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Abstract

Introduction: Cannabinoids are increasingly being explored as a potential treatment for neurodegenerative
diseases. This article aims to provide a narrative review of available data on the treatment of neurological
disorders with cannabis constituents, focusing on ischemic stroke.

Methods: Selected articles are summarized to describe design, results, limitations, conclusions, and
implications about this theme.

Results: The growing understanding of the endocannabinoid system and the cannabinoid receptors
distribution in all human body systems and organs and particularly in brain structures importantly involved in
myelination processes, suggests potential benefits for stroke symptoms and overall patient improvement.
However, the variety of studied compounds, the different administration routes, dosages, and timing
complicates data comparison, especially due to limited studies about these compounds, peculiarly in stroke
patients. Thereat, this review to showcase disparities in findings and to summarize current advancements in
cannabinoid use for potential future treatments.

Conclusion: This article offers a review of the current literature in the field and discuss a pragmatic approach
to the clinical use of cannabinoids in patients with ischemic stroke.
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Introduction Pathophysiological mechanisms such as increased

Ischemic stroke stands as one of the primary contribu-
tors to neurological morbidity worldwide, representing
a complex condition necessitating prompt intervention
and effective treatment. It is regarded as a disease of
immense significance for global public health." Ische-
mic stroke encompasses multiple risk factors culminat-
ing in the interruption or severe reduction of blood
flow within cerebral arteries, notably the middle cere-
bral artery, thereby depriving neurons of essential oxy-
gen and nutrients crucial for maintaining homeostasis.
Consequently, cellular demise ensues, setting forth a
cascade of deleterious physiological processes.”

permeability of the blood-brain barrier (BBB), neu-
roinflammation, and oxidative stress are pivotal in
ischemic stroke. They are intricately linked to severe
brain injury instigated, potentially precipitating patho-
logical advancement of brain damage. Furthermore,
survivor patients undergo systemic immunosuppres-
sion, rendering them vulnerable to various microorgan-
isms. Therefore, safeguarding vulnerable cells emerges
as a paramount goal in ischemic stroke treatment.>*
Despite advancements in comprehending stroke
pathophysiology, efficacious treatment remains a major
challenge. Recent investigations pivot on exploring
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efficacious strategies for developing neuroprotective
agents. However, clinically proven and readily avail-
able neuroprotective drugs are yet to materialize.
Hence, further research endeavors should be directed
toward therapies preventing free radical damage,
counteract neuroinflammation, immunosuppression
in cerebral ischemia and reperfusion (I/R) injury, in
conjunction with revascularization therapy.”

The medicinal properties of the Cannabis sativa
plant and its constituents have been recognized for
millennia, yet their substantial therapeutic potential
has only recently gained acknowledgment. Conse-
quently, cannabidiol (CBD) and other phytochemical
compounds exhibit promise as neuroprotective agents,
given their immunomodulatory, neuroprotective, and
anti-inflammatory attributes. These compounds could
serve as focal points in reducing neuroinflammation
and oxidative stress associated with revascularization
therapy. Furthermore, the rising medical cannabis
market represents a unique landscape in modern med-
icine, underscoring the promising therapeutic target of
neuroprotection in ischemic stroke, offering myriad
opportunities for advancement and exploration.®’
Thus, this review endeavors to elucidate current
advancements in employing cannabinoids as a thera-
peutic target in stroke therapy.

Definition and Epidemiological Aspects of
Ischemic Stroke

It is crucial for the scientific community to establish
and formulate diagnostic criteria for diseases to guide
medical practices, prevention strategies, and treat-
ment modalities. Therefore, the usual definition for
stroke is clinical, and the appearance of focal neuro-
logical signs of vascular origin lasting at least 24 h
characterizes stroke.® Stroke is one of the most devas-
tating and widespread diseases worldwide. It is con-
sidered the leading cause of long-term disability, with
80% of survivors suffering some degree of disability.
It jeopardizes the health and quality of life of those
affected and causes immense public health expendi-
ture worldwide, with not only economic but also
social consequences.”” "'

Stroke, also known as cerebrovascular accident or
apoplexy, is characterized by the impairment of blood
and nutrient flow to the brain, with no identifiable
cause other than a vascular origin. It represents the
fourth leading cause of death worldwide.'>> More
than 42 million people suffer a stroke each year and
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the number of strokes is expected to more than double
between 2010 and 2050."* This pathological condition
can be divided into ischemic stroke and hemorrhagic
stroke, of which 85% are ischemic strokes, which rep-
resent a major individual, social, and economic
impact.?

According to the World Stroke Organization, the
estimated global cost of stroke is more than USD
721 billion (0.66% of the global Gross Domestic
Product - GDP). From 1990 to 2019, the burden (in
terms of the absolute number of cases) has increased
significantly [70.0% more strokes, 43.0% more
deaths from stroke, 102.0% more prevalent strokes,
and 143.0% more disability-adjusted life years
(DALYs) lost], with most of the global stroke burden
(86.0% of deaths and 89.0% of DALYs) occurring in
low- and middle-income countries."

Recent studies show that the incidence of stroke is
increasing, and that one in four people in the world
will suffer a stroke in their lifetime. In addition, the
global growth of the elderly population over 65 years
of age and the accumulation of risk factors have
fueled this increase in recent decades. Strokes cur-
rently have a global mortality rate of 5.5 million and a
high morbidity rate, which also results in 50% of sur-
vivors being considered chronically disabled.'016"18
Early recognition and intervention set in motion a
chain of survival that is specific to stroke."

