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Abstract

Decades of research has provided evidence for the role of the endocannabinoid system in human 

health and disease. This versatile system, consisting of two receptors (CB1 and CB2), their 

endogenous ligands (endocannabinoids), and metabolic enzymes has been implicated in a wide 

variety of disease states, ranging from neurological disorders to cancer. CB2 has gained much 

interest for its beneficial immunomodulatory role that can be obtained without eliciting 

psychotropic effects through CB1. Recent studies have shed light on a protective role of CB2 in 

cardiovascular disease, an ailment which currently takes more lives each year in Western countries 

than any other disease or injury. By use of CB2 knockout mice and CB2-selective ligands, 

knowledge of how CB2 signaling affects atherosclerosis and ischemia has been acquired, 

providing a major stepping stone between basic science and translational clinical research. Here, 

we summarize the current understanding of the endocannabinoid system in human pathologies and 

provide a review of the results from preclinical studies examining its function in cardiovascular 

disease, with a particular emphasis on possible CB2-targeted therapeutic interventions to alleviate 

atherosclerosis.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of death worldwide, accounting for more 

than 15 million deaths in 2015. Currently, 92 million adults in the US suffer from some form 

of CVD, and it is estimated that CVD will account for greater than 800,000 deaths in the US 

in 2017, with coronary heart disease and its underlying cause, atherosclerosis, being 

responsible for ~45% of CVD-related deaths [1]. Antidyslipidemic agents and antiplatelet/
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antithrombotic agents remain the two most prominent treatment modalities for CVD. 

However, ~25% of patients who have one myocardial infarction will have another within 

five years, despite regular statin therapy. It is believed that this is due to ongoing 

inflammation within the coronary arteries as inflammation is a driving force in 

atherosclerosis [2]. Fluctuating levels of endocannabinoid system (ECS) components have 

been seen in various aspects of cardiovascular disease, including atherosclerosis, myocardial 

infarction, and heart failure. And, over the past fifteen years, substantial evidence has 

accumulated demonstrating that the cannabinoid receptor type 2 (CB2) modulates several 

processes critical in the pathophysiology of atherosclerosis. In this review, we describe the 

components of the endocannabinoid system, focusing on the key findings and evidence 

indicating that targeting CB2 has therapeutic potential for the treatment of cardiovascular 

disease.

THE ENDOCANNABINOID SYSTEM

Ancient texts dating as far back as 15th century China describe the medicinal use of 

Cannabis for the treatment of a wide variety of human ailments, from headaches to sexually 

transmitted diseases to cancers [3, 4]. The medicinal properties of Cannabis are attributable 

to the unique aryl-substituted meroterpenoid compounds, called cannabinoids, produced in 

the Cannabis genera of plants [5]. Over 50 years ago, researchers at the Hebrew University 

of Jerusalem isolated and characterized the first cannabinoid, (−)delta-9-

tetrahydrocannabinol (THC), the main psychoactive component of marijuana [6, 7]. Since 

then, more than 100 different cannabinoid compounds have been identified in Cannabis, 

however, only a few have been extensively studied [8]. For the next nearly thirty years, how 

THC (and other cannabinoids) produced specific biological effects was unknown, with most 

speculating that the hydrophobic nature of cannabinoids resulted in nonspecific interactions 

with cell membranes. However, in the late 1980s, evidence accumulated supporting a 

specific signaling mechanism for cannabinoids and when two membrane-bound cannabinoid 

receptors were identified, cloned and characterized in the early 1990s the mystery was 

solved [9, 10]. These cannabinoid receptors, and their later discovered endogenous ligands 

(endocannabinoids) and metabolic enzymes, collectively make up the ECS. Preclinical and 

clinical studies have shown that the ECS functions in a wide variety of physiological and 

pathological processes; with alterations in both receptor expression and endocannabinoid 

levels being associated with neurological conditions, metabolic disorders, cardiovascular 

diseases, as well as some cancers [11, 12].

Cannabinoid Receptors

The first cannabinoid receptor identified, and later termed as cannabinoid receptor type 1 

(CB1), was independently cloned from rat and human brain cDNA libraries in 1990 [9, 13]. 

Shortly thereafter, another cannabinoid receptor, termed as CB2, was cloned from HL60 

cells, a human promyelocytic leukemia cell line [10]. CB1 and CB2 are products of distinct 

intronless genes (CNR1 and CNR2, respectively) with CNR1 located on chromosome 6 in 

humans and chromosome 4 in mice, and CNR2 located on chromosome 1 in humans and 

chromosome 4 in mice. Both are members of the G-protein coupled receptors (GPCR) 

superfamily of cell membrane receptors, containing seven transmembrane spanning domains 
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separated by three intracellular and three extracellular loops, a glycosylated extracellular N-

terminus and an intracellular C-terminus. Overall, human CB1 and CB2 share 44% amino 

acid similarity, with 68% homology within their transmembrane domains [10]. Both 

receptors are relatively highly conserved among mammals, for example, CB2 sequence 

identity between humans and rodents is ≥80%.

CB1 is abundantly expressed by neurons in the brain, most notably in the cerebral cortex, 

basal ganglia, cerebellum, and hippocampus [9] where it is responsible for the psychotropic 

effects of THC. CB1 is also expressed at lower levels in parts of the peripheral and 

autonomic nervous system, as well as several other tissues, including heart, lung, thymus, 

spleen, and reproductive organs [14–16]. Expression of CB1 has also been noted in immune 

cells, but at levels up to 100 fold lower than CB2 [17]. Although CB1 has been shown to 

play a role in modulating nociception, anxiety, energy metabolism and lipogenesis, the 

potential for undesirable psychotropic effects has greatly hindered the development of CB1-

targeted pharmacologic therapies. To date, only one CB1-selective therapy has ever gained 

approval for use in humans. Rimonabant, a CB1-selective antagonist developed by Sanofi-

Aventis, was approved in Europe in 2006 as an anti-obesity drug [18–23]. In 2008, despite 

producing sustained weight loss and improving some cardiovascular risk factors (HDL-

cholesterol, triglycerides and HbA1C) beyond that expected from weight loss alone, 

Rimonabant was withdrawn from use after reports of depression and suicidality, most likely 

arising from the effects on CB1 in the CNS. Concerns over serious adverse psychological 

side effects prevented the FDA from ever granting approval of Rimonabant for use in the 

United States.

CB2 is mainly expressed by cells of the peripheral immune system where it mediates the 

immunosuppressive effects of THC [24, 25]. Expression of CB2 by immune cells varies (B 

lymphocytes> natural killer cells >macrophages, ≥monocytes ≥ neutrophils>T-cells) [10, 26, 

27] and can be greatly affected by the differentiation and activation state of the cell. For 

example, macrophages activated by thioglycollate or interferon gamma (IFN-γ) express 

significantly more CB2 than unstimulated macrophages [28]. Generally, the expression of 

CB2 by non-immune cells is very low, but it has been observed in several other cell types 

including osteogenic cells [29], cardiomyocytes [30], fibroblasts [31], endothelial cells [32], 

and vascular smooth muscle cells (VSMCs) [33]. Expression of CB2 in the CNS is 

somewhat controversial, as some studies failed to detect CB2 mRNA in neurons by Northern 

blotting and in situ hybridization analysis [10], while others found very low levels using 

quantitative PCR analysis [34], although expression by hematopoietic-derived microglial 

cells, rather than neurons, could not be ruled out [34]. Furthermore, a number of 

immunostaining studies have reported low levels of CB2 in some regions of the brain [35–

39], however, inconsistent results obtained with CB2 antibodies from different sources, as 

well as similar staining patterns observed in sections from CB2 knockout mice, make 

interpretation of these studies tenuous [24, 40]. Confirmation of CB2 expression in the CNS 

awaits better, more specific CB2 antibodies or other methods capable of specific CB2 

detection.

Cannabinoid Receptor Signaling—CB1 and CB2 were initially characterized as 

GPCRs that couple primarily to pertussis toxin sensitive Gi/o signal transduction proteins 
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and, when activated, inhibit adenylate cyclase to reduce intracellular cyclic AMP (cAMP) 

levels and modulate downstream cascades under the control of protein kinase A (PKA). CB1 

was also found to inhibit N-type Ca2+ channels in neurons to reduce neurotransmitter release 

and L-type Ca2+ channels in VSMCs to induce relaxation and vasodilation [41, 42]. In 

addition to affecting cAMP/PKA and Ca2+ signaling, emerging evidence indicates that 

cannabinoid receptors, and CB2 in particular, modulate multiple diverse signaling networks 

in a variety of cell types, including the mitogen-activated protein kinases/extracellular 

signal–regulated kinases (MAPK/ERK1/2), phosphoinositide-3-kinase–protein kinase B/Akt 

(PI3K-PKB/Akt), phospholipase C, Janus kinase and Signal Transducer and Activator of 

Transcription (JAK/STAT) and nuclear factor kappa-light-chain-enhancer of activated B 

cells (NFκB) pathways [43–46]. These signaling pathways allow for CB2-mediated 

modulation of important cellular functions, most notably proliferation, migration, and 

survival of immune cells. The net result of activating CB2 signaling is an 

immunosuppression that may provide a therapeutically beneficial effect on diseases with an 

inflammatory component.

Endocannabinoids

The cloning of CB1 and CB2 led to the discovery of endogenous cannabinoids, or 

endocannabinoids, that act as ligands of CB1 and CB2, including N-

arachidonoylethanolamide (anandamide, AEA) [47], 2-arachidonoylglycerol (2-AG) [48, 

49], 2-arachidonyl glyceryl ether (2-AGE, noladin ether) [50], O-arachidonoyl-ethanolamine 

(OAE, virodhamine) [51] and N-arachidonoyl dopamine (NADA) [52]. Endocannabinoids 

are bioactive lipid mediators that share a common backbone structure resulting from their 

synthesis from membrane phospholipid precursors containing arachidonic acid. Of these, 

AEA and 2-AG are considered to be the primary endogenous activators of CB1 and CB2 and 

are the best studied, while the functions and physiological roles of the others are unclear and 

require further investigation. AEA is a high affinity partial agonist of CB1 [41, 53–55] and a 

weak partial agonist of CB2 [56]. 2-AG is a full agonist of both CB1 and CB2 although it 

has only moderate affinity [49, 56, 57]. Compared to other tissues, AEA and 2-AG levels are 

significantly higher in brain, however, detectable levels of both are found in other organ 

systems, including bone marrow, kidney, liver, spleen, plasma, adipose, and gut, with 2-AG 

being more abundant than AEA in most tissues [58].

Metabolism of Endocannabinoids—We summarized the synthesis and breakdown of 

the primary endocannabinoids, AEA and 2-AG, in Fig. (1). Generation of AEA and 2-AG 

has been shown for only a limited number of cell types, most notably in stimulated neurons, 

platelets and macrophages [59]. Both AEA and 2-AG are synthesized and released only on 

demand after an appropriate stimulation produces an elevation of intracellular Ca2+ 

concentrations, and in most cases, uptake and intracellular degradation rapidly terminates 

their activity. Synthesis of AEA mainly occurs as a two-step process, beginning with the 

formation of N-arachidonoyl-phosphatidylethanolamine (NAPE) from 

phosphatidylethanolamine by the action of a Ca2+-dependent N-acyltransferase [60]. AEA is 

then directly generated by the hydrolysis of NAPE by the action of a Ca2+-sensitive NAPE-

specific phospholipase D (NAPE-PLD) [61, 62]. Studies conducted in NAPE-PLD deficient 

mice revealed multiple NAPE-PLD-independent pathways may also contribute to the 
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formation of AEA [63, 64]. The synthesis of 2-AG is seemingly less complex, involving a 

two-step process where sn-1-acyl-2-arachidonoylglycerols (DAG) are first generated by 

phospholipase C-mediated hydrolysis of phosphatidyl-inositols and then converted to 2-AG 

by the action of one of two Ca2+-sensitive sn-2-selective DAG lipases (DAGLα and 

DAGLβ) [62, 65]. Deletion of one of the two DAG lipase genes (DAGLα) gene in mice 

resulted in similar body mass, metabolic and behavioral phenotypes as mice lacking CB1, 

further illustrating the prominent role 2-AG and CB1 play in the CNS to modulate food 

intake, energy balance and metabolic homeostasis [66].

Two enzymes are primarily responsible for the rapid turnover of endocannabinoids; fatty 

acid amide hydrolase (FAAH), an integral membrane enzyme that metabolizes AEA to free 

arachidonic acid and ethanolamine, and monoacylglycerol lipase (MAGL) which 

metabolizes 2-AG to free arachidonic acid and glycerol [67–71]. FAAH has also been 

reported to metabolize 2-AG, at least under some conditions [72] as well as other related 

fatty acid amides with diverse biological functions and mechanisms of action. Defects in 

FAAH can cause AEA to build up to levels many fold higher than normal and FAAH-

deficient mice have elevated levels of AEA and other fatty acid amides, and display a CB1 

receptor-mediated hypoalgesic phenotype [73, 74].

The general lack of overlap in the metabolism pathways of AEA and 2-AG suggests that 

their levels can be modulated independently from each other, thus allowing differential 

effects to be exerted in different systems and even within a specific tissue. In recent years, 

specific inhibitors of these pathways have been developed to evaluate if altering the 

endogenous levels of either AEA or 2-AG might produce therapeutic effects similar to 

cannabinoid receptor agonists and antagonists. These preclinical studies have primarily 

focused on small molecule inhibitors of the hydrolytic enzymes, DAGL, MAGL and FAAH 

(reviewed in [75, 76]). DAGL inhibitors, which reduce 2-AG synthesis, have shown promise 

in preclinical studies as potential ant obesity drugs [77]. FAAH inhibitors, which mainly 

prevent degradation of AEA, have demonstrated therapeutic potential in models of 

neuropsychiatric conditions (e.g., anxiety, depression, pain) as well as conditions with 

prominent inflammatory components (e.g., arthritis, colitis, multiple sclerosis, 

atherosclerosis) (reviewed in [78–83]). Similar to the effects of CB1 agonists, blockade of 2-

AG degradation with selective MAGL inhibitors produces anti-nociceptive, anti-anxiety, and 

anti-nausea effects in rodents. MAGL inhibitors have also shown potential as anti-cancer 

drugs via endocannabinoid-dependent mechanisms and by reducing the production of 

arachidonic acid for eicosanoid synthesis. (reviewed in [84]). Blockade of MAGL and 

FAAH have been reported to not cause robust cannabinoid behaviors in rodents [85], giving 

hope that the clinical development of these inhibitors may avoid the adverse psychiatric side 

effects that limited the therapeutic success of CB1 receptor antagonists. Lastly, the transport 

mechanisms for the uptake and reuptake of AEA and 2-AG are not completely understood, 

however, evidence indicates that facilitated diffusion by a protein transporter is likely to 

occur as are intracellular transport mechanisms involving fatty acid binding proteins [62, 

86–88].
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Non-CB1/CB2 Receptors for Cannabinoids

Both endocannabinoids and some synthetic cannabinoids have been found to interact with 

non-CB1/CB2 GPCRs, deorphanized receptors, peroxisome proliferator-activated nuclear 

receptors (PPARs), as well as some ion channels. GRP55 was first identified as an orphan 

GPCR present in the brain in 1999 [89]. Despite a low sequence identity with CB receptors 

(13.5% to CB1, 14.4% to CB2), GRP55 reportedly binds AEA with potencies similar to 

CB1 and CB2, resulting in oscillations in calcium concentration in HEK293 cells [90, 91]. 

