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Abstract: Many psychiatric patients do not respond to conventional therapy. There is a vast effort
to investigate possible mechanisms involved in treatment resistance, trying to provide better treat-
ment options, and several data points toward a possible involvement of inflammatory mechanisms.
Microglia, glial, and resident immune cells are involved in complex responses in the brain, orches-
trating homeostatic functions, such as synaptic pruning and maintaining neuronal activity. In con-
trast, microglia play a major role in neuroinflammation, neurodegeneration, and cell death. Increas-
ing evidence implicate microglia dysfunction in neuropsychiatric disorders. The mechanisms are
still unclear, but one pathway in microglia has received increased attention in the last 8 years, i.e.,
the NLRP3 inflammasome pathway. Stress response and inflammation, including microglia activa-
tion, can be attenuated by Cannabidiol (CBD). CBD has antidepressant, anti-stress, antipsychotic,
anti-inflammatory, and other properties. CBD effects are mediated by direct or indirect modulation
bor: of many receptors, enzymes, and other targets. This review will highlight some findings for neuroin-
10274/1370139X2066622041 1101217 flammation and microglia involvement in stress-related psychiatric disorders, particularly address-
@ CrossMark ing the NLRP3 inflammasome pathway. Moreover, we will discuss evidence and mechanisms for
CBD effects in psychiatric disorders and animal models and address its potential effects on stress

response via neuroinflammation and NLRP3 inflammasome modulation.
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1. NEUROINFLAMMATION, MICROGLIA, AND
STRESS-RELATED DISORDERS

1.1. Immune System, Neuroinflammation, and Mood
Disorders

There is increasing evidence for neuroinflammatory
mechanisms in mood disorders, including major depressive
disorder (MDD), posttraumatic stress disorder (PTSD), and
bipolar disorder [1-4]. At first, inflammatory conditions, or
treatment with immune system stimulants, such as interfer-
ons, induce sickness behavior, increase peripheral and SNC
inflammation signs, and seem to contribute to the onset of
psychiatric disorders [5-8]. Interestingly, an immune chal-
lenge with lipopolysaccharide (LPS) from Gram-negative
bacteria in healthy humans and lab mice induces an immune
response and sickness behavior in both species and emotion-
al changes in humans [5]. In contrast, anti-cytokines treat-
ment for inflammatory conditions attenuates depressive
symptoms in these patients [9].
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From another perspective, several studies report in-
creased inflammation markers, for example, in many cases
evaluated in untreated affective disorder patients [2, 10], or
PTSD patients [11]. Moreover, increased levels of inflamma-
tory mediators, such as IL-6 and CRP in MDD [12, 13] and
CRP in PTSD [13], are associated with symptom severity. In
one study, high basal levels of IL-6 and CRP were associated
with persistent depressive symptoms over 5 years [14]. The-
se changes are not reported in all studies, and other media-
tors are not found to be associated with symptoms severity
[11,12].

Several data indicate that higher levels of inflammatory
markers, such as IL-1B, IL-6, and TNF-a, could predict re-
sistance to conventional antidepressant treatment [15-18],
whereas remission of symptoms could be associated with
normalization of inflammatory markers [19]. However, sev-
eral reports evidence the anti-inflammatory effects of antide-
pressant drugs, particularly SSRIs, in psychiatric patients
who respond to the treatment [20-22]. Therefore, it seems
that it is not the sole high levels of inflammatory mediators
that predict antidepressant response or the ability of a drug to
attenuate inflammatory response that counts, evidencing the
complexity of psychiatric disorders neurobiology.
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Nonetheless, a good amount of data shows that mono-
therapy or add-on treatment in MDD patients with anti-
inflammatory or anti-cytokine drugs can improve depressive
symptoms [23-25]. Anti-TNF-a therapy with Infliximab, for
example, was only effective in treatment-resistant patients
with high basal levels of inflammatory biomarkers [6].
Moreover, high levels of TNFR1/NF-kB contained in extra-
cellular vesicles from a neuronal origin in Bipolar patients
were attenuated by treatment with Infliximab along with
improvement of depressive symptoms [26].

Despite evidence regarding an immune component, a key
aspect to point out when discussing (neuro)inflammation and
psychiatric disorders is that many psychiatric patients may
not present increased levels of immune mediators [12, 15,
27]. Therefore, targeting immune mediators to improve be-
havioral outcomes or facilitate conventional treatment re-
sponse seems to be relevant only for a subset of patients with
signals of immune system activation [28, 29].

Most studies evaluate inflammatory markers in the blood,
which in human studies are easy to detect. Some studies as-
sess levels in the CSF, but this is invasive and, therefore,
difficult to obtain. Generally, blood levels certainly do not
reflect the entire picture of what is happening in the brain
unless the evaluation of extracellular vesicles cargo of brain
origin is investigated. Within the brain, glial cells produce,
release, and respond to immune mediators. These cells exert
a crucial role in neuronal functions, regulating neurotrans-
mitters metabolism, and also complex functions, such as
learning and memory [29]. In addition to mediators produced
by these cells, now it is recognized that cytokines produced
by circulating and resident immune cells in the meningeal
lymphatic system compartment close to brain parenchyma
can influence the brain function, including the production of
cytokines by glial cells through a glymphatic route [30]. One
of these cells is microglia; their role in neuroinflammation
will discuss in this review.

1.2. Microglia in Neuroinflammation and Stress Re-
sponse

Physical, cellular, or psychological stress exposure in lab
rodents induces sterile inflammation in the brain by releasing
danger/damage-associated molecular patterns (DAMPs),
such as adenosine triphosphate (ATP), heat shock proteins
(HSP), and high mobility group box 1 (HMGB-1). These
molecules could be involved in an increased risk of develop-
ing psychiatric disorders or even worsening symptoms [1,
31, 32]. We will discuss the involvement of ATP later.

Simplistically, cytokines released in the periphery reach
the brain through neural or humoral pathways [5, 33] or
could influence brain activity after being sensed by endothe-
lial cell receptors, such as IL-1R, in the blood-brain barrier
[34], influencing brain function. The main target seems to be
microglia, although a more recently direct effect on neurons
has been identified [35]. In the brain, microglia, astrocytes,
and oligodendrocytes, altogether called the glial cells, are an
important source of cytokines and are essential regulators of
brain homeostasis; therefore, these cells have crucial impli-
cations in different diseases [33].

Microglia are the only resident immune cells in the brain
and several data suggested their involvement in neuropsychi-
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atric disorders [4, 28, 36]. Microglia are originated from
primitive myeloid cell precursors in the yolk sac and colo-
nized the brain during the embryonic day E9.5 [37, 38]. The-
se cells are essential for neuroplasticity and maintenance of
brain homeostasis [38]. Still, their overactivation under per-
sistent stress exposure, or aging processing, could initiate
sterile inflammation in the brain, disrupt normal neuronal
communication, and reduce brain homeostasis, leading to
neuroinflammation and pathology [4, 36, 39]. In this context,
microglia have been implicated in the neuroinflammation
observed in several neuropsychiatric disorders.

Signs of microglia dysfunction are observed in mainly all
kinds of psychiatric disorders [28, 40, 41]. For example, in-
creased quinolinic acid (QUINA) levels were found in the
subgenual and supracallosal parts of the anterior cingulate
cortex of depressed patients who committed suicide [41, 42].
QUINA, a product from activation of the kynurenine path-
way by pro-inflammatory cytokines in microglia, which
could decrease available tryptophan for serotonin synthesis
[43], is an NMDA agonist. Therefore, higher levels of QUI-
NA could be involved in toxicity, oxidative stress, and neu-
rodegeneration [17]. In the hippocampus, however, de-
creased levels of QUINA were observed, indicating poten-
tially different mechanisms depending on the brain region
[44], at least in depressed patients who committed suicide.
However, other studies did not find indications of microglia
activation in the brain [28], once again evidencing that not
all psychiatric patients have microglia dysfunction.

Some studies showing microglia activation in the brain of
depressive suicide patients [42] suggest that higher activation
in some regions, including the anterior cingulate cortex and
insula, could be related to symptoms severity, including sui-
cidal thoughts [40, 45]. In line with the idea of microglia
involvement in neuropsychiatric disorders, some human [46-
49] and several animals studies [50-54] have evaluated the
effectiveness of minocycline in attenuating stress effects.
This tetracycline antibiotic inhibits microglia activation at
low doses [49]. Overall, studies with minocycline have ren-
dered some mixed but promising results [46].

A suggestion is that neuroinflammation and microglia
could be involved in treatment resistance [55]. A recent
small double-blind, placebo-controlled trial has evaluated the
effect of adding minocycline to the usual treatment in treat-
ment-resistant MDD patients for 12 weeks [47]. A signifi-
cant decrease in scores on the Hamilton Rating Scale was
reported, exerting an antidepressant activity in treatment-
resistant patients [47].

