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Abstract: In the last few decades, endocannabinoids, plant-derived cannabinoids and synthetic can-
nabinoids have received growing interest as treatment options in neurodegenerative conditions. In
various experimental settings, they have displayed antioxidative, anti-inflammatory, antiapoptotic,
immunomodulatory, and neuroprotective effects. However, due to numerous targets and down-
stream effectors of their action, the cellular and molecular mechanisms underlying these effects are
rather complex and still under discussion. Cannabinoids are able to neutralize free radicals and
modulate the production of reactive oxygen species and the activity of antioxidative systems acting
on CB1 and CB2 cannabinoid receptors. The activation of CB1 receptors stimulates signaling path-
ways involved in antioxidative defense and survival (such as the phosphoinositide 3-kinase
(PI3K)/Akt, mitogen-activated protein kinase (MAPK), and Nrf2 pathways) and regulates glutama-
tergic signaling, the activation of N-methyl-D-aspartate (NMDA) receptors, calcium influx, and the
induction of Ca?-regulated signaling cascades, whereas the neuroprotective effects mediated by
CB2 receptors are due to the suppression of microglial activation and the release of prooxidative
and proinflammatory mediators. This review summarizes the main molecular mechanisms and new
advances in understanding the antioxidative and neuroprotective effects of cannabinoids. Because
of the plethora of possible pharmacological interventions related to oxidative stress and canna-
binoid-mediated neuroprotection, future research should be directed towards a better understand-
ing of the interplay between activated signal transduction pathways and molecular targets with the
aim to improve treatment options and efficacy by targeting the endocannabinoid system.

Keywords: cannabinoids; neuroprotection; redox-sensitive signaling pathways; oxidative stress;
neuroinflammation

1. Introduction

Cannabis is one of the first plants that was cultivated for human use. The earliest
writings about the medical uses of Cannabis can be found in Chinese pharmacopoeias as
early as second century BCE [1]. In 1980, epidemiological studies described the potential
anticonvulsant effects of marijuana extracts. Since then, a great amount of research has
been conducted to better reveal the pharmacological effects of natural and synthetic can-
nabinoids. These studies demonstrated that they could exert many beneficial health ef-
fects. The neuroprotective potential of cannabinoids has been investigated in a wide range
of brain-related diagnoses. These include brain tumors, neurodegeneration-related dis-
eases, multiple sclerosis, neuropathic pain, and some specific forms of childhood seizures
[2—4]. The therapeutic potential of cannabinoids is also being considered for various psy-
chiatric diseases such as schizophrenia, anxiety, autism, addiction, and depression [5,6].
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The Endocannabinoid System

The lipid endocannabinoid system (ECS) consists of G protein-coupled cannabinoid
receptors (GPCRs) CB1 and CB2, endogenous cannabinoids (endocannabinoids), and en-
zymes involved in their synthesis and metabolism [7-9]. Both types of cannabinoid recep-
tors inhibit adenylyl cyclase and protein kinase A (PKA) and modulate the activation of
mitogen-activated protein kinases (MAPKSs) (including extracellular signal-regulated ki-
nases (ERKs), c-Jun N-terminal kinases (JNKs), and p38 kinases) via Gir signaling [10]. It
is considered that CB1 and CB2 receptors regulate various aspects of neuronal physiology,
acting independently and/or cooperatively [7,11].

Besides CB1 and CB2 receptors, additional receptors are involved in the biological
effects of cannabinoids with signaling distinct from the CB1 and CB2 receptors, including
the nuclear peroxisome proliferator-activated receptors (PPARs), transient receptor po-
tential vanilloid type 1 (TRPV1) channel, G protein-coupled receptor 55 (GPR55) and G
protein-coupled receptor 119 (GPR119), metabotropic glutamate receptors, p- and 0-opi-
oid receptors, and serotonin 1A receptor (SHT1A) [10,12-20].

The best-characterized endocannabinoids that act via the CB1 and CB2 receptors are
eicosanoids N-arachidonoyl ethanolamide (anandamide) and 2-arachidonoyl glycerol (2-
AQG). These small lipid transmitters are synthesized on demand from the membrane phos-
pholipids that contain arachidonic acid. They are produced by specific lipases as a re-
sponse to increased intracellular Ca?* levels, and it is generally considered that they are
immediately released, without storage in the vesicles [9,10,21]. Both display a higher rel-
ative intrinsic affinity for CB1 receptors than for CB2 receptors. 2-AG is a full agonist,
whereas anandamide behaves as a partial agonist of the two cannabinoid receptors
[8,10,21,22].

The inactivation of cannabinoids includes cellular uptake and hydrolysis. Anan-
damide is degraded by fatty acid amide hydrolase (FAAH) to arachidonic acid and glyc-
erol. Some other enzymes, such as cyclooxygenase-2 (COX2) and lipoxygenases, that are
upregulated during neuroinflammation are also able to metabolize anandamide, some of
them providing derivatives that may promote endocannabinoid-like effects [7,8]. The
COX-2 metabolism of anandamide generates anandamide-derived prostaglandins (pros-
taglandin-ethanolamides or PGs-EA) that are relatively poor activators of CB1 and CB2
receptors. 12- or 15-lipoxygenases convert anandamide into 12(S)-hydroxyeicosatetrae-
noic acid-ethanolamine (HETE)-EA and 15(S)-HETE-EA that target CB1 receptors [23-25].
Several cytochrome P450 isoforms also metabolize anandamide to hydroxylated and
epoxygenated metabolites. The oxidation of anandamide by human cytochrome P450 en-
zymes yields metabolites such as 20-hydroxyeicosatetraenoic acid ethanolamide and the
5,6-, 8,9-,11,12-, and 14,15-epoxyeicosatrienoic acid ethanolamides. Pharmacological stud-
ies have shown that 20-hydroxyeicosatetraenoic acid ethanolamide (20-HETE-EA) and
14,15-epoxyeicosatetraenoic acid ethanolamide (14,15-EET-EA) bind to rat CB1 receptors
[26], whereas the 5,6-epoxide of anandamide, 5,6-epoxyeicosatrienoic acid ethanolamide
(5,6-EET-EA), is a potent and selective agonist of CB2 receptors [27]. Diacylglycerol
(DAG), the product of phospholipase C (PLC), is the main precursor for 2-AG synthesis.
DAG lipase (DAGL) catalyzes the hydrolysis of DAG and forms 2-AG, which is further
converted into arachidonic acid and glycerol, mostly by the activity of the serine hydrolase
monoacylglycerol lipase (MAGL). 2-AG may also be a substrate for COX and lipoxygen-
ases.

In the central nervous system (CNS), endocannabinoids can be produced and de-
graded by both neurons and glia [9,28-31]. It has been shown that reactive microglia se-
crete hydrophobic anandamide in the form of extracellular vesicles, i.e., microvesicles,
through the outward blebbing of the microglial plasma membrane or as exosomes formed
in the endosomal system. In microvesicles, anandamide is carried on their surface and is
able to stimulate CB1 receptors in target neurons [32,33]. On the other hand, adiposomes,
the lipid droplets, represent an intracellular reservoir for the accumulation of taken up
anandamide. These lipid droplets are spatially associated with anandamide hydrolase,
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and adiposome size correlates with the intensity of anandamide catabolism. Although
these findings may challenge the dogma that anandamide is produced on demand, the
biological context of anandamide storage needs to be addressed in further studies [34,35].

CB1 receptors are the main targets of endocannabinoids and are the most abundant
GPCRs in the brain. They are primarily located at presynaptic terminals. The net result of
endogenous cannabinoid signaling after the activation of presynaptic CB1 receptors is the
inhibition of excitatory and inhibitory neurotransmission through the inhibition of neuro-
transmitter release (GABA, glutamate, dopamine, norepinephrine, serotonin, and acetyl-
choline) [7,36,37]. CB1 receptors located at post-synaptic sites regulate the activity of spe-
cific ion channels, of which ionotropic glutamate NMDA receptors have received partic-
ular attention in the context of cannabinoid-mediated and antioxidative-based neuropro-
tection [8,38].

CB1 receptors are abundantly expressed in most brain areas, including the prefrontal
cortex, cingulate gyrus, CA3 region and dentate gyrus in the hippocampus, basal ganglia,
hypothalamus, amygdala, and cerebellum, implying the important role of the ECS in cog-
nition, motoric functions, and emotions [4,8,9,39,40]. CB1 receptors and endocannabinoids
are also involved in the regulation of adult hippocampal neurogenesis and may facilitate
the induction of long-term potentiation in the hippocampus [41-43]. Both in culture and
in vivo, it was shown that anandamide may inhibit neuronal differentiation (from cortical
neuron progenitors to mature neurons) via CB1 receptors, though without affecting neu-
ronal viability [44]. The ERK-mediated phosphorylation of the transcription factor Elk is
critical for the transcriptional regulation of neuronal differentiation. Anandamide attenu-
ates the nerve growth factor (NGF)-mediated activation of the Rapl/B-Raf pathway,
thereby suppressing the activation of ERK and the further phosphorylation of Elk, ulti-
mately interfering with the differentiation program [44]. In addition to neuronal cells, the
expression of CB1 receptors has been confirmed in astrocytes, oligodendrocytes, and en-
dothelial vascular cells of the blood-brain barrier [45-48]. Outside the CNS, CB1 receptors
are expressed in the peripheral and enteric nervous system [48-51]. In addition to or-
thosteric sites, there are one or more allosteric sites at the CB1 receptors. Ligands of these
allosteric sites may modulate the activation induced by direct cannabinoid agonists and
modify their effects [10].

CB2 receptors are mainly involved in immune functions and are predominantly ex-
pressed by immune cells. In physiological conditions, their expression in the brain is very
low (they are detectable in brainstem neurons and the spinal cord). However, they are
highly upregulated during the neuroinflammatory response that accompanies neuro-
degenerative diseases due to the activation and proliferation of microglial cells [52,53].
For example, in malonate-induced toxicity in rats, a marked increase in CB2 receptors in
astrocytes and microglia was observed, probably as a mechanism of protection for reduc-
ing neuronal damage [54]. Similar to CB1 receptors, CB2 receptor signaling inhibits ade-
nylyl cyclase and reduces cAMP levels and PKA activity. It has also been observed in
some studies that Gais, likely via the Gy subunit, may stimulate cAMP synthesis and
activate the Akt and ERK pathways, presumably by regulating various adenylyl cyclase
isozymes [8,53,55,56]. The activation and increased expression of CB2 receptors have been
shown in various neurodegenerative diseases, and these receptors have been intensively
studied as possible pharmacological targets against neuroinflammation and neuroinflam-
mation-related neurodegeneration [54,57,58]. The observed neuroprotective effects of CB2
receptor agonists and CB2 receptor activation are mainly related to the suppression of
microglial activation, the modulation of cytokine release, and the production of reactive
oxygen species (ROS) [10,38,54,59-61]. Inflammatory mediators, such as nitric oxide (NO),
ROS, proinflammatory cytokines and chemokines, are important contributing factors in
microglia-mediated neuronal death due to the induction of nitrosative and oxidative
stress [62]. The stimulation of CB2 receptors suppresses microglial activation via different
signaling pathways, such as the Janus kinase (JAK)/signal transducer and activator of
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transcription 1 (STAT1) pathway [63] and the protein kinase C (PKC) pathway [64]. More-
over, 2-AG and anandamide signaling may polarize microglia towards the M2 (repara-
tive) phenotype [29].