Similarly, 2-AG binds GRP55 but without effect on calcium mobilization [90]. THC is also a 

potent agonist of GRP55, producing a moderate increase in intracellular calcium in HEK293 

cells and in mouse dorsal root ganglia [90]. In contrast, other studies found that neither AEA 

or THC activate GRP55, as evidenced by the use of internalization assays to study the 

relationship between GRP55 and CB ligands [92].

The transient receptor potential vanilloid-1 (TRPV1) ion channel, the first receptor cloned 

for capsaicin [93], was shown to bind to AEA, and to a much less common 

endocannabinoid, N-arachidonoyl dopamine [94, 95]. Later, 2-AG and other 

monoacylglycerols were also found to be endogenous activators of TRPV1 [96] and several 

synthetic cannabinoids, JWH-015 [97] and WIN55,212-2, were shown to activate TRPV1 in 
vivo [98]. Activation of TRPV1 produces a variety of responses (fluctuation in calcium 

levels, neuronal cation current induction, release of peptides from sensory nervous tissue) 

depending on the location, cell type and functional assay used [99]. PPARs are a family of 

ligand-activated transcription factors, some of which can act as general lipid sensors and are 

not activated by a single endogenous ligand [100]. In vitro experiments have provided 

evidence that some cannabinoids are agonists for at least one of the three PPAR subtypes 

(α,β/δ,γ) including AEA [101, 102], 2-AG [102–104], and THC [101, 105], albeit with 

potencies that are much lower than for CB1 and CB2. The number of relevant studies of 

non-CB1/CB2 receptors is limited in humans and animals, but the potential for these 

receptors to modulate CB signaling represents new therapeutic opportunities worthy of 

further investigation. For comprehensive reviews of these non-CB1/CB2 receptors see 

DePetrocellis et al [106] and Pertwee et al [99].

CB1/CB2 as Pharmacologic Targets

Initially, CB1 was the main target for developing cannabinoid-based therapeutic 

interventions, due mainly to its prominent role in neuromodulation of pain, food intake and 

energy metabolism. Several agonists of CB1, as either medicinal cannabis extracts like 

sativex, pharmaceutical formulations of THC like dronabinol, or synthetic derivatives of 

THC like nabilone and nabiximols, proved therapeutically useful in the treatment of emesis 

due to cancer chemotherapy, stimulation of appetite in AIDS or tumor cachexia, as well as in 

the management of neuropathic pain and symptoms of multiple sclerosis (see review [107]). 

A few CB1 antagonists (Rimonabant and Taranabant) also emerged as potential therapies, 

most notably for the treatment of obesity and associated metabolic dysregulation [108–110]. 

However, as discussed earlier, the therapeutic application of CB1 antagonism was 

accompanied by increased risks for major psychiatric side effects (depression and 

suicidality) and their clinical development was halted. Currently, further understanding of 
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the ECS is needed to develop new CB1-targeted therapeutic approaches that may avoid 

adverse psychiatric side-effects.

More recently, the prospect for CB2-selective ligands to produce beneficial effects while 

avoiding deleterious CB1-mediated psychotropic effects spawned numerous investigations 

of the role of CB2 in human pathologies. An exhaustive summary of these studies and the 

therapeutic potential of CB2 in human diseases is beyond the scope of the current review 

and several excellent reviews have been published [111–114]. The remainder of this review 

focuses on the accumulated evidence indicating a therapeutic potential for targeting CB2 to 

alter the progression of atherosclerosis, reduce acute ischemic events, and lessen the impact 

of cardiovascular disease.

CB2-deficient Mouse Models

Two different strains of CB2 knockout mice, genetically engineered to lack CB2 expression, 

were developed in the early 2000’s for use as in vivo tools to access the function of CB2 in 

normal development and physiology, as well as in various disease states. The first CB2 

knockout mouse (Cnr2tmZim) was generated by Buckley et al. in chimeras of 129 (H-2b) and 

C57BL/6 (H2-b) mice using homologous recombination to eliminate part of the intracellular 

loop 3, transmembrane domains 6 and 7, and the carboxyl terminus to inactivate the CNR2 
gene [24]. Cnr2tmZim mice have normal CB1 expression and function and display no 

morphological differences between wild type counterparts. At a cellular level, one study 

found that Cnr2tmZim mice present with abnormal development of some subsets of T and B 

cells [115], however, spontaneous development of any observable immune disorder has 

never been reported in these mice. These mice were subsequently crossed for more than 10 

generations to C57BL/6J mice to generate a congenic strain on the C57 background.

A second CB2 knockout mouse was generated by Deltagen (Cnr2tm1Dgen) and is available 

from Jackson Labs (Bar Harbor, ME). Inactivation of CNR2 was achieved by homologous 

recombination in E14 stem cells from129P2/OlaHsd mice followed by at least 5 generations 

of backcrossing with a mixed C57BL/6J;C57BL/6N background. However, it should be 

noted that strain-specific genetic effects can still be observed even after extensive 

backcrossing and in one study comparing Cnr2tmZim and Cnr2tm1Dgenmice, it was found that 

GRP55 signaling was impaired only in Cnr2tmZim mice [116]. Thus, the unique genetic 

composition of these two CB2 knockout strains lines makes it somewhat precarious to 

compare similar studies performed using the different CB2 knockout models. Additionally, 

since Cnr2tmZim mice have the ability to generate a truncated CB2 message due to the 

presence of an intact CNR2 promotor and N terminus, it is possible that GRP55 signaling is 

affected by a dysfunctional CB2 message or signal [24,116]. Despite this caveat, both CB2 

knockout models are widely used in numerous disease models and both strains have been 

instrumental in defining the role of CB2 in cardiovascular disease.

Synthetic Ligands of CB2

The use of synthetic ligands has also been an important tool in advancing our knowledge in 

how CB2 signaling affects a variety of disease states. For a comprehensive review of the 
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chemical properties of these compounds, see [117, 118]. A list of the CB2-specific ligands 

discussed in this review can be found in Table 1.

IMPLICATIONS OF CB2 IN INFLAMMATORY DISORDERS

The potential for the ECS to have an immunomodulatory role through the targeting of CB2 

has gained much interest in several inflammatory conditions. Several in vitro and in vivo 
studies have provided evidence to support an anti-inflammatory role for CB2 in several 

inflammatory conditions. Administration of CB2-specific ligands exerts anti-inflammatory 

effects on various immune cells by downregulating cytokine release [127–129] and reducing 

production of reactive oxygen species [130]. The beneficial immunomodulatory role for 

CB2 has been examined in several acute inflammatory conditions, including 

dinitrofluorobenzene-induced hypersensitivity [131], LPS-induced interstitial cystitis [132], 

sepsis [133], traumatic brain injury [134], and experimental autoimmune encephalomyelitis 

[135]. In these studies, mice lacking a functional CB2 receptor developed a worsened 

inflammatory state, characterized by increased leukocyte infiltration and pro-inflammatory 

cytokine release [131, 136]. Conversely, activation of CB2 by administration of an 

exogenous agonist reduced the production of pro-inflammatory cytokines and migration of 

immune cells in animal models of acute inflammation [132–135].

The potential for CB2 modulation in inflammatory conditions extends beyond acute 

inflammatory disorders. CB2 also exerts beneficial effects in animal models of chronic 

inflammatory illnesses, such as rheumatoid arthritis [137, 138], collagen-induced arthritis 

[139], inflammatory bowel disease [140–145], amyotrophic lateral sclerosis ([146, 147]), 

and atherosclerosis (as reviewed here).

CB1/CB2 IN CARDIOVASCULAR DISEASE

Atherosclerosis

Atherosclerosis is a chronic inflammatory disease characterized by the presence of plaques, 

composed of lipids and other cellular debris, within arterial walls. The most common way to 

study atherosclerosis in vivo is by use of mice that have genetic modifications resulting in 

hypercholesterolemia. While almost ten different murine models of atherosclerosis exist, the 

most widely used are knockout mice that are deficient in either the low-density lipoprotein 

(LDL) receptor (Ldlr−/−) or apolipoprotein-E (ApoE−/−), the first gene-knockout mice shown 

to develop atherosclerosis coupled with severe hypercholesterolemia. The major differences 

between these two strains are the induction of atherosclerotic disease and the pace of 

progression, as reviewed by Garcia et al [148]. Briefly, ApoE−/− mice are severely 

hypercholesterolemic from birth while Ldlr−/− mice only have mildly elevated circulating 

cholesterol levels. On a standard chow diet, ApoE−/− mice develop quantifiable lesions 

within six weeks, and lesion progression can be exacerbated by the addition of a high-fat 

cholesterol-rich atherogenic diet, which is a common practice. On the other hand, Ldlr−/− 

mice will not develop quantifiable lesions for at least six months on a standard diet, as the 

extent of disease is mostly correlated with the degree of hypercholesterolemia. Most studies 

involving Ldlr−/− mice are conducted using an atherogenic diet to induce the formation of 

atherosclerotic lesions. A common atherogenic diet used for both of these models is the 
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“Western” diet, which is typically formulated to contain 21% butterfat and 0.2% cholesterol, 

although cholesterol levels may vary [149].

Atherosclerotic plaque formation begins when LDL particles become retained in the 

subendothelial space of arteries, leading to the activation of overlying endothelial cells. 

Upregulation of endothelial adhesion molecules, especially Vascular Cell Adhesion 

Molecule 1 (VCAM-1) and Intercellular Adhesion Molecule 1 (ICAM-1), allows for 

increased recruitment and transendothelial migration of blood monocytes into the intimal 

layer [150] (Fig. 2). This process begins a cycle of inflammation, recruitment of immune 

cells and other cellular components, and phenotypic changes of resident cells, ultimately 

leading to the formation of a fibrous, fatty plaque over the course of decades [151–154].

Clinical and experimental data emerged indicating that local and systemic elevations of 

endocannabinoid levels were strongly associated with atherosclerosis, suggesting that 

endocannabinoids might be risk factors for, or represent biomarkers of, ongoing vascular 

disease. Increased systemic EC levels are present in patients with coronary artery disease 

[155] and Montecucco et al. observed EC to present along with CB1 and CB2 in human 

carotid plaque specimens [156]. The first experimental evidence indicating a role for CB2 in 

atherosclerosis came from a study by Steffens et al. in 2005, demonstrating that ApoE−/− 

mice given a low oral dose of THC developed significantly smaller plaques with fewer 

macrophages than untreated control mice [57]. They further showed that the size and 

macrophage content of plaques reverted back to that of untreated controls when the mice 

were co-administered a CB2-selective antagonist, SR144528, along with THC, indicating 

that the anti-atherosclerotic effects of THC were likely mediated by CB2. Importantly, the 

observed anti-atherosclerotic effects were achieved with doses of THC below that known to 

elicit undesirable psychotropic side effects, a major concern for the development of any 

cannabinoid-based therapy. Since the pioneering study by Steffens et al., approximately one 

dozen in vivo studies have investigated the effects of either CB2 gene deletion or 

pharmacologically targeting of CB2 in murine models of atherosclerosis (Table 2). Although 

there were some contradictory conclusions among the early studies of the effects of CB2 

gene deletion on atherogenesis [157–160], most likely arising from differences in the genetic 

backgrounds of the CB2 knockout mice strains (Cnr2tmZim vs Cnr2tm1Dgen), the 

atherosclerosis-prone murine models (ApoE−/− vs Ldlr−/−), and the methods of analysis used 

in the studies, the accumulating evidence from in vivo and in vitro studies has coalesced into 

a consensus interpretation that CB2 signaling modulates the formation and progression of 

atherosclerotic plaque.

CB2 expression was found to be upregulated during macrophage activation [28, 33] and to 

be present in atherosclerotic plaques of humans and mice but not in adjacent, non-diseased 

areas of the same vessels [57]. The synthetic cannabinoid, WIN55,212-2, a mixed CB1/CB2 

agonist, was shown to produce anti-atherosclerotic effects in mice similar to THC. 

WIN55,212-2 treatment not only reduced plaque size and macrophage content in ApoE−/− 

mice but also reduced expression of VCAM-1, ICAM-1, and P-selectin. WIN55,212-2 also 

reduced the expression of proinflammatory genes and NF-κB activation within aortas of 

ApoE−/− mice and attenuated the proinflammatory response of isolated peritoneal 

macrophages to treatment with oxLDL. All of these effects were abated by treatment with a 
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CB2-selective antagonist, AM630, suggesting that the anti-atherosclerotic effects of 

WIN55,212-2 were mediated by CB2 [161, 162]. In a similar study conducted using a 

different murine model of atherosclerosis, Ldlr−/− mice, Netherland Van Dyke et al. showed 

that intraperitoneal injections of WIN55,212-2 reduced plasma triglycerides and decreased 

macrophage accumulation in aortic root plaques. The observation that these beneficial 

effects of WIN55,212-2 were absent in CB2−/−Ldlr−/− mice verified they were mediated 

through CB2-dependent mechanisms [163]. These results are consistent with a previous 

study showing that systemic CB2-deletion resulted in increased macrophage infiltration in 

hyperlipidemic Ldlr−/− mice [157]. An ex vivo study by Chiurchiu et al. provided further 

evidence of a role for CB2 in modulating human atherosclerosis [164] by showing that 

human-derived foam cells treated with JWH-015 produced less TNF-α, IL-10, and IL-12 

after stimulation with LPS compared to untreated cells. They further demonstrated that 

JWH-015 treatment of human derived foam cells lowered the expression of CD36, the 

scavenger receptor largely responsible for the uptake of oxLDL during foam cell formation. 

When the treatments were performed in the presence of a CB2-specific antagonist, 

SR144528, these antiinflammatory and anti-atherogenic effects of JWH-015 on human 

derived foam cells were prevented, indicating they result from CB2-dependent mechanisms. 

Together, these studies demonstrate that CB2 activation reduces macrophage infiltration, 

accumulation, and progression of foam cell formation in the setting of atherogenesis, while 

also dampening the inflammatory response.

VCAM-1 is a necessary component of transendothelial migration of leukocytes and a 

reduction in its expression on the endothelium hinders plaque progression by limiting the 

rate at which monocytes migrate into the subendothelial space [165, 166]. Several in vitro 
studies have confirmed the inhibitory effect of CB2 activation on macrophage migration and 

expression of cell adhesion molecules. Treatment of human coronary artery endothelial cells 

(HCAECs) with highly selective CB2 agonists, HU-308 and JWH-133, blunted TNFα-

induced expression of VCAM-1 and ICAM-1 [167]. Similar results were seen in human 

umbilical vein endothelial cells (HUVECs) cultured in the presence of WIN55,212-2 [162]. 

In both studies, a role for CB2 in mediating the reduction of monocyte/endothelial cell 

adhesion in response to the synthetic cannabinoid was confirmed by the ability of a CB2-

selective antagonist to block the effects. Monocyte chemoattractant protein 1 (MCP1) is a 

key chemokine that is secreted in response to proinflammatory cytokines and plays a strong 

role in selectively regulating migration and infiltration of monocytes/macrophages into 

atherosclerotic plaques [168, 169]. Steffens et al. found that THC inhibited MCP1-

stimulated migration of isolated macrophages and that the effect was blocked by SR144528 

and absent in macrophages isolated from CB2-deficient mice [57].

