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Buculei

The endocannabinoid system (ECS) is involved in various processes, including brain plasticity, learning and
memory, neuronal development, nociception, inflammation, appetite regulation, digestion, metabolism, energy

balance, motility, and regulation of stress and emotions.

the endocannabinoid system physical exercise CB1 CB2

| 1. The ECS and the Nervous System

The CB1 receptor is mainly expressed in the brain in areas of primary sensory and motor regions as well as areas
of memory, cognition, and emotion, all of which overlap the areas of the autonomic nervous system and
neuroendocrine system [, Kano et al. suggested that the highest levels of CB1 receptor binding were observed in
the olfactory bulb, as well as in the regions of the dentate gyrus, the lateral striatum, the globus pallidus, the
entopeduncular nucleus, the substantia nigra (SN) pars reticulata, and the cerebellar molecular layer 2. Moderate
levels were found in the frontal, parietal, and cingulate regions, in the amygdala, in the ventromedial hypothalamus,
in the parabrachial nucleus, in the nucleus of the solitary tract, and in the spinal dorsal horn 2. Low levels of CB1
receptor were found at the level of the thalamus and at the level of the brain stem nuclei 2. The CB1 receptor is
also expressed in peripheral nerve terminals, and in non-neuronal cells, such as endocrine, liver, lung, kidney,
endothelial, myocardium, and skeletal muscles; white and brown adipose tissues; glial cells; and astrocytes &l As
neuromodulators, CB1 receptors modulate synaptic transmission of many neurotransmitters, such as GABA,

glutamate, serotonin, acetylcholine (Ach), or cholecystokinin (CCK), among others 4!,

The endocannabinoid system is believed to play a major role in neuropathic pain (NP). NP, besides pain, is
characterized by sensory impairment that can sometimes lead to extreme phenomena such as allodynia or
hyperalgesia. The symptomatology may extend towards affecting cognitive and emotional functions. In spite of all
these, spontaneous pain is the main burdensome aspect of NP B, The ECS modulates pain control and
pathological aspects of NP by the activities of CB1 and CB2 receptors 2. Peripherally, in nociceptive terminations,
CBI1R inhibits the nociceptive stimuli and also inhibits neurotransmitter release and pain transmission at the dorsal
root ganglia and the dorsal horn of the spinal cord. At the supraspinal level, they inhibit the ascension of
nociceptive transmission, especially towards the thalamus. They play a role in activating the descending inhibitory
pathway by inhibiting GABA release in the medulla, as well as influencing the emotional pain perceived in the

limbic system. In contrast, CB2R was more involved in modulating immune responses associated with chronic pain
in the spinal cord RIEIIEIR]
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Although the mechanisms described above are important for understanding the functionality of the ECS in terms of
developing novel therapeutic approaches to treat pain, especially related to receptor agonists, it is of interest to
search for possible self-regulatory ways in which the endocannabinoids can help without exogenous intervention.
Therefore, the sudden euphoria experienced by endurance sport practitioners is believed to enhance hypoalgesia
and even sedation in addition to increasing euphoric levels and reducing anxiety 2911 Moreover, euphoria and
increased eCBs relate differently to exercise intensity, duration, and individual aspects 2. Apparently, blocking the
opioid receptors with central opioid blockers does not inhibit exercise-dependent hypoalgesia, as opposed to CB1

and CB2 receptors blockade, thus suggesting the eCB signaling role [231114],

The CB2 receptor can be found mainly in immune cells such as macrophages, B lymphocytes, and blood stem
cells as well as in the organs of the immune system, e.g., spleen, tonsils and thymus and to a lesser extent, in the
cerebral cortex, cerebellum, and the gastrointestinal tract 22181, Recent studies suggested that CB2 receptors are
expressed in microglia or glial cells 1€, In the gastrointestinal tract, CB2 receptors regulate intestinal inflammatory
reactions 17, Evidence of a CB3 receptor or “anandamide receptor” in the brain and in the endothelial tissues is

still under evaluation 13,

Both the CB1 and CB2 receptors are coupled to Gi/o protein alpha-subunits that inhibit adenylyl cyclase activity
and, thereby, depending on the cell type, either inhibit voltage gated calcium channels or activate potassium