2. Intracellular Signaling Pathways Induced by Activation of CB1 and CB2 Receptors

The activation of CB1 receptors may activate different signaling cascades in three
spatio-temporal waves: the first one is mediated by the activation of heterotrimeric G pro-
teins, the second one is mediated by [-arrestins, and the third one that occurs in intracel-
lular compartments could be initiated by both G proteins and {-arrestins [65]. The main
signaling cascade activated by CB1 receptors starts with the pertussis toxin (PTX)-sensi-
tive Gatijo protein. As already mentioned, this pathway inhibits adenylyl cyclase activity,
reduces the intracellular levels of cAMP, and further modulates intracellular signaling
pathways [21,66,67]. The key enzyme regulated by cAMP is PKA. Its reduced activity, due
to the reduced production of cAMP, affects downstream signaling cascades and biochem-
ical events [7,10]. However, the role of PKA in the effects of cannabinoids is not consistent.
The stimulation of adenylate cyclase activity and an increase in cAMP levels have also
been observed after CB1 receptor activation [8,56]. Likewise, PKA activators may poten-
tiate the beneficial effects of cannabinoids against glutamate-induced toxicity, as well as
reduce the effect of synthetic cannabinoid WIN 55,212 on the inhibition of presynaptic
glutamate release [68,69], demonstrating that the effects of cannabinoids could be depend-
ent on the specific combination of cellular context and cannabinoids under study. Addi-
tionally, although CB1 receptors regulate the activity of adenylate cyclase, cAMP produc-
tion, and PKA activity, CB1 receptors are substrates for PKA phosphorylation that, in turn,
may affect their activity and intracellular outcomes as well [69].

In addition to PKA, CB1 receptors may modulate the activity of other kinases, as well
as the activity of 3-arrestin 1 and 2 that are involved in receptor internalization, recycling
and degradation [10,70,71]. The activation of CB1 receptors is highly implicated in the
regulation of mitogen-activated protein kinases (MAPKSs) and the phosphoinositide 3-ki-
nase (PI3K)/Akt pathway, which have important roles in determining neuronal death or
survival, particularly in oxidative stress conditions (Figure 1) [72-77]. The release of 3y-
subunits from Gi and Go proteins is known to stimulate small G proteins such as Ras that
further may lead to the activation of ERK and JNK cascades via the PI3K cascade [78]. In
N1E-115 neuroblastoma cells, the synthetic cannabinoid receptor agonist WIN 55,212-2
activates the ERK pathway following PKA inhibition via CB1 receptors, but the basal ac-
tivity of PI3K and the Src kinase and protein phosphatases are required for ERK activa-
tion, probably to prime the pathway and maintain viability [79]. On the contrary, the ac-
tivation of ERK via CB1 receptors in the hippocampus was found to be insensitive to PI3K
inhibition [80]. The activation of the ERK1/2 pathway following treatment with phytocan-
nabinoids and synthetic cannabinoids that act as agonists of CB1 receptors was shown to
have a good correlation with ability of cannabinoids to inhibit adenylyl cyclase [81]. How-
ever, in CHO cells with the overexpression of CB1 receptors, ERK1/2 activation was
shown to be independent of cAMP metabolism, indicating that CB1 activation may inde-
pendently trigger the adenylate cyclase and ERK1/2 pathways [63]. Later, it was found
that CB1 receptor agonist methanandamide, a synthetic analogue of anandamide that is
highly resistant to hydrolysis, induced a biphasic and sustained ERK1/2 response in pri-
mary neurons obtained from a 7-day-old embryonic chick telencephalon. At first, ERK1/2
activation is mediated by the sequential activation of Gq, PLC, and Ca?*-independent PKCe
(the activation of PLC results in phosphatidylinositol 4,5-bisphosphate hydrolysis, DAG
(and IPs) formation, and PKC activation upstream of ERK). PKCe, which is associated with
the CB1 receptors in basal conditions, dissociates from the CB1 receptors upon activation,
forms a transient signaling complex with the Src and Fyn tyrosine kinases, and elicits the
first round of ERK1/2 phosphorylation. The second wave of ERK1/2 activation is mediated
by PTX-sensitive Gij signaling, whereby additional Fyn and Src molecules serve as effec-
tors [82]. In stably transfected CHO cells, the activation of two major isoforms of JNK,
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JNK-1 and JNK-2, was shown to be induced by several endocannabinoids, phytocanna-
binoids, and synthetic cannabinoids and to be blocked by PTX, PI3K inhibitor wortman-
nin, and a Ras farnesyltransferase inhibitor peptide, indicating the contribution of CB1
receptors and the PI3K/Akt and ERK pathways in JNK stimulation. Likewise, the activa-
tion of the JNK pathway was demonstrated in neuronal cells with the endogenous expres-
sion of CB1 receptors [78]. However, endogenous cannabinoids may additionally activate
the JNK pathway in a CB1 receptor-independent manner [78]. Furthermore, the activation
of the p38 pathway was observed in cells treated with A%tetrahydrocannabinol (THC),
the major psychoactive component of marijuana [78].

The CB1 receptor-elicited activation of the PI3K/Akt pathway is often involved in the
neuroprotective effects of cannabinoids [83,84]. Antiapoptotic and neuroprotective effects
mediated by the PI3K/Akt pathway were also demonstrated following the activation of
CB2 receptors [85]. The protective effects of cannabinoids have also been observed in as-
trocytes where cannabinoids prevented ceramide-induced apoptotic death by activating
the PI3K/Akt pathway [86]. Briefly, ceramides are sphingosine-based lipids that act as sig-
naling molecules, and their proapoptotic activities are partially induced by the ability to
inhibit the Akt pathway [87]. However, CB1 receptors and cannabinoids may modulate
the metabolizing pathways of sphingolipids by inducing sphingomyelin breakdown and
by increasing ceramide levels via enhanced de novo synthesis [88]. Hence, the interplay
between the beneficial effects of cannabinoids and their ability to increase the level of pro-
apoptotic molecules such as ceramides needs to be investigated in future studies. Addi-
tionally, cannabinoids were found to protect serum-deprived astrocytes from H2O»-in-
duced oxidative damage and death through a mechanism dependent on CB1 receptors
[89].

Besides activating intracellular transduction pathways, the other major activity of
cannabinoids via the CB1 receptors is related to ion channels. Thus, the stimulation of CB1
receptors may activate A-type potassium channels and inwardly rectify K* currents via
the G protein-coupled inwardly rectifying potassium channels (GIRKSs), resulting in mem-
brane hyperpolarization [45,90]. Hence, the activation of CB1 receptors reduces neuronal
excitability, which may be important for the treatment of epilepsy [91]. Furthermore, can-
nabinoids potently inhibit presynaptically located, excitatory N- and P/Q-type voltage-
dependent calcium channels and reduce the postsynaptic glutamate-induced accumula-
tion of Ca?* ions [45,68].
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Figure 1. Schematic representation of signaling pathways and downstream targets mediated by can-
nabinoids. ACEA —arachidonoyl-2-chloroethylamide; AEA—anandamide; 2-AG—2-arachidonoyl
glycerol; cAMP —cyclic AMP; CBD—cannabidiol; GIRKs—G protein-coupled inwardly rectifying
potassium channels; PI3K —phosphoinositide 3-kinase; PKA —protein kinase A; MAPKs—mitogen-
activated protein kinases; THC — A®-tetrahydrocannabinol; VGCCs—voltage-gated calcium chan-
nels; WIN—WIN 55,212-2.
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2.1. Interactions of Cannabinoid Receptors with Other GPCRs

CB1 receptors may interact with other receptors, mainly with other GPCRs, usually
inducing alterations in the activities of both receptors. The interactions between CB1 re-
ceptors and dopamine type 2 (D2) receptors have been demonstrated in striatal neurons.
The net result of that interplay is the preference of a receptor complex for signaling
through the otherwise nonpreferred G« protein pathway and a consequent cAMP increase
[92]. In another study, a D2 receptor agonist quinpirole regulated the transcription of the
CNRI1 gene and increased the mRNA levels of the CB1 receptor. In particular, the activa-
tion of the short-form D2 receptor (D2sR) enhanced the promoter activity of the CNR1 gene
in an ERK1/2-dependent manner [93]. Functional heteromeric complexes are also formed
between the adenosine A2A receptors and CB1 receptors in rat striata, and they mediate
the effects of cannabinoids on motor activities. The inhibition of A2A receptors attenuated
the motor depressant effects induced by the administration of cannabinoids, indicating
that the activation of A2A receptors could be a prerequisite for CB1 receptor signaling
[40]. The simultaneous coactivation of CB1 receptors and u opioid receptors was found to
attenuate CB1 receptor signaling (as well as p-opioid receptor signaling) in neuroblastoma
SK-N-SH cells and striatal tissue. The physiological relevance of this u—CB1 antagonistic
crosstalk was investigated in Neuro2A cells. Coactivation resulted in substantial de-
creases in Src and STAT3 phosphorylation and CB1 receptor-mediated neuritogenesis in
comparison with individual CB1 receptor activation [12]. A reciprocal inhibition between
CB1 receptors and GABAB receptors was observed in hippocampal cells [94]. Interest-
ingly, in several regions of the rat brain and CB2 receptor-transfected neuroblastoma SH-
SY5Y cells, CB1 receptors were shown to form heteromers with the CB2 receptors. A bidi-
rectional cross-antagonism is a specific characteristic of the CB1-CB2 receptor interaction,
meaning that the antagonist of one receptor blocks the effect of the other receptor agonist
in the CB1-CB2 receptor heteromer and inhibits the function of the entire complex [95].
Through this interaction, CB2 receptors negatively modulate the function of CB1 recep-
tors. For example, in neuroblastoma cells, CB2 receptors were shown to inhibit the Akt
phosphorylation and neurite outgrowth induced by a CB1 receptor agonist, whereas in
globus pallidus, a specific CB2 receptor antagonist blocked the activation of the ERK1/2
pathway induced by a CB1 receptor agonist [95].

CB1 receptors are also present in neuronal mitochondria, implying their contribution
to energy metabolism [96,97]. As the impairment of mitochondrial functions is one of the
most important consequences of oxidative stress that further amplifies ROS production
and triggers apoptotic pathways, the preservation of mitochondrial functions is appreci-
ated as an important target in neuroprotection [98,99]. The activation of mitochondrial
receptors by synthetic cannabinoid arachidonoyl-2-chloroethylamide (ACEA) was shown
to improve mitochondrial functions and to reduce the oxidative stress and initiation of the
apoptotic cascade [100]. However, two possible outcomes have been observed in the
model of traumatic brain injury upon the upregulation of mitochondrial CB1 receptors.
By inhibiting mitochondrial cAMP/PKA/complex I, mitochondrial CB1 receptors were
shown to exacerbate energy depletion and neuronal apoptosis, whereas the coactivation
of mitochondrial Akt/complex V was shown to attenuate metabolic deficits and prevent
apoptotic events [84].

Finally, it should be mentioned that endogenous and exogenous cannabinoids pref-
erentially activate distinct signaling pathways over others, a phenomenon called biased
signaling. For example, 2-AG showed little preference for the inhibition of cAMP produc-
tion and the activation of the ERK1/2 pathway, whereas anandamide was seven times
more biased toward cAMP inhibition [101]. The same trend was observed for phytocan-
nabinoids and synthetic cannabinoids and was attributed to a selection bias for either G
protein- or (3 arrestin-mediated signaling, depending on the cell type and pathophysio-
logical conditions [9,102]. It is proposed that cannabinoids display multiple modes of ac-
tion and biased signaling due to the presence of various allosteric sites and the wormhole-
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like structure of the orthosteric site. Different modes of cannabinoid binding probably in-
duce distinct receptor conformations and may ensure functional selectivity [55].

2.2. Functional Interplay between the Cannabinoid CB1 and CB2 Receptors and Glutamate
NMDA Receptors

Related to neurodegenerative pathology, it is important that the activation of the ECS
controls the glutamate NMDA receptors whose overactivation and consequent excessive
increase in intracellular calcium levels may initiate a cascade of events leading to neuronal
death. This course of biochemical changes is termed excitotoxicity and largely contributes
to the pathological mechanisms in neurodegenerative diseases [73,76,103]. The activation
of NMDA receptors and increased Ca? levels upregulate the activity of numerous en-
zymes, including inducible nitric oxide synthase (iNOS), phospholipases, COXs and some
proteolytic enzymes such as calpains. The NO produced by iNOS reacts with superoxide
anion, generating extremely dangerous peroxynitrite and other ROS moieties. By induc-
ing lipid peroxidation, mitochondrial damage, and the depletion of glutathione (GSH)
levels, the excessive amounts of peroxynitrite ultimately reduce the antioxidative capacity
of neuronal cells and exacerbate oxidative stress, induce the oxidative damage of cellular
proteins via tyrosine nitration, and deregulate redox-sensitive signaling pathways and
energy production, thus leading to the severe impairment of neuronal functioning and,
ultimately, neuronal death [8,38,62,104].

