [PubMed]

Chen, L.; Sun, Y;; Lj, J.; Liu, S.; Ding, H.; Wang, G.; Li, X. Assessing Cannabidiol as a Therapeutic Agent for Preventing and
Alleviating Alzheimer’s Disease Neurodegeneration. Cells 2023, 12, 2672. [CrossRef]

Martin-Moreno, A.M.; Reigada, D.; Ramirez, B.G.; Mechoulam, R.; Innamorato, N.; Cuadrado, A.; de Ceballos, M.L. Cannabidiol
and Other Cannabinoids Reduce Microglial Activation In Vitro and In Vivo: Relevance to Alzheimer’s Disease. Mol. Pharmacol.
2011, 79, 964-973. [CrossRef] [PubMed]

Staton, P.C.; Hatcher, J.P.; Walker, D.J.; Morrison, A.D.; Shapland, E.M.; Hughes, J.P.; Chong, E.; Mander, PK.; Green, P].; Billinton,
A_; et al. The Putative Cannabinoid Receptor GPR55 Plays a Role in Mechanical Hyperalgesia Associated with Inflammatory and
Neuropathic Pain. Pain 2008, 139, 225-236. [CrossRef]

Marsh, D.T.; Sugiyama, A.; Imai, Y.; Kato, R.; Smid, S.D. The Structurally Diverse Phytocannabinoids Cannabichromene,
Cannabigerol and Cannabinol Significantly Inhibit Amyloid (3-Evoked Neurotoxicity and Changes in Cell Morphology in PC12
Cells. Basic. Clin. Pharmacol. Toxicol. 2024, 134, 293-309. [CrossRef]

Vitale, RM.; Morace, A.M.; D’Errico, A.; Ricciardi, F; Fusco, A.; Boccella, S.; Guida, F; Nasso, R.; Rading, S.; Karsak, M.; et al.
Identification of Cannabidiolic and Cannabigerolic Acids as MTDL AChE, BuChE, and BACE Inhibitors Against Alzheimer’s
Disease by in Silico, In Vitro, and In Vivo Studies. Phytother. Res. 2025, 39, 233-245. [CrossRef]

Giuliano, C.; Francavilla, M.; Ongari, G.; Petese, A.; Ghezzi, C.; Rossini, N.; Blandini, E; Cerri, S. Neuroprotective and Symptomatic
Effects of Cannabidiol in an Animal Model of Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 8920. [CrossRef]

Blazquez, C.; Chiarlone, A.; Sagredo, O.; Aguado, T.; Pazos, M.R; Resel, E.; Palazuelos, J.; Julien, B.; Salazar, M.; Bérner, C.; et al.
Loss of Striatal Type 1 Cannabinoid Receptors Is a Key Pathogenic Factor in Huntington’s Disease. Brain 2011, 134, 119-136.
[CrossRef] [PubMed]

Dowie, M.].; Howard, M.L.; Nicholson, L.EB.; Faull, R.L.M.; Hannan, A.J.; Glass, M. Behavioural and Molecular Consequences of
Chronic Cannabinoid Treatment in Huntington’s Disease Transgenic Mice. Neuroscience 2010, 170, 324-336. [CrossRef] [PubMed]
Valdeolivas, S.; Navarrete, C.; Cantarero, I.; Bellido, M.L.; 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, 185-199. [CrossRef]
Mammana, S.; Cavalli, E.; Gugliandolo, A.; Silvestro, S.; Pollastro, F.; Bramanti, P.; Mazzon, E. Could the Combination of Two
Non-Psychotropic Cannabinoids Counteract Neuroinflammation? Effectiveness of Cannabidiol Associated with Cannabigerol.
Medicina 2019, 55, 747. [CrossRef]

Vaney, C.; Heinzel-Gutenbrunner, M.; Jobin, P.; Tschopp, F; Gattlen, B.; Hagen, U.; Schnelle, M.; Reif, M. 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—424. [CrossRef] [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. [CrossRef] [PubMed]

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1152/physrev.00002.2016
https://doi.org/10.3390/ijms22020778
https://doi.org/10.3390/molecules29020473
https://doi.org/10.1038/nri912
https://doi.org/10.1016/j.bbalip.2007.04.016
https://doi.org/10.2174/1389450111314070006
https://doi.org/10.1158/1535-7163.MCT-12-0335
https://doi.org/10.1016/j.bcp.2022.114910
https://www.ncbi.nlm.nih.gov/pubmed/35026188
https://doi.org/10.1111/bph.13026
https://doi.org/10.1089/can.2021.0244
https://www.ncbi.nlm.nih.gov/pubmed/35994012
https://doi.org/10.1007/s12035-019-1637-8
https://www.ncbi.nlm.nih.gov/pubmed/31104297
https://doi.org/10.3390/cells12232672
https://doi.org/10.1124/mol.111.071290
https://www.ncbi.nlm.nih.gov/pubmed/21350020
https://doi.org/10.1016/j.pain.2008.04.006
https://doi.org/10.1111/bcpt.13943
https://doi.org/10.1002/ptr.8369
https://doi.org/10.3390/ijms22168920
https://doi.org/10.1093/brain/awq278
https://www.ncbi.nlm.nih.gov/pubmed/20929960
https://doi.org/10.1016/j.neuroscience.2010.06.056
https://www.ncbi.nlm.nih.gov/pubmed/20600638
https://doi.org/10.1007/s13311-014-0304-z
https://doi.org/10.3390/medicina55110747
https://doi.org/10.1191/1352458504ms1048oa
https://www.ncbi.nlm.nih.gov/pubmed/15327040
https://doi.org/10.1080/07317115.2020.1742832
https://www.ncbi.nlm.nih.gov/pubmed/32186469
https://doi.org/10.3390/biom16020225