channels 31181 The effect of CB1 activation is neuronal inhibition 3],

The CB2 receptor is an important target for neurodegenerative diseases and cancer; the new radioligand
[18F]LU13 is a promising radioligand for the imaging of upregulated CB2R expression using positron emission

tomography under pathological conditions in the brain 12,

The ECS is involved in various processes, including brain plasticity, learning and memory, neuronal development,
nociception, inflammation, appetite regulation, digestion, metabolism, energy balance, motility, and regulation of

stress and emotions (Figure 1).
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Figure 1. Effects of the endocannabinoid system on different systems and organs.

The ECS modulates the sympathetically driven hypothalamic-pituitary-adrenocortical (HPA) axis as well as the
hypothalamic-locus coeruleus-norepinephrine axis. In response to biological stress, the first neurons activated are
the NE norepinephrine neurons of the locus coeruleus. Subsequently, the paraventricular nucleus (PVN) of the
hypothalamus initiates corticotropin releasing hormone (CRH) secretion, thus inducing adrenocorticotropin
hormone (ACTH) release. ACTH stimulates the release of glucocorticoids (cortisol in humans) from the adrenal
cortex into general circulation. The amygdala activates the HPA axis, whereas the hippocampus and prefrontal
cortex inhibit the HPA axis (29,

Sympathetic nerve terminals contain CB1R, and activation of these receptors has been shown to inhibit
norepinephrine release and reduce pain. The SNS mediates the anxiety-like effects observed after CB1R blockade
(21 CB1R activity limits hypothalamic CRH release and restricts ACTH and glucocorticoid release 22, In contrast,
glucocorticoids induce rapid increases in endocannabinoid synthesis in brain areas that shape the perception of
psychological stressors 23], After acute stress, the released glucocorticoids activate G-protein membrane receptors
in the basolateral amygdala (BLA), promoting a rapid increase in retrograde 2-AG signaling that leads to the
suppression of GABAergic synaptic inputs onto BLA principal neurons, inducing fast increases in anxiety-like
behavior (24, Enhancing FAAH activity results in glucocorticoid release and stress-related anxiety-like behavior 23,
Fatty acid amide hydrolase inhibition or costimulation of CB1R and TRPV1 (transient receptor potential cation

channel subfamily V member 1) receptors decreases the release of stress-induced corticoids 281271,

Stress produces bidirectional changes in the AEA and 2-AG, with stress exposure reducing AEA levels and
increasing 2-AG levels in the hypothalamus, prefrontal cortex and hippocampus; these changes are associated

with a decreased HPA-axis activity that modulates memory processes and pain perception after stressful stimuli
[28]

Prolonged stress may influence the overall health via several different pathways, i.e., alterations in the autonomic
nervous system (increased SNS and decreased PNS activity), in the neuroendocrine activity as well as in the
immune, behavioral, and cognitive functions. Chronic stress causes hyperactivity of the sympathetic nervous
system, which occurs with reduced activation of the HPA axis. Straub et al. termed this physiological phenomenon
“uncoupling of SNS and HPA-axis” [22],

The autonomic imbalance during chronic stress described by increased SNS and suppressed PNS activity is
associated with cellular stress, including an increase in the levels of cytokine and reactive oxygen species.
Exposure to chronic stress reliably causes a downregulation or loss of CB1R in brain regions related with
emotional processing. Chronic stress promotes FAAH activity through glucocorticoid stimulation, and anandamide
levels are maintained low in the hippocampus, hypothalamus, PFC, and amygdala, which leads to hyperexcitability
of the amygdala circuits B, The inhibition of FAAH activity prevents these effects of chronic stress and reduces
changes that chronic stress promotes in BLA B1E2 The amygdala sends CB1R-positive projections to the bed

nucleus of the stria terminalis (BNST), which is connected with the ventral tegmental area and the locus coeruleus.
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Glutamatergic and GABAergic projections from the amygdala to the BNST are each sufficient for the development
of anxious responses to unpredictable stimuli B, CB1R in cortical glutamatergic terminals inhibit glutamate
release, and their activation induces anxiolysis, whereas CB1R activation from GABAergic neurons of the forebrain