The increased activity of NOS and the overproduction of ROS, as well as the en-
hanced nitration of CB1 and CB2 proteins, have been observed in Alzheimer’s disease
(AD), suggesting that peroxynitrite-mediated oxidative damage is an important contrib-
uting factor to disease progression [105-107]. The pathology of Parkinson’s disease (PD)
is also related to the imbalance of peroxynitrite formation. The peroxynitrite-mediated
nitration of a-synuclein promotes its aggregation, a typical hallmark of PD pathology.
Afterwards, peroxynitrite contributes to the nitration of tyrosine hydroxylase, which is
essential for dopamine synthesis. As distinct tyrosine residues determine the substrate
specificity of monoamine oxidase B (MAO B), this may further deregulate dopamine me-
tabolism. Additionally, peroxynitrite inactivates glutathione reductase, depleting the in-
tracellular GSH content in substantia nigra [8,108,109]. In a rotenone-induced animal
model of PD, a natural CB2 receptor agonist 3-caryophyllene demonstrated neuroprotec-
tive effects. Via CB2 receptors, it reduced the loss of the activity of the superoxide dis-
mutase (SOD) and catalase antioxidant enzymes, reduced malondialdehyde (MDA) lev-
els, restored GSH content, prevented an increase in nitrite levels, and alleviated glial acti-
vation and the induction of the proinflammatory cytokines IL-1(3, IL-6, and tumor necrosis
factor alpha (TNF-a) and the inflammatory mediators NF-kB, COX-2, and iNOS [110].
Likewise, oxidative stress and the increased production of NO and peroxynitrite are im-
portant contributing factors to Huntington’s disease (HD) [111].

Several lines of evidence indicate that CB1 receptor agonists protect neurons from
the toxic effects induced by excess glutamate exposure [11,83,112,113]. In cortical neurons,
it was shown that the neuroprotective effects of cannabinoids against glutamate-induced
neurotoxicity are dependent on enhanced cAMP levels and that cannabinoid receptors
reduce excitotoxicity only when they are concomitantly activated with glutamate expo-
sure [68]. As cannabinoids also inhibit voltage-sensitive calcium channels (which mediate
approximately half of the Ca? entry during exogenous glutamate exposure), it is likely
that the neuroprotective effects of cannabinoids are based on a reduced influx of Ca? ions
during excitotoxicity [68]. The main cannabinoid-elicited mechanisms involved in the reg-
ulation of NMDA receptor function and the prevention of their overactivation include the
reduction in presynaptic glutamate release, the inhibition of the post-synaptic canna-
binoid receptors that modulate NMDA receptors and NMDA-regulated signaling cas-
cades, and the direct inhibition of NMDA channels and Ca?* influx [8,36,38,114]. In striatal
neurons, the activation of CB1 receptors was found to prevent NMDA-induced excitotoxic
death via the PI3K/Akt/mTOR pathway and to stimulate the expression of brain-derived
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neurotrophic factor (BDNF) [83]. In another study in which the genetic or pharmacological
inhibition of CB1 receptors resulted in the increased neurotoxic effects of kainic acid in
hippocampal cultures, it was similarly shown that BDNF is an important mediator of CB1
receptor-mediated neuroprotection [115].

CB1 receptors associate with NMDA receptors via the NR1 subunits of the NMDA
receptors. The HINT1 scaffold protein is important for the stabilization of the CB1-NR1
interaction. When CB1 receptors are coupled to NR1 subunits via HINT1, cannabinoids
stimulate the co-internalization of the entire heteromer, protecting the neuronal cells from
NO production and excitotoxicity by reducing the number of surface NMDA receptors
[38,116]. However, it seems that CB1 agonists differ in their ability to sequester CB1 re-
ceptors. Agonists that promote the strong internalization of CB1 receptors and simultane-
ously provide effective neuroprotection were found to be synthetic cannabinoids such as
WIN 55,212-2 and ACEA, whereas endocannabinoid anandamide was found to be much
less efficient in removing CB1 receptors from the cell surface [38]. In another study, Kreutz
et al. [117] investigated the neuroprotective effects of THC, anandamide, and 2-AG in or-
ganotypic hippocampal slice cultures exposed to NMDA. All three cannabinoids reduced
microglial activation, but only 2-AG reduced the number of degenerating neurons. Later,
the authors proposed that 2-AG exerts it effects by activating non-CB1/non-CB2 canna-
bidiol-sensitive receptors present on microglial cells [118]. However, besides decreasing
the levels of Ca? ions, the activation of CB1 receptors may enhance the NMDA-induced
increase in Ca? release from the inositol-triphosphate (IPs3)-sensitive intracellular stores,
further indicating that the cellular mechanisms of cannabinoid actions are rather complex
and still not fully defined [119]. NMDA and CB2 receptors also form functional complexes
that alter the effects exerted by CB2 or NMDA agonists. In HEK-293T cells expressing the
NR1 subunit, NR2 subunit, and CB2 receptors, both the cAMP decrease and ERK activa-
tion induced by JWH-133 (a selective agonist of CB2 receptors) were shown to be coun-
teracted by the NMDA receptor activation (negative crosstalk). More importantly, JWH-
133 was shown to inhibit NMDA-induced calcium influx, indicating that cannabinoids
may restrain NMDA receptor activation at the CB2-NMDA complex. In hippocampal
neurons from APPswimd transgenic mice, the CB2-NMDA heteromer was found to be
highly overexpressed, but cross-antagonism was not observed [55].

3. Endocannabinoid System in Neurodegenerative Diseases

The altered expression of endocannabinoids and cannabinoid receptors has been ob-
served in neurodegenerative conditions (Table 1). Accordingly, it has been assumed that
endocannabinoid-degradative enzymes, CB1 and CB2 receptors, and the modulation of
the activity of endogenous cannabinoids represent valuable therapeutic targets in neuro-
degenerative diseases, as well as in other diseases such as epilepsy, stroke, inflammation,
multiple sclerosis, traumatic brain injuries and psychiatric illnesses [4,120-123].

In HD, a reduced density of CB1 receptors has been found before the onset of the first
symptoms in disease mutation carriers and in symptomatic HD patients, whereby the
number of CAG repeats in the HTT gene was negatively correlated with the CB1 receptor
density in the prefrontal and premotor cortices [83,124-126]. In the R6/2 mouse, a well-
established model of HD, the re-expression of the CB1 receptors by adeno-associated viral
vector normalized otherwise reduced levels of BDNF in the dorsolateral striatum and res-
cued striatal atrophy [83]. However, Sativex, a botanical extract with equimolar amounts
of THC and cannabidiol (CBD) (the two major active ingredients of marijuana) did not
improve motor, cognitive and behavioral deficits or induce molecular changes in HD pa-
tients [127]. On the other hand, agonists of CB2 receptors, but not agonists of CB1 recep-
tors, were found to protect striatal projection neurons from death in a rat model of HD
induced by the intrastriatal injection of malonate, an inhibitor of the mitochondrial com-
plex II that induces apoptosis and microglial activation. The increased expression of CB2
receptors in astrocytes and reactive microglia was observed during the progression of stri-
atal degeneration, and CB2 receptor agonists reduced the production of TNF-a and gliosis
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but did not affect the mechanisms of antioxidative defense such as the expression of SOD-
1 and SOD-2, altogether suggesting that targeting CB2 receptors is a promising approach
against neuronal injury in diseases that are accompanied by the upregulation of CB2 re-
ceptors in glial cells [54]. On the other hand, in one study, THC exacerbated neurodegen-
erative changes induced by the intrastriatal administration of malonate. Surprisingly, an
even more pronounced effect on malonate-induced striatal lesions was observed for
SR141716, a selective CB1 antagonist, suggesting that the activation of CB1 receptors pro-
duces neuroprotective effects [128]. Importantly, in a cellular model of HD, biased signal-
ing properties have been observed. Endocannabinoids 2-AG and anandamide displayed
preference to Gaio-dependent ERK phosphorylation that normalized the levels of CB1 re-
ceptors and improved the viability of HD cells, whereas THC preferentially activated (3-
arrestin 1 recruitment, further depleting the levels of CB1 receptors and cell survival. This
study suggests that the enhancement of Gai/o-biased endocannabinoid signaling is a re-
liable pharmacological approach in HD that should be exploited to limit the adverse on-
target effects of potent synthetic cannabinoids [102]. Functional selectivity at the CB2 re-
ceptors was also demonstrated [129].

Regarding AD, the reduced expression of CB1 receptors has been observed in AD
brains, particularly in areas of microglial activation [105]. Alterations of CB1 receptor ex-
pression are regionally specific and dependent on the course of the disease [130]. One
study showed that the overall CB1 receptor levels were unchanged in the hippocampi of
AD patients, but the protein levels of the enzymes involved in the synthesis and degrada-
tion of endocannabinoids were altered: sn-1-DAGL a and (3 isoforms, enzymes synthesiz-
ing 2-AG, were significantly increased in Braak stage VI, serine hydrolase a/[3-hydrolase
domain-containing 6 expression disappeared in neurofibrillary tangle-bearing neurons,
and MAGL expression was reduced in comparison with pyramidal cells without signs of
neurofibrillary pathology [131]. The activity of FAAH was also reduced in the frontal cor-
tices of AD patients [132], together with depleted levels of anandamide and its precursor
1-stearoyl, 2-docosahexaenoyl-sn-glycero-phosphoethanolamine-N-arachidonoyl in the
midfrontal and temporal cortices of AD. Moreover, the levels of anandamide and its pre-
cursor were positively correlated with cognitive deficits and inversely correlated with A3
levels [133]. In another study, the expression of CB1 receptors was reduced in post mortem
cortical brain tissue but did not correlate with cognitive status and the molecular markers
of the disease. However, in the same study, an increase in the expression CB2 receptors
was positively correlated with the A342 levels and senile plaque score [134]. Moreover,
CB2 receptor agonists were efficient in promoting A clearance and the reversal of cogni-
tive deficits. They also attenuated microglial activation and the production of interleukin
(IL)-1p, and they prevented the upregulation of CB2 receptors [135]. Interestingly, in an
animal model of AD with CB1 receptor deficiency (obtained by breeding amyloid precur-
sor protein (APP) Swedish mutant mice (APP23) with CB1-deficient mice), more pro-
nounced learning impairments and memory deficits were observed together with the re-
duced plaque deposition [136]. AD pathology was also shown to be accompanied by in-
creased levels of 2-AG in the plasma of AD patients [137] and the hippocampi of rodents
administered with the Ap42 peptide [138]. As VDM-11, an inhibitor of endocannabinoid
cellular uptake, reverses hippocampal damage and cognitive deficits when concomitantly
applied with A(342 at the early stages of Af342 treatment, it seems that an early increase in
endocannabinoids serves a protective role against A{3 toxicity [138]. Increases in 2-AG
may also affect the immune response and pathological hallmarks of AD. It has been shown
that MAGL inhibitors (which increase 2-AG levels) reduce the proinflammatory response
of microglia and astrocytes, the expression and activity of [>-secretase-1 (BACE1), and the
A burden in the hippocampus and the temporal and parietal cortices, as well as improve
cognitive impairments, in animal models of AD [139,140]. Cannabinoid-profiled com-
pounds (endocannabinoids, FAAH inhibitors, and synthetic cannabinoids) have also
demonstrated neuroprotective effects in combined high glucose and A conditions [141].
They improved the viability of primary hippocampal neurons; reduced the aggregation
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of A, ROS formation and nitrosative stress; modified the enzymatic activity of SOD, cat-
alase and antioxidant enzymes involved in glutathione homeostasis; reduced the for-
mation of end products of lipid peroxidation and the levels of inflammatory markers
(iNOS, IL-1B, and TNF-a); prevented decreases in mitochondrial membrane potential;
and stimulated Nrf2 and CREB phosphorylation. At least partially, the protective effects
of anandamide and synthetic cannabinoid WIN 55,212-2 were achieved via its direct scav-
enging ability [141].