Although microglia dysfunction is reported in several
studies, there are still many open questions regarding their
role in neuropsychiatric disorders. How can stress activate
microglia? At which level can this be deleterious? Which
microglia mechanisms after stress could result in behavioral
changes? Are these mechanisms involved in resistance to
conventional treatment? Can they contribute to the develop-
ment of neuropsychiatric disorders? Many of these questions
are only beginning to be addressed.

This review will focus on an innate immune mechanism
essential for immune response to different stimuli in micro-
glia, the NLRP3 inflammasome. Furthermore, we will pre-
sent evidence pointing out the potential involvement of this
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pathway in neuropsychiatric disorders and mainly animal
data showing that interference with this mechanism can ef-
fectively attenuate stress effects. Finally, we will address the
beneficial effect of the Cannabis sativa plant compound
Cannabidiol (CBD) in stress-related disorders and provide
some evidence that led us to raise the hypothesis that micro-
glial NLRP3 inflammasome is a potential target for canna-
bidiol effect in attenuating mood disorders.

2. NLRP3 INFLAMMASOME IN STRESS RESPONSE

The mammalian immune system comprehends several
components, such as barriers (physical, chemical, and bio-
logical), cells, receptors, and soluble proteins that integrate
innate or adaptive immunity. The innate immune mecha-
nisms were formerly known as non-specific since they are
constitutively expressed and always ready to be recruited. In
contrast, the adaptive mechanisms were known as specific,
depending on the antigen, allowing the formation of immu-
nological memory (humoral and cellular) against that specif-
ic threat. Nowadays, innate immunity is considered and bet-
ter referred to as the first line of protection and defense from
external or internal danger signals. The pattern-recognition
receptors (PRRs) are constitutively expressed and exert a
vital role in sensing both damage- and pathogen-associated
molecular patterns (DAMPs and PAMPS, respectively).
PRRs are expressed not only by innate immune system cells,
such as monocytes, macrophages, microglia, dendritic cells,
and neutrophils but also by adaptive immune system cells.

Toll-like receptors (TLR) are the most studied PRRs, and
they are present in cellular and endosomal membranes. In the
last decades, a new family of PRRs was described, the cyto-
solic NOD-like receptors (NLRs), which contain 3 domains:
a leucine-rich repeat (LRR) domain in its carboxyl(C)-
terminal, a central NOD/NACHT domain (“Nucleotide-
binding Oligomerization Domain™), and one amino(N)-
terminal domain, which can vary between the different
NLRs. The NLRP3 receptor type has a pyrin domain (PYD)
in its N-terminal region, where its name partially derives
from “pyrin domain-containing protein 3”. Of the known
NLR receptors, some of them, including NLRP3, can form
multiprotein inflammasome complexes under stimula-
tion/activation [56, 57].

The NLRP3 inflammasome is a tripartite multiprotein
structure that comprises the core sensor protein/receptor
NLRP3, the adaptor protein ASC (apoptosis-associated
speck-like protein containing a caspase-recruitment domain
(CARD), and (pro-)caspase-1. In the absence of stimulus, the
NLR is in its inactive form by autoinhibition, since the effec-
tor regions (NOD) are protected by the binding of the LRR
region, blocking its activation. Once there is an activating
stimulus, the LRR releases the NOD domain that undergoes
oligomerization and homotypic interactions between NOD
domains. The PYD domain from NLRP3 recruits and oli-
gomerizes with ASC, which, in turn, recruits pro-caspase-1
through CARD-CARD interactions. Pro-caspase-1 is then
able to self-cleavage into its active proteolytic form, caspase-
1, which cleaves inactive pro-IL-1p and pro-IL-18 into their
active forms, IL-1pB and IL-18, that are secreted from the
cell. In this way, the NLRP3 inflammasome plays a pivotal
role in IL-1p activation and release [58] and its formation
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also triggers pyroptosis, a cell death related to inflammation
[57,59-61].

The canonical mechanism of activation of NLRP3 in-
flammasome is tightly regulated and generally occurs in two
steps — priming (Fig. 1A) and activation (Fig. 1B). The prim-
ing process generally aims to upregulate the expression of
NLRP3 inflammasome (Nlrp3, Pycard, Caspl) components
as well as pro-IL-1B (//1b) and pro-IL-18 (//18) mRNAs. It
is usually induced after a first signal, such as the recognition
of DAMPS or PAMPS by other PRRs, such as TLR4, or
direct action of some cytokines (TNFa and IL-1p), which, in
turn, stimulates the transcription factor nuclear factor kf
(NF-kP) [62-65]. Besides this, there is evidence that the
priming process induces post-translational modifications that
are important to the tight regulation of the NLRP3 inflam-
masome platform activation and to assure the rapid and pre-
cise activation of the system upon request [66-75]. The se-
cond signal, the recognition of an NLRP3 activator, precedes
and induces receptor activation and complex formation. Sev-
eral stimuli can activate the NLRP3 inflammasome platform,
such as endogenous (self-derived) and external (foreign-
derived) DAMPs, as well as PAMPs from bacterial, fungal,
parasitical, and viral infections [57, 59, 76-78]. As examples
of DAMPs that are already described to activate the plat-
form, we can highlight ATP [79], oxidized mitochondrial
DNA [80], amyloid-B [81], lysophosphatidylcholine
[82], malarial hemozoin [83], crystals structures — choles-
terol [84], uric acid [85] and calcium oxalate [86], among
others. Bacterial toxins [87], B-Glucans [88], zymosan [89],
microbial DNA, and RNA [90, 91], among others, are exam-
ples of PAMPS that, in turn, can activate the NLRP3. This
wide range of activators with chemical and structural diversi-
ty suggests that NLRP3 senses a common cellular signal,
presumably cellular stress or damage, and probably does not
need physical interaction with its activators, unlike other
PRRs that usually present a high specificity to be activated.
Due to this, NLRP3 is considered a cytosolic damage sensor.
The mechanisms by which NLRP3 senses signals, their iden-
tities, and pathways involved in NLRP3 inflammasome acti-
vation are not yet fully comprehended and are still a matter
of debate. In this sense, several molecular and cellular up-
stream events are suggested to trigger the NLRP3 inflam-
masome activation, including potassium efflux (K") [79, 87,
92-95], chloride efflux (CI) [96, 97], calcium flux / signaling
(Ca®") [98-101], lysosomal leakage, destabilization and rup-
ture [81, 102-104], mitochondrial dysfunction, and reactive
oxygen species (ROS) [80, 105-108], among others. For the
purpose of this review, it is important to mention that for a
long time, it was suggested that the K' efflux occurred
through P2X7 channels after its activation by ATP molecules
[79, 109]. However, it was recently suggested that this event
does not occur through P2X7 receptors in bone marrow de-
rived macrophages. The proposed mechanism is that ATP
activates P2X7, with subsequent Ca>* and Na' influx. The K"
efflux would be then mediated by TWIK2 channels in a co-
ordinated manner [110]. If the K' efflux really occurs
through P2X7 is still a matter of discussion.

Autophagic processes are essential negative regulators of
NLRP3 inflammasome activation. Autophagy is a complex
and tightly regulated intracellular process with notorious
importance for cellular homeostasis that involves the capture
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Fig. (1). Schematic illustration of the microglial NLRP3 inflammasome priming (A) and activation (B). A. Stressful conditions promote
the release of DAMPs, which will be sensed by membrane-associated PRRs (Pattern recognition receptors), here represented by TLRs. TLRs
activation engages the NF-kB pathway. Active NF-kB translocates to the nucleus, culminating in the upregulation of the NLRP3 inflam-
masome-related genes (Nilrp3, Pycard, Caspl, 1l1b, and 1118). After the translational process, the NLRP3-inflammasome-related proteins
remain in their inactive forms inside the cellular cytoplasm. This phase is considered the priming process. B. A second signal or stimulus, also
elicited by DAMPS, but now sensed by NLRP3, is necessary to assemble and activate the NLRP3 inflammasome. One proposed model to
explain how this receptor senses the cytosolic damage involves the interaction between extracellular ATP and P2X7 receptors. ATP mole-
cules would bind directly to the P2X7 receptor and promote K" efflux, which will be sensed by the NLRP3 receptors and lead to the NLRP3
inflammasome oligomerization and activation. Lysosomal contents released after vesicles rupture are also suggested to induce the platform
activation — this would be the mechanism caused by crystalline and particulate molecules (amyloid-f, for example). Another model proposes
that DAMPs- and PAMPs-generated ROS will be sensed and responsible for the NLRP3 inflammasome activation. Besides these molecules
and models, other mechanisms seem to be involved in the oligomerization and activation of the NLRP3 inflammasome platform. Independent
of the exact mechanism by which this cytosolic sensor senses the stimulus, once the NLRP3 receptor detects an activating stimulus, this re-
ceptor recruits and oligomerizes with ASC, which, in turn, recruits pro-caspase-1. Pro-caspase-1 can self-cleavage into its active proteolytic
form, caspase-1, which cleaves inactive pro-IL-1p into its active forms, IL-1p that will be finally secreted from the cell and induce its pro-
inflammatory effects in other cells and tissues. DAMPs: Damage-associated molecular patterns (DAMPs); PAMPs: Pathogen-associated mo-
lecular patterns (DAMPs); PRRs: Pattern recognition receptors (PRRs); TLRs: Toll-like receptors; ROS: Reactive oxygen species. Created

with BioRender.com.

and delivery of cytoplasmatic material to be digested by the
lysosome [111-113]. Dysfunctions in autophagy are related
to hyperinflammation as well as autoimmune, neurodegener-
ative, psychiatric, and inflammatory diseases [114-118].
Several different types of autophagic processes lead to dif-
ferent effects, but the discussion of these mechanisms is be-
yond the scope of this review. However, other authors have
already reviewed these mechanisms elsewhere [111-114,
116, 117]. It is important to mention that NLRP3 also modu-
lates autophagy in some circumstances. These inter-
regulatory processes are crucial to keep a necessary balance
between required and proper host immune defensive re-
sponses and the prevention of excessive, detrimental, or even
harmful consequences [111].