Biomolecules 2026, 16, 225 24 of 24

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

Herrmann, N.; Ruthirakuhan, M.; Gallagher, D.; Verhoeff, N.P.L.G.; Kiss, A.; Black, S.E.; Lanct6t, K.L. Randomized Placebo-
Controlled Trial of Nabilone for Agitation in Alzheimer’s Disease. Am. J. Geriatr. Psychiatry 2019, 27, 1161-1173. [CrossRef]
Jung, K.-M.; Astarita, G.; Yasar, S.; Vasilevko, V.; Cribbs, D.H.; Head, E.; Cotman, C.W.; Piomelli, D. An Amyloid B42-Dependent
Deficit in Anandamide Mobilization Is Associated with Cognitive Dysfunction in Alzheimer’s Disease. Neurobiol. Aging 2012, 33,
1522-1532. [CrossRef]

Hua, D.Y.-H.; Hindocha, C.; Baio, G.; Lees, R.; Shaban, N.; Morgan, C.J.; Mofeez, A.; Curran, H.V.; Freeman, T.P. 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. [CrossRef]

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

Chagas, M.H.N.; Zuardi, A.W,; Tumas, V.; Pena-Pereira, M.A.; Sobreira, E.T.; Bergamaschi, M.M.; dos Santos, A.C.; Teixeira,
A.L.; Hallak, ].E.; Crippa, J.A.S. Effects of Cannabidiol in the Treatment of Patients with Parkinson’s Disease: An Exploratory
Double-Blind Trial. J. Psychopharmacol. 2014, 28, 1088-1098. [CrossRef]

Zuardi, A.; Crippa, J.; Hallak, J.; Pinto, J.; Chagas, M.; Rodrigues, G.; Dursun, S.; Tumas, V. Cannabidiol for the Treatment of
Psychosis in Parkinson’s Disease. J. Psychopharmacol. 2009, 23, 979-983. [CrossRef]

Gabarin, A.; Yarmolinsky, L.; Budovsky, A.; Khalfin, B.; Ben-Shabat, S. Cannabis as a Source of Approved Drugs: A New Look at
an Old Problem. Molecules 2023, 28, 7686. [CrossRef]

Dias-de Freitas, F.; Pimenta, S.; Soares, S.; Gonzaga, D.; Vaz-Matos, I.; Prior, C. The Role of Cannabinoids in Neurodevelopmental
Disorders of Children and Adolescents. Rev. Neurol. 2022, 75, 189-197. [CrossRef]

Kaszewska, M.; WozZniczka, K.; Sztormowska-Achranowicz, K.; Mosifiska, A.; Trojan, V.; Schreiber, P.; Balog, N.; Baczek, T.;
Roszkowska, A. Perspectives of Cannabis-Based Medicines in a View of Pharmacokinetic Studies of A9-THC and CBD in Humans.
Biomed. Pharmacother. 2025, 192, 118673. [CrossRef] [PubMed]

Stone, N.L.; Murphy, A.].; England, T.J.; O’Sullivan, S.E. A Systematic Review of Minor Phytocannabinoids with Promising
Neuroprotective Potential. Br. |. Pharmacol. 2020, 177, 4330-4352. [CrossRef] [PubMed]

Beltran-Velasco, A L; Clemente-Suarez, V.J. Impact of Peripheral Inflammation on Blood-Brain Barrier Dysfunction and Its Role in
Neurodegenerative Diseases. Int. J. Mol. Sci. 2025, 26, 2440. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390 /biom16020225


https://doi.org/10.1016/j.jagp.2019.05.002
https://doi.org/10.1016/j.neurobiolaging.2011.03.012
https://doi.org/10.1038/s41398-023-02410-9
https://doi.org/10.3233/JHD-170283
https://www.ncbi.nlm.nih.gov/pubmed/29562549
https://doi.org/10.1177/0269881114550355
https://doi.org/10.1177/0269881108096519
https://doi.org/10.3390/molecules28237686
https://doi.org/10.33588/rn.7507.2022123
https://doi.org/10.1016/j.biopha.2025.118673
https://www.ncbi.nlm.nih.gov/pubmed/41138659
https://doi.org/10.1111/bph.15185
https://www.ncbi.nlm.nih.gov/pubmed/32608035
https://doi.org/10.3390/ijms26062440
https://www.ncbi.nlm.nih.gov/pubmed/40141084
https://doi.org/10.3390/biom16020225

	Introduction 
	Methods 
	The Endocannabinoid System (ECS) and Blood–Brain Barrier Regulation 
	Dysregulation of the Endocannabinoid System in Neurodegenerative Diseases 
	Phytocannabinoid Modulation of Blood–Brain Barrier Integrity 
	The Blood–Brain Barrier 
	Phytocannabinoids and BBB Penetration 
	Neutral Phytocannabinoids and the BBB 
	Acidic Phytocannabinoids and the BBB 

	Neuroprotective and Therapeutic Roles of Phytocannabinoids 
	Side Effects 
	Future Directions: Targeting the BBB-ECS Axis 
	Conclusions 
	References