VSMC proliferation and migration are understood to play a vital role in establishing a stable 

plaque phenotype. Several studies provide evidence that these key events are influenced by 

CB2 activation. In the first study examining the consequences of CB2 gene deletion on 

atherosclerosis in a murine model, Netherland et al. observed that systemic CB2 deficiency 

increased SMC content within atherosclerotic plaques of Ldlr−/− mice [157]. TNF-α is a 

proinflammatory cytokine known to play a vital role in atherosclerosis by stimulating 

monocyte recruitment as well as SMC proliferation and migration [170–172]. Rajesh et al. 
demonstrated that CB2-selective agonists JWH-133 or HU-308 reduced TNFα-stimulated 
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proliferation and migration of human coronary artery smooth muscle cells, in vitro, by 

diminishing the activation of the MAPK pathway [33]. This effect was blocked by co-

administration with CB2 antagonists, AM630 and SR144528, but was unchanged in the 

presence of a CB1-specific antagonist. These studies suggest that targeting CB2 may offer a 

novel approach for altering VSMC proliferation and migration to affect phenotypic changes 

within established atherosclerotic plaques.

Components of the extracellular matrix (ECM), particularly collagen, play a very important 

role in maintaining the structural integrity of vessels and plaques [173]. Degradation of the 

ECM by matrix metalloproteinases (MMPs) leads to the breakdown of collagen fibers, 

leaving atherosclerotic plaques weakened and more prone to rupture [174]. The most 

common MMPs implicated in rupture-prone regions of atherosclerotic plaques are MMP-1, 

MMP-3, and MMP-9 [175, 176] and an inverse correlation exists between the levels of CB2 

and MMP-9 content in atherogenic vessels from humans [156] and mice[157]. Further, 

Netherland et al. found that systemic CB2 deficiency decreased collagen content and 

increased elastin fragmentation in plaques of Ldlr−/− mice after 12 weeks of atherogenic 

diet, in addition to significantly increasing MMP-9 activity in isolated peritoneal 

macrophages [157]. Other studies have discovered that MMP-9 activity in immune cells is 

suppressed by CB2 agonists and induced by CB2 antagonists/inverse agonist [157, 177, 

178]. In vitro studies have shown that pre-incubation of human primary neutrophils with 

JWH-133 results in a reduction in TNFα-induced MMP-9 release by a mechanism that is 

sensitive to CB2 antagonism [156]. It is possible that CB2-mediated increases in MMP-9 

are, at least in part, responsible for subsequent increased infiltration of immune cells into the 

plaque area due to the breakdown of structural components within the luminal endothelium. 

Interestingly, CB2 deficiency had no effect on collagen content, elastin fragmentation, or 

MMP-9 activity in plaques of Ldlr−/− mice after 8 weeks of atherogenic feeding [157] 

suggesting that CB2-dependent regulation of ECM degradation may not come into play in 

initial stages of plaque development but play a protective role in more advanced lesions.

Table 2. Summarizes studies of the effects of CB2 in murine models of atherosclerosis and 

in vitro studies.

Modulating Endocannabinoid Metabolism—Due to their rapid catabolism, the 

administration of EC in murine models to evaluate the effects of chronically elevated 

endocannabinoid levels on atherosclerosis is not feasible. To overcome this limitation, mice 

lacking either FAAH or MAGL, the enzymes primarily responsible for catabolism of AEA 

and 2-AG, respectively, were developed. Mice lacking FAAH cannot efficiently degrade 

AEA and therefore accumulate substantially higher AEA levels in brain and peripheral 

tissues [73]. FAAH-deficient mice have exaggerated CB1-dependent behavioral responses to 

AEA, including hypomotility, analgesia, catalepsy, and hypothermia, and also display an 

anti-inflammatory phenotype [179, 180]. Lenglet et al. created FAAH−/−ApoE−/− mice to 

evaluate atherosclerosis in the setting of enhanced AEA levels due to FAAH deficiency 

[181]. Compared to ApoE−/− mice, FAAH−/− ApoE−/− mice have significantly elevated 

plasma AEA levels and develop smaller plaques with characteristics strongly associated with 

increased vulnerability to rupture, including elevated neutrophils, increased MMP-9 

expression and lower SMC content. Pharmacological inhibition of FAAH activity in ApoE
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−/− mice produced very similar results [182]. The role of cannabinoid receptors in the 

observed plaque destabilizing effects of FAAH deficiency was not evaluated in these studies. 

The fact that AEA is a weak partial CB1 agonist that is nearly inactive as a CB2 agonist [48, 

56, 183], makes it likely that elevated AEA levels promote the formation of less stable 

plaque via CB1-mediated mechanisms. Conclusive evidence of the role of CB1/CB2 in 

promoting the vulnerable plaque phenotype resulting from impaired FAAH activity will 

require additional studies of the effects of either genetic ablation, or pharmacological 

antagonism, of CB1 and CB2 on the plaque phenotype in FAAH−/−ApoE−/− mice and/or 

ApoE−/− mice treated with a FAAH inhibitor.

In 2011, Taschler et al. generated MAGL knockout mice to investigate the 

pathophysiological consequences of systemic elevation of 2-AG. These mice exhibit 

substantially less MAGL activity with concomitant increases in 2-AG levels in all tissues 

examined (white adipose, liver and brain [184]. Vujic et al. determined the effects of 

impaired 2-AG metabolism on atherosclerosis by creating MAGL−/−ApoE−/− mice [185]. 

When fed an atherogenic diet, MAGL−/−ApoE−/− mice develop significantly elevated 2-AG 

levels in plasma and in aortic tissue compared to ApoE−/− mice. In vitro, macrophages 

isolated from MAGL−/−ApoE−/− mice displayed an impaired capacity to form foam cells as 

evidenced by significantly reduced lipid loading and expression of CD36. Somewhat 

surprisingly, the plaques in MAGL−/−ApoE−/− mice were larger than in ApoE−/− mice, even 

though macrophage and lipid content were slightly reduced. This apparent discrepancy was 

explained by the observation that collagen and SMC content were both substantially 

increased in MAGL−/−ApoE−/− plaques, resulting in thicker fibrous caps and a more stable 

plaque phenotype. Thin fibrous caps are strongly associated with atherosclerotic plaques that 

are susceptible to rupture and thrombus formation [186]. Notably, when MAGL−/−ApoE−/− 

mice were given the CB2-selective inverse agonist/antagonist SR144528, plaques increased 

in size and became less stable resembling those in ApoE−/− mice, indicating that plaque 

stabilization in the setting of MAGL deficiency likely results from 2-AG activation of CB2-

dependent mechanisms.

In contrast to the studies performed in the setting of reduced systemic MAGL-mediated 

degradation of 2-AG [182, 185], Jehle et al. employed adoptive transfer of bone marrow 

stem cells to evaluate atherosclerosis under conditions of myeloid-specific deficiency in 

DAG lipase α (DAGLα), a key enzyme in the biosynthesis of 2-AG [187]. Macrophages 

isolated from ApoE−/− mice reconstituted with bone marrow from mice lacking DAGLα had 

greatly reduced DAGLα activity and 2-AG levels compared to wild type macrophages; 

however, plasma levels of 2-AG were notably unchanged and only slightly reduced in aortic 

tissue, indicating that macrophage synthesis of 2-AG does not significantly contribute to 

circulating 2-AG levels in plasma or in aortic tissue. Consistent with the correlation 

established between decreased 2-AG degradation and enhanced plaque size in studies of 

MAGL deficiency, myeloid-specific deficiency in 2-AG synthesis correlated with decreased 

plaque size. Interestingly, systemic MAGL deficiency and myeloid-specific DAGLα 
deficiency, despite having opposite effects on 2-AG levels and plaque size, were both 

associated with substantially reduced immune cell infiltration. However, only 2-AG 

elevation resulting from MAGL-deficiency altered the SMC and collagen content of plaque. 

Together, these results indicate that macrophage 2-AG exerts a proinflammatory effect on 
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early lesion formation by accelerating the infiltration of immune cells into the vessel wall, 

and suggests that as plaques progress, nonmyeloid-derived cells become active to exert 

plaque stabilizing mechanisms in response to chronic elevation of 2-AG. Table 3 

summarizes the effects of cannabinoid metabolism enzymes on atherosclerosis in murine 

models of atherosclerosis.

Although FAAH and MAGL have substrates in addition to AEA and 2-AG which may 

contribute to the observed effects on atherosclerosis, these studies provide compelling 

evidence that alteration of AEA and 2-AG homeostasis affects plaque phenotype. 

Mechanisms modulating plaque phenotype are clinically very important as they can affect 

plaque progression from stable to unstable disease conditions [171]. In this regard, the 

opposite effects on plaque stability imparted by systemic MAGL deficiency and systemic 

FAAH deficiency strongly suggest that the primary endocannabinoid substrates of these 

enzymes (2-AG and AEA) are modulators of plaque phenotype, with AEA activation of 

CB1-dependent mechanisms decreasing plaque stability and 2-AG activation of CB2-

dependent mechanisms increasing stability. Alternatively, since AEA is only a weak partial 

agonist, but still capable of blunting 2-AG activation of CB2, it is possible that AEA acts 

indirectly on plaque phenotype by modulating 2-AG signaling. Further investigation of the 

ability of pharmacological activation of FAAH and inhibition of MAGL to reduce plaque 

vulnerability and thus the risk for an acute clinical event due to plaque rupture is certainly 

warranted. Another potential therapeutic approach maybe to reduce AEA levels and/or CB1 

signaling while simultaneously enhancing 2-AG levels and/or CB2 signaling. As was found 

during the clinical development of CB1 antagonists, therapeutic targeting of 

endocannabinoid metabolizing enzymes to enhance endocannabinoid-mediated beneficial 

effects may also carry the risk for exacerbation of undesirable endocannabinoid-mediated 

adverse effects.

Taken together, these results support an anti-atherosclerotic role for CB2 activation, at least 

in part, through modulation of inflammatory processes and biochemical signaling pathways 

involved in atherosclerotic plaque formation and stability. Further studies could potentially 

result in a CB2-selective therapy that aims to reduce inflammation and related plaque 

vulnerability in atherosclerosis. Results from this basic research provide a promising 

strategy to reduce the burden of atherosclerosis, especially among populations in Western 

countries where atherosclerosis and associated complications account for the highest cause 

of death.

Ischemia-Reperfusion Injury

Ischemia-reperfusion (I/R) injury, characterized by inflammation and oxidative damage of 

tissues following a period of hypoxia, is a condition commonly seen in patients that suffer 

from a stroke or myocardial infarction (MI). Several preclinical studies have shown that 

activation of CB2 is cardioprotective after I/R injury. Pretreatment with JWH-133 before 

ischemic insult resulted in a reduction in infarct size in rats, an effect that was diminished 

with co-administration of CB2 antagonist AM630 [188]. Infarct area was also reduced in 

animals pretreated with WIN55,212-2 and cardioprotection was lost when AM630 was co-

administered, while no effect was seen with co-administration of a CB1 antagonist [189]. 
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HU-308 reduced infarct size, ROS, and TNFα [190]. Activation of CB2 following ischemic 

injury also results in a decrease in infarct area as well as reduced neutrophil recruitment 

[191]. The incidence of ventricular arrhythmias as a result of I/R were reduced in rats treated 

with non-selective CB agonist HU-210, and this was found to be CB2 dependent as CB2 

antagonist SR144528 was able to abolish the antiarrhythmic effect while a CB1 antagonist 

had no effect [192].

Cardiac remodeling after MI can result in interstitial fibrosis, leading to eventual heart 

failure due to ventricular stiffening and diastolic/systolic dysfunction. CB2 activation with 

AM1241 after MI resulted in reduced cardiac fibrosis in the infarcted area in mice [193]. 

AM1241 administration following MI resulted in decreased synthesis of ECM collagen and 

increased degradation of ECM in infarcted areas [194], as well as increased activation of 

cardiac progenitor cells and proliferation of cardiomyocytes [193]. This reduction in cardiac 

fibrosis mediated by AM1241 led to improved cardiac function, characterized by improved 

left ventricular ejection fraction and fractional shortening [193]. A few in vivo and ex vivo 
studies aimed at determining the mechanism(s) involved in the cardioprotective effects of 

CB2 activation following I/R have found involvement of CB2-dependent inhibition of TNFα 
and ROS as well as activation of PI3K/Akt, p38/ERK1/2, and PKC signaling pathways 

within infarcted myocardium [188, 190, 191, 195]. Quick activation of these intracellular 

pathways following an ischemic event has shown to be important in cardiomyocyte rescue 

and thus CB2 may prove to be a beneficial direct target of cardiac cells.

Intra-cardiac remote preconditioning is characterized by brief episodes of ischemic events in 

one area of the vasculature that protects surrounding tissue from subsequent coronary 

occlusion and is a well-documented cardioprotective phenomenon [196]. Two major ways 

ischemic preconditioning is cardioprotective is through reduction of infarct size and the 

severity of subsequent arrhythmias. Hajrasouliha et al. found that CB2 contributes to the 

cardioprotective effects elicited by remote ischemic preconditioning, where administration 

of selective CB2 antagonist AM630 abolished the protective nature of preconditioning on 

infarct size and arrhythmias [197]. Another study found that the cardioprotective effects of 

heat-stress pre-conditioning were also abolished in the presence of SR144528, with no effect 

seen in the presence of a CB1-selective antagonist [198]. Lagneux et al. found similar results 

with SR144528 abolishing the cardioprotective actions of lipopolysaccharide pretreatment 

of rat hearts when administered before and during ischemia [199]. These studies support the 

need for further investigation of CB2 signaling in order to identify potential therapeutic 

approach to CB2-dependent cardioprotection during and following ischemia/reperfusion. 

Table 4 summarizes studies of the effects of CB2 in I/R.

Heart Failure

While many studies have identified a beneficial role for CB2 activation in atherosclerosis 

and ischemia-reperfusion injury, less is known regarding the function of CB2 in heart 

failure. Limited research has shown a relationship between the ECS and heart failure, 

characterized by elevated circulating endocannabinoids in the blood and increased CB2 

expression in the left ventricular myocardium of patients with chronic heart failure [200]. 

Much work must be done in order to identify if CB2 signaling plays a protective or 
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detrimental role in heart failure and whether or not modulation of CB2 with specific ligands 

would provide relief for patients suffering with this disease.

Genetic Studies

Identifying associations between genetic polymorphisms and disease is useful in 

determining the relevance of animal disease models in human pathological conditions. A 

few single nucleotide polymorphisms (SNPs) in genes that code for ECS proteins have been 

associated with cardiometabolic risk factors, such as dysregulation in lipid homeostasis 

[201–205], providing evidence for a potential genetic link between EC signaling and risk of 

onset or severity of cardiovascular disease. Several SNPs have been identified in the gene 

encoding CB1, CNR1, and are associated with dyslipidemia, insulin resistance, and 

increased BMI [201, 203–205]. Several SNPs are associated solely with HDL-cholesterol 

levels, while others are associated with triglyceride and total cholesterol independent of 

BMI. Polymorphisms in the FAAH gene have also been associated with obesity and 

dyslipidemia [202, 206]. One SNP in particular (rs324420) is associated with a worsened 

cardiometabolic profile in the setting of diabetes mellitus, affecting weight, insulin 

resistance, and levels of TNF-α and adipocytokines [207]. Less is known regarding CNR2 
gene variation and association with cardiovascular or cardiometabolic risk. To date, analysis 

of SNPs in CNR2 have shown no known association with myocardial infarction, obesity, 

diabetes mellitus, hypertension, or dyslipidemia [208]. Data collected from human genetics 

studies thus far suggests a role for the ECS and CB1 in lipid homeostasis and that variants in 

these genes could promote dyslipidemia, increasing the risk in affected individuals to 

developing atherosclerotic lesions.