In general, NLRP3 is still the most studied and conse-
quently most comprehended inflammasome. Considering all
the information above, the NLRP3 inflammasome platform
is already associated with the onset and/or progression of
several diseases and disorders, including autoimmune, meta-
bolic, cardiovascular, oncologic, neurodegenerative, psychi-
atric conditions, among others [27, 77, 118-127].

2.1. Behavioral and Molecular Evidence of NLRP3 Acti-
vation in Preclinical and Clinical Studies of Mental Dis-
orders and Consequences of its Modulation

In the last decade, increasing evidence suggested that the
NLRP3 inflammasome is the primary source of IL-1pB-

induced inflammation in the central nervous system (CNS)
[119, 128-130]. Therefore, its involvement and modulation
in psychiatric preclinical and clinical studies are under ex-
tensive investigation.

It is already described that untreated major depressive pa-
tients have increased mRNA levels of NLRP3 and caspase-1
in peripheral blood mononuclear cells (PBMCs), as well as
an increase in serum levels of IL-1f and IL-18 compared to
amitriptyline treated-patients [131].

Preclinical studies with animal models of psychiatric dis-
orders obtained similar results. Rats submitted to the chronic
unpredictable stress model (CUS) for 12 weeks showed an
increase in the protein levels of IL-1p, NLRP3, active caspase-
1 fraction, P2X7, and TLR2 in the prefrontal cortex (PFC)
region. In this same region, stressed rats showed an increase in
the expression of CD11b integrin and Iba-1, markers of mac-
rophage-like cells, including microglia, enhanced co-
localization between NLRP3 and Iba-1, as well as decreased
expression of GFAP, suggesting that microglial cells are im-
portant to activation of the inflammasome platform and IL-1f
release in PFC. All these molecular alterations were concomi-
tant with behavioral alterations predictive of depressive-like
phenotype: sucrose preference levels and bodyweight reduc-
tion. Repeated treatment with Fluoxetine, a selective serotonin
reuptake inhibitor (SSRI) widely used to treat stress-related
conditions, prevented stress effects after 6 weeks [132]. Other
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in vitro and in vivo data suggested that Fluoxetine can sup-
press the NLRP3 inflammasome activation and improve the
behavioral and inflammatory consequences of stress [133].
Moreover, several studies have demonstrated that in addition
to Fluoxetine, different antidepressants and/or coadjuvant
drugs used in the treatment of depressive disorders, such as
ketamine, venlafaxine, mirtazapine, melatonin, and others, can
inhibit the NLRP3 inflammasome in animal models [132, 134-
136] or MDD patients [137].

Additional data showed that mice exposed to 4 weeks of
CUS presented depressive-like behaviors and had significantly
higher levels of corticosterone and IL-1p. The hippocampi of
stressed mice showed higher activity of caspase-1, followed
by increased protein levels of active IL-13, NRLP3, and ASC.
Treatment with VX-765, a caspase-1 inhibitor, prevented the
stress effects in both behavioral and molecular parameters
[138]. Also, in a more causal study on NLRP3 knockout (KO)
mice, or mice treated with minocycline, evaluated after a 7-
days restraint-stress protocol; stress increased both transcripts
and protein levels of NLRP3 and IL-1f in the hippocampus
and adenosine, ATP, and the number of activated microglia in
hippocampus and PFC. These molecular effects were accom-
panied also by depressive-like behavioral alterations in the
forced swim, sucrose preference, and social interaction tests as
well in the food consumption evaluation. The stress effects
were not observed in NLRP3KO mice or after minocycline
treatment [139], indicating that microglia and NLRP3 are cru-
cial for stress consequences.

Recently, the involvement of NLRP3 in the fear condi-
tioning process, a stress protocol used to evaluate fear
memory and stress-related disorders, such as PTSD, was
described. The contextual fear paradigm increased the hip-
pocampal protein levels of cleaved caspase-1 and IL-1p three
hours after electric foot shocks in wild-type (WT) but not
NLRP3 KO mice. At the same time point, the microglial
analysis showed that mRNA levels of IL-1p were also in-
creased and the stressed group presented a higher number of
activated cells (Ibal”) in comparison to the NLRP3 KO
group. From the behavioral point of view, both deletion and
pharmacological inhibition of NLRP3 (MCC950, a selective
NLRP3 inhibitor), facilitate the fear extinction process and
attenuate anxiety-related behaviors induced by stress [140].

Iwata and collaborators showed that acute restraint stress
can rapidly increase the hippocampal extracellular levels of
glutamate and ATP as well as IL-1B and TNF-a [141]. In
astrocytes cell culture, it was verified that glutamate pro-
motes ATP release through these cells. After this, using sev-
eral approaches, like P2X7 pharmacological blockade, Nirp3
null mutation, and IL-1p neutralization, as well as other mo-
lecular and behavioral investigations, the authors proposed a
pathway by which the innate immune system senses the
damage in the brain. Basically, psychological stress pro-
motes glutamate release which then stimulates the astrocytes
to release ATP, being able to activate microglial P2X7 re-
ceptors. Once activated, P2X7 would allow microglial
NLRP3 assembling with consequent activation and release of
IL-1B, which will mainly promote the behavioral alterations
induced by stress [141], as exposed above. Clinical and pre-
clinical evidence of the NLRP3 inflammasome involvement
in mental disorders is summarized in Table 1.
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Aside from all the evidence about the NLRP3 direct in-
volvement in psychiatric and mental conditions in clinical
and preclinical studies, it is important to mention that data
regarding IL-1PB also supports the platform involvement in
these situations. In this way, microglia, NLRP3, and IL-18
would be the essential bridge between psychological stress
and mental disorders [119].

3. POTENTIAL USE OF CBD TO ATTENUATE THE
STRESS RESPONSE

Cannabidiol (CBD) is one of the more than 140 phyto-
cannabinoids present in the plant Cannabis sativa. It lacks
the psychotomimetic and addictive effects of delta-9-
tetrahydrocannabinol, the main cannabinoid present in the
plant (for review, see [142]). Preclinical studies have indi-
cated that CBD can be useful to treat several psychiatric dis-
orders, such as schizophrenia, anxiety, depression, post-
traumatic stress disorder (PTSD), drug addiction, and obses-
sive-compulsive disorder (OCD) [143-145]. The clinical
efficacy of CBD in these disorders still needs more data.
Anxiolytic effects of CBD have been demonstrated in
healthy subjects exposed to anxiogenic situations [146, 147]
and patients with social anxiety [148, 149]. Likewise, a few
clinical trials did show antipsychotic effects of CBD in pa-
tients with schizophrenia [150, 151]. Also, it reduced cue-
induced anxiety and craving in heroin-dependent patients
[152].

Although these psychiatric disorders show different
pathophysiology and symptomatology, they all suffer from a
significant stress influence [153]. Preclinical studies show
that CBD attenuates stress consequences after acute or re-
peated administration [143, 154-156]. Therefore, a general
anti-stress effect of CBD could help to explain its broad
therapeutic action in psychiatric disorders.

More than 60 molecular targets have been proposed to
account for CBD effects [143, 157, 158]. Most of these tar-
gets have been described using in vifro experimental ap-
proaches [158]. The number of studies investigating these
mechanisms in vivo is still limited, particularly in humans.

Several mechanisms are involved in the anti-stress action
of CBD. Campos and Guimaraes (2008) firstly suggested
that CBD acute anxiolytic effects in rats depend on the facili-
tation of 5-HT1A-mediated neurotransmission [159]. After
that, several works have related this mechanism to the anxio-
lytic, antidepressant, and anti-stress effects of CBD [143,
145, 156]. However, this picture was complicated by the
acute CBD effects in animal models associated with obses-
sive-compulsive disorder [160, 161] and aversive memory
extinction and reconsolidation [162, 163]. These effects de-
pend on CBI rather than 5-HT1A receptors. Moreover, mice
exposed to daily unpredictable stressors (CUS, chronic un-
predictable stress) presented increased anxiety-like behaviors
associated with decreased hippocampal neurogenesis and
synaptic remodeling (reduced number of dendritic spines and
branching). These changes were also prevented by CB1 or
CB2, but not by 5-HT1A, receptor antagonists [154, 155].

