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Abstract: Atherosclerosis is responsible for most cardiovascular disease (CVD) and is
caused by several factors including hypertension, hypercholesterolemia, and chronic
inflammation. Oxidants and electrophiles have roles in the pathophysiology of atherosclerosis
and the concentrations of these reactive molecules are an important factor in disease
initiation and progression. Overactive NADPH oxidase (Nox) produces excess superoxide
resulting in oxidized macromolecules, which is an important factor in atherogenesis.
Although superoxide and reactive oxygen species (ROS) have obvious toxic properties, they
also have fundamental roles in signaling pathways that enable cells to adapt to stress. In
addition to inflammation and ROS, the endocannabinoid system (eCB) is also important in
atherogenesis. Linkages have been postulated between the eCB system, Nox, oxidative
stress, and atherosclerosis. For instance, CB2 receptor-evoked signaling has been shown to
upregulate anti-inflammatory and anti-oxidative pathways, whereas CB:1 signaling appears
to induce opposite effects. The second messenger lipid molecule diacylglycerol is implicated
in the regulation of Nox activity and diacylglycerol lipase  (DAGLPp) is a key biosynthetic
enzyme in the biosynthesis eCB ligand 2-arachidonylglycerol (2-AG). Furthermore, Nrf2 is a
vital transcription factor that protects against the cytotoxic effects of both oxidant and
electrophile stress. This review will highlight the role of reactive oxygen species (ROS) in
intracellular signaling and the impact of deregulated ROS-mediated signaling in
atherogenesis. In addition, there is also emerging knowledge that the eCB system has an
important role in atherogenesis. We will attempt to integrate oxidative stress and the eCB
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system into a conceptual framework that provides insights into this pathology.
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1. Introduction

Atherosclerosis is the major underlying pathology that causes cardiovascular disease (CVD). Despite
considerable investment in the development of new therapies, atherosclerosis remains the leading cause
of morbidity and mortality in industrialized societies. At its heart, atherosclerosis is a chronic
inflammatory disease caused by inflammatory cascades, dysregulated lipid metabolism, and oxidative
stress [1]. Exogenous and endogenous small molecules—and the enzymes that produce or degrade these
molecules—have important roles in these processes. This review will focus on reactive oxygen species
(ROS), their important roles in intracellular signaling pathways, and the impact that dysregulated ROS
signaling has in pathophysiological processes, such as atherogenesis. An operational definition for ROS
is that they are redox active chemicals, which include oxygen-containing compounds with an unpaired
electron, such as superoxide (O2"), and nonradical oxygen-containing compounds, such as hydrogen
peroxide (H202). In addition, reactive nitrogen species, such as nitric oxide, can also be broadly included
under the umbrella of ROS. Although atherosclerosis is a multifactorial disease involving endothelial
cell dysfunction, hyperlipidemia, inflammation, hypertension, and imbalances in ROS formation and
degradation, there is also emerging knowledge that the endocannabinoid (eCB) system has an important
role in atherogenesis. Thus, the role of the eCBs will be discussed in the context of inflammation
and atherosclerosis.

2. Oxyradical Stress, NADPH Oxidase, and Atherogenesis

Because of the unique chemistry of oxygen (Oz2) and its ability to harvest the rich energy reserves
found in nutrients, such as glucose and lipids, life is able to exist on our planet. The ability of living
organisms to use oxygen, however, has costs because ROS are significant by-products of aerobic
respiration. In some contexts, ROS have beneficial properties that enable the innate immune system to
confront microbial invaders. On the other hand, excess ROS can result in macromolecule damage and
cell death. Therefore, excess ROS are important mediators of cellular and tissue injury, which in part
contributes to disease development. Oxidative stress has been implicated as a causative factor in several
diseases and aging [2—4]. Because of the development of chemical tools that are used as selective probes
to detect and quantify specific ROS, such as O2~ and H20z2, the biochemical pathways that shape the
landscape of oxidative stress in living cells are becoming clearer [S5]. This has enabled causal inferences
instead of mere associations to be made for specific oxyradical species in various physiological
processes, which has provided important insights into vascular biology and disease.