Elevated levels of anandamide and CB1 receptors were found in the basal ganglia
and cerebrospinal fluid of patients with PD, probably as a compensatory mechanism to
counteract dopamine depletion. Of note, anandamide levels were restored in patients un-
der chronic dopaminergic therapy [142,143], although clinical results with CB1/CB2 re-
ceptor agonists failed to show encouraging results regarding motor disabilities [9]. How-
ever, cannabis smoking improved motor symptoms in one study, suggesting that several
marijuana components with synergistic activity could be a better approach than treatment
with individual cannabinoids in alleviating the motor symptoms of PD patients [144]. The
activation of CB2 receptors also demonstrated great potential in PD by attenuating the
inflammatory response [145]. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced model of PD, the activation of CB2 receptors prevented the degeneration of do-
paminergic neurons in substantia nigra by reducing the damage of the blood-brain bar-
rier, the infiltration of peripheral immune cells, and the expression of iNOS and pro-in-
flammatory cytokines after microglial activation [145].

In a transgenic G93A-SOD1 mice model of amyotrophic lateral sclerosis (ALS), in-
creased levels of anandamide and 2-AG were found in the spinal cord, probably as a
mechanism of endogenous defense as changes were observed before overt motor deficits
[146]. In the human spinal cords of ALS patients, the upregulation of CB2 immunostaining
was also observed post mortem, probably reflecting the activation of microglial cells [147].

Table 1. Endocannabinoid system (ECS) in neurodegenerative diseases.

Disease ECS Observed Change Model Reference
| CBIR R6/2 mouse [83]
| CBIR pre—HP mutatic?n carriers and symp- [124]
tomatic HD patients
e Resspions | CBIR basal ganglia of patients [126]
| CBIR grey matter of patients [127]
1 CB2R in astrocytes and reactive microglia malonate-induced rat model [54]
| anandamide and its precursor mic.lfrontal and temporal cortices of [(133]
patients

= 12-AG plasma of patients [137]
12-AG hippocampi of rat model [138]
| CBIR brains of AD patients [105]
AD alterations of CBIR expression mouse model of AD [130]
Receptors  unchanged levels of CBIR hippocampi of patients [131]
| CB1IR post mortem cortical brain [134]
CBIR deficiency rat model of AD [135]
EC l)(sgrels]s)igco]; igr}lg:)illsloﬁ:gsi no hippocampi of patients [131]

enzymes - -
| FAAH frontal cortices of patients [132]
PD EC 1 anandamide cerebrospinal fluid of patients [143]
Receptors 1 CB1R basal ganglia of patients [142]
ALS EC 1 anandamide and 2-AG spinal cords of SOD1 G93A mice [146]
Receptors 1 CB2R human spinal cord [147]

| decreased level, expression or activity; 1, increased level, expression or activity; ABHD6, o/p3-hy-
drolase domain-containing 6; AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; 2-AG, 2-
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arachidonoylglycerol; CBIR, cannabinoid receptor type 1; CBR2, cannabinoid receptor type 2;
DAGL, DAG lipase; EC, endocannabinoids; ECS, endocannabinoid system; FAAH, fatty acid amide
hydrolase; HD, Huntington’s disease; MAGL, monoacylglycerol lipase; PD, Parkinson’s disease.

The involvement of the ECS has also been recognized in epilepsy, as changes in the
expression of CB1 receptors and endocannabinoids have been detected in some patients.
For example, depleted levels of anandamide, but not 2-AG, were found in the cerebrospi-
nal fluid of untreated patients with temporal lobe epilepsy [148], whereas increased CB1
receptor signaling efficacy (despite the low mRNA and protein expression), increased lev-
els of anandamide, and low 2-AG levels were noticed in the hippocampi of patients with
pharmacoresistant temporal lobe epilepsy [149]. Yet another study revealed the downreg-
ulation of the CB1 receptor mRNA, the decreased expression of DAGL-«, and the reduced
fraction of CB1-positive glutamatergic nerve endings [150]. Several lines of evidence indi-
cate the anticonvulsive potential of cannabinoids [1,4,151], although caution is required
as the acute administration of the synthetic cannabinoid AM2201 induced epileptic sei-
zures in freely moving mice. Seizures were mediated by CB1 receptors and related to the
rapid elevation of hippocampal glutamate release [152].

Similarly, brain damage after cerebral ischemia was found to be more prominent in
CB1 receptor knockout mice, suggesting the neuroprotective role of CB1 receptors [121],
although the neuroprotective effects of CB1 receptor antagonist were also observed. In
ischemic rats, the administration of CB1 receptor antagonist AM251 reduced CA1 injury
and behavioral deficits [153]. CB1 and CB2 receptor antagonists were also able to prevent
minocycline-mediated neuroprotective effects in traumatic brain injury, implying the
complex regulatory effects of cannabinoids in neuroprotection [9,154].

4. Antioxidant Capacity of Cannabinoids

Briefly, oxidative stress and accompanying neuroinflammation are important under-
lying mechanisms of pathophysiological changes in neurodegenerative diseases. Oxida-
tive stress develops when the production of ROS overwhelms the endogenous capabilities
of the antioxidative defense provided by diverse enzymatic and non-enzymatic mecha-
nisms. Non-enzymatic antioxidants (e.g., GSH and vitamins) and antioxidant enzymes
(catalase, SOD, glutathione peroxidase, and thioredoxin) are critically involved in redox
regulation and the maintenance of redox homeostasis [155-160]. In comparison with other
tissues, the brain is particularly vulnerable to oxidative damage due to its high rate of
oxygen consumption, limited antioxidative defense, presence of metal ions that are able
to initiate redox cycling and the formation of highly dangerous and very reactive hydroxyl
radicals via Fenton chemistry, and the high amount of polyunsaturated fatty acids
(PUFAs) that are prone to oxidation, together with the post-mitotic nature of neurons
[161,162]. Besides disturbing redox homeostasis, ROS (as highly reactive moieties) interact
with cellular macromolecules (nucleic acids, proteins, lipids, and carbohydrates), impair-
ing their structure and threatening cellular functioning. Lipids, PUFAs in particular, un-
dergo ROS-initiated lipid peroxidation, a process of free radical formation in lipid com-
partments of the membrane that may ultimately disturb the permeability and fluidity of
cellular membranes. Highly reactive aldehydes, such as 4-hydroxynonenal (HNE) and
malondialdehyde (MDA), are typical end products of lipid peroxidation that act as sig-
naling molecules; react with proteins and enzymes, leading to their modification and al-
tered activity; and induce damage of cellular proteins and DNA. Their levels are increased
in the diseased brain, suggesting the involvement in neurodegenerative events [163,164].
Oxidatively damaged proteins are more prone to self-aggregation, which is a characteris-
tic hallmark of neurodegeneration. Protein aggregates induce the widespread activation
of glial cells and, similarly to HNE, activate inflammatory signaling cascades. Immune
activation is yet another typical hallmark of neurodegenerative diseases that maintains
the sustained release of proinflammatory mediators and the production of reactive oxy-
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gen and nitrogen species. The inflammatory response is predominantly mediated by mi-
croglial cells that are part of the innate immune system. Although the primary function of
the neuroinflammatory response should be protective and essential for the maintenance
of brain homeostasis, prolonged and uncontrolled microglial overactivation exacerbates
neuronal damage by producing a wide range of pro-inflammatory and cytotoxic mole-
cules, such as the tumor necrosis factor (TNF)-a, interleukin (IL)-13, IL-1, and IL-6 cyto-
kines [155,165-167]. As previously mentioned, the most prominent activators of immune
response are aggregated protein forms and other danger-associated molecular patterns
originating from damaged and dying cells. These molecular motifs activate the nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«B) transcription factor that in-
itiates the production of inflammatory cytokines and chemokines that recruit microglial
cells to the site of injury [157,168]. NF-«xB also directs the expression of the superoxide
anion-producing enzyme NADPH oxidase and the NO-producing enzyme iNOS. In a vi-
cious loop of neuroinflammatory response predominantly mediated by activated micro-
glia, the stimulation of inflammatory signaling cascades further promotes ROS produc-
tion, oxidative and nitrosative stress, protein oxidation and aggregation, and mitochon-
drial impairment together with ATP deficiency and bioenergetics failure, the release of
proinflammatory cytokines, and neuronal damage, which finally results in the impair-
ment of neuronal functioning and ultimately neuronal death [8,169,170]. In addition to
neuroinflammation, oxidative stress also induces endoplasmic reticulum (ER) stress, cal-
cium overload, and the impairment of calcium homeostasis that, together with excitotox-
icity, further contribute to the progression of neuropathological events exacerbating ROS
production [171-173].

Cannabinoids exert direct and indirect antioxidant properties in neuronal cells. The
direct antioxidant capacity of cannabinoids is dependent on the ability of their polyphenol
group to transfer electrons or hydrogen atoms to oxidants [174]. There are two main pro-
posed mechanisms of the antioxidative activity of cannabinoids: the transfer of a hydro-
gen atom, whereby a free radical removes a hydrogen atom from an antioxidant, and the
donation of an electron from the antioxidant to the radical [175]. Moreover, it has been
shown that sublethal oxidative stress, at least the one induced by tert-butylhydroperoxide
(tBHP), increases nuclear localization and the expression of FAAH and upregulates the
expression of CB1 and CB2 receptors, indicating that these changes are part of the early
response to oxidative damage and potential targets for pharmacological intervention
[176].

As previously mentioned, among different signaling pathways activated by oxida-
tive stress and neuroinflammation, of particular importance are those mediated by NF-
kB, which directs the synthesis of proinflammatory cytokines and induces the expression
of iNOS and COX-2, and by nuclear factor-erythroid-2-like 2 (Nrf2), which regulates the
expression of antioxidant mediators such as SOD1, heme oxygenase-1 (HO-1), catalase,
and glutathione S-transferase. Following nuclear translocation, Nrf2 interacts with anti-
oxidant response element (ARE) and orchestrates a neuronal response to oxidative injury
by driving the transcription of antioxidant genes [157,177]

The effects of cannabinoids on NF-xB and Nrf2 signaling should be further investi-
gated as targeting these pathways has been considered an important neuroprotective
strategy with relevant therapeutic implications [177-179]. A putative ARE motif was
found in the CNR2 receptor gene and displays a high similarity with the consensus ARE
sequence. However, one study demonstrated that in hippocampal HT22 cells and primary
neurons, Nrf2 is not able to regulate the expression of CB2 receptors, whereas in microglial
cells, the expression of CB2 receptors was found to be Nrf2-dependent [180]. Recently, it
was shown that hexocannabitriol, a hydroxylated CBD analogue isolated from hemp
threshing residues, may activate the Nrf2 pathway in a ROS-independent way, probably
as a result of direct Nrf2 stabilization [181].
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4.1. Antioxidative and Neuroprotective Effects of Endocannabinoids

Anandamide, which is the CB1 receptor ligand without a cannabinoid structure, does
not have a significant oxidation potential and possesses a modest direct antioxidant abil-
ity. To investigate whether cannabinoids can protect neurons against glutamate neurotox-
icity by directly reacting with ROS, Hampson et al. [182] used cyclic voltammetry to de-
termine ability of cannabinoids to donate or accept electrons. In contrast to CBD, THC,
and several synthetic cannabinoids that all readily donated electrons, anandamide did not
undergo oxidation and was considered a nonresponsive compound. As several canna-
binoids demonstrated a considerable antioxidative effect, it was suggested that antioxi-
dant activity is an intrinsic property of the cannabinoid structure [182]. Despite the afore-
mentioned findings, the neuroprotective effects of anandamide in oxidative stress condi-
tions have been observed (Table 2). Thus, anandamide was shown to protect hippocampal
HT22 cells against H2Oz-induce injury via a CB1-dependent mechanism. It upregulated
the expression of CB1 receptors, ameliorated H202-induced morphological changes, de-
creased the levels of cleaved caspase-3 (a measure of apoptotic rate), decreased the intra-
cellular accumulation of ROS, restored SOD activity, and partially replenished GSH con-
tent and the GSH/GSSG ratio. As anandamide attenuated the expression of NADPH oxi-
dase 2 (Nox2), which largely contributes to oxidative injury in the brain, and the Nox2
inhibitor apocynin exerted the same neuroprotective effect as anandamide, the authors
proposed that the observed antioxidative effects of anandamide were achieved through
the CB1 receptor-mediated suppression of Nox2 [183]. Anandamide also protected a per-
inatal brain against 2-amino-3-(4-butyl-3-hydroxyisoxazol-5-yl)propionic  acid
(AMPA)/kainate receptor-mediated excitotoxic lesions via CB1 receptors [184].