The interaction of CBD with CB1 and CB2 receptors
seems to be rather complex. /n vitro studies, although show-
ing a low affinity for these receptors, indicated that CBD
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Table 1.  Clinical and Preclinical evidence of the NLRP3 inflammasome involvement in mental disorders.
Clinical Studies
Results Patients’ Conditions Comparison References
1 mRNA expression of NRLP3 and caspase-1 in )
PBMCs . . . . No treated- compared to amitryp-
. ' ' Major depr;sswe patients with tiline treated-patients [131]
1 Protein expression of NRLP3 in PBMCs suicide attempts
(dose range of 62.5 + 12 mg/day)
1 IL-1B and IL-18 serum levels
No treated patients compared to
treated-patients with several dif-
ferent antidepressants, fluoxetine
7 mRNA expression of NLRP3 in PBMCs ' _ ' _ (40 mg/day), paroxetine (40
1 Serum levels of IL-1B and IL-18 Major deg;sswe patients with mg{day), Iplanserm (30 mg/day), [137]
suicide attempts mirtazapine (30 mg/day), ven-
lafaxine (30mg/day), desvenlafax-
ine (50 mg/day), amitryptiline (25
mg/day), imipramine (50 mg/day),
agomelatine (25 mg/day)
Preclinical Studies
Stress-Induced Effects Species/Strain Model References
1 NLRP3, caspase-1 active fraction, IL-1p, P2X7,
and TLR2 protein levels in PFC
1 CD11b integrin and Iba-1 in PFC
o ) . CUS for 12 weeks
1 co-localization between NLRP3 and Iba-1 in Male Wistar Rats [132]
PFC
| GFAP expression in PFC
| Sucrose preference and body weight
1 NLRP3 expression, caspase-1 cleavage, IL-18
production in HIP Male C57BI/6 mice CUS for 5 weeks [133]
1 Depressive-like behavior (FST, TST, SPT)
1 Depressive-like behavior (FST, TST)
1 NLRP3, cleaved form of caspase-1 pro-IL-1B
and IL-1pB in HIP i
- B ' Female Balb/c mice LPS (5§ mg/kg, '1.p.) 24 hrs. before [134]
1 Iba-1 positive cells in HIP behavioral tests
1 co-localization between NLRP3 and Iba-1 in
HIP
1 Depressive-like behavior (FST)
1 IL-1B, IL-6 in PEC Male Wistar Rats LPS (1 mg/kg) 2 hrs. before be- [136]
havioral tests
| IL-10 in PFC
1 Depressive-like behavior (SPT, TST)
1 Corticosterone and IL-1B serum levels
1 Caspase-1 activity and proteins levels of IL-1§,
NLRP3, and ASC in HIP Male BALB/c mice CUS for 4 weeks [138]
- Concomitant treatment with a caspase-1 inhibi-
tor prevented the stress-induced effects (VX-765,
50mg/kg, i.p. for 4 weeks)
1T mRNA and protein levels of NLRP3 and IL-1
in the HIP of WT submitted to stress
. . . Male WT and Nlrp3™" transgen-
1 Adenosine, ATP, and number of activated mi- .. .
- Restraint stress for 7 d 139
croglia in HIP and PFC of WT submitted to stress 1¢ mice on angO]iISlZBL/é back estrawnt stress for / Cays [139]
1 Depressive-like behavior (SPT, FST, SIT, Food
intake) of WT mice submitted to stress

(Table 1) contd....
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Preclinical Studies

- Nlrp3™" and pharmacological inhibition of
NLRP3 (MCC950, 1mg/kg, i.p.) enhance fear
extinction and attenuate anxiety-like behavior

(EPM and OFT)

Stress-Induced Effects Species/Strain Model References
1 Cleaved caspase-1 and IL-1p proteins levels in
the HIP of WT stressed mice
' mRNA levels of L-1B 1 microglia of WT Male WT and Nlrp3 ™" transgen- Contextual fear conditioning
stressed mice. L
. ic mice on a CB57BL/6 back- (15 intermittent inescapable elec- 140
1 Iba” positive cells ground. [140]

tric foot shocks, 0.8 mA, 10 s with
10 s interval)

1 Extracellular ATP, glutamate, and IL-1f levels
in the HIP of WT stressed mice

Male Sprague Dawley Rats Acute restraint stress for 60 min [141]

1 Depressive- and Anxiety-like behaviors (SPT,
NSFT, EPM)

- Treatment with P2X7 antagonist (A-804598, 10
mg/kg, i.p.) for the last 28 days of the protocol
was able to attenuate the alterations induced by

stress

Male Sprague Dawley Rats CUS for 56 days [141]

Abbreviations: PBMCs: Peripheral blood mononuclear cells; mRNA: Messenger ribonucleic acid; PFC: Prefrontal cortex; HIP: Hippocampus; GFAP: Glial fibrillary acidic protein;
CUS: Chronic unpredictable stress; FST: Forced swim test; TST: Tail suspension test; SPT: Sucrose preference test; EPM: Elevated plus maze; NSFT: Novelty suppressed feeding

test; LPS: Lipopolysaccharide; WT: Wild-type mice; KO: Knockout mice.

could act as an antagonist or inverse agonist on CB1 and
CB2 receptors, respectively [158]. In agreement with this
possibility, even at high doses, CBD cannot induce the can-
nabinoid tetrad [164], a result compatible with its lack of
psychotomimetic and addictive effects in humans.

CBD has also been reported to inhibit, in vitro, the me-
tabolism/uptake of anandamide, one of the major endocan-
nabinoids [165]. In the CUS model, two-week daily treat-
ment with CBD increased AEA levels and decreased FAAH
expression in the mice hippocampus [154, 155]. In humans,
an increase in AEA plasmatic concentrations was reported in
patients with schizophrenia repeatedly treated with CBD.
The clinical improvement of these patients was associated
with this increase [150]. There is still the intriguing possibil-
ity that CB1- and 5-HT1A-mediated neurotransmission in-
teract to produce the anti-stress effects of CBD. For example,
Sartim and collaborators (2016) showed that the antidepres-
sant-like effects of CBD injected into the medial prefrontal
cortex depend on both receptors [166]. Moreover, the anti-
aggressive effect of acute systemic CBD injection in social-
isolated mice was also mediated by both receptors [167].

An attractive possibility to explain a large number of
CBD molecular targets, including the CB1, CB2, and 5-
HTI1A receptors, and the FAAH enzyme has been recently
put forward by Martin and colleagues. It was suggested that
CBD modifies these targets by interacting with a cholesterol
site on transmembrane proteins [168].

As will be extensively discussed below, in addition to the
interaction with these proteins, the anti-inflammatory proper-
ties of CBD have also been associated with its therapeutic
actions in psychiatric conditions [169-172].

3.1. CBD Effects in Models of Depression and Investigat-
ed Mechanisms

Despite many behavioral effects having been previously
described for CBD, there was a lack of evidence regarding

the antidepressant properties of CBD until 2010. The evi-
dence that CBD could bind and activate 5-HT1A receptors
[173], a major target for antidepressant drugs [174], and al-
leviate stress-induced effects in rodents [156] motivated the
research on the possible antidepressant properties of CBD.
Using a simple experimental approach, Zanelati and col-
leagues first demonstrated that CBD reduces the immobility
time in Swiss mice exposed to the forced swimming test
[175], a prototype antidepressant-like effect in this test [176].
Interestingly, CBD effects were blocked by pre-treatment
with the 5-HT1A receptor antagonist (WAY100635)[175],
thus indicating the participation of serotonergic mechanisms
in CBD-induced antidepressant effects. In line with that, it
was recently demonstrated that the effects of CBD in the
FST are not observed in animals that have been depleted of
brain serotonin [177]. Furthermore, the combination of sub-
effective doses of CBD and fluoxetine (SSRI), but not
desipramine (noradrenaline reuptake inhibitor), produced
synergistic effects in Swiss mice tested in the FST [177].

The antidepressant-like properties of CBD have also been
observed after repeated treatment, both in mice and rats
submitted to the FST [178, 179]. Interestingly, the effective
doses of CBD were associated with increased levels of sero-
tonin and noradrenaline in the hippocampus [178].