ROS-producing enzymes such as NADPH oxidase (Nox), xanthine oxidase, dysfunctional endothelial
nitric oxide synthase, cytochrome P450 monooxygenase, and lipoxygenase are found in vascular cells,
including endothelial cells, macrophages, and smooth muscle cells. These enzymes produce oxyradicals
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(O27) and oxy-nonradicals (H202) either as primary products or as by-products of their enzymatic
activity. The incomplete reduction of oxygen during mitochondrial respiration also results in Oz~
production. In addition, myeloperoxidase catalyzes the reaction between H202 and chloride, which
generates the powerful oxidant hypochlorite (HOCI). These reactions are described in Figure 1. Nox is
the only oxidoreductase that produces Oz as its primary end product, thus it was given the moniker
“professional ROS producer” [6]. Nox is typically inactive in circulating immune cells, such as neutrophils
and monocytes, but in the presence of pro-inflammatory cytokines, such as IL-1p and TNF-a, it becomes
activated. A multi-subunit complex is formed, which includes membrane embedded Nox2-p22Pox
catalytic subunits and soluble regulatory subunits p47P"%, p67°"°* p40Ptox and Rho GTPase (Racl or
Rac2), resulting in the assembly of the Nox holoenzyme [6]. Active Nox catalyzes the one-electron
reduction of molecular oxygen by NADPH, forming O2", which has a limited diffusion radius in the
cell, because it is rapidly converted to H2O2 and oxygen (dismutation) either spontaneously or via
superoxide dismutase (SOD). Furthermore, due to its negative charge, O2~ cannot passively diffuse
through lipid membranes, but it can pass through anion channels and aquaporins to access different
compartments [7]. Although O2" per se is not reactive with cell macromolecules, SOD rapidly reduces
its concentration in cells, which is important because this minimizes the Fe**-catalyzed coupled reaction
(Haber-Weiss) between Oz and H20: that produces hydroxyl radicals, hydroxide ion, and oxygen
(Figure 1). First, 02~ donates an electron to Fe** to generate Fe?" and O2, then H20> reacts with Fe?" to
yield the hydroxyl radical and hydroxide ion (regenerating Fe**, thus the net reaction is catalyzed by ferric
ion). As compared with Oz, the hydroxyl radical is highly reactive and abstracts hydrogen atoms from
proteins, DNA, and lipids (mainly unsaturated fatty acids) in the vicinity of its production, thus
generating more free radicals and propagating oxidative stress [1].

Whereas excess concentrations of Oz~ and ROS have obvious toxic properties, these species also
have fundamental roles in signaling pathways that enable cells to adapt to stress [8,9]. There are several
different isoforms of Nox expressed in cells and these enzymes have important roles in cellular
homeostasis. For instance, macrophages express an abundant amount of Nox2. Nox2 is activated in
response to a variety of physiological stimulants such as insulin, angiotensin II, and sheer stress. The
O2" that is generated can act as a mild reductant because it surrenders an electron to an appropriate
acceptor—for example, it can either reduce Fe** to Fe?" or a second molecule of 0>~ to H20: [8,10].
Signaling pathways activated by Oz "-derived ROS include the stress kinase ERK1/2, which is involved
in cell differentiation; INK-MAPK, which is involved in the regulation of inflammation and cell death;
NF«B, a transcription factor for inflammatory and anti-apoptotic genes; Akt, which is involved in
regulating metabolic homeostasis; and Ras, Rac, and p38, which regulate several cellular functions such
as proliferation, apoptosis, and inflammatory gene expression [9]. Nox2 is implicated in the development
of atherogenesis and vascular remodeling [11-13]. For example, genetic deletion of Nox2 in the
high-fat-diet-fed ApoE™~ mouse model (ApoE” Nox2 ") caused a reduction in atherosclerotic lesions
compared with control ApoE™~ mice [14]. This finding supports the notion that pharmacological
inhibition of Nox might be an attractive strategy to reduce atherosclerosis [15]. In addition, vascular
endothelial growth factor-induced angiogenesis and neovascularization was impaired in Nox2™~ mice,
which implicates Nox2 in wound healing and the generation of vessels [16].
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Figure 1. Oxidative stress in vascular cells. Nitric oxide (NO) and superoxide (O2") combine
to make peroxynitrite (ONOO™) at a diffusion-limited rate. Superoxide is rapidly
metabolized by superoxide dismutase (SOD) present in mitochondria, cytoplasm, and
extracellular space. Alternatively, xanthine oxidase (XO) can produce superoxide as a
byproduct of its activity. In a diseased vessel, these molecules can become toxic to the cell.
Because of its negative charge Oz~ crosses lipid membranes via ion channels, whereas H20:
can passively diffuse through the lipid bilayer. Activation of the CB1 receptor can enhance ROS
and pro-inflammatory cytokine production. On the other hand, activation of the CB2 receptor is
a protective mechanism due to the increased production of anti-inflammatory cytokines.