Another population group contributing to a steady
increase in stroke mortality worldwide is younger
adults, as increasing socioeconomic status in develop-
ing countries has led to an epidemic risk of risk fac-
tors such as atrial fibrillation, hypertension, diabetes,
hyperlipidemia, hyperhomocysteinemia, smoking,
unhealthy diet, physical inactivity, obesity, and alco-
hol consumption.”*"** Nevertheless, older people are
among the patients with the highest prevalence, mor-
tality, and disability associated with stroke and have a
higher risk of complications associated with thrombo-
Iytic treatment compared with younger patients.”> In
this context, the highest incidence of stroke is in
the 70-79 age group with 59,706 cases, followed by
the 60-69 age group with 52,673 cases, according to the
American Heart Association.”*

The most recent report published by the American
Heart Association shows that an additional 3.4 million
U.S. adults 218 years, or 3.9% of the adult population,
are projected to suffer a stroke by 2030, a 20.5%
increase in prevalence since 2012.*° However, the most
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important risk factor for the development of a stroke is
high blood pressure.”® In addition, there is the genetic
factor, which has received less attention in studies, but
nevertheless makes a significant contribution to the
ischemic genesis of stroke, especially in the case of an
early onset of stroke.”

In the epidemiology of stroke, a crucial and rele-
vant factor to consider is the individual biological sex.
This factor also depends on age, as the influence of
gender on the risk of ischemic stroke changes with
age.”® Functionally, women suffer more severe strokes
than men, resulting in more physical limitations,
poorer mental health, and greater dependency.” The
World Health Organization (WHO) has evaluated
mortality rates by gender in 39 countries in Europe
and Central Asia and reports that mortality rates are
higher in women than in men.** According to the
National Institute of Health Stroke Scale, women
(44%) suffer acute and severe strokes and recover
more slowly than men (36%).>! However, these data
come from women older than 75 years, most of
whom fall into the highest risk range. For young
adults, the American Heart Association confirms that
the incidence of stroke in men is 62.8 per 100,000,
while in women it is 59 per 100,000, suggesting that
this comorbidity affects men greater than women.*>>

Pathophysiology of Ischemic Stroke

The ischemic stroke cause is the occlusion of a cere-
bral artery, which leads to a lack of oxygen, glucose,
and lipids and thus to necrosis of the brain paren-
chyma. However, the exact pathophysiology of
ischemic stroke is complex and not yet fully under-
stood.?4,*° In general, the ischemic cascade is stimu-
lated by a series of physiological and molecular
events, mainly related to neuroinflammation and
oxidative stress."’

It is important to emphasize that the epicenter of
ischemia, the so-called ischemic core, is the central
region where blood flow has been interrupted and
where cells (neuronal and glial), blood vessels
(arteries, veins, and capillaries), and nerve fibers have
undergone necrosis.”® In addition to the central
region, there is a transitional area, the so-called ische-
mic penumbra, in which the intermediate reduction
in local cerebral blood flow causes the death of nerve
cells through apoptosis.””

By the complex stroke pathophysiology, studies of
the disease pathogenesis are based on the mechanisms
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underlying the lesions caused by ischemic stroke, that
is, the pathophysiology is a progressive and systemic
response to brain injury. Therefore, it is possible to
highlight the main mechanisms that composes the
basis for the occurrence of a cascade of pathological
events. First, one of the most direct causes of neuronal
injury in general is the loss of neurons caused by
ischemia and infarction. Regarding these mechanisms,
studies have focused on regeneration and neuropro-
tection processes as well as molecular signaling path-
ways and corresponding biomarkers.”**® Second, the
vasoconstriction caused by ischemia generates exces-
sive reactive oxygen and nitrogen species (ROS/RNYS)
that lead to oxidative stress, exacerbate neuronal dam-
age, and result in significant functional deficits. The
pathways that respond to and attenuate oxidative
stress are being extensively studied to reduce neuronal
damage. Ischemia-induced inflammation is another
factor leading to further neuronal damage after ische-
mic stroke. Therefore, effective control of immune
responses may help to reduce neuronal damage.*’

A cascade of physiological events is triggered and
contributes to irreversible cellular damage.*"** Dur-
ing the first minutes of hypoxia resulting from I/R
injury, cellular energy is insufficient due to the lack of
adenosine triphosphate (ATP),*> production, mito-
chondrial damage, and activation of caspases.44 Fail-
ure of Na+/K+-ATPase pumps and an increase in
calcium influx (Ca*?).*> As a result, there is a homeo-
stasis loss and ischemic depolarization as well as the
release of excitatory neurotransmitters such as gluta-
mate, which are responsible for a further increase in
intracellular Ca*? levels.*® In addition, the mitochon-
dria exhibit dysfunction due to Ca** accumulation.
Mitochondrial damage allows the release of cyto-
chrome C and the generation of ROS, which activates
caspase-dependent cell death pathways.*’

Thus, cell death is responsible for the release of
damage-associated molecular patterns (DAMPs) that
stimulate cellular receptors such as the Toll-like
receptors.*® This creates a cellular stimulus to produce
proinflammatory mediators such as interleukins
(IL)-1p, IL-6, tumor necrosis factor alpha (TNF-u),
and chemokines.*’

Although the reperfusion process is essential for
cell survival, the restoration of O, associated with cel-
lular damage events related to ischemia leads to
increased production of ROS and RNS.*>*! In addi-
tion to oxidative damage, ROS/RNS in turn activate
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matrix metalloproteinases, which are responsible for
the extracellular matrix proteins degradation. This
leads to permeability changes in the BBB and makes
the brain susceptible to inflammatory cells presence
from the periphery.”">?