LIMITATIONS OF CANNABINOID-BASED THERAPY

Careful consideration must also be taken when employing cannabinoid-based therapies, as 

other pathological conditions can be affected by both CB1 and CB2 signaling. For instance, 

it was previously found that SR144528 blocked acyl CoA: cholesterol acyl transferase 

activity and lipid loading in macrophages [209]. Increases in intracellular lipid accumulation 

in hepatocytes have also been observed in response to CB2-selective agonists [210]. 

Therefore, although CB2 activation is atheroprotective in terms of stabilizing lesions, it may 

be detrimental in modulating lipid metabolism. Further, cannabinoid receptor manipulation 

has also been shown to affect the pathophysiology of other diseases, such as rheumatoid 

arthritis, liver cirrhosis, gastrointestinal disorders, and neurodegenerative diseases [139, 

211–213]. Studies will need to be thoroughly conducted in order to identify how CB2-

specific compounds used in the treatment of atherosclerosis may affect the pathology of 

other diseases that could result in beneficial and/or adverse effects. The development of a 

tissue-specific drug intervention may be necessary to avoid any potential complications 

arising from systemic CB2 activation.

Several CB1/CB2 agonists are used clinically to treat maladies such as side effects produced 

by chemotherapy treatment or neuropathic pain. As of 2017, there are 29 states in the U.S. 

that have approved the use of cannabis for medical purposes, with each state governing its 

regulation independent of another [214]. The marijuana plant, Cannabis sativa, contains over 
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700 chemical compounds, 104 of which are considered to be unique cannabinoids [215, 

216]. The U.S. Food and Drug Administration has not approved marijuana as a “safe or 

effective drug for any indication,” but awareness is heightened regarding research interests 

in testing marijuana in the treatment of several medical conditions and much support exists 

for the medical research community studying the effects of cannabinoids. While marijuana 

appears to be beneficial in some disease states, increasing knowledge is being obtained 

about the adverse cardiovascular effects of the drug, such as myocardial infarction, 

cardiomyopathy, stroke, arrhythmias, and sudden cardiac arrest, all which are mediated 

through CB1 [217]. THC is a partial agonist at CB1 and therefore would not likely produce 

harmful cardiovascular effects at lower potencies, but over the past 10 years, the potency of 

THC in marijuana has increased 10-fold, paralleling a substantial rise in severe, and 

sometimes fatal, adverse cardiovascular effects. Therefore, it appears that the composition of 

the plant has a large effect on the likelihood of adverse events to occur. Further, poison 

outbreaks and deaths have been on the rise with the increased use of synthetic cannabinoids, 

consisting of several CB1 agonists that have an overall potency of up to 200-times greater 

than that of THC. These drugs, referred to as “designer drugs,” have been manufactured to 

exhibit increased potency over the last 2 years, coinciding with an increase in fatalities [218–

221]. Common names for these compounds are Spice, K2, Bombay Blue, and Black 

Mamba, and these designer drugs are typically composed of CB1 agonist variants such as 

cannabicyclohexanol, JWH-018, JWH-073, JWH-200, and XLR-11; however, it is estimated 

that several hundred unknown variants exist [217]. The rise in adverse effects associated 

with recreational cannabinoid use has made it difficult to expand the clinical indication for 

marijuana or marijuana-based products in the U.S.

CONCLUSION

Several studies provide evidence to support a role of CB2 signaling and the ECS in disease. 

Specifically, a large body of evidence exists to support a beneficial role for CB2 through 

modulation of inflammatory mechanisms. By further delineating the mechanisms involved, 

advancements in CB2-directed therapy can be made. Current limitations include off-target 

effects of synthetic compounds due to low receptor specificity as well as an incomplete 

understanding of the complexities of the ECS. Furthermore, the possibility of having 

differential effects on different tissues can create complications when targeting a single 

pathological condition. Because of this, use of CB2 ligands requires careful consideration 

and a wide scope of analysis. However, the anti-inflammatory and anti-atherogenic effects of 

CB2 signaling are promising and may make it possible to develop treatments to reduce the 

burden and mortality seen from complications of heart disease. A more in depth 

understanding of the cellular and molecular roles of CB2 signaling in heart disease is 

necessary to identify novel pharmacological targets to slow down or eliminate CVD and/or a 

broad range of pathologies.
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LIST OF ABBREVIATIONS

2-AG 2-arachidonoylglycerol

AEA Anandamide

ApoE Apolipoprotein E

CB1 Cannabinoid receptor 1

CB2 Cannabinoid receptor 2

DAGL Diacylglycerol lipase

EC Endocannabinoids

ECM Extracellular matrix

ECS Endocannabinoid system

FAAH Fatty acid amide hydrolase

ICAM Intracellular cell adhesion molecule

I/R Ischemia/reperfusion

LDL Low-density lipoprotein

MAGL Monoacylglycerol lipase

MI Myocardial infarction

MMP Matrix metalloproteinase

THC (−) Delta-9-tetrahydrocannabinol

VCAM Vascular cell adhesion molecule

VSMC Vascular smooth muscle cell

References

1. Benjamin EJ, Blaha MJ, Chiuve SE, Cushman M, Das SR, Deo R, de Ferranti SD, Floyd J, Fornage 
M, Gillespie C, Isasi CR, Jiménez MC, Jordan LC, Judd SE, Lackland D, Lichtman JH, Lisabeth L, 
Liu S, Longenecker CT, Mackey RH, Matsushita K, Mozaffarian D, Mussolino ME, Nasir K, 
Neumar RW, Palaniappan L, Pandey DK, Thiagarajan RR, Reeves MJ, Ritchey M, Rodriguez CJ, 
Roth GA, Rosamond WD, Sasson C, Towfighi A, Tsao CW, Turner MB, Virani SS, Voeks JH, 
Willey JZ, Wilkins JT, Wu JH, Alger HM, Wong SS, Muntner P. American Heart Association 
Statistics Committee and stroke statistics subcommittee. heart disease and stroke statistics-2017 
update: a report from the american heart association. Circulation. 2017; 135:e146–e603. [PubMed: 
28122885] 

2. Libby P. Inflammation in atherosclerosis. Nature. 2002; 420:868–874. [PubMed: 12490960] 

3. Grotenhermen F, Müller-Vahl K. The therapeutic potential of cannabis and cannabinoids. Dtsch 
Arztebl Int. 2012; 109:495–501. [PubMed: 23008748] 

4. Borgelt LM, Franson KL, Nussbaum AM, Wang GS. The pharmacologic and clinical effects of 
medical cannabis. Pharmacotherapy. 2013; 33:195–209. [PubMed: 23386598] 

Fulmer and Thewke Page 17

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Ashton CH. Pharmacology and effects of cannabis: a brief review. Br J Psychiatry. 2001; 178:101–
106. [PubMed: 11157422] 

6. Gaoni Y, Mechoulam R. Isolation, structure, and partial synthesis of an active constituent of hashish. 
J Am Chem Soc. 1964

7. Gaoni Y, Mechoulam R. Isolation and structure of .delta.+-tetrahydrocannabinol and other neutral 
cannabinoids from hashish. J Am Chem Soc. 2002; 93:217–224.

8. Aizpurua-Olaizola O, Soydaner U, Öztürk E, Schibano D, Simsir Y, Navarro P, Etxebarria N, 
Usobiaga A. Evolution of the cannabinoid and terpene content during the growth of cannabis sativa 
plants from different chemotypes. J Nat Prod. 2016; 79:324–331. [PubMed: 26836472] 

9. Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a cannabinoid receptor 
and functional expression of the cloned cDNA. Nature. 1990; 346:561–564. [PubMed: 2165569] 

10. Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral receptor for 
cannabinoids. - ProQuest. Nature. 1993

11. Pacher P, Bátkai S, Kunos G. The endocannabinoid system as an emerging target of 
pharmacotherapy. Pharmacol Rev. 2006; 58:389–462. [PubMed: 16968947] 

12. Pacher P, Kunos G. Modulating the endocannabinoid system in human health and disease–
successes and failures. FEBS J. 2013; 280(9):1918–43. [PubMed: 23551849] 

13. Gérard C, Mollereau C, Vassart G, Parmentier M. Nucleotide sequence of a human cannabinoid 
receptor cDNA. Nucleic Acids Res. 1990; 18:7142. [PubMed: 2263478] 

14. Quarta C, Bellocchio L, Mancini G, Mazza R, Cervino C, Braulke LJ, Fekete C, Latorre R, Nanni 
C, Bucci M, Clemens LE, Heldmaier G, Watanabe M, Leste-Lassere T, Maitre M, Tedesco L, 
Fanelli F, Reuss S, Klaus S, Srivastava RK, Monory K, Valerio A, Grandis A, De Giorgio R, 
Pasquali R, Nisoli E, Cota D, Lutz B, Marsicano G, Pagotto U. CB1 Signaling in forebrain and 
sympathetic neurons is a key determinant of endocannabinoid actions on energy balance. Cell 
Metab. 2010; 11:273–285. [PubMed: 20374960] 

15. Bonz A, Laser M, Küllmer S, Kniesch S, Babin-Ebell J, Popp V, Ertl G, Wagner JA. Cannabinoids 
acting on cb1 receptors decrease contractile performance in human atrial muscle. J Cardiovasc 
Pharmacol. 2003; 41:657. [PubMed: 12658069] 

16. Howlett AC, Barth F, Bonner TI, Cabral G, Casellas P, Devane WA, Felder CC, Herkenham M, 
Mackie K, Martin BR, Mechoulam R, Pertwee RG. International Union of Pharmacology. XXVII. 
Classification of cannabinoid receptors. Pharmacol Rev. 2002; 54:161–202. [PubMed: 12037135] 

17. Galiègue S, Mary S, Marchand J, Dussossoy D, Carrière D, Carayon P, Bouaboula M, Shire D, Fur 
G, Casellas P. Expression of central and peripheral cannabinoid receptors in human immune 
tissues and leukocyte subpopulations. FEBS J. 1995; 232:54–61.

18. Ravinet Trillou C, Arnone M, Delgorge C, Gonalons N, Keane P, Maffrand JP, Soubrié P. Anti-
obesity effect of sr141716, a cb1 receptor antagonist, in diet-induced obese mice. Am J Physiol 
Regul Integr Comp Physiol. 2003; 284:R345–R353. [PubMed: 12399252] 

19. Mølhøj S, Hansen HS, Schweiger M, Zimmermann R, Johansen T, Malmlöf K. Effect of the 
Cannabinoid Receptor-1 Antagonist Rimonabant on Lipolysis in Rats. Eur J Pharmacol. 2010; 
646:38–45. [PubMed: 20727879] 

20. Després JP, Golay A, Sjöström L. Effects of rimonabant on metabolic risk factors in overweight 
patients with dyslipidemia. N Engl J Med. 2005; 353:2121–2134. [PubMed: 16291982] 

21. Pi-Sunyer FX, Aronne LJ, Heshmati HM, Devin J, Rosenstock J. RIO-North America Study Group 
FT. Effect of Rimonabant, a cannabinoid-1 receptor blocker, on weight and cardiometabolic risk 
factors in overweight or obese patients. JAMA. 2006; 295:761–775. [PubMed: 16478899] 

22. Scheen AJ, Van Gaal LF. Rimonabant as an adjunct therapy in overweight/obese patients with type 
2 diabetes. Eur Heart J. 2007; 28:1401–1402. [PubMed: 17493946] 

23. Van Gaal LF, Rissanen AM, Scheen AJ, Ziegler O, Rossner S. Effects of the Cannabinoid-1 
receptor blocker rimonabant on weight reduction and cardiovascular risk factors in overweight 
patients: 1-Year experience from the rio-europe study. ACC Curr J Rev. 2005; 14:10.

24. Buckley NE, McCoy KL, Mezey E, Bonner T, Felder CC, Glass M, Zimmer A. 
Immunomodulation by cannabinoids is absent in mice deficient for the cannabinoid cb(2) receptor. 
Eur J Pharmacol. 2000; 396:141–149. [PubMed: 10822068] 

Fulmer and Thewke Page 18

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



25. Eisenstein TK, Meissler JJ, Wilson Q, Gaughan JP, Adler MW. Anandamide and delta9-
tetrahydrocannabinol directly inhibit cells of the immune system via cb2 receptors. J 
Neuroimmunol. 2007; 189:17–22. [PubMed: 17640739] 

26. Bouaboula M, Rinaldi M, Carayon P, Carillon C, Delpech B, Shire D, Fur G, Casellas P. 
Cannabinoid-receptor expression in human leukocytes. FEBS J. 1993; 214:173–180.

27. Galiègue S, Mary S, Marchand J, Dussossoy D, Carrière D, Carayon P, Bouaboula M, Shire D, Le 
Fur G, Casellas P. Expression of central and peripheral cannabinoid receptors in human immune 
tissues and leukocyte subpopulations. Eur J Biochem. 1995; 232:54–61. [PubMed: 7556170] 

28. Carlisle SJ, Marciano-Cabral F, Staab A, Ludwick C, Cabral GA. Differential Expression of the 
cb2 cannabinoid receptor by rodent macrophages and macrophage-like cells in relation to cell 
activation. Int Immunopharmacol. 2002; 2:69–82. [PubMed: 11789671] 

29. Ofek O, Karsak M, Leclerc N, Fogel M, Frenkel B, Wright K, Tam J, Attar-Namdar M, Kram V, 
Shohami E, Mechoulam R, Zimmer A, Bab I. Peripheral cannabinoid receptor, cb2, regulates bone 
mass. Proc Natl Acad Sci US A. 2006; 103:696–701.

30. Bouchard JF, Lépicier P, Lamontagne D. Contribution of endocannabinoids in the endothelial 
protection afforded by ischemic preconditioning in the isolated rat heart. Life Sci. 2003; 72:1859–
1870. [PubMed: 12586223] 

31. Defer N, Wan J, Souktani R, Escoubet B, Perier M, Caramelle P, Manin S, Deveaux V, Bourin MC, 
Zimmer A, Lotersztajn S, Pecker F, Pavoine C. The cannabinoid receptor type 2 promotes cardiac 
myocyte and fibroblast survival and protects against ischemia/reperfusion-induced 
cardiomyopathy. FASEB J. 2009; 23:2120–2130. [PubMed: 19246487] 

32. Ronco AM, Llanos M, Tamayo D, Hirsch S. Anandamide inhibits endothelin-1 production by 
human cultured endothelial cells: a new vascular action of this endocannabinoid. PHA. 2007; 
79:12–16.