CBD has also shown promising effects in animal models
with better face and construct validity, such as the rat learned
helplessness (LH) [180], the chronic mild stress model
(CMS) [181], the olfactory bulbectomized rodent model
(OBX) [182], and in the rat lines that are genetically vulner-
able for the depressive phenotype, the Flinders Sensitive
Line (FSL) [180, 183], and the Wistar-Kyoto [183, 184]. In
the OBX model, the antidepressant effect of CBD was again
associated with increased release of serotonin and glutamate
in the prefrontal cortex and sensitivity to the systemic block-
ade of 5-HT1A receptors [182].
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CBD has shown promising effects in both male and fe-
male Wistar-Kyoto, but only in male FSL rats [184], thus
indicating that CBD effects may be gender-dependent. More
recently, it was demonstrated that CBD effects in females
depend on the species and the strain used, as well as the time
of treatment [185]. Although similar observations have been
described for antidepressant drugs [186], it is not yet clear
what drives such differences between males and females in
CBD effects.

Interestingly, in contrast to conventional monoaminergic
antidepressants, recent studies have suggested that CBD
promotes rapid and sustained antidepressant effects in differ-
ent animal models [180, 182]. Moreover, CBD counteracted
the side effects induced by the rapid-acting antidepressant
ketamine, while promoting its antidepressant properties
[187]. Similar to ketamine, the rapid effects of CBD were
associated with a rapid increase in BDNF and synaptic pro-
teins in the prefrontal cortex [180], indicating that CBD ef-
fects involve the rapid modulation of synaptic plasticity. The
observation that the blockade of TrkB receptors abrogated
the behavioral effects of CBD further confirmed the in-
volvement of BDNF [188]. In line with such observations,
the intermittent administration of CBD (once weekly/4
weeks) reversed the behavioral deficits induced by chronic
mild stress in mice, along with decreased microglial activa-
tion and increased BDNF and synaptogenesis in the prefron-
tal cortex [181].

Chronic treatment with CBD is also known to induce be-
havioral effects associated with changes in neuroplasticity,
primarily neurogenesis, and synaptogenesis [155, 189]. In-
terestingly, the effects of CBD on neurogenesis are likely to
involve the regulation of endocannabinoid levels, since they
are attenuated by concomitant treatment with CB1 and CB2
antagonists, but not by 5-HT1A antagonists [155]. To what
extent neurogenesis contributes to the effects of chronic
CBD treatment is not yet known, since CBD effects can oc-
cur at doses that do not promote neurogenesis [189]. Con-
trasting results have also been shown for monoaminergic
antidepressants, and it has been argued that not all antide-
pressant effects are dependent on hippocampal neurogenesis
[190].

Altogether, the findings suggest that CBD produces anti-
depressant effects after acute, repeated, and intermittent ad-
ministration in rodent models. Moreover, the antidepressant
effects of CBD involve changes in synaptic plasticity charac-
terized by increased BDNF and synaptogenesis in the PFC
(acutely) and neurogenesis in the hippocampus (chronically).
However, the molecular mechanism involved in these effects
is not yet known.

Despite the promising evidence in animal studies, the ev-
idence in humans is limited and inconclusive. In a cross-
sectional study on CBD users, it was found that CBD was
effective in alleviating depressive symptoms [191]. More
recently, it was reported that CBD attenuated depressive
symptoms in medical care professionals experiencing burn-
out syndrome [192]. Randomized and placebo-controlled
clinical trials are still needed to clarify the therapeutic poten-
tial of CBD in depression.
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3.2. A Therapeutic Approach with Cannabidiol in Post-
traumatic Stress Disorder (PTSD)

Maladaptive responses to a single or repeated traumatic
event may lead to the development of PTSD [193]. Many
authors consider PTSD as a heterogeneous disorder, contain-
ing several subtypes explained in part by the diversity of
symptoms [194]. The actual neural basis of PTSD is not ful-
ly understood. However, abnormalities across several neuro-
transmitter systems in concert with non-uniform responses of
these dysfunctional circuits are known to be part of its path-
ophysiology [195].

PTSD treatment remains a tricky challenge for many oth-
er psychiatric conditions. A pharmacological intervention
focused on a single system or neurotransmission may not be
very efficient because of the miscellaneous pattern of the
disorder. Therefore, CBD emerges as a potential approach to
prevent and treat PTSD since different mechanisms appear to
be involved in its pharmacological profile, as already dis-
cussed [196]. The efficacy of CBD in modulating the emo-
tional memory process, stress-related responses, and anxiety-
like behavior, together with actionability on mood and cogni-
tion properties, encompasses most of the symptom clusters
of the diagnostic criteria for PTSD according to DSM-5
[197]. The discussion about the therapeutic potential of CBD
in the aspects mentioned above is beyond the scope of this
review and can be found in several excellent reviews [145,
193, 198-202]. This broad-spectrum action supports and
stimulates the development of studies focused on evaluating
and understanding the potential efficacy of CBD in animal
models of PTSD.

3.3. CBD Reducing PTSD-like Symptoms: Learning,
Emotional Memory, and Stress-related Responses

Trauma memory is usually generated and consolidated by
associating a particular stimulus or environment with harm-
ful physical and affective consequences of trauma exposure.
Albeit such mechanisms endorse survival, dysregulation of
these physiological processes is one of the key components
of PTSD development [203]. The conditioned fear paradigm
is considered a translational neuroscience approach to under-
standing PTSD, as it is based on associative learning, in
which a specific environment or cue becomes predictive of a
threat and induces emotional responses. Moreover, neural
circuits that support fear conditioning are related to brain
systems that play critical roles in PTSD (for review, see
[199]). It is crucial to mention that a recent review proposed
a contemporary rereading of the PTSD and fear condition
association, drawing a critical analysis on conceptual param-
eters and suggesting actionable perspectives to improve
translational research in PTSD [204].

Several studies indicated that CBD regulates fear learn-
ing and memory processing in translationally relevant para-
digms to stress-related psychiatric conditions, such as PTSD
(for review see, [193, 205]). Accumulating evidence indi-
cates that CBD regulates different stages of the aversive
conditioning process, decreases threat-related responses
when administered before the acquisition of fear memories
[206, 207], reduces either cardiovascular responses and
anxiogenic effects caused by aversive conditioned context,
both after systemic [208] and specific brain regions admin-
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istration right before the retrieval session [209, 210], dimin-
ishes the expression of auditory fear memory [211, 212],
under intense conditioning procedure, decreases contextual
freezing following a single 20-min-extinction training [213],
potentiates contextual fear extinction with an intra-
cerebroventricular or infralimbic cortex (IL) infusions before
three 9-min-retrieval sessions [162, 214], and disrupts the
reconsolidation of contextual fear memory after a brief re-
trieving [215], reaching a long-lasting reduction in learned
fear expression. These last studies demonstrating beneficial
CBD effects on fear extinction and reconsolidation highlight
its potential use as an alternative for mitigating the conse-
quences of traumatic life experiences since those aspects are
significantly impacted in PTSD.

The CBD findings on disrupting fear memory reconsoli-
dation and enhancing fear extinction are, at least in part
CBl-mediated, substantiating the endocannabinoid (ECB)
system's role in emotional memory processing [162, 214,
215]. The action of CBD on aversive memories responses, as
already mentioned, may be attributable to the indirect poten-
tiation of the ECB system.

Preclinical evidence suggests that CBD impaired aversive
memory formation through systemic [163] and brain-specific
region infusions [207, 216, 217], involving a complex circuit
interaction. A recent study showed that CBD effects on
memory consolidation relied on distinct time-dependent
mechanisms across the consolidation process in the dorsal
hippocampus. This mechanism initially involves CB1 and
CB2 receptors activation, followed by a later engagement of
the peroxisome proliferator-activated receptor-gamma,
PPAR-y). These data suggest that the activation of CB1 or
CB2 receptors represents an important step in the initial
aversive memory consolidation process. In contrast, the in-
flammatory-related mechanisms (via PPAR-y) appear to be
significant in the delayed-memory formation (1 hour) in this
brain area [216].

PPAR-y receptors expression is described in glial cells
and regulates genes attributable to central and peripheral
inflammation, metabolic pathways, and immune responses
[218-220]. The immune system and glial activation seem to
be involved in the formation, maintenance [221, 222], recon-
solidation, and extinction of traumatic memory [223] in ro-
dents studies. Moreover, exacerbated pro-inflammatory cy-
tokines response (mainly IL-6) disrupting memory extinction
suggests the involvement of immune mediators in the persis-
tence of fear memory in PTSD [223].

Numerous results evaluating CBD effects on mitigating
neuroimmune and inflammation processes are frequently as-
sociated with PPAR-y receptors [172, 224, 225]. Moreover,
CB1 and CB2 receptors are protective in many inflammatory
conditions [226] (for review see, [227]) and limit stress-
induced neuroinflammatory responses [228, 229]. In this sce-
nario, it is possible to speculate that PPAR-y receptors and the
ECB system are cross-talking to promote a global anti-
neuroinflammatory action [230]. Accordingly, Hill and col-
leagues (2018) proposed that a flawed ECB system might rep-
resent a stress-susceptibility endophenotype predisposing to
trauma-related psychopathology development [205]. In this
way, CBD modulatory effects on the ECB system could be
essential for its therapeutic potential to treat PTSD.
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As mentioned before, CBD attenuates contextual condi-
tioned emotional responses, which involve the 5-HT1A re-
ceptors [209, 231], similar to other responses discussed in
this review. The molecular mechanism of 5-HT1A receptors
activation by CBD still needs to be clarified; however, evi-
dence suggests that it may be related to directly targeting 5-
HT1A receptors, acting via allosteric sites modulation,
and/or enhancing 5-HT1A receptor activation through inter-
ference with intracellular signaling [173, 232].