Since the ischemic brain inflammation is triggered
by the infiltration and subsequent activation of
immune cells,” the immune system plays an impor-
tant role in determining the condition of the brain
and the survival of individuals after ischemic
stroke >*7>¢ 62

Therefore, by reason of cerebral artery injury, the
ischemic tissue follows a series of secondary events
after occlusion, including vascular, cellular, and
molecular changes.”® In general, the resulting inter-
ruption of blood flow consequences are diverse and
depend on the brain region affected. They lead to the
death of the individual or to chronic consequences,
which are usually complex and heterogeneous. This
situation can lead to problems in various functional
areas, such as the ability to carry out everyday activ-
ities, to learn and apply knowledge, in communica-
tion, in mobility, in self-care, in domestic life, and in
interpersonal and social interaction. Even if some
people experience a short-term improvement, in most
cases sensory, motor, and cognitive impairments can
persist in the long term and be associated with
dementia, anxiety, and depres.sion.5 7:58,67-69

Neuroinflammation and Peripheral
Immunosuppression After Ischemic Stroke
As already described, blood flow to the brain is
severely reduced in an ischemic stroke. In a cerebral
infarction, where the blood flow is 10-25% below nor-
mal, the nerve cells are irreversibly damaged and even
die. As a result, the tissue’s defense cells release
inflammatory factors, meaning the injured regions
attract inflammatory cascades to try to repair the
damage and restore the injured area. However, it all
depends on the severity of the injury, the size of the
infarct, and the affected area, where the harmful cas-
cades often outweigh the recovery processes, disrupt-
ing the balance of the cellular microenvironment
and leading to the activation of harmful signaling
pathways. 86670

Neuroinflammation and oxidative stress are the
most important and critical pathological processes in
ischemic stroke, and their relationships mediate
neuronal damage, BBB damage, and conversion to

a1

hemorrhagic stroke. Inflammatory and immune
cells are important in the progression of the disease.
The energy deprivation and hypoxia that occur after
acute cerebral ischemia not only activate the brain
immune system but also lead to infiltration and accu-
mulation of peripheral immune cells. Diapedesis of
peripheral cells into the central nervous system (CNS)
is controlled by the BBB and regulated by immune
and endothelial cells.”"”>

Focal cerebral ischemia can trigger widespread and
dynamic activation of inflammatory cytokines (TNF-o,
Interferon gamma - IFN-y, IL-6, and IL-2), chemo-
kines (Monocyte Chemoattractant Protein 1 - MCP-1,
Macrophage Inflammatory Protein 2 - MIP-2, Inter-
feron-gamma Inducible Protein 10 - IP-10), and che-
mokine receptors (Chemokine Receptor 1 - CCRI,
CCR2, CCR7, and CCRS8) in the peripheral immune
system. Cytokines coordinate and interact with each
other to complete functions of hematopoiesis and
immune regulation. In addition, they play a very
important role in the transmission, activation, and reg-
ulation of information from immune cells and mediate
the activation, proliferation, and differentiation of T
and B cells in the inflammatory response. These cyto-
kines and chemokines are mainly directed against resi-
dent microglia and infiltrating leukocytes.”®’

Thus, many immune cells such as macrophages,
monocytes, natural killer cells, dendritic cells, and
lymphocytes are involved in the ischemic brain injury
process.”**”® Also in this phase, microglia activation
induces the expression and activation of TNF-a, IFN-
7, and IL-6 and promotes the recruitment of circulat-
ing neutrophils, monocytes, and lymphocytes from
the CNS.”> Consequently, the inflammatory response
promotes a crucial role in the development of an
ischemic stroke, which significantly exacerbates brain
damage and causes severe brain dysfunction.”*

Cytokines are notably important in the modulation
of the immune system developing a pivotal role in the
process of cell activation, differentiation, and prolifer-
ation. Cytokines, which have a proinflammatory
effect, are directly linked to the processes that take
place in brain tissue. By the reason of this complicated
multistep pathway, they can both increase cell traffic
and cause additional damage.®””

Since microglia are the first cells to be recruited to
the lesions in ischemic stroke, they are the most
important immune cells in the brain parenchyma.
Their main secreted proinflammatory cytokines are
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IL-1p, IL-6, and TNF-o. Increased systemic inflam-
mation associated with stroke and risk factors is
mediated in part by IL-1. In the acute phase, the
increase of IL-1f in the brain after ischemic stroke
affects the harmful inflammatory process and also
contributes to the positive regulation of IL-6, TNF-q,
and chemokines in astrocytes, increase in leukocyte
infiltration and adhesion molecules, inhibition of neu-
rogenesis, decrease in blood flow through the action
of endothelial cells, and decreased BBB integrity, lead-
ing to worse outcomes. In addition, IL-1f also stimu-
lates the activation and proliferation of astrocytes,
leading to astrocyte hyperplasia, which is a typical
response to brain injury. Thus, IL-1f is considered
one of the most potent proinflammatory cytokines in
ischemic strokes.®"”°

Another cytokine considered extremely important
is IL-6, whose elevation due to ischemia and hypoxia,
oxidative stress, vascular occlusion, and inflammation
leads to the production of acute phase proteins in the
liver, stimulating the recruitment of leukocytes and
causing thrombosis, which leads to numerous cardio-
cerebrovascular diseases, most notably ischemic
strokes.”® Therefore, IL-6 is being studied as a high-
yield marker of poststroke inflammation. When ele-
vated, it is mainly secreted by neurons, microglia,
astrocytes, and endothelial cells in the ischemic hemi-
sphere, but is considered a predictive factor for the
prognosis of ischemic stroke. High serum levels of IL-
6 are consequently associated with a higher risk of
ischemic stroke.”””®

In addition to the ischemic stroke studies, there is
the cytokine IL-10, which has been extensively studied
as an anti-inflammatory cytokine, evidencing signifi-
cant effects on patients, with its inhibitory effect on
immune cells playing an essential role in the damage
caused by ischemic stroke and helping to protect
against cerebral ischemia, as its action reduces inflam-
mation and limits apoptosis through association with
IL-10 receptors. Therefore, lower levels of IL-10 are
associated with poor stroke outcomes.””™®!