33. Rajesh M, Mukhopadhyay P, Hasko G, Huffman JW, Mackie K, Pacher P. CB2 cannabinoid 
receptor agonists attenuate tnf-a-induced human vascular smooth muscle cell proliferation and 
migration. Br J Pharmacol. 2008; 153:347–357. [PubMed: 17994109] 

34. Maresz K, Carrier EJ, Ponomarev ED, Hillard CJ, Dittel BN. Modulation of the cannabinoid cb2 
receptor in microglial cells in response to inflammatory stimuli. J Neurochem. 2005; 95:437–445. 
[PubMed: 16086683] 

35. Gong JP, Onaivi ES, Ishiguro H, Liu QR, Tagliaferro PA, Brusco A, Uhl GR. Cannabinoid CB2 
receptors: Immunohistochemical localization in rat brain. Brain Res. 2006; 1071:10–23. [PubMed: 
16472786] 

36. Van Sickle MD, Duncan M, Kingsley PJ, Mouihate A, Urbani P, Mackie K, Stella N, Makriyannis 
A, Piomelli D, Davison JS, Marnett LJ, Di Marzo V, Pittman QJ, Patel KD, Sharkey KA. 
Identification and Functional characterization of brainstem cannabinoid cb2 receptors. Science. 
2005; 310:329–332. [PubMed: 16224028] 

37. Brusco A, Tagliaferro P, Saez T, Onaivi ES. Postsynaptic localization of cb2 cannabinoid receptors 
in the rat hippocampus. Synapse. 2008; 62:944–949. [PubMed: 18798269] 

38. Callén L, Moreno E, Barroso-Chinea P, Moreno-Delgado D, Cortés A, Mallol J, Casadó V, 
Lanciego JL, Franco R, Lluis C, Canela EI, McCormick PJ. Cannabinoid receptors CB1 and CB2 
form functional heteromers in brain. J Biol Chem. 2012; 287:20851–20865. [PubMed: 22532560] 

39. Kim J, Li Y. Chronic Activation of CB2 cannabinoid receptors in the hippocampus increases 
excitatory synaptic transmission. J Physiol. 2015; 593:871–886. [PubMed: 25504573] 

40. Baek JH, Darlington CL, Smith PF, Ashton JC. Antibody testing for brain immunohistochemistry: 
brain immunolabeling for the cannabinoid cb2 receptor. J Neurosci Methods. 2013; 216:87–95. 
[PubMed: 23583232] 

41. Mackie K, Devane WA, Hille B. Anandamide, an endogenous cannabinoid, inhibits calcium 
currents as a partial agonist in n18 neuroblastoma cells. Mol Pharmacol. 1993; 44:498–503. 
[PubMed: 8371711] 

42. Gebremedhin D, Lange AR, Campbell WB, Hillard CJ, Harder DR. Cannabinoid CB1 receptor of 
cat cerebral arterial muscle functions to inhibit l-type ca2+ channel current. Am J Physiol Heart 
Circ Physiol. 1999; 276:H2085–H2093.

Fulmer and Thewke Page 19

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Bouaboula M, Poinot-Chazel C, Bourrié B, Canat X, Calandra B, Rinaldi-Carmona M, Le Fur G, 
Casellas P. Activation of mitogen-activated protein kinases by stimulation of the central 
cannabinoid receptor cb1. Biochem J. 1995; 312:637–641. [PubMed: 8526880] 

44. Bouaboula M, Poinot-Chazel C, Marchand J, Canat X, Bourrié B, Rinaldi-Carmona M, Calandra 
B, Le Fur G, Casellas P. Signaling pathway associated with stimulation of cb2 peripheral 
cannabinoid receptor. involvement of both mitogen-activated protein kinase and induction of 
krox-24 expression. Eur J Biochem. 1996; 237:704–711. [PubMed: 8647116] 

45. Howlett AC. Cannabinoid receptor signaling. Handb Exp Pharmacol. 2005:53–79. [PubMed: 
16596771] 

46. Demuth DG, Molleman A. Cannabinoid Signalling. Life Sci. 2006; 78:549–563. [PubMed: 
16109430] 

47. Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D, Mandelbaum 
A, Mechoulam R, Etinger A. Isolation and Structure of a brain constituent that binds to the 
cannabinoid receptor. Science. 1992; 258:1946–1950. [PubMed: 1470919] 

48. Sugiura T, Kondo S, Sukagawa A, Nakane S, Shinoda A, Itoh K, Yamashita A, Waku K. 2-
Arachidonoylgylcerol: A possible endogenous cannabinoid receptor ligand in brain. Biochem 
Biophys Res Commun. 1995; 215:89–97. [PubMed: 7575630] 

49. Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE, Schatz AR, Gopher A, Almog 
S, Martin BR, Compton DR, Pertwee RG, Griffin G, Bayewitch M, Barg J, Vogel Z. Identification 
of an endogenous 2-monoglyceride, present in canine gut, that binds to cannabinoid receptors. 
Biochem Pharmacol. 1995; 50:83–90. [PubMed: 7605349] 

50. Hanus L, Abu-Lafi S, Fride E, Breuer A, Vogel Z, Shalev DE, Kustanovich I, Mechoulam R. 2-
arachidonyl glyceryl ether, an endogenous agonist of the cannabinoid cb1 receptor. Proc Natl Acad 
Sci US A. 2001; 98:3662–3665.

51. Porter AC, Sauer JM, Knierman MD, Becker GW, Berna MJ, Bao J, Nomikos GG, Carter P, 
Bymaster FP, Leese AB, Felder CC. Characterization of a Novel endocannabinoid, virodhamine, 
with antagonist activity at the cb1 receptor. J Pharmacol Exp Ther. 2002; 301:1020–1024. 
[PubMed: 12023533] 

52. Bisogno T, Melck D, Bobrov MY, Gretskaya NM, Bezuglov VV, Petrocellis LD, Marzo VD. N-
Acyl-dopamines: Novel synthetic cb1 cannabinoid-receptor ligands and inhibitors of anandamide 
inactivation with cannabimimetic activity in vitro and in vivo. Biochem J. 2000; 351:817–824. 
[PubMed: 11042139] 

53. Felder CC, Nielsen A, Briley EM, Palkovits M, Priller J, Axelrod J, Nguyen DN, Richardson JM, 
Riggin RM, Koppel GA, Paul SM, Becker GW. Isolation and measurement of the endogenous 
cannabinoid receptor agonist, anandamide, in brain and peripheral tissues of human and rat. FEBS 
Letters. 1999; 393:231–235.

54. Khanolkar AD, Abadji V, Lin S, Adam W, Hill G, Taha G, Abouzid K, Meng Z, Fan P, 
Makriyannis AA. Head group analogs of arachidonylethanolamide the endogenous cannabinoid 
ligand. J Med Chem. 1996; 39:4515–4519. [PubMed: 8893848] 

55. Glass M, Northup JK. Agonist selective regulation of g proteins by cannabinoid cb1 and cb2 
receptors. Mol Pharmacol. 1999; 56:1362–1369. [PubMed: 10570066] 

56. Gonsiorek W, Lunn C, Fan X, Narula S, Lundell D, Hipkin RW. Endocannabinoid 2-arachidonyl 
glycerol is a full agonist through human type 2 cannabinoid receptor: Antagonism by anandamide. 
Mol Pharmacol. 2000; 57:1045–1050. [PubMed: 10779390] 

57. Steffens M, Zentner J, Honegger J, Feuerstein TJ. Binding affinity and agonist activity of putative 
endogenous cannabinoids at the human neocortical cb1 receptor. Biochem Pharmacol. 2005; 
69:169–178. [PubMed: 15588725] 

58. Mechoulam R, Fride E, Di Marzo V. Endocannabinoids. Eur J Pharmacol. 1998; 359:1–18. 
[PubMed: 9831287] 

59. Sugiura T, Kobayashi Y, Oka S, Waku K. Biosynthesis and degradation of anandamide and 2-
arachidonoylglycerol and their possible physiological significance. prostaglandins leukot. Essent 
Fatty Acids. 2002; 66:173–192.

Fulmer and Thewke Page 20

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



60. Sugiura T, Kondo S, Sukagawa A, Tonegawa T, Nakane S, Yamashita A, Ishima Y, Waku K. 
Transacylase-mediated and phosphodiesterase-mediated synthesis of n-arachidonoylethanolamine, 
an endogenous cannabinoid-receptor ligand, in rat brain microsomes. FEBS J. 1996; 240:53–62.

61. Okamoto Y, Morishita J, Tsuboi K, Tonai T, Ueda N. Molecular characterization of a 
phospholipase d generating anandamide and its congeners. J Biol Chem. 2004; 279:5298–5305. 
[PubMed: 14634025] 

62. Basavarajappa BS. Critical enzymes involved in endocannabinoid metabolism. PPL. 2007; 14:237–
246.

63. Simon GM, Cravatt BF. Characterization of mice lacking candidate n-acyl ethanolamine 
biosynthetic enzymes provides evidence for multiple pathways that contribute to endocannabinoid 
production in vivo. Mol Biosyst. 2010; 6:1411–1418. [PubMed: 20393650] 

64. Hussain Z, Uyama T, Tsuboi K, Ueda N. Mammalian enzymes responsible for the biosynthesis of 
n-acylethanolamines. Biochim Biophys Acta. 2017; 1862:1546–1561. [PubMed: 28843504] 

65. Bisogno T, Howell F, Williams G, Minassi A, Cascio MG, Ligresti A, Matias I, Schiano-Moriello 
A, Paul P, Williams EJ, Gangadharan U, Hobbs C, Di Marzo V, Doherty P. Cloning of the First 
Sn1-DAG lipases points to the spatial and temporal regulation of endocannabinoid signaling in the 
brain. J Cell Biol. 2003; 163:463–468. [PubMed: 14610053] 

66. Powell DR, Gay JP, Wilganowski N, Doree D, Savelieva KV, Lanthorn TH, Read R, Vogel P, 
Hansen GM, Brommage R, Ding ZM, Desai U, Zambrowicz B. Diacylglycerol lipase α knockout 
mice demonstrate metabolic and behavioral phenotypes similar to those of cannabinoid receptor 1 
knockout mice. Front Endocrinol (Lausanne). 2015; 6:86. [PubMed: 26082754] 

67. Deutsch DG, Chin SA. Enzymatic synthesis and degradation of anandamide, a cannabinoid 
receptor agonist. Biochem Pharmacol. 1993; 46:791–796. [PubMed: 8373432] 

68. Maccarrone M, van der Stelt M, Rossi A, Veldink GA, Vliegenthart JF, Agrò AF. Anandamide 
Hydrolysis by Human Cells in Culture and Brain. J Biol Chem. 1998; 273:32332–32339. 
[PubMed: 9822713] 

69. Cravatt BF, Giang DK, Mayfield SP, Boger DL, Lerner RA, Gilula NB. Molecular characterization 
of an enzyme that degrades neuromodulatory fatty-acid amides. Nature. 1996; 384:83–87. 
[PubMed: 8900284] 

70. Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, Kathuria S, Piomelli D. Brain 
monoglyceride lipase participating in endocannabinoid inactivation. Proc Natl Acad Sci US A. 
2002; 99:10819–10824.

71. Saario SM, Savinainen JR, Laitinen JT, Järvinen T, Niemi R. Monoglyceride lipase-like enzymatic 
activity is responsible for hydrolysis of 2-arachidonoylglycerol in rat cerebellar membranes. 
Biochem Pharmacol. 2004; 67:1381–1387. [PubMed: 15013854] 

72. Goparaju SK, Ueda N, Taniguchi K, Yamamoto S. Enzymes of porcine brain hydrolyzing 2-
arachidonoylglycerol, an endogenous ligand of cannabinoid receptors. Biochem Pharmacol. 1999; 
57:417–423. [PubMed: 9933030] 

73. Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin BR, Lichtman AH. 
Supersensitivity to anandamide and enhanced endogenous cannabinoid signaling in mice lacking 
fatty acid amide hydrolase. Proc Natl Acad Sci US A. 2001; 98:9371–9376.

74. Lichtman AH, Shelton CC, Advani T, Cravatt BF. Mice Lacking Fatty Acid Amide hydrolase 
exhibit a cannabinoid receptor-mediated phenotypic hypoalgesia. Pain. 2004; 109:319–327. 
[PubMed: 15157693] 

75. Minkkilä A, Saario S, Nevalainen T. Discovery and development of endocannabinoid-hydrolyzing 
enzyme inhibitors. Curr Top Med Chem. 2010; 10:828–858. [PubMed: 20370710] 

76. Chicca A, Arena C, Manera C. Beyond the direct activation of cannabinoid receptors: new 
strategies to modulate the endocannabinoid system in CNS-related diseases. Rec Pat CNS Drug 
Discov. 2016; 10:122–141.

77. Bisogno T, Mahadevan A, Coccurello R, Chang JW, Allarà M, Chen Y, Giacovazzo G, Lichtman 
A, Cravatt B, Moles A, Di Marzo V. A Novel Fluorophosphonate inhibitor of the biosynthesis of 
the endocannabinoid 2-arachidonoylglycerol with potential anti-obesity effects. Br J Pharmacol. 
2013; 169:784–793. [PubMed: 23072382] 

Fulmer and Thewke Page 21

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



78. Cravatt BF, Lichtman AH. Fatty acid amide hydrolase: an emerging therapeutic target in the 
endocannabinoid system. Curr Opin Chem Biol. 2003; 7:469–475. [PubMed: 12941421] 

79. Ogawa S, Kunugi H. Inhibitors of fatty acid amide hydrolase and monoacylglycerol lipase: new 
targets for future antidepressants. Curr Neuropharmacol. 2015; 13:760–775. [PubMed: 26630956] 

80. Sałaga M, Sobczak M, Fichna J. Inhibition of fatty acid amide hydrolase (faah) as a novel 
therapeutic strategy in the treatment of pain and inflammatory diseases in the gastrointestinal tract. 
Eur J Pharm Sci. 2014; 52:173–179. [PubMed: 24275607] 

81. Pertwee RG. Elevating endocannabinoid levels: Pharmacological strategies and potential 
therapeutic applications. Proc Nutr Soc. 2014; 73:96–105. [PubMed: 24135210] 

82. Bisogno T, Maccarrone M. Latest advances in the discovery of fatty acid amide hydrolase 
inhibitors. Expert Opin Drug Discov. 2013; 8:509–522. [PubMed: 23488865] 

83. Micale V, Mazzola C, Drago F. Endocannabinoids and neurodegenerative diseases. Pharmacol Res. 
2007; 56:382–392. [PubMed: 17950616] 

84. Mulvihill MM, Nomura DK. Therapeutic potential of monoacylglycerol lipase inhibitors. Life Sci. 
2013; 92:492–497. [PubMed: 23142242] 

85. Long JZ, Li W, Booker L, Burston JJ, Kinsey SG, Schlosburg JE, Pavón FJ, Serrano AM, Selley 
DE, Parsons LH, Lichtman AH, Cravatt BF. Selective blockade of 2-arachidonoylglycerol 
hydrolysis produces cannabinoid behavioral effects. Nat Chem Biol. 2009; 5:37–44. [PubMed: 
19029917] 

86. Berger WT, Ralph BP, Kaczocha M, Sun J, Balius TE, Rizzo RC, Haj-Dahmane S, Ojima I, 
Deutsch DG. Targeting fatty acid binding protein (fabp) anandamide transporters - a novel strategy 
for development of anti-inflammatory and anti-nociceptive drugs. PLoS ONE. 2012; 7:e50968. 
[PubMed: 23236415] 

87. Fowler CJ. Transport of endocannabinoids across the plasma membrane and within the Cell. FEBS 
J. 2013; 280:1895–1904. [PubMed: 23441874] 

88. Kaczocha M, Glaser ST, Deutsch DG. Identification of intracellular carriers for the 
endocannabinoid anandamide. Proc Natl Acad Sci US A. 2009; 106:6375–6380.

89. Sawzdargo M, Nguyen T, Lee DK, Lynch KR, Cheng R, Heng HHQ, George SR, O’Dowd BF. 
Identification and Cloning of three novel human g protein-coupled receptor genes GPR52, 
ΨGPR53 and GPR55: GPR55 is extensively expressed in human brain. Mol Brain Res. 1999; 
64:193–198. [PubMed: 9931487] 

90. Lauckner JE, Jensen JB, Chen HY, Lu HC, Hille B, Mackie K. GPR55 Is a Cannabinoid receptor 
that increases intracellular calcium and inhibits m current. Proc Natl Acad Sci US A. 2008; 
105:2699–2704.