Due to the rapid metabolic inactivation of anandamide, its levels are relatively low
in vivo, which limits its clinical application. Based on the anandamide structure, the com-
pound N-linoleyltyrosine (NITyr) was synthesized, and its antioxidative properties were
investigated in rat pheochromocytoma PC12 cells. Via CB1 receptors, NITyr attenuated
H202-induced neurotoxic effects, reduced ROS generation, and induced autophagy by
stimulating the expression of autophagy-related proteins. As the autophagy inhibitor at-
tenuated the effects of NITyr on ROS levels and cell survival, it is likely that the observed
antioxidative effects were mediated by autophagy and that the CB1 receptor-mediated
induction of autophagy may be a promising neuroprotective approach in future pharma-
cological strategies [185]. This compound also demonstrated neuroprotective effects in
primary cortical neurons. It attenuated APB40-induced toxicity, increased BDNF levels,
and promoted autophagy by activating the CB2/AMPK/mTOR/ULK1 pathway [186].
However, anandamide may influence the cortical and cerebellar responses of NMDA re-
ceptors and calcium influx via CB1-dependent and-independent mechanisms in opposite
directions [114]. When voltage-sensitive calcium channels are activated due to the depo-
larization induced by the activation of NMDA receptors and calcium entry, cannabinoids
inhibit NMDA receptors and reduce the overall Ca? flux. On the other hand, by potenti-
ating NMDA receptor activity (CBl-independent mechanism), anandamide may enhance
calcium intake [114]. Accordingly, not all studies observed the neuroprotective effects of
anandamide. For example, the effects of endocannabinoids were investigated in spinal
cord injury, where excitotoxicity is the key factor of neuronal damage. Anandamide, as
well as 2-AG, failed to attenuate electrophysiological and histological impairments, alt-
hough the CB1 antagonist exacerbated neuronal injury, indicating that the ECS was acti-
vated but not enough to reduce the damage, at least during the early phases of the exci-
totoxic response to spinal cord injury [187].

N-oleoylethanolamine (OEA), an endocannabinoid, also demonstrated neuroprotec-
tive effects acting as a PPAR«a agonist. The PPARs are transcription factors that behave as
lipid-sensing receptors and regulate the expression of large sets of genes predominantly
involved in cellular metabolism and energy homeostasis, but they also may interfere with
the inflammatory transcription factor signaling and regulate inflammatory response
[188,189]. In a mouse model of cerebral ischemia, OEA reduced infarct volume, increased
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the expression of the inhibitory protein IxBa of the NF-kB signaling pathway, and re-
duced the expression of the inflammatory marker COX-2 [13, 190]. In closed head injuries,
the neuroprotective effects of exogenously added 2-AG were also found to be mediated
through the NF-kB activation via a CB1 receptor-mediated mechanism and the suppres-
sion of the mRNA expression of proinflammatory cytokines [120,191,192].

The inhibition of enzymes involved in cannabinoid synthesis has also been shown to
exert neuroprotective effects. The inhibition of MAGL, the 2-AG-metabolizing enzyme
that increases 2-AG levels, promoted recovery in a mouse model of repetitive mild closed
head injury [193]. The MAGL inhibitor also reduced the expression of proinflammatory
markers IL-1p3, IL-6, and TNFa; attenuated microglial and astrocytic activation; reduced
the formation of A and the expression of enzymes that participate in A3 synthesis in the
cortex and hippocampus; inhibited tau phosphorylation and the aggregation of TDP-43;
and prevented changes in the expression of the AMPA and NMDA receptor subunits
[193]. In an animal model of AD, the inhibition of MAGL activity suppressed the expres-
sion and activity of BACE1 and the accumulation of Af3, reduced inflammation and neu-
rodegeneration, and improved long-term synaptic plasticity and cognitive abilities [139].
In SH-SY5Y cells exposed to 1-methyl-4-phenylpyridinium iodide (MPP*) toxicity, the
MAGL inhibitor also displayed neuroprotective effects that were blocked by the CB2 re-
ceptor antagonist and mimicked by the CB2 receptor agonist [194]. In mice with a trau-
matic brain injury, the FAAH inhibitor enhanced anandamide levels, increased the ex-
pression of Bcl-2 and reduced neurodegeneration, improved motor and cognitive deficits,
suppressed the formation of APP and the expression of iNOS and COX-2, and promoted
the polarization of microglia towards a neuroprotective M2 phenotype. The effects were
mediated by the CB1 and CB2 receptors and the Akt and ERK1/2 signaling pathways
[195]. FAAH deletion in G93A-SOD1 mice delayed signs of the disease [196] and exerted
beneficial effects on the motor symptoms in MPTP-induced toxicity [197].

Table 2. Antioxidant and anti-inflammatory effects of endocannabinoids in neurodegenerative con-
ditions.

Compound Signaling Effects Model Ref.
1 CBIR, | cleaved caspase-3, ROS and . .
AEA Nox2, restored SOD, partially replen- E;geiizrlljzzr?n'ur il;}ﬁ}s)ocampal HT22 [183]
ished GSH content and GSH/GSSG ratio 22 jury
protection from rinatal rodent
AEA Via CBIR AMPA /kainate receptor- Lo 1o 1OGE [184]
. . brain
induced lesions
AEA and i?;ﬁ:tzorigg?;:;e neonatal rat spinal [187]
2-AG . . cord in vitro
excitotoxicity
OFA PPARa agonist; 1 IcBat, and | COX-2 Tleuroprotectlon, reduced cerebral ischemia [190]
infarct volume mouse model
| TNF-a, IL-1$3 and IL-6 mRNA; 1 en- decreased BBB closed head injury
2-AG _ . [120]
dogenous antioxidants permeability mouse model
reduction in brain edema
©od head inj 191
2-AG Via CB1IR better clinical recovery, closed head injury [191,
) mouse model 192]
reduced infarct volume
} inflammatory markers TNF-a, IL-1f3
MAGL ,and IL-6, l AP formatlo.n AChCIEa IS } microglial and repetitive mild
o involved in A synthesis, | tau phos- 5 .. ..
inhibitor horvlation and aserecation of TDP-43 astrocytic activation, closed head injury [193]
(1 2-AG) POty 581¢8 " promoted recovery mouse model

prevented changes in the expression of
AMPA and NMDA receptor subunits
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improved synaptic

AGL
,M, G } BACEL and accumulation of Af, | in-  plasticity and cognitive mouse model of
inhibitor i . [139]
flammation abilities, reduced AD
(1 2-AG) .
neurodegeneration
MAGL neuroprotection from
inhibitor ~ Via CB2R MPPr i ued toxioit SH-SY5Y cells [194]
(1 2-AG) Y
improved motor and
FAAH 1 Bcl-2, | APP and iNOS and COX-2, via  cognitive deficits, pro- traumatic brain
inhibitor CBIR and CB2R, Akt and ERK1/2 path- = moted polarization of injury mouse [195]
(1 AEA) ways M2 microglia, reduced model
neurodegeneration
FAAH
. delayed signs of the mouse model of
deletion disease ALS [196]
(1 AEA)
e
inhibitors Via CBIR and CB2R T P rat model of PD [197]
(1 AEA) dopamine loss, showed

anti-cataleptic properties

|, decreased level, expression or activity; 1, increased level, expression or activity; Af3, amyloid beta;
AD, Alzheimer’s disease; AEA, anandamide; ALS, amyotrophic lateral sclerosis; AMPA, 2-amino-
3-(4-butyl-3-hydroxyisoxazol-5-yl)propionic acid; APP, amyloid precursor protein; 2-AG, 2-arachi-
donoylglycerol; BACE, 3-secretase; BBB, blood-brain barrier; CBIR, cannabinoid receptor type 1;
CBR2, cannabinoid receptor type 2; COX-2, cyclooxygenase-2; FAAH, fatty acid amide hydrolase;
GSH, glutathione; GSSG, Glutathione disulfide; HD, Huntington’s disease; IkBa, nuclear factor of
kappa light polypeptide gene enhancer in B-cells inhibitor alpha; IL-1f3, interleukin-1f3; IL-6, inter-
leukin 6; iNOS, inducible nitric oxide synthase; MAGL, monoacylglycerol lipase; NMDA, N-methyl-
D-aspartate; OEA, N-oleoylethanolamine; PD, Parkinson’s disease; PPAR, peroxisome proliferator-
activated receptor; ROS, reactive oxygen species; SOD, superoxide dismutase; TDP-43, TAR DNA-
binding protein 43; TNF-a, tumor necrosis factor alpha.

4.2. Antioxidative and Neuroprotective Effects of Phytocannabinoids

Cannabidiol (CBD) and A%tetrahydrocannabinol (THC) are the most studied plant-
derived cannabinoids. Cannabidiol (CBD) is the most abundant non-psychoactive canna-
binoid from marijuana extracts, whereas THC is the major psychoactive compound. CBD
displays various pharmacological effects and a relatively favorable safety profile at a va-
riety of doses that have greatly contributed to interest in its neuroprotective properties
[198,199] (Table 3). It displays a low affinity for CB1 and CB2 receptors, acts as an antag-
onist of the GPR55 receptor and PPAR agonist, interacts with TRPV channels, and inhibits
voltage-gated calcium channels [10,200]. It also increases the endogenous levels of anan-
damide by inhibiting its reuptake and degradation by FAAH [200,201]. In addition, CBD
stimulates synaptic plasticity and neurogenesis, which probably underlies its positive ef-
fects in depression and anxiety [202]. At least in mice, the neurogenic effect of CBD in the
dentate gyrus is mediated by CB1 receptors and affects the proliferation of progenitor cells
and the maturation and survival of new neurons [43]. On the contrary, prolonged THC
administration was found to reduce the proliferation of precursor cells in the dentate gy-
rus but did not affect cell survival or net neurogenesis [43]. CBD also upregulates BDNF
and reduces microglial activation and the release of proinflammatory molecules [203], all
of which may contribute to the desired beneficial effects of CBD in neuroprotection.

The psychoactive effects of THC are due to the activation of CB1 receptors, although
it binds with a high affinity to both CB1 and CB2 receptors [10]. A meta-analysis revealed
that THC demonstrates neuromodulatory effects in the brain regions involved in cogni-
tive tasks. Greater effects were achieved in regions with higher densities of CB1 receptors,
though a relationship between CNR2 gene expression and the effect size was not found
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[204]. In contrast to the psychoactive effects that are mediated by CB1 receptors, the im-
munomodulatory effects of THC are mediated by binding to the CB2 receptors in micro-
glial cells [205].

The therapeutic applications of THC are limited by its side effects including the de-
velopment of tolerance and addiction, along with cardiac side effects. It is interesting that
growing plants contain high levels of the non-psychoactive and pharmacologically active
A%-tetrahydrocannabinolic acid (THCA) that is decarboxylated into the psychoactive form
of THC during heating. As THCA exerts neuroprotective and anti-inflammatory effects,
this compound is worth consideration for the treatment of neurodegenerative diseases in
future studies [206,207].