TNF-a, a proinflammatory cytokine, is one of the
cytokines being investigated and researched in ische-
mic stroke studies. In stroke patients, activated micro-
glia and astrocytes release high levels of TNF-o, which
is considered toxic because it negatively affects synap-
tic transmission and plasticity in learning and mem-
ory processes, which is the central symptom of these
patients. Elevated TNF-o levels are therefore associated
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with greater neurological deficits and poorer outcomes in
the treatment of patients with ischemic stroke, suggesting
another risk factor marker in these patients as well as a
biomarker for survival.*>**

Regarding oxidative damage, free radicals, includ-
ing ROS/RNS, play a crucial role in reperfusion injury
and cerebral ischemia. The brain is considered the
largest producer of free radicals in the entire body, as
it consumes more oxygen than any other organ,
namely, 20% of the entire body’s oxygen consump-
tion. Increased production of ROS and RNS by brain
tissue leads to the activation of cell signaling cascades
that contributes to increased BBB permeability, cere-
bral edema, hemorrhage, inflammation, and neuronal
death.'”®

The most important and damaging ROS include the
superoxide anion (O,"), hydroxyl radicals (OH"), and
hydrogen peroxide (H,O,). The excess production of
ROS in the initial phase of ischemic stroke originates
mainly from the mitochondrial respiratory chain but
may also originate from other metabolic pathways.
When the blood flows back, a lot of oxygen arrives,
which accelerates oxidative damage. It is also known
that oxidative stress can activate proapoptotic signaling
pathways such as the cytochrome ¢ pathway, leading
to DNA damage, changes in protein structure and
function, and lipid peroxidation during I/R.*%¢*°

Hemorrhagic transformation, which is strongly
related to the integrity of the BBB, and cerebral edema
are the main complications caused by revasculariza-
tion, and the damage caused by oxidative stress is
closely related to these complications. Therefore, neu-
roprotection is considered a common strategy for the
treatment of ischemic stroke, and the development of
a neuroprotective and anti-inflammatory agent is cur-
rently the focus of many studies. Furthermore, the
mechanisms of the ischemic cascade induce periph-
eral immunosuppression with deleterious effects on
the individual.>*'~

There is increasing evidence that the CNS and the
immune system are two closely linked systems.”” ™’
Such functional interaction may be a pathway for the
occurrence of immunological manifestations as a con-
sequence of CNS injury and vice versa.'’”'*> Simi-
larly, the occurrence of systemic infection following
acute brain injury may be a symptom of reduced
CNS-mediated immunocompetence, as has been
described in people with brain tumors, epilepsy or
traumatic brain injury.”>'*>1%?



THE ENDOCANNABINOID SYSTEM IN STROKE THERAPY

In this sense, inhibition of immunity, which is con-
sidered a major infection cause in individuals after
ischemic stroke, is characterized by lymphopenia and
impaired monocyte function, leaving the individual
susceptible to a variety of pathogens.”**® Pre-clinical
and clinical studies show that monocytes, dendritic
cells, and regulatory T cells increase the secretion of
IL-10 after stroke, blocking the proinflammatory
response.'**

In addition to the altered mechanisms of immune
cells, the sympathetic nervous system (SNS) is also
involved in immunosuppression after an ischemic
stroke.'® Hyperactivation of adrenergic nerve end-
ings is considered a mechanism of poststroke immu-
nosuppression, which triggers activation of the SNS
and leads to secretion of catecholamines by the adre-
nal gland and nerve endings in peripheral organs.'®
Catecholamines act on immune cells via f-adrenergic
receptors, lowering TNF- and increasing IL-10.>°
Furthermore, stimulation of D1 and D2 receptors by
increased dopamine after ischemic stroke leads to a
decrease in the expression of nuclear factor kappa B
(NF-xB) and consequently to a decrease in the pro-
duction of proinflammatory cytokines.'*® Such stimu-
lation alters NF-xB activation in a time-dependent
manner.""”’