91. Waldeck-Weiermair M, Zoratti C, Osibow K, Balenga N, Goessnitzer E, Waldhoer M, Malli R, 
Graier WF. Integrin clustering enables anandamide-induced ca2+ signaling in endothelial cells via 
gpr55 by protection against cb1-receptor-triggered repression. J Cell Sci. 2008; 121:1704–1717. 
[PubMed: 18445684] 

92. Kapur A, Zhao P, Sharir H, Bai Y, Caron MG, Barak LS, Abood ME. Atypical responsiveness of 
the orphan receptor gpr55 to cannabinoid ligands. J Biol Chem. 2009; 284:29817–29827. 
[PubMed: 19723626] 

93. Caterina MJ, Schumacher MA, Tominaga M, Rosen TA, Levine JD, Julius D. The capsaicin 
receptor: a heat-activated ion channel in the pain pathway. Nature. 1997; 389:816–824. [PubMed: 
9349813] 

94. Zygmunt PM, Petersson J, Andersson DA, Chuang HH, Sørgård M, Di Marzo V, Julius D, 
Högestätt ED. Vanilloid receptors on sensory nerves mediate the vasodilator action of anandamide. 
Nature. 1999; 400:452–457. [PubMed: 10440374] 

95. Jordt SE, Julius D. Molecular basis for species-specific sensitivity to “hot” chili peppers. Cell. 
2002; 108:421–430. [PubMed: 11853675] 

96. Zygmunt PM, Ermund A, Movahed P, Andersson DA, Simonsen C, Jönsson BAG, Blomgren A, 
Birnir B, Bevan S, Eschalier A, Mallet C, Gomis A, Högestätt ED. Monoacylglycerols activate 
trpv1--a link between phospholipase C and TRPV1. PLoS ONE. 2013; 8:e81618. [PubMed: 
24312564] 

Fulmer and Thewke Page 22

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



97. Qin N, Neeper MP, Liu Y, Hutchinson TL, Lou Lubin M, Flores CM. TRPV2 Is activated by 
cannabidiol and mediates cgrp release in cultured rat dorsal root ganglion neurons. J Neurosci. 
2008; 28:6231–6238. [PubMed: 18550765] 

98. Lowin T, Pongratz G, Straub RH. The synthetic cannabinoid win55,212-2 mesylate decreases the 
production of inflammatory mediators in rheumatoid arthritis synovial fibroblasts by activating 
CB2, TRPV1, TRPA1 and yet unidentified receptor targets. J Inflamm (Lond). 2016; 13:644.

99. Pertwee RG, Howlett AC, Abood ME, Alexander SPH, Di Marzo V, Elphick MR, Greasley PJ, 
Hansen HS, Kunos G, Mackie K, Mechoulam R, Ross RA. International Union of Basic and 
Clinical Pharmacology. LXXIX. Cannabinoid receptors and their ligands: beyond cb1 and cb2. 
Pharmacol Rev. 2010; 62:588–631. [PubMed: 21079038] 

100. Michalik L, Auwerx J, Berger JP, Chatterjee VK. International union of pharmacology. lxi. 
peroxisome proliferator-activated receptors. Pharmacol Rev. 2006

101. Sun Y, Alexander S, Garle MJ. Cannabinoid activation of ppar[alpha]; a novel neuroprotective 
mechanism - ProQuest. Br J Pharmacol. 2007; 152(5):734–43. [PubMed: 17906680] 

102. Bouaboula M, Hilairet S, Marchand J, Fajas L, Fur GL, Casellas P. Anandamide induced pparγ 
transcriptional activation and 3t3-l1 preadipocyte differentiation. Eur J Pharmacol. 2005; 
517:174–81. [PubMed: 15987634] 

103. Ghosh M, Wang H, Ai Y, Romeo E, Luyendyk JP, Peters JM, Mackman N, Dey SK, Hla T. 
COX-2 Suppresses tissue factor expression via endocannabinoid-directed pparδ activation. J Exp 
Med. 2007; 204:2053–61. [PubMed: 17724132] 

104. Rockwell CE, Snider NT, Thompson JT, Heuvel JPV, Kaminski NE. Interleukin-2 Suppression by 
2-arachidonyl glycerol is mediated through peroxisome proliferator-activated receptor γ 
independently of cannabinoid receptors 1 and 2. Mol Pharmacol. 2006; 70:101–11. [PubMed: 
16611855] 

105. O’Sullivan SE, Kendall DA. Cannabinoid activation of peroxisome proliferator-activated 
receptors: potential for modulation of inflammatory disease. Immunobiology. 2010; 215:611–16. 
[PubMed: 19833407] 

106. De Petrocellis L, Ligresti A, Moriello AS, Allarà M, Bisogno T, Petrosino S, Stott CG, Di Marzo 
V. Effects of cannabinoids and cannabinoid-enriched cannabisextracts on trp channels and 
endocannabinoid metabolic enzymes. Br J Pharmacol. 2011; 163:1479–94. [PubMed: 21175579] 

107. Pertwee RG. Targeting the endocannabinoid system with cannabinoid receptor agonists: 
pharmacological strategies and therapeutic possibilities. Philos Trans R Soc Lond B Biol Sci. 
2012; 367:3353–63. [PubMed: 23108552] 

108. Xie S, Furjanic MA, Ferrara JJ, McAndrew NR, Ardino EL, Ngondara A, Bernstein Y, Thomas 
KJ, Kim E, Walker JM, Nagar S, Ward SJ, Raffa RB. The endocannabinoid system and 
rimonabant: a new drug with a novel mechanism of action involving cannabinoid cb 1receptor 
antagonism ? or inverse agonism ? as potential obesity treatment and other therapeutic use. J Clin 
Pharm Ther. 2007; 32:209–31. [PubMed: 17489873] 

109. Aronne LJ, Tonstad S, Moreno M, Gantz I, Erondu N, Suryawanshi S, Molony C, Sieberts S, 
Nayee J, Meehan AG, Shapiro D, Heymsfield SB, Kaufman KD, Amatruda JM. A clinical trial 
assessing the safety and efficacy of taranabant, a cb1r inverse agonist, in obese and overweight 
patients: a high-dose study. Int J Obes (Lond). 2010; 34:919–35. [PubMed: 20157323] 

110. Kipnes MS, Hollander P, Fujioka K, Gantz I, Seck T, Erondu N, Shentu Y, Lu K, Suryawanshi S, 
Chou M, Johnson-Levonas AO, Heymsfield SB, Shapiro D, Kaufman KD, Amatruda JM. A one-
year study to assess the safety and efficacy of the cb1r inverse agonist taranabant in overweight 
and obese patients with type 2 diabetes. Diabetes Obes Metab. 2010; 12:517–31. [PubMed: 
20518807] 

111. Pacher P, Mechoulam R. Is lipid signaling through cannabinoid 2 receptors part of a protective 
system? Prog Lipid Res. 2011; 50:193–11. [PubMed: 21295074] 

112. Pertwee RG. Emerging strategies for exploiting cannabinoid receptor agonists as medicines. Br J 
Pharmacol. 2009; 156:397–411. [PubMed: 19226257] 

113. Miller LK, Devi LA, Sibley DR. The highs and lows of cannabinoid receptor expression in 
disease: mechanisms and their therapeutic implications. Pharmacol Rev. 2011; 63:461–70. 
[PubMed: 21752875] 

Fulmer and Thewke Page 23

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



114. Dhopeshwarkar A, Mackie K. CB2 cannabinoid receptors as a therapeutic target-what does the 
future hold? Mol Pharmacol. 2014; 86:430–37. [PubMed: 25106425] 

115. Ziring D, Wei B, Velazquez P, Schrage M, Buckley NE, Braun J. Formation of B and T cell 
subsets require the cannabinoid receptor cb2. Immunogenetics. 2006; 58:714–25. [PubMed: 
16924491] 

116. Sisay S, Pryce G, Jackson SJ, Tanner C, Ross RA, Michael GJ, Selwood DL, Giovannoni G, 
Baker D. Genetic background can result in a marked or minimal effect of gene knockout (gpr55 
and cb2 receptor) in experimental autoimmune encephalomyelitis models of multiple sclerosis. 
PLoS ONE. 2013; 8:e76907. [PubMed: 24130809] 

117. Pertwee RG. Pharmacological actions of cannabinoids. Cannabinoids. 2005

118. Pertwee RG. The pharmacology of cannabinoid receptors and their ligands: an overview. Int J 
Obes (Lond). 2006; 30(1):S13–18. [PubMed: 16570099] 

119. DAmbra TE, Estep KG, Bell MR, Eissenstat MA, Josef KA, Ward SJ, Haycock DA, Baizman ER, 
Casiano FM. Conformationally restrained analogs of pravadoline: nanomolar potent, 
enantioselective, (aminoalkyl)indole agonists of the cannabinoid receptor. J Med Chem. 1992; 
35:124–35. [PubMed: 1732519] 

120. Pertwee RG. Pharmacology of cnnabinoid receptor ligands. Curr Med Chem. 1999; 6:635–64. 
[PubMed: 10469884] 

121. Huffman JW, Liddle J, Yu S, Aung MM, Abood ME, Wiley JL, Martin BR. 3-(1′,1′-
Dimethylbutyl)-1-Deoxy-Δ 8 - THC and Related Compounds: Synthesis of Selective Ligands for 
the CB 2 Receptor. Bioorganic Med Chem. 1999; 7:2905–2914.

122. Rinaldi-Carmona M, Barth F, Millan J, Derocq JM, Casellas P, Congy C, Oustric D, Sarran M, 
Bouaboula M, Calandra B, Portier M, Shire D, Brelière JC, Le Fur G. SR 144528, the first potent 
and selective antagonist of the cb2 cannabinoid receptor. J Pharmacol Exp Ther. 1998; 284:644–
50. [PubMed: 9454810] 

123. Hanus L, Breuer A, Tchilibon S, Shiloah S, Goldenberg D, Horowitz M, Pertwee RG, Ross RA, 
Mechoulam R, Fride E. HU-308: a specific agonist for cb2, a peripheral cannabinoid receptor. 
Proc Natl Acad Sci US A. 1999; 96:14228–33.

124. Mechoulam R, Feigenbaum JJ, Lander N, Segal M, Jarbe TU, Hiltunen AJ, Consroe P. 
Enantiomeric cannabinoids: stereospecificity of psychotropic activity | springerlink. Experientia. 
1988; 44:762–64. [PubMed: 3416993] 

125. Malan PT Jr, Ibrahim MM, Deng H, Liu Q, Mata HP, Vanderah T, Porreca F, Makriyannis A. CB2 
cannabinoid receptor-mediated peripheral antinociception. Pain. 2001; 93:239–45. [PubMed: 
11514083] 

126. Hosohata Y, Quock RM, Hosohata K, Makriyannis A, Consroe P, Roeske WR, Yamamura HI. 
AM630 antagonism of cannabinoid-stimulated [35s]gtpγs binding in the mouse brain. Eur J 
Pharmacol. 1997; 321:R1–R3. [PubMed: 9083796] 

127. Sheng WS, Hu S, Min X, Cabral GA, Lokensgard JR, Peterson PK. Synthetic cannabinoid 
win55,212-2 inhibits generation of inflammatory mediators by il-1beta-stimulated human 
astrocytes. Glia. 2005; 49:211–19. [PubMed: 15390091] 

128. Yuan M, Kiertscher SM, Cheng Q, Zoumalan R, Tashkin DP, Roth MD. Delta 9-
tetrahydrocannabinol regulates th1/th2 cytokine balance in activated human T cells. J 
Neuroimmunol. 2002; 133:124–31. [PubMed: 12446015] 

129. Correa F, Mestre L, Docagne F, Guaza C. Activation of cannabinoid cb2 receptor negatively 
regulates il-12p40 production in murine macrophages: role of il-10 and erk1/2 kinase signaling. 
Br J Pharmacol. 2005; 145:441–48. [PubMed: 15821753] 

130. Hao MX, Jiang LS, Fang NY, Pu J, Hu LH, Shen LH, Song W, He B. The cannabinoid 
win55,212-2 protects against oxidized ldl-induced inflammatory response in murine 
macrophages. J Lipid Res. 2010; 51:2181–90. [PubMed: 20305287] 

131. Karsak M, Gaffal E, Date R, Wang-Eckhardt L, Rehnelt J, Petrosino S, Starowicz K, Steuder R, 
Schlicker E, Cravatt B, Mechoulam R, Buettner R, Werner S, Di Marzo V, Tüting T, Zimmer A. 
Attenuation of allergic contact dermatitis through the endocannabinoid system. Science. 2007; 
316:1494–97. [PubMed: 17556587] 

Fulmer and Thewke Page 24

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



132. Tambaro S, Casu MA, Mastinu A, Lazzari P. Evaluation of selective cannabinoid cb(1) and cb(2) 
receptor agonists in a mouse model of lipopolysaccharide-induced interstitial cystitis. Eur J 
Pharmacol. 2014; 729:67–74. [PubMed: 24561047] 

133. Sardinha J, Kelly MEM, Zhou J, Lehmann C. Experimental cannabinoid 2 receptor-mediated 
immune modulation in sepsis. Mediators Inflamm. 2014; 2014:978678–7. [PubMed: 24803745] 

134. Amenta PS, Jallo JI, Tuma RF, Elliott MB. A cannabinoid type 2 receptor agonist attenuates 
blood-brain barrier damage and neurodegeneration in a murine model of traumatic brain injury. J 
Neurosci Res. 2012; 90:2293–05. [PubMed: 22903455] 

135. Maresz K, Pryce G, Ponomarev ED, Marsicano G, Croxford JL, Shriver LP, Ledent C, Cheng X, 
Carrier EJ, Mann MK, Giovannoni G, Pertwee RG, Yamamura T, Buckley NE, Hillard CJ, Lutz 
B, Baker D, Dittel BN. Direct Suppression of CNS autoimmune inflammation via the 
cannabinoid receptor cb1 on neurons and cb2 on autoreactive t cells. Nat Med. 2007; 13:492–97. 
[PubMed: 17401376] 

136. Amenta PS, Jallo JI, Tuma RF, Hooper DC, Elliott MB. Cannabinoid receptor type-2 stimulation, 
blockade, and deletion alter the vascular inflammatory responses to traumatic brain injury. J 
Neuroinflammation. 2014; 11:191. [PubMed: 25416141] 

137. Fukuda S, Kohsaka H, Takayasu A, Yokoyama W, Miyabe C, Miyabe Y, Harigai M, Miyasaka N, 
Nanki T. Cannabinoid receptor 2 as a potential therapeutic target in rheumatoid arthritis. BMC 
Musculoskelet Disord. 2014; 15:275. [PubMed: 25115332] 

138. Gui H, Liu X, Liu LR, Su DF, Dai SM. Activation of cannabinoid receptor 2 attenuates synovitis 
and joint distruction in collagen-induced arthritis. Immunobiology. 2015; 220:817–22. [PubMed: 
25601571] 

139. Sumariwalla PF, Gallily R, Tchilibon S, Fride E, Mechoulam R, Feldmann M. A novel synthetic, 
nonpsychoactive cannabinoid acid (hu-320) with antiinflammatory properties in murine collagen-
induced arthritis. Arthritis Rheum. 2004; 50:985–98. [PubMed: 15022343] 

140. Borrelli F, Fasolino I, Romano B, Capasso R, Maiello F, Coppola D, Orlando P, Battista G, 
Pagano E, Di Marzo V, Izzo AA. Beneficial effect of the non-psychotropic plant cannabinoid 
cannabigerol on experimental inflammatory bowel disease. Biochem Pharmacol. 2013; 85:1306–
16. [PubMed: 23415610] 