In addition to cyclic voltammetry, which has demonstrated the similar antioxidant
potential of CBD and THC to the powerful antioxidant butylated hydroxytoluene (BHT),
the abilities of CBD, THC and BHT to be oxidized were also examined in a Fenton reaction.
All three tested compounds prevented dihydrorhodamine oxidation with a similar poten-
tial, indicating the remarkable antioxidant potency of CBD and THC [182]. To confirm
that CBD acts as an antioxidant, primary cortical neurons were exposed to the oxidant
tert-butyl hydroperoxide. As CBD was able to prevent the release of lactate dehydrogen-
ase (LDH), an indicator of cellular damage, the authors concluded that CBD protected
neurons from ROS-induced cell death. They also demonstrated the neuroprotective effects
of CBD against glutamate-induced toxicity [182]. By comparing some specific structural
and electronic characteristic of THC and CBD, such as ionization potential, the energies
of the highest occupied molecular orbital and the lowest unoccupied molecular orbital,
hydroxyl bond dissociation energy, and spin density, it was assessed that THC possesses
better antioxidant properties than CBD due to its better electron donating ability and
higher nucleophilicity [175]. It is suggested that the antioxidant capacity of THC is mostly
determined by the stability of its semiquinone radical after hydrogen abstraction
[174,175]. Due to the stability of its semiquinone radical after scavenging free radicals,
THC is regarded as an important antioxidant and a lipoperoxidation chain-breaking agent
during the propagation and termination phases of lipid oxidation, respectively [174].

Some studies have indicated that the antioxidant activity of THC and CBD per se is
sufficient to protect neurons against oxidative injury without the activation of canna-
binoid receptors. Both THC and CBD demonstrated protective effects in rat cortical neu-
ronal cultures exposed to toxic levels of glutamate, and they also prevented neuronal
death. They protected neurons against toxicity mediated by NMDA, AMPA, and kainate
receptors. As antagonists of CB1 receptors did not abolish the neuroprotective effects of
both CBD and THC, it was concluded that neuroprotective action is mediated by the direct
antioxidative activity of cannabinoids [182]. CBD also prevented the lipid peroxidation
induced by tert-butyl hydroperoxide with a better efficacy then some other antioxidants,
further suggesting that direct antioxidative action is the major mechanism of its neuro-
protective efficacy [182]. The effects of CBD were also investigated on oligodendrocyte
progenitor cells. CBD protected these cells from H2Oz-induced death and oxidative stress
by reducing the levels of ROS and from lipopolysaccharide (LPS)/IFNy-induced cytotox-
icity by attenuating caspase-3 cleavage and apoptosis via mechanisms that were inde-
pendent of CB1, CB2, TRPV1 or PPARY receptors, probably suggesting the direct antiox-
idant and anti-inflammatory activity of CBD. Furthermore, CBD protected oligodendro-
cyte progenitor cells against tunicamycin-induced ER stress (by decreasing the phosphor-
ylation of the eiF2a protein) and attenuated the ER stress response during neuroinflam-
mation. Hence, it is suggested that the prevention of the ER stress pathway underlies the
beneficial effects of CBD on oligodendrocyte progenitor cells during neuroinflammation
[208].

However, in addition to their direct antioxidative abilities, the neuroprotective effects
of phytocannabinoids are also mediated by cannabinoid (and other) receptors. Thus, CBD
was shown to protect an immature brain from hypoxic-ischemic damage. It reduced lev-
els of glutamate and IL-6 and the expression of TNF-a, iNOS and COX-2 acting at CB2
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and adenosine receptors [209]. Following exposure to TNF-a, which increases the surface
expression of AMPA receptors and potentiates AMPA receptor-mediated glutamatergic
excitotoxicity, the activation of CB1 receptors reduced the number of AMPA receptors and
mitigated TNF-a-induced excitotoxic death in hippocampal neurons. Among other inves-
tigated cannabinoids, this effect was observed following exposure to THC [112].

Regarding neuroprotective activity, it should be mentioned that CBD induces au-
tophagy. In a neuroblastoma SH-SY5Y cell line and murine astrocytes, the CBD-mediated
activation of autophagy was reduced by antagonists of CB1, CB2 and TRPV1 receptors,
indicating their involvement in autophagic flux. Autophagy was stimulated through
ERK1/2 pathway activation and Akt suppression, revealing new potential cannabinoid-
related targets for treating neurodegenerative disorders [210].

Phytocannabinoids also demonstrated neuroprotective effects in experiments mim-
icking neurodegenerative diseases. In neuronal PC12 cells stimulated with AP, CBD re-
duced ROS levels, lipid peroxidation, intracellular calcium levels, and the induction of the
apoptotic cascade [211]. In another study performed on PC12 cells, CBD reduced an Ap-
induced increase in phosphorylated glycogen synthase kinase-3(3 (pGSK-3f3) and tau hy-
perphosphorylation and also reversed an Ap-induced decrease in [3-catenin expression,
suggesting the possible involvement of the Wnt/3-catenin pathway in CBD-mediated neu-
roprotection [212]. In the same model, CBD inhibited nitrite production and iNOS expres-
sion through the inhibition of the p38 pathway and transcription factor NF-xB [213]. It
seems that the effects of CBD on the reduction in AB-induced inflammatory mediators
(NO, IL-1p, TNFa, and S100B), the activation of the NF-kB pathway, and the death of CA1
pyramidal neurons are mediated by PPARY receptors [214]. In mice inoculated with hu-
man A{342, CBD prevented microglial activation, impaired the expression of iNOS and IL-
1B, and inhibited NO release [215]. After the intraventricular administration of A3 in mice,
CBD prevented cognitive deficits and the gene expression of IL-6 [216].

Similarly, THC depleted A{ levels and A{ aggregation in N2a/ABPPswe cells at very
small concentrations, decreased the phosphorylation of pGSK-3f3, and enhanced mito-
chondrial function [217]. In APP/PS1 mice, the intranasal delivery of THC at small doses
reduced the production of AP and the formation of A oligomers, decreased the activity
of GSK-3 and tau phosphorylation, and improved deficits in spatial memory and cogni-
tive decline, although it did not reverse neuropathological hippocampal changes and
plasma cytokine levels [218]. Nevertheless, these results indicate that THC could be con-
sidered an effective treatment in AD at low doses, particularly in the form of intranasal
treatment that minimizes systemic exposure and adverse effects [219].

Similarly, CBD and THC exerted beneficial effects in a 6-hydroxydopamine (6-
OHDA)-induced animal model of PD. As both compounds prevented a reduction in do-
pamine depletion and a decrease in tyrosine hydroxylase activity (and considering that
CBD has a very low affinity for CB1 receptors), the beneficial effects were assigned to their
direct antioxidative activity [220]. CBD also increased SOD expression in a 6-OHDA-in-
duced animal model of PD [221]. Yet another plant-derived cannabinoid is A%-tetrahydro-
cannabivarin (THCV), which activates CB2 receptors and blocks CB1 receptors but also
exerts antioxidant properties. Like THC, in 6-OHDA-induced animals, the prolonged ad-
ministration of THCV reduced the loss of dopaminergic neurons based on its antioxida-
tive activities. Hence, the antioxidative and neuroprotective effects of THCV should be
further investigated, particularly when considering that THCV lacks psychoactive side
effects. A CBD-enriched plant extract also reduced the loss of dopaminergic neurons in
the same study, emphasizing the important contribution of antioxidative mechanisms in
neuroprotection (Figure 2) [222].

In rats exposed to 3-nitropropionic acid (a model for HD), CBD reduced 3NP-in-
duced decreases in the levels of SOD1 and SOD2, among other beneficial effects related to
GABAergic markers. As two other synthetic cannabinoids, ACEA and HU-308, did not
show neuroprotective effects and the CBD effects were independent of the activation of
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the CB1, TRPV1, and A2A receptors, protection was probably based on the direct antiox-
idative effects of CBD [223]. Likewise, the THC-mediated activation of CB1 receptors pro-
tected mouse striatal neuroblasts against NMDA-induced excitotoxicity by activating the
PI3K/Akt/mTORC1/BDNF pathway [83].

Table 3. Antioxidant and anti-inflammatory effects of phytocannabinoids in neurodegenerative

conditions.
Compound Signaling Effects Model Ref
CBD via CBIR neurogenic effect
THC reduced learning without mouse model [43]
affecting adult neurogenesis
THC greater effects in regions with neuromodulatory effects in brain human [204]
higher density of CBIR regions involved in cognitive tasks participants
protection from tert-butyl
CBD | LDH release hydroperoxide-induced toxicity t cortical
rat cortica
protection from glutamate toxicity
Tlé%g“d ; via NMDA, AMPA, and kainate neurons [182]
receptors
CBD | ROS protection from H20z-induced cell ~ oligodendrocyte
death progenitor cells
| caspase-3 cleavage and apoptosis
via mechanisms independent of protection from lipopolysaccha-
CBD CBIR, CB2R, TRPV1 or PPARy ride/IFNy-induced cytotoxicity oligodendrocyte [208]
receptors progenitor cells
| phosphorylation of the eiF2a pro- protection from tunicamycin-in-
tein duced ER stress
| glutamate level and IL-6, | TNF-a, . .. . . .
CBD iNOS and COX-2 acting at CB2R and protection from hypoxic—-ischemic Immature mice [209]
. damage brain
adenosine receptors
protection from TNF-a that .
e el ol AMASSPTE A
& receptor-mediated excitotoxicity
| ROS, lipid peroxidation, intracellu- . )
f AB- -
CBD lar calcium and induction of apop- neuropr.ot'ectlon rom Ap-medi PC12 neurons  [211]
totic cascade ated toxicity
} ApB-induced increase in pGSK-3f3
and tau hyperphosphorylation and neuroprotection from
BD PC12 212
C reversed AB-induced decrease in Ap-mediated toxicity Cl2neurons  [212]
[B-catenin expression
CBD | nitrite production and iNOS ) ApB-stimulated 213]
through | p38 pathway and NF-xB PC12 neurons
neuroprotection from A{3 and
CBD l;f}?‘,:,? ‘1][13&; ;Tig’ SrleoczB,tzls: B promotion of hippocampal rat AD model  [214]
P Y Y P neurogenesis
CBD | iNOSand IL-1p, NO release prevention of microglial activation o 1odel  [215]
after A3 inoculation
CBD } IL-6 mRNA in cerebral cortex improvement of cognitive deficits =~ AB-treated mice [216]
| phosphorylated and total GSK-33, L . N2a/ABPPswe
RS | A levels, 1 mitochondrial function inhibition of A aggregation cells [217]
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1
THC AP oligomers, | GSK-3p, lcrgp;i'gjj;sife memory and APP/PS1 mice  [218]
| tau phosphorylation &
-OHDA-in-
CBDand 1 dopamine, 1 tyrosine hydroxylase . 60 o
THC MRNA neuroprotection duced mouse  [220]
model of PD
neuroprotection when immedi 6-OHDA-in-
CBD 150D o pd e g duced mice  [221]
ately administered after the lesion model of PD
duced 1 fd . . 6-OHDA-in-
THCV i reduced loss of dopaminergic neu duced mouse  [222]
rons, attenuated motor inhibition
model of PD
CBD } 3NP-induced decrease in SOD1 and  neuroprotection against striatal 3-NP-induced [223]
SOD?2, restoration of GABA levels damage rat model of HD
Activation of . . .
THC PI3K/Akt/mTORCI1/BDNF pro'tectloﬁ 'from NMDA-induced mouse striatal [83]
pathway via CBIR excitotoxicity neuroblasts
1 glucose utilization and activity of
THC-rich luconeogenic enzymes; 1 GSH, SOD . ) . .
oxtracts §n P catalfse activit}; | m;Talon dialde- improved glucose consumption isolated rat brain [224]
hyde and NO levels
THC-and malonate-in
CBD-en- } iINOS, not mediated by CB1 and attenuated neurodegeneration and aona
. ) . duced rat model [225]
riched CB2R glial activation of HD
extract
T(;IS(I:D_ :;ld small improvements in the pro C93A-SOD1
: 1 CB2R mp , pPr mice model of  [226]
riched gression of neurological deficits ALS
extract
Cannabis - moderately effective against appe- patients with [227]