Despite the general effect of CBD in reducing fear
memory, studies are exhibiting opposing results [210, 213,
233]. The apparent contradiction could be attributed to dis-
tinct neuroanatomical mechanisms, the nature of the threat,
and the controllability and intensity of the stress [234]. CBD
directly injected into the PL or IL PFC before fear retrieval,
decreased or increased contextual fear expression, respec-
tively; both effects are mediated by the 5-HT1A receptor
[231, 233]. A plausible explanation is related to the particu-
lar role these medial PFC subregions exert, including oppos-
ing influences on learned fear, under some conditions [235-
237]. Moreover, it is important to address that despite being
based on learning and memory, contextual fear conditioning
involves uncontrollable stressful experiences, which appears
to be relevant to CBD effects. Experiments with relatively
low threat levels evidenced opposite results to those detected
in the fear conditioning model: CBD microinjected into the
PL or IL PFC induced anxiogenic- or anxiolytic-like effects
in the elevated plus-maze (EPM) test, respectively. When a
prior stressful event (uncontrollable restraint stress) was ap-
plied before the EPM test, CBD induced a similar response
profile to those observed in the contextual fear conditioning
[213, 231, 233]. Likewise, although CBD enhanced fear ex-
tinction memory through local intracranial infusions [162,
214], acute systemic CBD administration induced bidirec-
tional effects in the fear memory process, causing extinction
impairment after weak conditioning while potentiated extinc-
tion after intense conditioning protocol [213]. In summary,
findings suggest that stress levels might be a vital component
of CBD impact and genuinely aversive events seem to be
necessary for the efficient performance of this phytocanna-
binoid.

In a converging line of evidence, Szkudlarek and
coworkers (2019) showed that intra- P PFC injection of
CBD impaired cognitive flexibility and working memory in
naive rats while reversing the cognition impairments in ro-
dents submitted to a state of prefrontal cortical pathology.
The 5-HT1A receptor mediated CBD effects. The authors
indicated that CBD's dissociable roles in modulating neuro-
psychiatric symptoms in cognitive domains require an estab-
lished pathological state for its therapeutic effect [238].

3.4. CBD in Animal Models of PTSD

A "traumatic" foot shock paradigm, considered a PTSD
model and relevant to evaluate fear overgeneralization,
demonstrated that CBD reversed the behavioral consequenc-
es assessed in the light-dark emergence test, a novel context.
The study suggests that CBD might be more effective under
intense stress situations than under minimal stress conditions
since no effect was observed in the light-dark test with no
prior threat. Apparently, the behavior consequences were not
worsened in this case [239]. Recently, Assareh and collabo-
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rators (2020), using a similar paradigm, have shown that
CBD could not counteract anxiety-related behavior increased
by shock exposure in the light-dark test [211]. The authors
suggested that the discrepancy could be explained by the
employment of different species, although the stress intensity
could be another explanation. The former study applied a
more robust foot shock protocol with 6 delivered shocks,
while the second research used a single-foot shock protocol.

Using a broadly employed PTSD-animal model, the
predator-exposure paradigm, repeated treatment with CBD
prevented the anxiogenic effect induced by predator expo-
sure 7 days later. The anti-stress effect of CBD appears to
involve, at least partly, 5-HT1A-mediated neurotransmis-
sion. The stress exposure elicited upregulation of 5-HT1A
gene expression in the PFC and hippocampus, without any
changes induced by CBD. The authors speculated that 5-
HT1A receptors changes could facilitate the anti-stress effect
of CBD since the behavioral outcomes were not observed in
naive groups [240].

In a similar PTSD model, the predator-scent stress expo-
sure, animals expressing a susceptible behavioral phenotype
were evaluated in different paradigms. Acute systemic
treatment with CBD induced an anxiolytic-like response in
the light-dark box test but could not reduce freezing behavior
in the predator context. CBD mechanisms were not evaluat-
ed. Concerning the lack of effect in contextual fear extinc-
tion, the authors suggested the possibility that the predator-
scent exposure was not sufficient to evoke the appropriate
neuroadaptations for CBD-mediated effects. In other words,
the stress intensity, once again, appears to be relevant for
CBD performance in emotional memory-related responses
[241].

Recently, Gasparyan and collaborators (2021) proposed a
chronic animal model of PTSD consisting of an alternating
and unpredictable 5-week regimen with a combination of
physical, psychogenic, and psychosocial stress [242]. Basal
behavioral evaluations were conducted in the two weeks
following the stress regimen, displaying an increased (and
persistent) fear memory expression, hyperarousal, anxiogen-
ic-like behaviors, in concert with gene expression changes
related to the HPA-axis, cannabinoid receptor, and 5-HT
transporter. CBD potentiated the fear extinction process by
decreasing freezing behavior under acute and chronic admin-
istration and also induced anxiolytic-like responses evaluated
in unlearned or innate fear paradigms. CBD anti-stress effect
appears to involve a reduction in hippocampal glucocorticoid
receptor expression, an up and down-regulation of CB1 and
CB2 receptors expression in the amygdala, respectively, and
an increase in expression of the 5-HT transporter in the dor-
sal raphe nucleus. The authors observed that a combination
of CBD and sertraline induced more pronounced behavior
effects for most of the evaluated parameters and suggested
that this synergic effect appears to be promising [242]. The
complex biomarkers gene regulation involved in stress re-
sponse might indicate that the multi-target nature of CBD
could be the key to its multipurpose therapeutic effect.

A collection of evidence suggests that a state of neuroin-
flammation might be a significant contributor to the patho-
physiology of PTSD [243]. Despite the yielded mixed results,
probably due to the heterogeneous profile of the disorder, a
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systemic review and meta-analysis evaluation showed that
PTSD is associated with elevated pro-inflammatory cytokines
and white blood cell (WBC), encompassing high levels of IL-
1B, IL-2, IL-6, IFN-y, TNF-0, and C-reactive protein (CRP)
[244]. Recent preclinical reports have verified that animal
models of PTSD induce a critical status of neuroinflammation
[245, 246]. A single-cell mass cytometry verified that micro-
glia comprise the majority of mouse brain immune cells and
the numbers were increased in a PTSD model. Authors identi-
fied that microglial morphology and count changed in a time-
and brain region-dependent manner after traumatic stress ex-
posure (foot shocks) and that the stress also increased serum
and hippocampal pro-inflammatory cytokines levels [245,
246]. Interestingly, inhibition of microglia or substances that
ameliorated PTSD-related behavior, including an SSRI anti-
depressant and a ketone body (suggested as an NLRP3 in-
flammasome inhibitor), also attenuated the neuroinflammation
state [245, 246]. Consistent with the potential involvement of
the NLRP3 inflammasome in the consequences of traumatic
exposure, Dong and coworkers demonstrated that the NLRP3
inflammasome was activated 3hrs. after the foot shock stress.
This was not observed in the NLRP3 KO mice. Moreover, the
NLRP3 inhibition attenuated later anxiety behavior and defi-
cits in fear extinction [140].

In light of the anti-inflammatory properties of CBD, to-
gether with the modulation of inflammatory pathways by
most of the CBD proposed molecular targets (direct or indi-
rectly), and the observed activation of NLRP3 inflam-
masome in different stress conditions, it can be suggested
that these mechanisms might be deeply related to the thera-
peutic CBD performance on stress-related disorders, such as
PTSD and major depressive disorders.

4. CBD AND NEUROINFLAMMATION

The anti-inflammatory and immunosuppressive proper-
ties of CBD are widely described [247-249]. Discussions
about the pharmacological effects of drugs are usually com-
plex due to controversial findings in the literature since stud-
ies use different techniques, methodologies, distinct time
points evaluation, and doses. Despite this, the acute and
chronic administration of CBD decreased pro-inflammatory
cytokines in several murine models of immunological chal-
lenge [250-255] and in vitro studies with microglia and pe-
ripheral immune cells [256].

Several mechanisms are proposed to explain the anti-
inflammatory effects of CBD. Among them, there is the
activation of PPAR-y receptors [172, 257], control of iNOS
expression [253], antioxidant activity, including suppression
of ROS production [258-260], suppression of infiltration and
activation of macrophages and T cells [261], and deregulation
of the nuclear factor of activated T cells (NFAT) [262].
Especially in the last decade, an increasing amount of data
indicated that microglia can be involved in the effects induced
by repeated treatment with CBD [36, 171]. Some of these
mechanisms will be explored in the next sessions.