141. Bento AF, Marcon R, Dutra RC, Claudino RF, Cola M, Leite DFP, Calixto JB. B-Caryophyllene 
inhibits dextran sulfate sodium-induced colitis in mice through cb2 receptor activation and pparγ 
pathway. Am J Pathol. 2011; 178:1153–66. [PubMed: 21356367] 

142. El Bakali J, Gilleron P, Body-Malapel M, Mansouri R, Muccioli GG, Djouina M, Barczyk A, 
Klupsch F, Andrzejak V, Lipka E, Furman C, Lambert DM, Chavatte P, Desreumaux P, Millet R. 
4-Oxo-1, 4-Dihydropyridines as selective CB2 cannabinoid receptor ligands. Part 2: Discovery of 
New Agonists Endowed with Protective Effect Against Experimental Colitis. J Med Chem. 2012; 
55:8948–52. [PubMed: 23017078] 

143. El Bakali J, Muccioli GG, Body-Malapel M, Djouina M, Klupsch F, Ghinet A, Barczyk A, 
Renault N, Chavatte P, Desreumaux P, Lambert DM, Millet R. Conformational restriction leading 
to a selective cb2 cannabinoid receptor agonist orally active against colitis. ACS Med Chem Lett. 
2015; 6:198–203. [PubMed: 25699149] 

144. Tourteau A, Andrzejak V, Body-Malapel M, Lemaire L, Lemoine A, Mansouri R, Djouina M, 
Renault N, El Bakali J, Desreumaux P, Muccioli GG, Lambert DM, Chavatte P, Rigo B, Leleu-
Chavain N, Millet R. 3-carboxamido-5-aryl-isoxazoles as new cb2 agonists for the treatment of 
colitis. Bioorg Med Chem. 2013; 21:5383–94. [PubMed: 23849204] 

145. Storr MA, Keenan CM, Zhang H, Patel KD, Makriyannis A, Sharkey KA. Activation of the 
cannabinoid 2 receptor (cb2) protects against experimental colitis. Inflamm Bowel Dis. 2009; 
15:1678–85. [PubMed: 19408320] 

146. Bilsland LG, Dick JRT, Pryce G, Petrosino S, Di Marzo V, Baker D, Greensmith L. Increasing 
cannabinoid levels by pharmacological and genetic manipulation delay disease progression in 
sod1 mice. FASEB J. 2006; 20:1003–05. [PubMed: 16571781] 

147. Shoemaker JL, Seely KA, Reed RL, Crow JP, Prather PL. The CB2 cannabinoid agonist am-1241 
prolongs survival in a transgenic mouse model of amyotrophic lateral sclerosis when initiated at 
symptom onset. J Neurochem. 2007; 101:87–98. [PubMed: 17241118] 

Fulmer and Thewke Page 25

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



148. Maganto Garcia, E., Tarrio, M., Lichtman, AH. Mouse Models of Atherosclerosis. Vol. 46. John 
Wiley & Sons, Inc; Hoboken, NJ, USA: 2012. p. 152401-152423.

149. Merat S, Casanada F, Sutphin M, Palinski W, Reaven PD. Western-type diets induce insulin 
resistance and hyperinsulinemia in ldl receptor-deficient mice but do not increase aortic 
atherosclerosis compared with normoinsulinemic mice in which similar plasma cholesterol levels 
are achieved by a fructose-rich diet. Arterioscler Thromb Vasc Biol. 1999; 19:1223–30. 
[PubMed: 10323773] 

150. Gerhardt T, Ley K. Monocyte trafficking across the vessel wall. Cardiovasc Res. 2015; 107:321–
30. [PubMed: 25990461] 

151. Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W, Rosenfeld ME, Schaffer SA, Schwartz 
CJ, Wagner WD, Wissler RW. A definition of initial, fatty streak, and intermediate lesions of 
atherosclerosis. a report from the committee on vascular lesions of the council on arteriosclerosis, 
american heart association. Circulation. 1994; 89:2462–78. [PubMed: 8181179] 

152. Bentzon JF, Otsuka F, Virmani R, Falk E. Mechanisms of Plaque formation and rupture. Circ Res. 
2014; 114:1852–66. [PubMed: 24902970] 

153. Bui QT, Prempeh M, Wilensky RL. Atherosclerotic plaque development. Int J Biochem Cell Biol. 
2009; 41:2109–13. [PubMed: 19523532] 

154. Orr, AW., Yurdagul, A., Jr, Patel, BM. Pathogenesis of Atherosclerosis. Vol. 6. Biota Publishing; 
2014. p. 125-125.

155. Sugamura K, Sugiyama S, Nozaki T, Matsuzawa Y, Izumiya Y, Miyata K, Nakayama M, Kaikita 
K, Obata T, Takeya M, Ogawa H. Activated endocannabinoid system in coronary artery disease 
and antiinflammatory effects of cannabinoid 1 receptor blockade on macrophages. Circulation. 
2009; 119:28–36. [PubMed: 19103987] 

156. Montecucco F, Di Marzo V, da Silva RF, Vuilleumier N, Capettini L, Lenglet S, Pagano S, 
Piscitelli F, Quintao S, Bertolotto M, Pelli G, Galan K, Pilet L, Kuzmanovic K, Burger F, Pane B, 
Spinella G, Braunersreuther V, Gayet-Ageron A, Pende A, Viviani GL, Palombo D, Dallegri F, 
Roux-Lombard P, Santos RAS, Stergiopulos N, Steffens S, Mach F. The activation of the 
cannabinoid receptor type 2 reduces neutrophilic protease-mediated vulnerability in 
atherosclerotic plaques. Eur Heart J. 2012; 33:846–56. [PubMed: 22112961] 

157. Netherland CD, Pickle TG, Bales A, Thewke DP. Cannabinoid receptor type 2 (cb2) deficiency 
alters atherosclerotic lesion formation in hyperlipidemic ldlr-null mice. Atherosclerosis. 2010; 
213:102–108. [PubMed: 20846652] 

158. Willecke F, Zeschky K, Rodriguez AO, Colberg C, Auwärter V, Kneisel S, Hutter M, Lozhkin A, 
Hoppe N, Wolf D, von zur Mühlen C, Moser M, Hilgendorf I, Bode C, Zirlik A. Cannabinoid 
receptor 2 signaling does not modulate atherogenesis in mice. PLoS ONE. 2011; 6:e19405. 
[PubMed: 21541300] 

159. Delsing DJM, Leijten FP, Arts K, van Eenennaam H, Garritsen A, Gijbels MJJ, de Winther MPJ, 
van Elsas A. Cannabinoid Receptor 2 deficiency in haematopoietic cells aggravates early 
atherosclerosis in ldl receptor deficient mice. Open Cardiovasc Med J. 2011; 5:15–21. [PubMed: 
21660251] 

160. Hoyer FF, Steinmetz M, Zimmer S, Becker A, Lütjohann D, Buchalla R, Zimmer A, Nickenig G. 
Atheroprotection via Cannabinoid Receptor-2 Is Mediated by Circulating and Vascular Cells in 
Vivo. J Mol Cell Cardiol. 2011; 51:1007–1014. [PubMed: 21884703] 

161. Zhao Y, Yuan Z, Liu Y, Xue J, Tian Y, Liu W, Zhang W, Shen Y, Xu W, Liang X, Chen T. 
Activation of cannabinoid cb2 receptor ameliorates atherosclerosis associated with suppression of 
adhesion molecules. J Cardiovasc Pharmacol. 2010; 55:292–98. [PubMed: 20075743] 

162. Zhao Y, Liu Y, Zhang W, Xue J, Wu YZ, Xu W, Liang X, Chen T, Kishimoto C, Yuan Z. 
WIN55212-2 ameliorates atherosclerosis associated with suppression of pro-inflammatory 
responses in apoe-knockout mice. Eur J Pharmacol. 2010; 649:285–92. [PubMed: 20868672] 

163. Netherland-Van Dyke C, Rodgers W, Fulmer M, Lahr Z, Thewke D. Cannabinoid receptor type 2 
(cb2) dependent and independent effects of win55,212-2 on atherosclerosis in ldlr-null mice. J 
Cardiol Therap. 2015; 3:53–63. [PubMed: 26413498] 

164. Chiurchiù V, Lanuti M, Catanzaro G, Fezza F, Rapino C, Maccarrone M. Detailed 
characterization of the endocannabinoid system in human macrophages and foam cells, and 

Fulmer and Thewke Page 26

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



antiinflammatory role of type-2 cannabinoid receptor. Atherosclerosis. 2014; 233:55–63. 
[PubMed: 24529123] 

165. Cybulsky MI, Iiyama K, Li H, Zhu S, Chen M, Iiyama M, Davis V, Gutierrez-Ramos JC, 
Connelly PW, Milstone DS. A major role for vcam-1, but not icam-1, in early atherosclerosis. J 
Clin Invest. 2001; 107:1255–62. [PubMed: 11375415] 

166. Dansky HM, Barlow CB, Lominska C, Sikes JL, Kao C, Weinsaft J, Cybulsky MI, Smith JD. 
Adhesion of monocytes to arterial endothelium and initiation of atherosclerosis are critically 
dependent on vascular cell adhesion molecule-1 gene dosage. Arterioscler Thromb Vasc Biol. 
2001; 21:1662–67. [PubMed: 11597942] 

167. Rajesh M, Mukhopadhyay P, Bátkai S, Haskó G, Liaudet L, Huffman JW, Csiszar A, Ungvari Z, 
Mackie K, Chatterjee S, Pacher P. CB2-receptor stimulation attenuates tnf-a-induced human 
endothelial cell activation, transendothelial migration of monocytes, and monocyte-endothelial 
adhesion. Am J Physiol Heart Circ Physiol. 2007; 293:H2210–H2218. [PubMed: 17660390] 

168. Namiki M, Kawashima S, Yamashita T, Ozaki M, Hirase T, Ishida T, Inoue N, Hirata KI, 
Matsukawa A, Morishita R, Kaneda Y, Yokoyama M. Local Overexpression of monocyte 
chemoattractant protein-1 at vessel wall induces infiltration of macrophages and formation of 
atherosclerotic lesion: synergism with hypercholesterolemia. Arterioscler Thromb Vasc Biol. 
2002; 22:115–120. [PubMed: 11788470] 

169. del Toro R, Chèvre R, Rodríguez C, Ordóñez A, Martínez-González J, Andrés V, Méndez-Ferrer 
S. Nestin+ cells direct inflammatory cell migration in atherosclerosis. Nat Commun. 2016; 
7:12706–11. [PubMed: 27586429] 

170. Brånén L, Hovgaard L, Nitulescu M, Bengtsson E, Nilsson J, Jovinge S. Inhibition of tumor 
necrosis factor-alpha reduces atherosclerosis in apolipoprotein e knockout mice. Arterioscler 
Thromb Vasc Biol. 2004; 24:2137–42. [PubMed: 15345516] 

171. Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N Engl J Med. 2005; 
352:1685–95. [PubMed: 15843671] 

172. Tedgui A. Cytokines in atherosclerosis: pathogenic and regulatory pathways. Physiol Rev. 2006; 
86:515–81. [PubMed: 16601268] 

173. Rekhter MD. Collagen synthesis in atherosclerosis: too much and not enough. Cardiovasc Res. 
1999; 41:376–84. [PubMed: 10341837] 

174. Pasterkamp G, Schoneveld AH, Hijnen DJ, de Kleijn DPV, Teepen H, van der Wal AC, Borst C. 
Atherosclerotic arterial remodeling and the localization of macrophages and matrix 
metalloproteases 1, 2 and 9 in the human coronary artery. Atherosclerosis. 2000; 150:245–53. 
[PubMed: 10856516] 

175. Newby AC. Dual role of matrix metalloproteinases (matrixins) in intimal thickening and 
atherosclerotic plaque rupture. Physiol Rev. 2005; 85:1–31. [PubMed: 15618476] 

176. Dollery CM, Libby P. Atherosclerosis and Proteinase Activation. Cardiovasc Res. 2006; 69:625–
635. [PubMed: 16376322] 

177. Ghosh S, Preet A, Groopman J, Ganju R. Cannabinoid receptor cb2 modulates the cxcl12/cxcr4-
mediated chemotaxis of t lymphocytes. Mol Immunol. 2006; 43:2169–79. [PubMed: 16503355] 

178. Tauber S, Scheider-Stock R, Ullrich O. Investigating Immunmodulatory mechanisms of 
cannabinoids: the role of mmp-9. Cell Commun Signal. 2009; 7:A89.

179. Schlosburg JE, Kinsey SG, Lichtman AH. Targeting fatty acid amide hydrolase (faah) to treat 
pain and inflammation. AAPS J. 2009; 11:39–44. [PubMed: 19184452] 

180. Zimmer, A. Endocannabinoids; Handbook of Experimental Pharmacology. Vol. 231. Springer 
International Publishing; Cham: 2015. Genetic manipulation of the endocannabinoid system; p. 
129-183.

181. Lenglet S, Thomas A, Soehnlein O, Montecucco F, Burger F, Pelli G, Galan K, Cravatt B, Staub 
C, Steffens S. Fatty acid amide hydrolase deficiency enhances intraplaque neutrophil recruitment 
in atherosclerotic mice. Arterioscler Thromb Vasc Biol. 2013; 33:215–23. [PubMed: 23241405] 

182. Hoyer FF, Khoury M, Slomka H, Kebschull M, Lerner R, Lutz B, Schott H, Lütjohann D, 
Wojtalla A, Becker A, Zimmer A, Nickenig G. Inhibition of endocannabinoid-degrading enzyme 
fatty acid amide hydrolase increases atherosclerotic plaque vulnerability in mice. J Mol Cell 
Cardiol. 2014; 66:126–32. [PubMed: 24286707] 

Fulmer and Thewke Page 27

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



183. Di Marzo V, De Petrocellis L. Why do cannabinoid receptors have more than one endogenous 
ligand? Phil Trans R Soc B. 2012; 367:3216–28. [PubMed: 23108541] 

184. Taschler U, Radner FPW, Heier C, Schreiber R, Schweiger M, Schoiswohl G, Preiss-Landl K, 
Jaeger D, Reiter B, Koefeler HC, Wojciechowski J, Theussl C, Penninger JM, Lass A, 
Haemmerle G, Zechner R, Zimmermann R. Monoglyceride lipase deficiency in mice impairs 
lipolysis and attenuates diet-induced insulin resistance. J Biol Chem. 2011; 286:17467–77. 
[PubMed: 21454566] 

185. Vujic N, Schlager S, Eichmann TO, Madreiter-Sokolowski CT, Goeritzer M, Rainer S, Schauer S, 
Rosenberger A, Woelfler A, Doddapattar P, Zimmermann R, Hoefler G, Lass A, Graier WF, 
Radovic B, Kratky D. Monoglyceride lipase deficiency modulates endocannabinoid signaling and 
improves plaque stability in apoe-knockout mice. Atherosclerosis. 2016; 244:9–21. [PubMed: 
26584135] 

186. Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell. 2011; 145:341–55. 
[PubMed: 21529710] 

187. Jehle J, Hoyer FF, Schöne B, Pfeifer P, Schild K, Jenniches I, Bindila L, Lutz B, Lütjohann D, 
Zimmer A, Nickenig G. Myeloid-specific deletion of diacylglycerol lipase α inhibits 
atherogenesis in apoe-deficient mice. PLoS ONE. 2016; 11:e0146267. [PubMed: 26731274] 

188. Li Q, Wang F, Zhang YM, Zhou JJ, Zhang Y. Activation of cannabinoid type 2 receptor by 
jwh133 protects heart against ischemia/reperfusion-induced apoptosis. CPB. 2013; 31:693–702.