tite loss, depression and spasticity ALS

|, decreased level, expression or activity; 1, increased level, expression or activity; Af3, amyloid beta;
AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; AMPA, 2-amino-3-(4-butyl-3-hydrox-
yisoxazol-5-yl)propionic acid; APP/PS, amyloid precursor protein/presenilin; BDNF, brain-derived
neurotrophic factor; CBIR, cannabinoid receptor type 1; CBR2, cannabinoid receptor type 2; CBD,
cannabidiol; COX-2, cyclooxygenase-2; eiF2a, Eukaryotic Initiation Factor 2; ER, endoplasmic retic-
ulum; GSH, glutathione; GSK-3(3, glycogen synthase kinase-33; HD, Huntington’s disease; IL-1p,
interleukin-1p3; IL-6, interleukin 6; iNOS, inducible nitric oxide synthase; LDH, lactate dehydrogen-
ase; mTORC1, mammalian target of rapamycin complex 1; NF- xB, Nuclear factor kappa-light-
chain-enhancer of activated B cells; NMDA, N-methyl-D-aspartate; 3-NP, 3-nitropropionic acid; 6-
OHDA, 6-hydroxydopamine; PD, Parkinson’s disease; PPAR, peroxisome proliferator-activated re-
ceptor; ROS, reactive oxygen species; SOD, superoxide dismutase; S100B, 5100 calcium-binding pro-
tein B; THC, A%-tetrahydrocannabinol; THCV, A%tetrahydrocannabivarin; TNF-a, tumor necrosis
factor alpha; TRPV1, transient receptor potential vanilloid type 1.



Antioxidants 2022, 11, 2049

20 of 37

Direct ROS scavenging
Reduced glutamate release, Ca?*levels
S — and excitotoxicity
2 \‘\ Improvement of mitochondrial functions
AN AN TN SN \\] Upregulation of antioxydative enzymes
ol HO-1, SOD, catalase, / Modulation of Akt and MAPK signalling

3 4
N GSH-Px i Antiapoptotic mechanisms
a Stimulation of autophagy

-

LN /\ Oxidative stress

2AG | CBD 2

A_&n | Aea NEUROPROTECTION

é& Neurpi[l_f!ammation "

S OO
AK L NRY WKL NK S RS ¥

TNF-a, IL-16, IL-1, IL-6, |

uced release of pro-
mmatory mediators
uced production of ROS
dition of NO production
pression of microglial
ation

Figure 2. Antioxidative and anti-inflammatory effects of cannabinoids. ACEA —arachidonoyl-2-
chloroethylamide; AEA —anandamide; 2-AG—2-arachidonoyl glycerol; CBD —cannabidiol; COX-
2—cyclooxygenase 2; HO-1—heme oxygenase-1; GSH-Px—glutathione peroxidase; IL-13—inter-
leukin (IL)-1B; IL-1—interleukin 1; IL-6—interleukin 6; iNOS—inducible nitric oxide synthase;
MAPK —mitogen-activated protein kinase; Nox-2—NADPH oxidase 2; ROS—reactive oxygen spe-
cies; SOD—superoxide dismutase; TNF-a—tumor necrosis factor alpha; THC — A%tetrahydrocan-
nabinol; WIN—WIN 55,212-2.

Regarding Cannabis sativa extracts, they protected low-density lipoproteins (LDLs)
against the Cu?-mediated oxidation. However, the relationship between the biological
activity and chemical profile needs further investigation. Samples of female inflorescences
from three stable Cannabis sativa phenotypes (Strawberry, Exodus Cheese, and Magma)
collected at different time points of the flowering period differed in their antioxidant prop-
erties, as measured by the ability to reduce the Cu*-induced lipid oxidation of LDL from
human plasma. Most of the phytocannabinoids isolated from the extracts functioned as
antioxidants, prolonging the latency phase of lipid oxidation. THC was the only canna-
binoid able to interfere with the propagation phase, breaking the Cu?*-induced lipid oxi-
dation chains in LDL lipids. As previously explained, THC inhibits oxidative stress by
scavenging reactive radical species and converting them into more stable, long-living, and
less reactive radicals [175]. However, individual cannabinoids were found to be less effec-
tive than Cannabis sativa extracts, suggesting a synergistic effect of the various phytochem-
icals present in extracts [174]. In post-ischemic neuronal death, different Cannabis extracts,
as well as CBD and THC, demonstrated diverse effects, suggesting that an appropriate
CBD/THC ratio may be important for efficient therapeutic intervention [2]. Furthermore,
THC-rich extracts may promote glucose utilization and the activity of gluconeogenic en-
zymes in the rat brain [224]. Glucose homeostasis is usually disturbed in neurodegenera-
tive diseases, partially as a result of the oxidative damage of enzymes participating in
glycolysis, the Krebs cycle, and oxidative phosphorylation, and the impairment of glucose
utilization largely contributes to the progression of pathological changes [159]. THC-rich
extracts increased glucose uptake and suppressed oxidative stress levels, as evidenced by
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enhanced GSH levels, increased SOD and catalase activity, reduced lipid peroxidation,
and NO production [224].

In animals administered with malonate, a 1:1 combination of THC- and CBD-en-
riched botanical extracts attenuated malonate-induced effects on neurodegeneration, glial
activation and iNOS expression, but these effects were not mediated by CB1 and CB2 re-
ceptors [225]. In a G93A-SOD1 mice model mimicking ALS, a THC- and CBD-enriched
plant extract produced only small improvements in the progression of neurological defi-
cits, although it markedly increased CB2 receptors [226].

Cannabis-based products have been introduced into clinical studies for AD and PD,
and they have demonstrated small improvements in some secondary symptoms and qual-
ity of life. Positive results have mostly been assigned to their anti-inflammatory, immu-
nosuppressive and antioxidant effects, as well as the ability of these products to modulate
the ECS [228]. Similarly, in patients with ALS, cannabis was found to be moderately effec-
tive against some symptoms (appetite loss, depression, and spasticity) but did not im-
prove speech and swallowing deficits [227]. However, although clinical data on phyto-
cannabinoids and neurodegenerative diseases are not too encouraging regarding primary
symptoms, the antioxidative potential of plant-derived cannabinoids in the improvement
of redox balance and perhaps the alleviation of the symptoms of the disease should be
further investigated, particularly if they are applied early during the disease and in opti-
mized combinations of bioactive phytocannabinoids.

4.3. Antioxidative and Neuroprotective Effects of Synthetic Cannabinoids

Synthetic cannabinoids have also demonstrated neuroprotective effects (Table 4).
WIN 55,212-2 is the nonselective cannabinoid receptor agonist acting on both CB1 and
CB2 receptors, and it is very often used as an analogue of endocannabinoids. It is partic-
ularly efficient in inhibiting voltage-dependent calcium channels [45] and presynaptic
glutamate release [36], offering protection against excitotoxicity and cell death. In hippo-
campal neurons, WIN 55,212-2 was shown to attenuate NMDA-induced increases in in-
tracellular calcium levels and to reduce neuronal death by inhibiting adenylyl cyclase and
reducing intracellular calcium levels via the cAMP/PKA pathway. Both effects were pre-
vented by the selective CB1 receptor antagonist SR141716A [113]. In the TNF-a-induced
excitotoxicity that is mediated by an increased number of surface AMPA receptors, WIN
55,212-2 exerted neuroprotective effects by interfering with receptor trafficking after CB1
receptor activation [112]. Neuronal death and ROS formation in cortical neuron cultures
exposed to FeCl: were also reduced by WIN 55,212-2. Similarly, protection was achieved
through the activation of CB1 receptors and PKA inhibition [229]. In cultured cortical neu-
rons in vitro and mice brains in vivo, WIN 55,212 attenuated NMDA-induced neuronal
death. NOS inhibitors, 7-nitroindazole (7-NI), and N-nitro-L-arginine methyl ester (L-
NAME) also attenuated the cytotoxic effect of NMDA, and dibutyryl-cAMP (a PKA acti-
vator) blocked the protective effect of R(+)-WIN 55,212, thus indicating that its neuropro-
tective effects were, at least in part, achieved through the activation of CB1 receptors, the
downstream inhibition of PKA, and a reduction in NO production [230].

In the brain synaptosomes of adult and adolescent rats exposed to several organic
acids (glutaric acid, 3-hydroxyglutaric acid, methylmalonic acid and propionic acid) as a
model of organic acidemias (hereditary metabolic disorders accompanied by oxidative
stress, excitotoxicity and neurodegeneration), pre-treatment with the WIN 55,212-2 im-
proved mitochondrial impairment and prevented the production of ROS and lipid perox-
idation without exerting noxious effects [231]. As the ECS is involved in the regulation of
NMDA receptors, the authors concluded that the WIN 55,212-2 effects were probably me-
diated by the modulation of the postsynaptic NMDA receptors, although they could not
exclude the possibility of the direct antioxidant activities of WIN 55,212-2.

In primary dorsal root ganglia neurons and neuronal F-11 cells, pre-treatment with
WIN 55,212-2 attenuated NMDA-induced calcium influx and cell death through the ino-
sitol triphosphate (IPs) signaling pathway. Both effects were prevented by SR141716A but
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not the CB2 receptor antagonist SR144528 [232]. On the other hand, the acute application
of WIN 55,212-2 alone and the activation of the CB1 receptor evoked a dose-dependent
rise of intracellular calcium. To distinguish whether WIN 55,212-2- and NMDA-induced
calcium increases originate from the intracellular or extracellular calcium stores, specific
inhibitors were used. The WIN 55,212-2-induced increase was reduced with the thapsigar-
gin, the ER Ca? pump inhibitor, suggesting that the Ca? released from the ER contributed
to the WIN 55,212-2-elicited calcium increase. On the contrary, the NMDA-induced in-
crease in intracellular calcium levels was not affected by thapsigargin but was reduced by
the removal of extracellular calcium. More importantly, the WIN 55,212-2-induced in-
crease was required to inhibit the NMDA-mediated Ca?* influx and prevent the cytotoxic
effect of NMDA [232]. As 2-aminoethyl diphenylborinate, an inhibitor of the IPs signaling
pathway, also prevented the effect of WIN 55,212-2 on NMDA-elicited Ca? influx, it was
concluded that the WIN 55,212-2-initiated IPs signaling and calcium release from the in-
tracellular stores are critical for WIN 55,212-2-mediated neuroprotection [232]. Therefore,
Ca?, as a signaling molecule, may have opposite effects, probably depending on the in-
tensity of the calcium increase, the temporal pattern of the increase, and cannabinoid lig-
ands [232]. Other studies have shown that the inactivation of NMDA receptors in response
to high levels of cytoplasmic calcium is mediated by Ca?-dependent signaling proteins
such as calcineurin and calmodulin [233]. However, in cerebellar granule neurons, meth-
anandamide, WIN, and HU-210 (the non-selective cannabinoid agonist) were shown to
enhance the peak amplitude of the Ca? response elicited by the stimulation of the NMDA
receptors. As the effect was blocked by the Gi/Go protein inhibitor PTX and inhibited by
SR141716A, it was likely mediated by the cannabinoid receptors. Further studies revealed
that cannabinoids release Ca?" from IPs-sensitive intracellular stores, suggesting the im-
portant modulatory role of cannabinoids in the regulation of intracellular Ca? signaling
[119].