4.1. Inflammatory-related Mechanisms of CBD in Ani-
mal and In Vitro Models of Mental Disorders and CNS
Diseases

The first report on the potential effect of CBD in neuroin-
flammation, addressing its ability to modulate microglial cell
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migration in vitro, is dated 2003 [263]. Some years later, one
of the first in vivo studies showed that systemic administra-
tion of CBD decreases neuroinflammation induced by
intrahippocampal injection of amyloid-p (AP), an animal
model of Alzheimer’s disease, through downregulating
GFAP, IL-1B, and iNOS levels in mice [253]. Moreover,
CBD was later shown to counteract the cognitive impairment
induced by intracerebroventricular injection of AP [264], or
in a model of hepatic encephalopathy associated with
hippocampal inflammation [265].

Studies from our group demonstrated that CBD prevents
the increase of microglial activation in the PFC and hippo-
campus of mice exposed to repeated treatment with NMDA
receptors antagonist, a preclinical model of schizophrenia
[170]. To our knowledge, this was one of the first studies
linking the effects of CBD repeated administration to micro-
glia activation using an animal model of mental disorder.
CDB was also effective in mouse models of tardive dyskine-
sia, induced by repeated treatment with haloperidol or L-
DOPA. Haloperidol increased striatal IL-1pB levels, and
haloperidol-induced vacuous chewing movements positively
correlated with increased striatal microglial activation, and
CBD treatment prevented these effects. The behavioral effect
of CBD was mediated by PPAR-y receptors [172], similarly
to the CBD behavioral effects in the L-DOPA model, which
was also mediated by TRPVI1 receptors [257]. In the
haloperidol model, although isolated treatments (CBD or
haloperidol) did not change IL-10 levels, an anti-
inflammatory cytokine that negatively regulates the NLRP3
pathway [266], the combination of both drugs increased its
levels [172]. CBD treatment also alleviates the clinical
symptoms and disease progression in mice submitted to an
experimental model of autoimmune encephalomyelitis.
These CBD-induced effects are related to the impairment of
axonal damage, inflammation, and microglia activation (Iba-
1 and Mac-2/Galectin-3) in the spinal cord [267].

In vitro experiments with microglia demonstrated a
negative effect of CBD on ATP-induced intracellular Ca"
increase, inhibition of LPS-induced NO/nitrite generation,
and inhibitory effect in microglial cell migration via
cannabinoid and adenosine A2 receptors [264]. Furthermore,
in vitro, the exposure to CBD prevented LPS-induced NF-kf3
nuclear translocation [169, 172], microglial ROS production,
and activation (increased Iba-1 expression), involving
PPAR-y receptors [172]. LPS-stimulated BV-2 microglial
cells upregulated the expression of pro-inflammatory miR-
NAs related to inflammatory, cell cycle, and cellular stress
pathways; CBD treatment provides a better inhibitory effect
on these miRNAs expression by targeting NF-kP and other
pathways than THC [268]. CBD also demonstrated antioxi-
dant properties in an in vitro study with higher potency than
THC [258]. Moreover, its antioxidant properties against glu-
tamate neurotoxicity were demonstrated in neuronal cultures,
with a better protective profile than the antioxidants ascor-
bate and tocopherol [269].

Recently, it has been demonstrated that CBD directly
binds to caspase-1 protein in human keratinocyte HaCaT
cells, and several NLRP3 inflammasome-related genes were
proposed as potential molecular targets for its effects. This
data suggests that CBD acts as a caspase-1 activity inhibitor
[270], at least in this model. Even though this study has used
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a preclinical model not related to the purpose of this section,
the unraveled mechanism is undoubtedly essential to the
scope of this review, addressing a potential effect of CBD in
stress response by modulating the NLRP3 inflammasome.

Repeated treatment with CBD favors the autophagic
process in CUS-exposed mice by increasing essential
autophagy-related and -inductor signaling proteins, such as
mTOR, Beclin-1, and LC3 [143]. Similar positive effects
were described in the Alzheimer’s mice model APPS/PS1
[271], or the alcohol-related steatosis model [272]. Evidence
from in vitro studies reinforced CBD's pro-autophagic
profile [273-276]. Recently, an in vitro study has shown that
CBD-induced autophagy in neural cells (human
neuroblastoma and murine astrocyte lines) was independent
of mTOR but dependent on the autophagic factor ULK1 and
mediated by ERK1/2 activation and suppression of AKT
[276]. Although these data evidence some contradictions in
the mechanism involving or not mTOR, it is essential to
point out that they are very different experiments (in vitro
and in vivo). Even though, these works evidence the pro-
autophagy effect of CBD.

In general, CBD treatment: 1) negatively influences
transcription, translation, and/or IL-1f release, the main
product of NLRP3 inflammasome activation, 2) decreases
the microglial activation, the main source of NLRP3
inflammasome activity in the central nervous system, and 3)
enhances the autophagic process, a widely described
negative regulator for NLRP3-inflammasome activation.
Despite indirect, all the above results mentioned in this
section support the idea that the NLRP3-inflammasome
pathway can be involved in the mechanism of action by
which CBD exerts its therapeutical effects in some diseases
[277], especially in mental disorders.

4.2. Evidence of NLRP3 Inflammasome Involvement in
the Effects of CBD Exposure

It is already suggested that CBD and other synthetic and
phytocannabinoids can regulate NLRP3 activation [277].
Our focus will remain on the experimental studies that
investigated the direct effects of CBD exposure on NLRP3
inflammasome activation. However, they do not necessarily
involve mental disorders and central nervous system
diseases. To our knowledge, there are no published studies
investigating the causal or mechanistic relation between
CBD and NLRP3 inflammasome in microglial cells.
However, their involvement was already studied in
monocytes/macrophages and stem cells, which will be
discussed below.

Recently, Jiang and collaborators have described that
CBD treatment mitigated liver injuries induced by ethanol-
associated with a high-fat, high-cholesterol diet (EHFD) for
8 weeks in mice. Treatment with CBD during EHFD
alleviated the hepatic oxidative stress, activation of the NF-
kB pathway, number of CD68 cells (a marker for monocyte
lineage cells, such as macrophages), gene expression of
inflammatory cytokines, and the levels of core proteins
involved in the NLRP3 inflammasome pathway in the liver,
NLRP3, ASC, Caspase-1 (p20), and IL-1p [278]. The same
group previously described that CBD treatment counteracted
the severity of liver injuries and inflammation related to the
NLRP3 pathway in a mouse model of nonalcoholic steatosis
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Table 2.
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Evidence of the NLRP3 inflammasome pathway involvement in CBD treatment effects.

Model

Species/Strain

CBD Treatment

CBD Effects

Possible Mecha-
nism of Action

References

Ethanol-associated with a
high-fat, high-cholesterol diet
for 8 weeks

Male C57B/6J mice

5 mg/kg, daily
gavage for 8
weeks

| Hepatocellular lipid accumu-
lation and inflammation

| Hepatic TC and TG
| Serum ALT
| Hepatic oxidative stress
| Hepatic MDA
1 Hepatic GSH/GSSG ratio
| Number of CD68" cells

| mRNA levels of inflammatory
mediators (F4/80, IL-1B3, MCP-
1, and TNF-a) in the liver

| NF-kP pathway activation
(pIkBa, pNF-«xB and the ratios
plkBo/IxBa, pNF-kB/NF-«B)

| NLRP3 Inflammasome activa-

tion in the liver (NLRP3, ASC,

caspase-1 (p20), Gasdermin D,
and IL-1P protein levels)

Not determined

[274]

High-fat high-cholesterol diet
for 8 weeks

Male C57B/6J mice

5 mg/kg, daily
gavage for 8
weeks

| Hepatocellular lipid accumu-
lation and inflammation

1 Serum TC, TG, ALT
| Number of CD68" cells

| mRNA levels of inflammatory
mediators (F4/80, IL-1B3, MCP-
1, and TNF-a) in the liver

| NF-kP pathway activation
(pIkBa, pNF-«xB and the ratios
plkBo/IxBa, pNF-kB/NF-«B)

and its nuclear translocation

| NLRP3 Inflammasome activa-

tion in the liver (NLRP3, ASC,

caspase-1 (p20), pro- IL-1p and
IL-1 protein levels)

Not determined

[275]

LPS and ATP stimulation

RAW264.7 cells

Pretreatment with
CBD 5 uM (2 h)

| NF-kP pathway activation
(pIkBa, pNF-«xB and the ratios
plkBo/IkBa, pNF-kB/NF-«B)

| mRNA levels of inflammatory
mediators (IL-1B, MCP-1, and
TNF-a)
| NLRP3 Inflammasome activa-
tion in the liver (NLRP3, ASC,
caspase-1 (p20), pro- IL-1p and
IL-1 protein levels)

Suppression of
NF-kp activation

[275]

Cellular pretreatment with
CBD

Human gingival
mesenchymal stem
cells

CBD 5 uM (24 h)

| Expression of pro-
inflammatory genes
| Expression of genes and pro-
teins related to the NLRP3
Inflammasome (NLRP3, caspa-
se-1, IL-18)