189. Di Filippo C, Rossi F, Rossi S, D’Amico M. Cannabinoid CB2 receptor activation reduces mouse 
myocardial ischemia-reperfusion injury: involvement of cytokine/chemokines and PMN. J 
Leukoc Biol. 2004; 75:453–59. [PubMed: 14657208] 

190. Wang PF, Jiang LS, Bu J, Huang XJ, Song W, Du YP, He B. Cannabinoid-2 receptor activation 
protects against infarct and ischemia–reperfusion heart injury. J Cardiovasc Pharmacol. 2012; 
59:301–07. [PubMed: 22113346] 

191. Montecucco F, Lenglet S, Braunersreuther V, Burger F, Pelli G, Bertolotto M, Mach F, Steffens S. 
CB2 cannabinoid receptor activation is cardioprotective in a mouse model of ischemia/
reperfusion. J Mol Cell Cardiol. 2009; 46:612–20. [PubMed: 19162037] 

192. Krylatov AV, Ugdyzhekova DS, Bernatskaya NA, Maslov LN, Mekhoulam R, Pertwee RG, 
Stephano GB. Activation of type ii cannabinoid receptors improves myocardial tolerance to 
arrhythmogenic effects of coronary occlusion and reperfusion. Bull Exp Biol Med. 2001; 
131:523–25. [PubMed: 11586395] 

193. Wang Y, Ma S, Wang Q, Hu W, Wang D, Li X, Su T, Qin X, Zhang X, Ma K, Chen J, Xiong L, 
Cao F. Effects of Cannabinoid receptor type 2 on endogenous myocardial regeneration by 
activating cardiac progenitor cells in mouse infarcted heart. Sci China Life Sci. 2014; 57:201–
208. [PubMed: 24430557] 

194. Li X, Han D, Tian Z, Gao B, Fan M, Li C, Li X, Wang Y, Ma S, Cao F. Activation of cannabinoid 
receptor type ii by am1241 ameliorates myocardial fibrosis via nrf2-mediated inhibition of tgf-
β1/smad3 pathway in myocardial infarction mice. CPB. 2016; 39:1521–36.

195. Lépicier P, Bouchard JF, Lagneux C, Lamontagne D. Endocannabinoids protect the rat isolated 
heart against ischaemia. Br J Pharmacol. 2003; 139:805–15. [PubMed: 12813004] 

196. Przyklenk K, Bauer B, Ovize M, Kloner RA, Whittaker P. Regional ischemic 9preconditioning9 
protects remote virgin myocardium from subsequent sustained coronary occlusion. Circulation. 
1993; 87:893–99. [PubMed: 7680290] 

197. Hajrasouliha AR, Tavakoli S, Ghasemi M, Jabehdar-Maralani P, Sadeghipour H, Ebrahimi F, 
Dehpour AR. Endogenous cannabinoids contribute to remote ischemic preconditioning via 
cannabinoid cb2 receptors in the rat heart. Eur J Pharmacol. 2008; 579:246–52. [PubMed: 
17950273] 

198. Joyeux M, Arnaud C, Godin-Ribuot D, Demenge P, Lamontagne D, Ribuot C. Endocannabinoids 
are implicated in the infarct size-reducing effect conferred by heat stress preconditioning in 
isolated rat hearts. Cardiovasc Res. 2002; 55:619–25. [PubMed: 12160959] 

199. Lagneux C, Lamontagne D. Involvement of cannabinoids in the cardioprotection induced by 
lipopolysaccharide. Br J Pharmacol. 2001; 132:793–96. [PubMed: 11181418] 

Fulmer and Thewke Page 28

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



200. Weis F, Beiras-Fernandez A, Sodian R, Kaczmarek I, Reichart B, Beiras A, Schelling G, Kreth S. 
Substantially altered expression pattern of cannabinoid receptor 2 and activated endocannabinoid 
system in patients with severe heart failure. J Mol Cell Cardiol. 2010; 48:1187–93. [PubMed: 
19931541] 

201. Baye TM, Zhang Y, Smith E, Hillard CJ, Gunnell J, Myklebust J, James R, Kissebah AH, Olivier 
M, Wilke RA. Genetic variation in cannabinoid receptor 1 (cnr1) is associated with derangements 
in lipid homeostasis, independent of body mass index. Pharmacogenomics. 2008; 9:1647–56. 
[PubMed: 19018721] 

202. Zhang Y, Sonnenberg GE, Baye TM, Littrell J, Gunnell J, DeLaForest A, MacKinney E, Hillard 
CJ, Kissebah AH, Olivier M, Wilke RA. Obesity-related dyslipidemia associated with faah, 
independent of insulin response, in multigenerational families of northern european descent. 
Pharmacogenomics. 2009; 10:1929–39. [PubMed: 19958092] 

203. Feng Q, Jiang L, Berg RL, Antonik M, MacKinney E, Gunnell-Santoro J, McCarty CA, Wilke 
RA. A common CNR1 (Cannabinoid Receptor 1) haplotype attenuates the decrease in hdl 
cholesterol that typically accompanies weight gain. PLoS ONE. 2010; 5:e15779. [PubMed: 
21209828] 

204. Feng Q, Vickers KC, Anderson MP, Levin MG, Chen W, Harrison DG, Wilke RA. A common 
functional promoter variant links cnr1 gene expression to hdl cholesterol level. Nat Commun. 
2013; 4:1973. [PubMed: 23748922] 

205. Silver HJ, Niswender KD, Keil CD, Jiang L, Feng Q, Chiu S, Krauss RM, Wilke RA. CNR1 
genotype influences hdl-cholesterol response to change in dietary fat intake. PLoS ONE. 2012; 
7:e36166. [PubMed: 22567136] 

206. Sipe JC, Waalen J, Gerber A, Beutler E. Overweight and obesity associated with a missense 
polymorphism in fatty acid amide hydrolase (FAAH). Int J Obes (Lond). 2005; 29:755–59. 
[PubMed: 15809662] 

207. de Luis DA, Sagrado MG, Aller R, Izaola O, Conde R, Romero E. C358A Missense 
polymorphism of the endocannabinoid degrading enzyme fatty acid amide hydrolase (FAAH) 
and insulin resistance in patients with diabetes mellitus type 2. Diabetes Res Clin Pract. 2010; 
88:76–80. [PubMed: 20056290] 

208. Reinhard W, Stark K, Neureuther K, Sedlacek K, Fischer M, Baessler A, Weber S, Kaess B, 
Wiedmann S, Erdmann J, Lieb W, Jeron A, Riegger G, Hengstenberg C. Common 
polymorphisms in the cannabinoid cb2 receptor gene (cnr2) are not associated with myocardial 
infarction and cardiovascular risk factors. Int J Mol Med. 2008; 22:165–74. [PubMed: 18636169] 

209. Thewke D, Freeman-Anderson N, Pickle T, Netherland C, Chilton C. AM-251 and SR144528 Are 
Acyl CoA:cholesterol acyltransferase inhibitors. Biochem Biophys Res Commun. 2009; 
381:181–86. [PubMed: 19338772] 

210. De Gottardi A, Spahr L, Ravier-Dall’Antonia F, Hadengue A. Cannabinoid receptor 1 and 2 
agonists increase lipid accumulation in hepatocytes. Liver Int. 2010; 30:1482–89. [PubMed: 
20602678] 

211. George KL, Saltman LH, Stein GS, Lian JB, Zurier RB. Ajulemic Acid, a nonpsychoactive 
cannabinoid acid, suppresses osteoclastogenesis in mononuclear precursor cells and induces 
apoptosis in mature osteoclast-like cells. J Cell Physiol. 2008; 214:714–20. [PubMed: 17786950] 

212. Parker J, Atez F, Rossetti RG, Skulas A, Patel R, Zurier RB. Suppression of human macrophage 
interleukin-6 by a nonpsychoactive cannabinoid acid. Rheumatol Int. 2008; 28:631–35. 
[PubMed: 18040689] 

213. Buckley NE. The Peripheral cannabinoid receptor knockout mice: an update. Br J Pharmacol. 
2008; 153:309–18. [PubMed: 17965741] 

214. National Academies of Sciences, Engineering, and Medicine; Health and Medicine Division; 
Board on Population Health and Public Health Practice; Committee on the Health Effects of 
Marijuana: An Evidence Review and Research Agenda. The Health Effects of Cannabis and 
Cannabinoids: the Current State of Evidence and Recommendations for Research. The National 
Academies Press; 2017. p. 61-80.

215. Izzo AA, Borrelli F, Capasso R, Di Marzo V, Mechoulam R. Non-psychotropic plant 
cannabinoids: new therapeutic opportunities from an ancient herb. Trends Pharmacol Sci. 2009; 
30:515–27. [PubMed: 19729208] 

Fulmer and Thewke Page 29

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



216. Mechoulam R, Hanuš L. A historical overview of chemical research on cannabinoids. Chem Phys 
Lipids. 2000; 108:1–13. [PubMed: 11106779] 

217. Pacher P, Steffens S, Haskó G, Schindler TH, Kunos G. Cardiovascular effects of marijuana and 
synthetic cannabinoids: the good, the bad, and the ugly. Nat Rev Cardiol. 2017; 64:618.

218. Banister SD, Moir M, Stuart J, Kevin RC, Wood KE, Longworth M, Wilkinson SM, Beinat C, 
Buchanan AS, Glass M, Connor M, McGregor IS, Kassiou M. Pharmacology of indole and 
indazole synthetic cannabinoid designer drugs ab-fubinaca, adb-fubinaca, ab-pinaca, adb-pinaca, 
5f-ab-pinaca, 5f-adb-pinaca, adbica, and 5f-adbica. ACS Chem Neurosci. 2015; 6:1546–59. 
[PubMed: 26134475] 

219. Kasper AM, Ridpath AD, Arnold JK, Chatham-Stephens K, Morrison M, Olayinka O, Parker C, 
Galli R, Cox R, Preacely N, Anderson J, Kyle PB, Gerona R, Martin C, Schier J, Wolkin A, 
Dobbs T. Severe illness associated with reported use of synthetic cannabinoids. Morb Mortal 
Wkly Rep. 2015; 64:1121–22.

220. Law R, Schier J, Martin C, Chang A, Wolkin A. Centers for disease control (cdc). notes from the 
field: increase in reported adverse health effects related to synthetic cannabinoid use. Morb 
Mortal Wkly Rep. 2015; 64:618–19.

221. Adams AJ, Banister SD, Irizarry L, Trecki J, Schwartz M, Gerona R. “Zombie” outbreak caused 
by the synthetic cannabinoid amb-fubinaca in new york. N Engl J Med. 2017; 376:235–42. 
[PubMed: 27973993] 

Fulmer and Thewke Page 30

Cardiovasc Hematol Disord Drug Targets. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig (1). 
Metabolism of AEA and 2-AG. Synthesis of both 2-AG and AEA occurs as a two-step 

process, and degradation of both yields arachidonic acid.
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Fig. (2). 
Initiation of atherosclerotic plaque formation. LDL is retained in the subendothelial space of 

the vessel wall where it is subject to modification, such as oxidation to form oxLDL. This 

process leads to upregulation of ICAM and VCAM on the surface of endothelial cells, 

leading to increased transendothelial migration of monocytes into the subendothelial space.
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Table 1

Synthetic CB2 ligands.

Compound Function Human CB2 Ki (nM) Selectivity over CB1 Refs.

WIN55,212-2 Agonist 3.3 19X [119]

JWH-015 Agonist 13.8 28X [120]

JWH-133 Agonist 3.4 200X [121]

SR144528 Inverse agonist 0.6 >700X [122]

HU-308 Agonist 22.7 >5000X [123]

HU-210 Agonist 0.52 N/A [124]

AM1241 Agonist 2 >100X [125]

AM630 Inverse agonist 31.2 165X [126]
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Table 2

In vivo and in vitro models of CB2 in atherosclerosis.

Model Treatment Effect of Genotype and/or Treatment Ref.

In vivo studies

ApoE−/−CB2+/+ THC ↓ plaque size and macrophage content [57]

Ldlr−/− CB2−/− Ldlr−/−CB2+/+ ↑macrophages, SMCs, and MMP-9
↓lesional apoptosis and collagen

[157]

ApoE−/− CB2+/+ WIN55,212-2 ↓expression of VCAM-1, ICAM-1, P-selectin
↓ plaque size, macrophage adhesion and infiltration, and NFκB activation

[162]

ApoE−/−CB2−/−

ApoE−/−CB2+/+
JWH-133 ↓ plaque formation and ROS levels (CB2+/+)

Improved endothelial function (CB2+/+)
[160]

Ldlr−/−CB2−/−

Ldlr−/− CB2+/+
JWH-133 No effect on plaque development (CB2+/+) [158]

ApoE−/−CB2+/+ JWH-133 ↓MMP9 in plaques [156]

Ldlr−/− CB2−/− Ldlr−/−CB2+/+ WIN55,212-2 ↓ triglycerides and SMCs (CB2+/+ and CB2−/−)
↓ macrophages and apoptosis (CB2+/+ only)

No effect on plaque size or collagen and elastin

[163]

In vitro studies

HCASMC JWH-133
HU-308

↓migration and proliferation [33]

HCAEC JWH-133
HU-308

↓ICAM-1 and VCAM-1
↓Monocyte adhesion/migration

[167]

Peritoneal macrophages
ApoE−/−CB2+/+

THC ↓migration [57]

Human primary neutrophils JWH-133 ↓MMP-9 release [156]

HUVEC WIN55,212-2 ↓VCAM-1, ICAM-1, p-selectin
↓Monocyte adhesion

[161]
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Table 3

In vivo and in vitro models of EC metabolism enzymes in atherosclerosis.

Model Treatment Effect of genotype and/or treatment Refs.

ApoE−/−FAAH−/− ↓plaque size, ↑neutrophil infiltration, ↑MMP9, ↓SMC, ↑vulnerability to rupture [181]

ApoE−/− URB597 No effect on plaque size or macrophage content, ↓collagen, ↑MMP-9, 
↑neutrophil infiltration

[182]

ApoE−/− MAGL−/− ↑plaque size, ↓macrophages and lipids, ↑collagen, ↑SMCs, ↑stability
↓foam cell formation in vitro

[185]

ApoE−/−

DAGLα−/− (myeloid-specific)
Adoptive transfer ↓plaque size, ↓immune cell infiltration, no effect on SMCs or collagen [187]
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Table 4

The role of CB2 in ischemia/reperfusion.

Treatment Administration Effect Citation

JWH-133 Before ischemia ↓infarct size [188]

WIN55,212-2 Before ischemia ↓infarct size [189]

HU-210 Before ischemia ↓ventricular arrhythmia [192]

JWH-133 After ischemia ↓infarct size, ↓neutrophil infiltration [191]

AM1241 After ischemia ↓infarct size, ↑activation cardiac progenitor cells, ↑ cardiomyocyte 
proliferation, ↑cardiac function

[193]

AM1241 After ischemia ↓collagen deposition in infarct area [194]

HU-308 ↓infarct size, ↓ROS, ↓TNFα [190]

AM630 Before preconditioning Abolished protection of preconditioning (↑ infarct size, ↑arrhythmia) [197]

SR144528 After precondition, before/during 
ischemia

Abolished protection of precondition (↑ infarct size) [198]

SR144528 After precondition, before/during 
ischemia

Abolished protection of precondition (↑ infarct size) [199]
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