Regarding the hypothalamic-pituitary-adrenal axis
and the involvement of its activation in poststroke
immunosuppression, it is known that the production
of proinflammatory cytokines can be recognized by
the hypothalamus, leading to excessive secretion of
glucocorticoids after ischemic stroke.'”® Glucocorti-
coids may impair the functionality of T cells (reducing
the production of IFN-y and inducing apoptosis) and
monocytes (promoting the secretion of IL-10). These
effects may explain the lymphocyte apoptosis and
lymphopenia observed after ischemic stroke.'®

Another important immunosuppression mechanism
is the stimulation of the vagus nerve in the modulation
of cerebral and systemic inflammation through the
release of noradrenaline and the activation of the cho-
linergic anti-inflammatory pathway.''® This stimulus
occurs through the action of the efferent vagus nerve
on the o7 nicotinic acetylcholine receptor (nAChR«7),
which is stimulated after ischemic stroke."'’ In this
sense, alveolar macrophages and alveolar epithelial
cells express «7nAChR,""? and this peripheral immu-
nological stimulus can alter the immune response in
lung tissue.'"?
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It is also known that in stroke, cells in the hypoper-
fused area become necrotic, release DAMPs such as
High Mobility Group Box 1 (HMGBI1), induce the
expansion of a subpopulation of monocytes with an
M2 profile, and contribute to the immunosuppressive
state in the subacute phase of ischemic stroke, predis-
posing individuals to pneumonia.''*''® Genetic or
pharmacological blockade of signaling through the
receptor for advanced glycation end products, one of
the HMGBI receptors, reversed cellular immunosup-
pression and restored lymphocyte activation in the
subacute phase after ischemic stroke, according to an
experimental study.®® It has also been postulated that
ischemic stroke-induced immunosuppression may be
an adaptive response to acute brain injury, as systemic
immunosuppression may limit inflammation in the
brain or reduce the occurrence of autoimmune
responses against neuroantigens.''®

Finally, the susceptibility to infections after a stroke
could be due to an impairment of the gut-brain axis.
The intestinal microbiome develops an important role
in pulmonary infections pathogenesis after ischemic
stroke. In an experimental mouse model of stroke, pul-
monary inflammation occurred in mice free of specific
pathogens. Ischemic intestinal permeability and barrier
dysfunction were shown to precede the dissemination
of bacteria into peripheral tissues that were orally ino-
culated.""” Mice with antibiotic-induced depletion of
the gut microbiota exhibit increased bacterial prolifer-
ation, inflammation, and mortality, and their alveolar
macrophages show a reduced ability to clear pathogens
from the lungs."'® Given the countless possibilities of
infections and complications after a stroke, it is
necessary to develop therapies that have a positive
effect on the entire ischemic cascade. In addition,
the endocannabinoid system (ECS) has been increas-
ingly researched and unprecedented discoveries have
been made in this field.!"*"**!

The ECS and Its Role in Neuroinflammation

The ECS is characterized by a complex biological and
molecular system, which was discovered in 1988 by
scientists Allyn Howlett and W.A. Devane. However,
this system was only discovered and researched
because in 1964 the scientist Raphael Mechoulam suc-
ceeded in determining the structure of tetrahydrocan-
nabinol (THC), the most important psychoactive
phytocannabinoid. Only after this discovery the
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impetus for studying and researching this ECS raised
up. 122123

The ECS is an intercellular communication system
that plays a fundamental role in the regulation of
numerous physiological processes, such as memory,
inflammation, nociception, synaptic transmission,
appetite, thermoregulation, and others. Consequently,
this system and the elements that make it up, such as
receptors, endogenous ligands, and synthesis and deg-
radation enzymes, promote a fundamental role in
neurotransmission, the endocrine and neurological
systems.u‘l’125

Cannabinoids can be divided into three categories,
namely, endocannabinoids, phytocannabinoids, and
synthetic cannabinoids.'”® The ECS refers to the can-
nabinoid receptors CB1 and CB2. These receptors are
activated by endogenously produced cannabinoid
ligands, so-called endocannabinoids, and their biosyn-
thetic and degradative enzymes. Endocannabinoids
consist mainly of arachidonoylethanamide or ananda-
mide (AEA) and 2-arachidonoylglycerol (2-AG). Bio-
synthetic and metabolic enzymes include fatty acid
amide hydrolase and monoacylglycerol lipase. The
receptors are also activated by phytocannabinoids and
synthetic cannabinoids."**'*"'* It is important to
emphasize that most ECS components are multifunc-
tional. Therefore, it is not a discrete and isolated sys-
tem, but the ECS influences many other signaling
pathways and it is influenced by them.'**!*!

CBI1 receptors (CB1Rs) mediate the cannabimetic
effects of THC and are highly expressed in presynaptic
neurons in the CNS where they modulate the release of
neurotransmitters, in addition they are also expressed in
glial cells."*> CB2 receptors (CB2Rs) are mainly expressed
in immune cells, but also by CNS cells such as microglia,
astrocytes, and oligodendrocytes. And it has recently been
discovered that CB2 is also present at high levels in the
brain, just as CB1 is also present in the periphery. Both
can be stimulated even when they are not activated.'*>'>>

This class of cannabinoid ligands, the endogenous
cannabinoid system, acts mainly to modulate pain. In
chronic pain, such as in patients with fibromyalgia, there
is involvement of the ECS, which has been reported pre-
clinically and clinically, and for which cannabis and
cannabis-based medications show promising effects,
although more in-depth studies are needed.**

Studies show that CBI1R inhibition exerts a neuro-
protective effect in animal models ischemic stroke
such as middle cerebral artery occlusion (MCAO),
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just as CBl-deficient animals show a reduction in
neuronal death. Conversely, CB2R agonism has also
been shown to exert a neuroprotective effect in
MCAO and to contribute to the reduction of infarct
volume in stroke. Its antagonism causes the opposite
of the neuroprotective effect by reducing the number
of neurons and leading to a sensorimotor deficit.'*>