restricts the inhibitory GABA tone and mainly facilitates anxiety B9,

The vagus nerve has afferent and efferent fibers controlling cardiopulmonary, gastrointestinal, metabolism, and
many other functions. Vagal afferent neurons transmit visceral information to the nucleus of the solitary tract (NTS)
and release glutamate controlled via cannabinoid-sensitive excitatory transient receptor potential (TRP) channels
33 Three groups of PNS afferent fiber types can be determined using the conduction velocity: slow-conducting
unmyelinated C-fibers, moderate-conducting thinly myelinated Ad-fibers, and fast-conducting heavily myelinated A-
fibers. All these afferent subgroups abundantly express a complement of TRP channels, although Transient
Receptor Potential Vanilloid Type 1 (TRPV1) is selectively expressed on all C- and some Ad-fibers, but not in A
fibers (23, TRPV1 is activated by AEA, which reduces synthesis of 2-AG and is implicated in hyperalgesia, chronic
pain, inflammation, neurogenesis, and anxiety B4E3 The sensitivity of TRPV1 to AEA requires CB1-mediated
activation of phosphoinositide-3-kinase and phospholipase C 28, TRPV1 is responsive to both capsaicin and AEA,

but TRPV1 requires CB1 activation for sensitivity to AEA but not capsaicin 7,

The activation of vagal afferents via the TRP channels by ECS may have the same therapeutic effects such as
electrical vagus nerve stimulation 28189 Many studies have shown that acute cannabis use causes hypertension,
tachycardia, and a fivefold increase in risk of adverse cardiovascular events including stroke and heart attack 49411
(42431 |n contrast, chronic cannabis use prevents hypertension, atherosclerosis, and improves cardiovascular
disease outcomes [49l41]142][43] These observations highlight that acute consumption of cannabis leads to harmful
effects, because it causes impaired vagal afferent signaling, while the chronic effects of cannabis are associated
with increased vagal afferent signaling. These different actions can be explained by the desensitization between
TRP channels and CB1 receptors 44, TRP channels are expressed in primary sensory afferents such as vagal

afferents to central circuits, and in non-neuronal tissue such as smooth muscle 421,

Enhancement of vagal afferent signaling may serve to ameliorate autonomic dysfunction associated with a variety
of other chronic diseases such as atherosclerosis, diabetes, obesity, epilepsy, anxiety, and depression [2Ql[41]142]43]
[46][471[48]149]: 3|| of these are each associated with vagal hypofunction, increased heart-rate, and heart-rate
variability. Both VNS and ECS increase may improve autonomic dysfunctions by stimulation of vagal afferents that
compensate for vagal hypofunction associated with these disorders. The mechanisms by which the vagus may
influence these chronic diseases are by reducing oxidative stress and systemic inflammation 2. Oxidative stress
is reduced with the help of antioxidant enzymes (superoxide dismutase, catalase, and glutathione peroxidase, etc.)
and non-enzymatic antioxidants (melatonin, lipoic acid, Coenzyme Q10, glutathione, uric acid, bilirubin, etc.).
Exercises, depending on the intensity can induce ROS generation, which will result in increased activity of
enzymatic antioxidants, thereby leading to increased resistance to oxidative challenges 2152 The progenitor cells
in the hippocampal region in adults and the embryonic cells produce endocannabinoids, which are expressed upon
stimulation of CB1 receptors and the suppression of FAAH enzyme B2l This demonstrates the involvement of the

ECS in neurogenesis. Moreover, the ECS possesses neuroprotective functions, providing protection against acute
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hypoxia, oxidative stress, and traumatic insults. In mice with a closed head injury, the levels of 2-AG were elevated.
Further administration of 2-AG exogenously diminished edema in the brain, decreased the infarct volume,

prevented death of hippocampal neuronal cells, and facilitated a better clinical recovery B4,