CBI receptors

[277]

(Table 2) contd....
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Possible Mecha-
Model Species/Strain CBD Treatment CBD Effects O.SSl ¢ ec‘ a References
nism of Action

| Cytotoxicity and Pyroptosis
| TLR4 and ACE-2 protein

expression
SARS.CoV-2 b 1 RhoA GTP
RS-CoV-2 recombinant
CBD 107, 10%, 10° - -
human novel coronavirus Caco-2 cell B ’ ’ { NRLP3 and caspase-1 cyto PPAR-y receptors [278]
. . M (24 h) plasmic protein
spike glycoprotein (S)

| TNF-o, IL-6, IL-1p and IL-18
secretion in supernatant
| Spike protein-induced epithe-
lial damage

A specific inhibi-

| IL-1P in supernatant tor of NLRP3
Nigericin fmd LP'S—mgerlcm Human THP-1 mono- CBD 1 and 10 pM L K" efflux (CBD 10 uM) activation [279]
stimulation cytes (1h)
Direct bind to
P2X7

Abbreviations: CBD: Cannabidiol; TC: Hepatic total cholesterol; TG: Hepatic triglyceride; ALT: Serum alanine aminotransferase; MDA: Malondialdehyde; GSH: Reduced glutathi-
one; GSSG: oxidized glutathione; MCP-1: Monocyte chemoattractant protein-1; LPS: Lipopolysaccharide; ATP: Adenosine triphosphate; ACE-2: Angiotensin-converting enzyme 2;
RhoA GTP: Ras homolog A-GTPase, K': Potassium.
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Fig. (2). Stress-induced inflammation and the proposed mechanisms of action of CBD related to NLRP3 inflammasome. Left Pan-
el. Stressful events are important risk factors for the development of mental disorders. One of the proposed theories to explain these effects
relies on the increase of inflammatory processes in the brain. Microglia, the brain-resident immune cells, play a significant role in neuroin-
flammatory and neurodegenerative processes. The NLRP3 inflammasome pathway is the primary source of IL-1f, responsible for pro-1L-1B
cleavage and activation in the CNS. The anti-stress and anti-inflammatory effects of CBD, the main non-psychotomimetic compound of
the Cannabis sativa plant, have also been extensively described. Despite the absence of studies investigating the involvement of the microgli-
al NLRP3 inflammasome pathway in the mechanisms by which CBD improves stress-related conditions, there is increasing evidence suggest-
ing that the NLRP3 inflammasome is involved in the mechanism by which CBD reduces inflammatory processes. In this way, more studies
are necessary to verify if NLRP3 is involved in the mechanism of action of CBD and the improvement of behavioral alterations induced by
stress — Does it happen due to the disassembling of the NLRP3 inflammasome components? Is it through a direct or indirect interac-
tion? Right Panel. Proposed mechanisms of action of CBD that involve the NLRP3 inflammasome pathway. In macrophages, CBD appears
to inhibit the nuclear translocation of NF-kB and, consequently, reduces the NLRP3 inflammation assembling and activation. A molecular
docking study suggests that CBD binds to P2X7 receptors and blocks K+ efflux, a critical step in promoting platform oligomerization and
activation. There are also reports on PPAR-y and ROS involvement in the mechanism by which CBD decreases NLRP3 inflammasome acti-
vation, although the exact mechanism involved in these effects is less precise than the other two described. CNS: Central nervous system;
CBD: Cannabidiol. Images created with BioRender.com.
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submitted to the same diet protocol (high-fat diet, HFD),
concomitant with CBD treatment [279]. These data
suggested that both HFD, with or without ethanol, promotes
hepatic damage due to inflammatory conditions. CBD
ameliorates these changes, possibly due to the inhibition of
NF-kp and NLRP3 inflammasome pathways.

Similarly, CBD impaired NF-kfp and NLRP3
inflammasome activation induced by LPS and ATP in a
macrophage cell lincage (RAW264.7). Experiments with
pharmacological inhibition suggest that the blockade of NF-
kP translocation into the nucleus is at least one of the
mechanisms for CBD inhibiting NLRP3 inflammasome
activation since it is crucial for platform activation [279].
Despite methodological differences, the same inhibitory
effect of CBD on IL-1B supernatant levels [169, 280] and
NF-kB nuclear translocation [169, 172] were already
described in microglial cell cultures and could involve the
NRLP3 inflammasome pathway. This possibility, however,
was not investigated in the referred studies [169, 172].
Moreover, considering reactive oxygen species (ROS) can
trigger NLRP3 inflammasome activation [80, 105-108] and
CBD has antioxidant properties [258-260, 269]. Moreover,
decreasing ROS production could be another mechanism by
which CBD attenuates NLRP3 inflammasome activation.

Another piece of evidence for the CBD effect on the
NLRP3 inflammasome pathway came from studies on
human gingival mesenchymal stem cells (hGMSCs).
Pretreatment with CBD for 24 hrs. decreased gene and
protein expression levels of NLRP3, Caspase-1, and IL-18
[281]. Mechanistically, the antagonism of CB1 blocked the
CBD-induced effects in both NLRP3 inflammasome and
NF-kp expression. Therefore, the pretreatment of stem cells
with CBD favors cell survival rather than inflammatory
processes. Considering that stem cells present a high
therapeutical and medical potential due to their enhanced
differentiation capacity, pretreatment with CBD could help
against implant rejection and increase the long-term efficacy
of transplanted patients [281].

Moreover, the NRLP3 pathway also seems to mediate
CBD effects in the SARS-Cov-2 infection context. An in
vitro study suggested that the inhibitory effect of CBD on
cytotoxicity and inflammation induced by SARS-Cov-2
spike protein is PPAR-y dependent and involves the
suppression of protein levels of NLRP3 inflammasome
components [282].

Finally, Liu and collaborators reported an inhibitory
effect of CBD on the NLRP3 inflammasome pathway by
another mechanism. In LPS-nigericin-stimulated human
THP-1 monocytes, CBD reduced IL-1p media concentration
similarly to pharmacological NLRP3 inhibitors and the
nigericin-LPS-induced K" efflux. The suggested mechanism
for these effects was obtained by computational docking data
analysis and proposed to involve the direct bind of CBD to
P2X7 receptors, which, in turn, reduces K’ efflux [283].
Although the referred study did not investigate the causality
between CBD effects and P2X7 receptors, for example, with
a P2X7 antagonist, to verify a possible inhibition of CBD
effects on K+ efflux, the computational analysis result
reinforces the hypothesis that P2X7 is the channel by which
the K+ efflux occurs [79, 109]. Evidence of the involvement
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of NLRP3 inflammasome in CBD effects is summarized in
Table 2.

CONCLUSION AND FUTURE PERSPECTIVES

The use of CBD to treat various medical problems has
become increasingly popular. For example, in a recent sur-
vey, it has been estimated that 26% and 16% of USA and
Canada respondents, respectively, have used CBD products
in the last year [284]. The primary reason for this employ-
ment was the relief of anxiety, stress, insomnia, and pain
symptoms [285]. However, this wild use, together with the
legal regulatory confusion and the lack of pharmaceutical
standardization between the hundreds of CBD products pre-
sent in the market, has been worrying the scientific commu-
nity [286]. Even so, as discussed above, several pre-clinical
and clinical studies suggested that CBD can attenuate stress
consequences by several mechanisms, including interference
with neuroinflammation.

Neuroinflammation has been considered an important
factor in stress reactivity, neuropsychiatric disorders, and
treatment resistance. Therefore, in conditions where immune
activation signals are observed, treatments targeting immune
mechanisms, particularly neuroimmune ones, could be a
better approach and improve treatment response.

Considering all the data presented and discussed in this
review, it seems clear that the NLRP3 inflammasome inhibi-
tion is partially involved in the anti-inflammatory and poten-
tial therapeutical effects of CBD. The evidence implicating
CBD as an anxiolytic, antidepressant, antipsychotic, and
anti-inflammatory agent, among others, and that some effects
are mediated by NLRP3 inflammasome, allow us to propose
that this mechanism is also implicated in the anti-stress ef-
fects of CBD (Fig. 2). However, their relation and interaction
in mental disorders and neurological diseases still need to be
investigated appropriately. Most of the recent studies are
pioneers on the topic and are usually conducted indirectly or
are correlational. It is also essential to identify if the mecha-
nisms in microglia are the same as in macrophages, consider-
ing that these last cells are the most studied cells in this top-
ic.

Due to the wide range of targets by which the phytocan-
nabinoid CBD exerts its effects, causal studies are needed to
understand their interactions better. It is relevant, curious,
and outstanding prospect that CBD can also influence innate
immune responses to treat diseases/disorders and improve
clinical conditions, especially those related to inflammatory
states. Therefore, we hope these remaining questions can be
well addressed in the following years and help improve the
treatment and quality of life of unresponsive-treatment pa-
tients, especially in the neuropsychiatric field.
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