Under physiological conditions, the expression of
CB1 in the brain is low, but under pathological condi-
tions, such as ischemic stroke, this expression is posi-
tively regulated at the brain level. ECS is present in
the cerebral microvascular endothelium. Likewise,
expression of CB1 and CB2 is found in microvascular
endothelial cells, by that it is involved in the regula-
tion of the BBB. Among the various functions of ECS,
its effect on the CNS stands out, including the modu-
lation of synaptic plasticity, pain transmission, and
regulation of neurotransmission in neurons.'*®'*
The presence of cannabinoid receptors in astrocytes
and oligodendrocytes has also been demonstrated.
Like other CNS cells, astrocytes and oligodendrocytes
undergo significant morphological, molecular, and
functional changes after an ischemic event and can be
shaped and regulated by the activation of cannabinoid
receptors.'>>!>

Microglia consists of robust ECS, CB2Rs are also
more abundant in microglia and there is an increase
in these cells in inflammatory conditions. In addition
to the studies in animals, treatment with reserpine in
an animal model of Parkinson’s disease (PD) resulted
in reduced expression of CBIR in the striatum.'*>'*!
In a sepsis model in rats administered N-oleoyl-dopa-
mine, an endocannabinoid agonist of the transient
vanilloid receptor potential - TRPV, it induced an
anti-inflammatory response and reduced proinflam-
matory responses.'*> Administration of the CB1 recep-
tor inhibitor AM251 was shown to reduce the number
of damaged neurons in the acute phase of an animal
model of epilepsy.'*

In a model of CNS injury induced by endothelin-
1A and endotoxemia, pretreatment with the CB2R
agonist HU308 showed a significant reduction in the
extent of brain injury compared with untreated ani-
mals.'** Other pre-clinical studies have investigated
the link between CNS injury amelioration and the role
of cannabinoid receptors, which show neuroprotective and
anti-inflammatory effects upon CB2R activation."*” %

ECS modulation may have beneficial effects in both
early and late poststroke phases, just as ECS may be
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involved in the immunological consequences follow-
ing CNS injury.'*® In a model of hypoxia-ischemia
(HI) in neonatal rats, the use of URB447, a synthetic
cannabinoid, was shown to reduce HI-induced
brain damage.'*” In an MCAO model designed to
study the interaction between CB2R and brain
inflammation, animals were pretreated with the
CB2R agonist AM 1241, which resulted in a decrease
in brain inflammation and infarct size and a positive
effect on neurological deficits, although delayed
treatment has not been shown to be sufficient to
achieve such results.'**!*

On the contrary, there are several risk factors for
ischemic stroke that are related to endocannabinoid
signaling. In insulin-resistant obesity, an inflamma-
tory insult associated with the occurrence of ischemic
stroke, AFA and 2-AG levels are elevated in obese
individuals compared with normal weight individuals,
and obese women have higher AEA and 2-AG levels
compared with their control groups.'**

Use of Phytocannabinoids in Therapy
for Ischemic Stroke
In recent years, many studies have been conducted to
explore the therapeutic principles of Cannabis sativa
in various experimental systems and in several clinical
trials.">*'>> Although cannabis is rich in diverse and
interesting phytochemicals, it was largely ignored by
researchers in the past because it was classified as a
narcotic and access for research purposes was
restricted. However, it was not until after the 1990s,
when the ECS was discovered and the signaling path-
ways responsible for physiological homeostasis were
demonstrated, that researchers began to gain incen-
tive and acceptance for the subject.'*®

Recent changes in cannabis regulations around the
world have sparked renewed interest in the plant for
medicinal purposes. Numerous clinical trials are being
conducted to investigate its therapeutic potential.
Even the cannabis being known for many years, it is
only recently that studies on this plant have gained
the prominence it deserves in the scientific and medi-
cal community due to its positive potential. Its active
compounds have a variety of effects on the CNS, mak-
ing them promising alternatives for psychopharmaco-
logical use in the treatment of many neuropsychiatric
disorders, 150-151,157-160

To improve and better understand the Cannabis
sativa plant, there are more than 550 chemical
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compounds in it, with more than 140 phytocannabi-
noids (cannabinoids found in the cannabis plant)
identified. Cannabis sativa also contains aromatic ter-
penes, of which more than 100 have been identified.
Cannabis and its constituents have been shown to be
therapeutic agents in numerous conditions, such as
pain, anxiety, epilepsy, nausea and vomiting, post-
traumatic stress disorder, and numerous neurodege-
nerative disorders, including ischemic stroke.>'>>!>%1617163
However, the role and importance of most compounds in
disease is not yet fully understood. Research to date has
focused on the two main cannabinoids in cannabis, THC
and CBD 155164165

THC is the main psychoactive constituent of the
plant, and these effects result from THC’s activity as a
partial agonist of the CB1 receptor. Its effects affect
behavior, nociception, and appetite, and it also has
anti-inflammatory, antitumor, and antiemetic proper-
ties. This substance is also responsible for psycho-
tropic effects and addictive properties.'®>'®”

CBD is an abundant component of the Cannabis
sativa plant. It makes up around 40% of the plant’s
active substances and is the most important nonpsy-
chotropic active ingredient. CBD has been extensively
studied for its anti-inflammatory, immunomodulatory,
and analgesic properties, sometimes dependent on the
activation of CB1 and CB2 receptors, but also inde-
pendent of the activation of these receptors,'>*16%1%

Treatment with cannabinoids has been suggested in
some studies as a possible way to positively influence
changes after ischemic stroke and improve neuroin-
flammation and other neuropathologies. Activation of
CB1 and CB2 receptors attenuates BBB rupture,
reduces cerebral edema and infarcted tissue volume,
and improves cerebral microcirculation, thereby imp-
roving neurological function.'*>'®"7%"'72 The potent
anti-inflammatory profile of cannabinoids appears to
be one of the most consistent mechanisms leading to
injury reduction and neuroprotective and neurorepar-
ative effects, through actions acting on resident, vascu-
lar, and peripheral cells."’>'”* Another advantage of
cannabinoid treatment is its ability to be a highly lipo-
philic drug and to pass quickly through the BBB.'”