| 2. The ECS and the Cardiovascular System

CB1 receptors are well represented at the level of the cardiovascular system. CB1 can be found in the myocardial
cells, coronary artery, endothelial cells, and smooth muscle cells. CB2 was also detected in the coronary
endothelial cells, smooth muscle cells, and myocardial cells. This means endocannabinoids are produced at this
level, are circulating through blood, and play an important role in the management and regulation of the
cardiovascular system functions 55, The results of studies conducted on animals show that endocannabinoids
have an impact on blood pressure and heart rate, but the effects are influenced by the condition of the animal
(conscious or anesthetized); this implies that endocannabinoids act by modulating the autonomic nervous system
38l Anandamide has an extended response to hypotension in animals that are anaesthetized, thereby inhibiting
the sympathetic activity on the nerve terminals present at the level of the heart and vasculature. CB1 receptors
upon activation in arteries inhibit the release of noradrenaline in the mesenterial arterial bed region B8 |n
conscious rats, anandamide produces bradycardia with a transient condition of hypertension followed by long-
lasting pressor effects, which are accompanied by renal and mesenteric vasoconstriction 4. Upon activation of

CB1, adrenaline blood levels increase via adrenergic beta-2 receptors as well as increased sympathetic activity.

Furthermore, the ECS is involved in the central control of blood pressure associated with the brainstem
baroreceptor complexes 8. Anandamide microinjection can prolong the reflex inhibition of the renal sympathetic
nerve activity and suggest that inhibition of the GABAergic tone can lead to an increased sensitivity to baroreflexes.
Moreover, an increase in blood pressure due to phenylephrine can enhance the concentrations of anandamide in
the region of the nucleus tractus solitarius and support the ECS in controlling and regulating the activity of

baroreflexes B4,

A study conducted on mice with blocked CB1 receptors showed significant conditions of elevated heart rate and
blood pressure due to irregular breathing during sleep and a disturbed sleep-awake cycle 52l Studies conducted
on rats with hypertension showed that CB1 receptor expression was higher in the cardiac tissue and in the aortic
endothelium of rats compared to healthy rats 69,

| 3. The ECS and the Immune System

The ECS also has an important role in the maintenance of immune homeostasis. Immune cells, especially immune
B cells, followed by monocytes, natural killer cells, neutrophils, and CD4 and CD8 lymphocytes, express ECS
receptors. CB2 receptors are 10-100 times more present at this level B2I61I62 Both CB1 and CB2 receptors are

important modulators of the immune system, inducing immunosuppression [62],
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CB2 receptors have a modulatory role on the immune system, which is related to the induction of apoptosis,
suppression of cell proliferation, inhibition of pro-inflammatory cytokines production, increase in anti-inflammatory
cytokines, and induction of regulatory T cells 84, CB2 activation induces a shift from Thi to Th2 immune response
and induced myeloid-derived suppressor and T-regulatory cells 3. A deficiency of CB2 receptors can activate
neutrophils to the inflammation sites. The activity of macrophages associated with tumors is also believed to be
inhibited by CB2 receptors. The cytokine implicated in the activity and differentiation of T cells is interleukin 2,
which is secreted upon the activation of natural killer cells and T-cells. AEA has a high affinity to CB1, thereby
reducing the production of pro-inflammatory IL-6 €8, Sardinha et al., in 2014, pointed out that the inhibition of
MAGL and FAAH, the enzymes that respectively degrade 2-AG and AEA, has CB2-mediated anti-inflammatory
effects 67,

Classically activated macrophages (M1) have pro-inflammatory and anti-tumor properties by releasing various
types of pro-inflammatory cytokines and chemokines such as TNF, IL-6, and IL-13. Alternative activated
macrophages (M2) perform anti-inflammatory and immunosuppressive effects by releasing anti-inflammatory

cytokines (IL-10) and promote tumor progression. An imbalance of M1/M2 is responsible for inflammation 68,

CB2 receptors inhibit immune cell activation and pro-inflammatory mediator release. Moreover, CB2 receptor
stimulation with its selective agonists reversed these pathological conditions by reducing both B and T
lymphocytes, by promoting anti-inflammatory activities, and by limiting pro-inflammatory cytokine release in
macrophages, thereby inhibiting M1 polarization B9 |mmunosuppression is the consequence of stimulation of

CB2 receptors, which helps to reduce inflammation and prevents associated injury in tissues.