A pathological consequence of the excess production of oxidants in the vascular space is the buildup
of oxLLDL and other oxidized biomolecules in the intima of the vessel wall [1,17]. LDLs entrapped in
the intimal space are targets of oxyradical fluxes, leading to the chemical modification of lipids and
apoproteins in the LDL particle. The resulting oxLDL particles are a hallmark lesion of atherosclerosis.
Truncated oxidized phospholipids, such as phosphatidylcholine (0xPCcpss), are detected in atherosclerotic
plaques and in the circulation of hyperlipidemic subjects [18,19]. Circulating monocytes then migrate
into the intimal space of the vessel wall and in the presence of macrophage-colony stimulating factor
(M-CSF) can differentiate into macrophages. oxPCcpss protrude from the surface of oxLDL like whiskers
and their avid and specific interactions with CD36 scavenger receptors promotes the uptake of oxLDL
by macrophages and smooth muscle cells, resulting in the uncontrolled uptake of toxic oxLDL particles
and the subsequent formation of foam cells [19]. Phagocytosis of oxLDL by macrophages is an unregulated
process due to lack of negative feedback regulation. Consequently, macrophages take up massive
quantities of cholesterol and become foam cells. Upon phagocytosis of oxLDL, the store of cholesteryl
esters that are abundant in oxXLDL are hydrolyzed to free cholesterol (FC) and free fatty acids inside the
macrophage [20]. The endoplasmic reticulum (ER) is sensitive to the increased load of FC, which results
in significant ER stress [21]. The signaling pathways activated by ER stress cause macrophage foam
cells to undergo apoptosis. Apoptosis and secondary necrosis of foam cells lead to development of
atherosclerotic plaques, which can result in acute thrombotic complications and death.

Despite abundant evidence to support the oxidative stress hypothesis of atherosclerosis development,
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antioxidant approaches in human patients have been mostly ineffective at reducing atherosclerosis. Thus,
a greater understanding of the temporal and spatial aspects of ROS production in the tunica intima during
oxidative stress is needed. Due to the large array of ROS and their limited lifetimes, it is difficult to
pinpoint the specific molecular and biochemical pathways that the oxyradicals perturb. However, some
key reactions are well known to contribute to atherogenesis. For example, excess levels of O2" that
escape detoxication pathways can react with nitric oxide, resulting in the depletion of this important
vasoprotective, anti-inflammatory molecule and the formation of the highly reactive oxidant
peroxynitrite [14,22,23] (Figure 1). Chain reactions within lipid membranes initiated by oxyradicals
results in unrestrained lipid peroxidation reactions, which leads to the generation of electrophilic
o,B-unsaturated aldehydes (e.g., 4-hydroxynonenal, which is abbreviated 4-HNE), aldehydes, and
nitroalkenes [24]. These reactive lipids are electrophiles that react either reversibly or irreversibly with
nucleophiles in proteins and inhibit their normal activities. The resulting “electrophilic stress” caused by
lipid peroxidation is implicated in atherogenesis [24,25].

Cells have homeostatic mechanisms to control the concentrations of ROS and electrophiles. For
instance, glutathione (GSH) is a cysteine-containing tripeptide that quenches intracellular ROS, forming
oxidized GSSG in the process, and detoxifies electrophiles [9]. Furthermore, peroxidases, such as GSH
peroxidase and peroxiredoxins, can detoxify both H202 and organic peroxides. In addition, antioxidant
concentrations in cells can be increased by consumption of small biomolecules such as N-acetyl cysteine,
methionine, or polyphenolic compounds, thereby enhancing intracellular redox homeostasis [24].
Although the biochemical pathways for removing ROS and peroxides have been well characterized,
chemopreventative strategies to decrease the production of ROS that result from hypertension,
hyperlipidemia, diabetes, autoimmune, and inflammatory disease are still under investigation and a
matter of debate [26].