By having a broad profile of action, with activities
not only within the endocannabinoid neuromodula-
tory system, but at multiple molecular sites with
potential targets for cannabinoids, such as in all major
cellular elements related to the control of neuronal
survival (e.g., neurons, astrocytes, resting and reactive
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microglia, oligodendrocytes and oligodendrocyte pro-
genitor cells, and neural progenitor cells) and also in
key brain structures such as the BBB, cannabinoids
have neuroprotective benefits, and this multiplicity of
molecular sites enables that a single cannabinoid (or a
combination of cannabinoids with different profiles)
may reduce excitotoxicity by acting via CBIR, reduce
the toxic impact of reactive microgliosis by acting via
CB2R, or increase trophic and metabolic support of
neurons by acting via CB1 or CB2."72%7¢717% These
effects may also include effects through mechanisms
that do not involve cannabinoid receptors/enzymes,
but interactions with transcription factors, for exam-
ple, Nrf-2 and NF-xB.'7?

Thus, these compounds exert their biological effects
in different ways and by interacting with a variety of
receptors, such as those already described, but also
with a number of other non-cannabinoid receptors,
including peroxisome proliferator-activated receptors,
G protein-coupled receptors (GPR55, GPR3), and ion
channels. The ability of phytocannabinoids to bind to
these types of orphan G protein-coupled receptors
has been suggested as an important pathway for can-
nabis in the context of its use as an alternative treat-
ment for a number of diseases, including chronic
pain, nausea, epilepsy, anxiety, multiple sclerosis
(MS), Alzheimer’s disease (AD), and PD.'”® In AD, a
reduction in astrocytic reactivity, neuroinflammation,
memory loss, and cognitive scores has already been
observed in pre-clinical studies, while in PD a reduc-
tion in cell death of dopaminergic neurons and neuro-
inflammation associated with recovery has been
observed. In addition, studies in MS also describe a
reduction in neuroinflammation as well as a decrease
in lymphocyte infiltration in the CNS and the severity
of spasticity.'®

Furthermore, phytocannabinoids also have effects
that reduce oxidative stress and attenuate inflamma-
tory effects. In this sense, CBD seems to be the main
player, considering that although many studies have
shown the beneficial effects of THC in various condi-
tions, including aging, the adverse symptoms mainly
related to the euphoric effects of THC have drawn a
significant amount of research and attention to
CBD.'!

CBD has been shown to affect the redox balance by
altering the level and activity of oxidants and antioxi-
dants. Like other antioxidants, CBD interrupts free rad-
ical chain reactions by scavenging them or converting
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them into less active forms. The free radicals generated
in these reactions are characterized by numerous reso-
nance structures in which unpaired electrons are
mainly found in the phenolic structure, suggesting that
the hydroxyl groups of the phenolic ring are mainly
responsible for the antioxidant effect of CBD.'®

In a comprehensive meta-analysis, cannabinoids
have been proposed as promising neuroprotective
agents for the treatment of stroke, reducing infarct
volume and increasing cerebral blood flow.'"®> The
main advantage of cannabinoids in neuroprotection is
their broad spectrum of action on multiple cellular
and molecular mechanisms involving not only the
ECS itself but also the immune system. Cannabinoids
can limit excitotoxicity, oxidative stress, and neuroin-
flammation and increase trophic and metabolic neu-
rons support by acting through specific signaling
pathways mediated by cannabinoid receptors or by
direct interactions with transcription factors.'®*'%>

The cannabinoids that had a positive effect in these
models included phytocannabinoids such as A9-THC,
which binds not only to CB1R and CB2R but also to
CBD, which has no affinity for these receptors but is
highly effective against cerebral ischemia. In most
cases, the benefits of these cannabinoid-related com-
pounds administered after the cytotoxic insult
included improvement in neurological performance,
reduction in infarct size, edema, BBB dysfunction,
inflammation and gliosis, and control of immunomo-
dulatory responses, and included activation of CBIR
and/or CB2R."”* Similarly, cannabidivarin and cannabi-
gerol, two phytocannabinoids, have recently been shown
to protect against oxygen and glucose deprivation/
reoxygenation (OGD/R) in human endothelial cells,
astrocytes, and pericytes, the various cells that form
the BBB. Overall, the evidence to date suggests that
modulation of astrocyte function/reactivity with
cannabinoids could be used as a possible therapeutic
approach to limit/interrupt neurotoxic processes or
promote recovery mechanisms in ischemic stroke.'**

In a pre-clinical study, treatment with CBD in
ischemic mice was shown to prevent cognitive and
emotional deficits, in addition to reducing neurode-
generation in the hippocampus, white matter injury,
and glial response, which simultaneously increased
brain-derived neurotrophic factor (BDNF).'¥” It was
noted that the neuroprotective effects of CBD after
stroke may be a consequence of inhibition of N-methyl-
D-aspartate (NMDA) receptor activity by antagonist-



THE ENDOCANNABINOID SYSTEM IN STROKE THERAPY

like activity at the sigma-1 receptor to reduce the cellu-
lar effects of excessive glutamatergic activity.'*® CBD
increased cerebral blood flow during the ischemic
period. In addition, CBD was shown to suppress a
decrease in cerebral blood flow due to cerebral micro-
circulatory failure for 1 h after reperfusion. CBD has
been shown to have neuroprotective properties when
administered long after cerebral ischemia. Thus,
repeated treatment with CBD from the first or third day
after stroke onset improved functional deficits, survival
rates, and ischemic damage. The neuroprotective effect
of CBD depended, at least in part, on the activation of
the TRPV2 channel.'®’