Regarding AD, in the presence of WIN 55,212-2, anandamide hydrolysis was shown
to be reduced, enhancing anandamide levels [132]. WIN 55,212-2 also prevented micro-
glial activation and improved cognitive deficits in rats administered with Ap, whereas
WIN 55,212-2, HU-210 and JWH-133 (the CB2 selective agonist) counteracted Ap-induced
microglial activation and the enhancement of TNF-a release in a pure microglial cell cul-
ture, suggesting that the neuroprotective effects of cannabinoids against AB-mediated tox-
icity greatly relies on the inhibition of microglial activation [105]. In yet another study in
transgenic APP mice, the beneficial effects of the cannabinoids WIN 55,212-2 and JWH-
133 were assigned to anti-inflammatory effects (reduction in COX-2 levels and TNF-a
mRNA expression) and an increase in A clearance [234]. Similarly, HU-210 protected
mouse cerebellar granule cells from 6-OHDA-mediated toxicity by modulating glial func-
tion [220]. In a similar study, the effects of the synthetic cannabinoids ACEA, HU-308 (the
CB2 receptor agonist) and WIN 55,212-2 were investigated in rats with 6-OHDA-induced
unilateral lesions of nigrostriatal dopaminergic neurons. Only HU-308 exerted a small ef-
fect, indicating a more prominent contribution of CB2 receptors in neuroprotection [221].
The only compound that exerted a significant recovery was AM404, which is known to
inhibit the inactivation of endocannabinoids by blocking endocannabinoid transport.
However, the protective effect of AM404 was ultimately assigned to its direct antioxida-
tive properties, as CBD also attenuated 6-OHDA-induced dopamine loss. The neuropro-
tective effect was accompanied by the overexpression of SOD mRNA. These results sug-
gest that endocannabinoids able to exert antioxidative effects independently from the CB1
receptor activation hold great potential as neuroprotective agents against 6-OHDA-in-
duced damage [221]. In another study, the effect of WIN 55,212-2 on L-DOPA-induced
motor disabilities in 6-OHDA-lesioned rats was studied. Motor deficits were reduced via
the chronic administration of WIN 55,212-2, as well as L-DOPA-mediated alterations in
ERK1/2 activation [235]. Furthermore, in an MPTP-induced model of PD, the activation of
CB1 receptors with WIN 55,212-2 or HU210 improved the survival of dopaminergic neu-
rons by suppressing the activation of microglial NADPH oxidase, the release of the pro-
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inflammatory cytokines IL-1§3 and TNF-a, ROS production, and the oxidative damage of
proteins and nucleic acids [236]. However, in a similar study, WIN 55,212-2 was also ef-
fective against MPTP-induced toxicity in mice; it recovered dopamine levels and attenu-
ated microglial activation, but the protection of dopaminergic neurons was independent
from the activation of CB1 receptors and the beneficial effects of WIN 55,212-2 were as-
signed to the activation of CB2 receptors [237]. HU210 also protected mouse striatal cells
against NMDA-induced excitotoxicity by activating the PI3K/Akt/mTORC1/BDNF path-
way [83].

In addition, the WIN 55,212-2-mediated activation of CB1 receptors protected astro-
cytes, both in vitro and in vivo, from ceramide-induced apoptosis. The anti-apoptotic ef-
fect was mediated by CB1 receptors and the PI3K/Akt and ERK-signaling pathways,
whereby the activation of ERK and its downstream target p90 ribosomal S6 kinase was
probably PI3K-induced [86].

In a G93A-SOD1 mice model of ALS, WIN 55,212-2 delayed the progression of the
disease. In the same model, the genetic ablation of FAAH also prevented the appearance
of the clinical signs of the disease, whereas the ablation of CB1 receptors did not have any
effect, suggesting a more prominent contribution of CB2 receptors in neuroprotection, at
least in this model [196]. Similar effects were observed for the CB2 agonist AM-1241, in-
dicating an important contribution of CB2 receptor in reducing inflammation and disease
onset [238]. HU-308, the synthetic selective CB2 receptor agonist, was shown to reduce the
levels of TNF-a and gliosis in malonate-induced toxicity, further suggesting the important
contribution of the activation of CB2 receptors in neuroprotection [54].

Likewise, the CB2 receptor agonist JWH133 was found to exert neuroprotective ef-
fects in SH-SY5Y cells exposed to MPP+ [194]. JWH133 also protected hippocampal neu-
rons against AB-induced injury. Pre-treatment with JWH133 prevented the suppression
of Akt signaling, reversed the Bcl-2/Bax ratio, and counteracted increases in caspase-3 ac-
tivity [239].

The effects of ACEA were investigated in Neuro-2a cells exposed to LPS or tunicamy-
cin, a potent inducer of ER stress. ACEA protected Neuro-2a cells from both neuroinflam-
mation and ER stress, although the protective effect against tunicamycin was not medi-
ated by the CB1 receptor but was achieved through the TRPV1 receptor and the ERK1/2
signaling pathway [19]. In a mouse model of cerebral ischemia/reperfusion injury, ACEA
upregulated the expression of mitochondrial CB1 receptors in the hippocampus, whereas
in cultured hippocampal neurons exposed to oxygen-glucose deprivation/reoxygenation,
ACEA decreased the production of ROS and the apoptotic rate and improved mitochon-
drial function, at least partially by acting at the mitochondrial CB1 receptors [100].

Hu-211, yet another synthetic cannabinoid derivative, also demonstrated neuropro-
tective effects, though it was found to act as a non-competitive antagonist of NMDA re-
ceptors and a free radical scavenger. Perhaps the further development of such compounds
(with the two beneficial activities in one molecule) could be a promising approach when
considering (synthetic) cannabinoids as therapeutic agents against neurodegeneration
[240].

Table 4. Antioxidant and anti-inflammatory effects of synthetic cannabinoids in neurodegenerative
conditions.

Compound

Signaling Effects Model Ref.

| adenylyl cyclase and |

protection from hippocampal

WIN 55,212-2  intracellular calcium via CB1R . [113]
and cAMP/PKA pathway NMDA-induced neuronal death neurons

WIN 55,212-2 1nter'fer.1ng with AMPA r(?ceptor pro.tect1or.1 from TNF-a-induced  hippocampal [112]
trafficking after CB1R activation excitotoxicity neurons

WIN 55,212-2 } ROS formation through CB1R protection from FeCl-induced cortical neuron [229]

and PKA inhibition neuronal death cultures
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|, decreased level, expression or activity; 1, increased level, expression or activity; Af3, amyloid beta;
ACEA, Arachidonyl-2'-chloroethylamide; AD, Alzheimer’s disease; ALS, amyotrophic lateral scle-
rosis; AMPA, 2-amino-3-(4-butyl-3-hydroxyisoxazol-5-yl)propionic acid; AMPK, 5' AMP-activated
protein kinase; APP, amyloid precursor protein; BACE1, {3-secretase; BDNF, brain-derived neu-
rotrophic factor; CBIR, cannabinoid receptor type 1; CBR2, cannabinoid receptor type 2; COX-2,
cyclooxygenase-2; HD, Huntington’s disease; IL-1f, interleukin-1{3; IP3, inositol trisphosphate;
iNOS, inducible nitric oxide synthase; L-DOPA, 1-3,4-dihydroxyphenylalanine; LPS, lipopolysac-
charide; NMDA, N-methyl-D-aspartate; MPP*, 1-methyl-4-phenylpyridinium; MPTP, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine; mTOR, mammalian target of rapamycin; 3-NP, 3-nitropropionic
acid; 6-OHDA, 6-hydroxydopamine; PD, Parkinson’s disease; PKA, protein kinase A; ROS, reactive
oxygen species; TNF-a, tumor necrosis factor alpha; TRPV1, transient receptor potential vanilloid
type 1, ULK1, Unc-51 Like Autophagy Activating Kinase 1.

Recently, a CB1/CB2 receptor agonist, an indazolylketone derivative with a multitar-
get profile, was designed. In a cellular AD model, this compound inhibited the activity of
BACE]L, a transmembrane peptidase critically implicated in A production. The com-
pound termed NP137 also showed neuroprotective effects in Ap3-treated primary cortical
neurons and improved spatial navigation in TgAPP mice, indicating that multitarget can-
nabinoids could be a promising therapeutic strategy for the treatment of AD and possibly
other neurodegenerative conditions [241]. In addition, the NP137-mediated activation of
CB1 receptors normalized the response of lymphoblasts from AD patients to serum stim-
ulation and withdrawal. In the presence of serum, NP137 prevented the overactivation of
PI3K/Akt signaling in AD cells, whereas under serum deprivation, NP137 normalized
phosphorylation and the levels of ERK1/2, as well as the expression and subcellular local-
ization of p21, sensitizing AD cells to apoptosis [241]. This further means that the activa-
tion of CB receptors functionally regulates the activation of different signaling pathways
depending on the cellular and environmental context, indicating the ECS to be a reliable,
although complex, target in neuroprotection.

Long noncoding RNA (IncRNA), together with microRNAs, are linked to the devel-
opment of AD. One of these IncRNAs termed metastasis-associated lung adenocarcinoma
transcript 1 (MALAT1) was markedly downregulated in AD rats and PC12 and C6 cells
following A[325-35 treatment. miR-30b was identified as a target miRNA of MALAT1 and
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was aberrantly overexpressed in AD rats and PC12 and C6 cells. miR-30b directly binds
to CNR1 mRNA and downregulates its expression. Accordingly, the overexpression of
MALAT1 or CNR1 was found to exert neuroprotective effects. It improved the survival of
PC12 and C6 cells, reduced the neuronal injury of hippocampal tissue and improved per-
formance in the Morris water maze, reduced the expression of the pro-inflammatory cy-
tokines IL-6 and TNF-q, increased the expression of the anti-inflammatory cytokine IL-10,
and enhanced the activity of the PI3K/Akt signaling pathway [242], thus offering new
possibilities in cannabinoid-related AD pharmacotherapy at the gene level.

5. Conclusions

Cannabinoids comprise a structurally diverse family of compounds that act on vari-
ous molecular targets, modulating a wide range of biological activities. Due to their lipo-
philic nature, cannabinoids can easily pass the blood-brain barrier and exert their effects
in the brain. In various neurodegenerative conditions, the production of endocanna-
binoids and the expressional pattern of cannabinoid receptors have been disturbed, prob-
ably contributing to pathophysiological changes. Hence, the ECS has been appreciated as
a possible target in neuroprotection at various levels. A growing amount of evidence sug-
gests that different ligands targeting cannabinoid receptors could affect distinct signaling
pathways and exert different biological responses, which needs to be clarified in future
studies when considering cannabinoids as potential therapeutics.

The neuroprotective effects of cannabinoids are mediated by the activation of CB1
receptors, the regulation of glutamate release and cytosolic calcium levels, and excitotox-
icity, as well as direct and indirect antioxidative effects, anti-inflammatory properties, and
the stimulation of neurogenesis, all of which may contribute to the more efficient out-
comes of pharmacological interventions. CBD, a plant-derived cannabinoid, is particu-
larly interesting because it is devoid of psychoactive effects, could be applied at higher
doses, and possesses intrinsic antioxidative properties. The great anti-inflammatory po-
tential of CB2 signaling due to the suppression of ROS production and pro-inflammatory
mediators makes it another reasonable approach in neuroprotection. Targeting CB2 re-
ceptors and downstream signaling pathways by selective CB2 agonists may reduce oxi-
dative/nitrosative stress by attenuating microglial activation and neuroinflammation.

Despite the many performed studies, the effects of cannabinoids in oxidative stress
conditions are far from conclusive. Further studies are needed to assess the full potential
of cannabinoids in neurodegenerative conditions accompanied by the overproduction of
ROS and the overactivation of distinct redox-sensitive signaling pathways. With a better
understanding of the pathways involved in the neuroprotective effects of cannabinoids,
it would be possible to design more effective cannabinoid-based therapies. CB2 receptors
seem to be a more appropriate target because they offer the possibility of non-psycho-
tropic interventions. Cannabinoid-based therapies without psychoactive properties could
be a promising therapeutic approach in neurodegenerative diseases that is worth further
study.
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