| 4. The ECS and the Digestive System

One of the best described axes of the body is the bidirectional axis that links the brain and the gastro-intestinal
tract (Gl); this axis is formed of hormonal and neuronal pathways and is known as the brain-gut axis. The nutrient
intake and availability as well as the energy status at the peripheral level are supervised by the Gl tract, liver,
adipose tissue, pancreas, and skeletal muscle, all of which provide information to the CNS with the aim of
maintaining energy homeostasis. The vagus and splanchnic nerves are responsible for the neural signaling of this
axis. The communication between the liver and gut, pancreas, and adipose tissue is also ensured by the vagus
nerve. Areas of the brain that are stimulated by gut hormones are areas were the blood-brain-barrier is absent or
were transporters for the gut hormones that permitted them to signal the CNS. These areas are represented in the
brainstem by the area postrema and in the hypothalamus by the arcuate nucleus. Information from the enteric
nervous system and from the enteroendocrine cells are transmitted by the vagal afferent neurons to the brainstem

in the nucleus of the solitary tract 4,

The ECS is involved in the peripheral and central control of gut functions. Endocannabinoids are not stored like
hormones or neurotransmitters at the level of vesicles; moreover, specific signals are needed to induce their
synthesis at the lipid membrane level, making them ideal mediators for responding in real-time to the ever-

changing feeding state of an organism. The enzymes involved in the synthesis of anandamide, FAAH, and NAPE-
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PLD can be found in the Gl tract, and CB1 and CB2 receptors are also present in the Gl tract in the enteric nerves
and epithelium. CB1 is highly present in the enteric nervous system on all classes of enteric neurons except
inhibitory motor neurons and on some enteroendocrine cells. CB2 is also found on enteric neurons and on immune
and epithelial cells in the Gl tract 2. When AEA and 2-AG trigger CB1 and CB2 receptors, the biochemical
responses will frequently depend on the type of cell stimulated; the response varies from decreased levels of CAMP
thought the inhibition of Ca2+ channels and adenylate cyclase activity to increased activity of mitogen-activated

protein kinase pathways, phospholipases, and K+ channels [,

Normally, under physiological conditions, the ECS activity is ensured by the CB1 receptor, whose activation
triggers actions such as increased gastrointestinal motility, mesenteric vasodilatation, and suppression of fluid and
acid secretion. Because of the high expression of CB1 in neurons of the CNS, this receptor is also implicated in the
regulation of peripheral organs that play an important part in metabolic homeostasis and also control feeding,
reward, and energy expenditure. When inflammation is present in the Gl tract, the activation of both receptors

takes place, resulting in the synthesis of anti-inflammatory cytokines with a role in reducing inflammation and its
secondary damages [ZAIZSIZ6IZTIZEI7],

Appetite and food intake are locally balanced by the activation of the CB1 receptor that modulates the activity of
hypothalamic neurons that cause the release of orexigenic and anorexigenic neuropeptides as well as the function
of the mesolimbic and brainstem neurons by directing information to these neurons from the periphery. Therefore,

CB1 receptors are implicated both in the homeostatic and hedonic aspects of food intake 2!,

The white adipose tissue (WAT) is an essential regulator of energy storage and systemic metabolic homeostasis,
and studies conducted in vitro show that the ECS plays a role in the regulation of adipogenesis and lipogenesis,
with the CB1 receptor being expressed at the level of mature white adipose cells. The activation of glucose uptake,
lipoprotein lipase, and fatty acid synthase; stimulation of PPARg expression and adipogenesis; inhibition of cAMP
release, AMPK, and mitochondrial biogenesis; and inhibition of adiponectin production in hypertrophic adipocytes
are the mechanisms described in the regulation of adipogenesis and lipogenesis. It was observed that, in animal

and human obesity, the CB1 receptor expressed at the level of white adipocytes, WAT AEA, and 2-AG levels are
usually deregulated [Z2I72BAJELI[E2][83]

The CBL1 receptor plays an important role in lipogenesis regulation by enhancing the production of acetyl-
Coenzyme A (CoA) and Fas, because it upregulates the sterol regulatory element binding transcription factor 1
(SREBF1). Endocannabinoids and the ECS receptor are also produced in muscle cells and express the enzymes

implicated in ECS synthesis and degradation 2!,
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