Interestingly, it was found that after OGD, TRPV2
channel expression in CAl pyramidal neurons
decreased significantly and CBD prevented this effect,
whereas THC did not. However, qualitative analyzes
showed that OGD increased TRPV2 channel expres-
sion in microglial cells, which changed their morphol-
ogy and became activated phagocytic and rod-shaped
microglia. CBD prevented all these effects, whereas
THC did not."*

In a recent study in which CBD was used to treat
ischemic strokes in rats, it was shown that the treat-
ment could reduce infarct volume and alter the levels
of many enzymes such as catalase, superoxide dismu-
tase and lipid peroxidation, and apoptosis."”* CBD

47

also was able to reduce brain damage after a stroke,
with the neuroprotective effect of CBD being main-
tained in the long term. The treatment resulted to
functional recovery in the motor and sensory areas.'”
In an animal model of bilateral common carotid artery
occlusion, CBD was able to reduce microglial and
astroglial cell-mediated inflammatory responses.'®”'**
In addition, another recent study using MCAO model
of ischemic stroke has shown that CBD is able to exert
a protective effect in the subacute phase and enhance
its potent anti-inflammatory property (Fig. 1).'°

However, when it comes to research on cannabi-
noids and stroke, studies are sparse and often incon-
clusive, thereby this article is a promising and
important piece of research for the current scientific
community. Furthermore, it is important to con-
sider different dosages, routes of administration,
and formulations as part of the treatment before
denying the effect of CBD and other phytocannabi-
noids on any pathology. Elucidating the mechanisms
involved with these compounds in various patholo-
gies opens the door for future therapeutic interven-
tions. In-depth studies are needed to understand
how phytocannabinoids work as part of a treatment
for a specific disease and to find a promising future
application.
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Conclusions
Given the high rate of hospitalization and death in
patients who suffer an ischemic stroke, and despite tre-
mendous progress in understanding the consequences
of this inflammatory ischemic cascade, existing thera-
pies are still limited and often unsuccessful in the short
and long term. Considering this, understanding new
pathways that intervene in the inflammatory process
and improve the neurological condition of these
patients is becoming increasingly important and
relevant from a scientific perspective. Thus, cannabi-
noid therapy has the potential to improve patients
overall, accompanied by results that could help to
reduce mortality and the consequences of stroke.

There is ample evidence for the involvement of the
ECS in the pathophysiology of ischemic stroke. How-
ever, although many studies have investigated the
beneficial effects of THC or CBD, few have focused
on the effects of the full-spectrum cannabis plant
(full-spectrum extract). Since this plant produces a
broad spectrum of cannabinoids, terpenes, flavonoids,
and other bioactive molecules that likely contribute to
the various biological effects, the presence of all these
bioactive molecules in cannabis extracts for experi-
mentation is a great interest for current research
in vivo."”>"”’

Therefore, cannabinoid-based drugs could serve as
a new therapy capable of halting neurodegeneration
in acute and chronic neurodegenerative conditions, as
they are able to normalize glutamate homeostasis,
reduce oxidative damage, and attenuate local inflam-
matory processes.184,187

In this sense, it is extremely important to provide a
review of the involvement of a therapeutic agent in
brain alterations in neurodegenerative diseases, espe-
cially after ischemic stroke. Given the fact that brain
changes and secondary changes in patients who have
suffered an ischemic stroke remain a fundamental
unanswered question. Thereby, this promising article
is to be considered in relation to the use of cannabi-
noids and their effects, by that new clinical and pre-
clinical research can emerge in the scientific world.
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( Abbreviations Used )
2-AG = 2-arachidonoylglycerol
AD = Alzheimer’s disease
AEA = anandamide
ATP = adenosine triphosphate
BBB = blood brain barrier
BDNF = brain-derived neurotrophic factor
CAT = catalase
CBD = cannabidiol
CB1Rs = CBT1 receptors
CB2Rs = CB2 receptors
CCR = chemokine receptor
CNS = central nervous system
DAMPs = damage-associated molecular patterns
DAYLY = disability-adjusted life years
ECS = endocannabinoid system
GDP = Gross Domestic Product
GPR = G protein-coupled receptors
HI = hypoxia- ischemia
HMGB1 = high mobility group box 1
IFN-y = interferon gamma
IL = interleukin
IP-10 = interferon-gamma inducible protein-10
I/R = ischemia and reperfusion
MCAO = middle cerebral artery occlusion
MCP-1 = monocyte chemoattractant protein -1
MDA = malondialdehyde
MIP-2 = macrophage inflammatory protein-2
MS = multiple sclerosis
nAChRx7 = o7 nicotinic acetylcholine receptor
NF-kB = nuclear factor-kappa B
NMDA = N-methyl-D-aspartate
Nrf2 = nuclear factor erythroid-derived 2-like 2
OGD/R = oxygen and glucose deprivation/reoxygenation
PD = Parkinson’s disease
SOD = superoxide dismutase
SNS = sympathetic nervous system
RNS = reactive nitrogen species
ROS = reactive oxygen species
THC = tetrahydrocannabinol
TNF-oc = tumor necrosis factor alpha
TRPV = transient receptor potential vanilloid
WHO = World Health Organization
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