Monocytes adhere to the endothelial cell layer of vessels via their interaction with vascular cell
adhesion molecules (VCAM), which are expressed on the endothelial cell surface during inflammation.
This causes the development of a positive feedback loop in which NF«B signaling is activated, leading
to further endothelial cell dysfunction [27]. The subsequent diapedesis of monocytes through the
endothelial cell layer and exposure to M-CSF causes the monocytes to differentiate into intimal
macrophages. The differentiation process can occur via classical activation (M1 phenotype), which
requires pro-inflammatory stimulants such as interferon-y and lipopolysaccharide (LPS), resulting in the
induction of TNF-a [28]. On the other hand, differentiation can occur via an alternative pathway
(M2 phenotype) when macrophages are exposed to anti-inflammatory cytokines, such as IL-4 or IL-13,
associated with tissue repair [29]. Although M1 and M2 are the best studied macrophage phenotypes in
atherosclerotic plaques, Kuhn et al. [30] characterized a Mox phenotype that develops in response to
electrophilic oxidized phospholipids and involves the cellular electrophile sensor Nrf2-Keap1 dyad. The
Mox phenotype has aspects of both M1 and M2. The heterogeneity of macrophage phenotypes found in
atherosclerotic plaques has a major role in the inflammatory process, due to the specific phenotype of
the macrophage (M1, M2, or Mox) that contributes to the lesion size, composition, and stability of the
plaque [31]. Nrf2 is a vital cellular defense transcription factor that protects against the cytotoxic effects
of oxidative and electrophile stress. It is a member of the cap’n-collar family and is a basic leucine zipper
transcription factor. Nrf2, under basal conditions, is negatively regulated in the cytoplasm by the
cysteine-rich Kelch-like ECH associated protein 1 (Keapl). However, when cysteine residues in Keapl
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are covalently modified by electrophiles (such as lipid electrophiles) or oxidants (such as H202), the
Keap1-Nrf2 complex dissociates and Nrf2 translocates into the nucleus where it binds to antioxidant
response elements (AREs) in the 5'-regulatory region of target genes, thereby initiating transcription
(Figure 2). oxPCcp3s and 4-HNE each contain an a,B-unsaturated aldehyde moiety, which is formed
during lipid peroxidation reactions. 4-HNE is a freely diffusible molecule, whereas oxPCcpss is
associated with oxLDL particles. Both are electrophilic molecules that covalently modify cysteines on
Keapl, thereby stimulating Nrf2 transactivation activity [24]. Although several studies have described a
role for PPAR-y in regulating CD36 gene expression [13,31,32], it has also been shown that CD36 can
be induced by oxPCcp36 and 4-HNE via Nrf2 activation [33]. Thus, Nrf2-mediated regulation of CD36
expression in macrophages is a pathway distinct from that of PPAR-y. Targeting the Nrf2 pathway could
be an attractive strategy for inhibiting foam cell formation and atherosclerosis.
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Figure 2. Nrf2 activation pathway. Nrf2 is a member of the bZIP family of transcription
factors. It is localized in the cytoplasm under basal conditions where it forms a complex
with Keapl and Cullin 3 until activated. Under basal conditions, Nrf2 is ubiquitinated
and degraded by proteosomes. During electrophilic stress induced by either oxLDL or
4-HNE, the cysteine residues in Keapl are covalently modified leading to the subsequent
ubiquitination of Keapl and its degradation. As Nrf2 builds up in the cytoplasm, it starts to
translocate into the nucleus forming a heterodimer with a Maf protein. The transcription
factor complex associates with antioxidant response elements upstream of antioxidant and
phase II detoxication genes to initiate transcription. Similarly, under basal conditions NFkB
forms a complex with its negative regulator IxB in the cytoplasm. During oxidative and
inflammatory stress, IkB is phosphorylated by the kinase IKK and subsequently degraded
via the ubiquitin-proteosome pathway. This allows NF«B to translocate into the nucleus,
resulting in increased expression of genes that encode pro-inflammatory cytokines.
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3. Role of Endocannabinoids (eCBs) in Inflammation

In this section we briefly discuss the role of the eCBs in pathophysiological inflammation; however,
for more detailed treatises of this subject, the reader is directed to several excellent publications that
describe the eCB system in depth [10,34-38]. ECBs are arachidonoyl-containing lipids that are
produced on demand by the metabolism of glycerophospholipid precursors in cell membranes. The best
characterized eCBs are 2-arachdonoylglycerol (2-AG) and anandamide (AEA), which are ligands for
two G-protein coupled receptors termed cannabinoid (CB) receptors 1 and 2. These eCBs each have
similar affinity for the CB:1 and CB2 receptors. The eCBs are local-acting lipid hormones that act in an
autocrine or paracrine manner. 2-AG and AEA can be rapidly degraded by the hydrolytic enzymes
monoacylglycerol lipase (MAGL) and fatty acid amide hydrolase (FAAH), respectively [34]. The role
of the CB1 receptor in neurotransmission has been widely studied in the central nervous system. The
CBi1 receptor was identified in the late 1980s by isolating receptors in the brain [39]. More recently these
receptors have also been established as having a role in the immune response and may contribute to the
dysregulation caused by high blood pressure and inflammation [34]. The CB1 receptor is implicated in
pro-oxidative stress/pro-inflammatory responses that are associated with CVD [22,40]. The CB:
receptor, on the other hand, was cloned in the early 1990s from rat spleen and was also detected in the
hematopoietic immune system [41]. On the face of it, the CB1 and CB2 receptor have similar biochemical
functions; they are membrane-bound receptors coupled to a Gio-protein that, when activated, can inhibit
adenylyl cyclase and modulate calcium channel activity [35]. However, in contrast to CB1, the CB2
receptor activation appears to block and modulate several pro-inflammatory effects, suggesting that
downstream signaling pathways evoked by the two receptors are divergent.

Macrophages exhibit a profound upregulation in the levels of CBi receptor when exposed to
pro-inflammatory and pro-atherogenic stimuli [42], which is implicated in pro-oxidative stress/pro-inflammatory
responses associated with CVD [10,33—-37]. There is emerging evidence that chronic low doses of
A°-tetrahydrocannabinol (THC), the active component of marijuana, can potentially inhibit the
progression of atherosclerotic lesions through interactions involving interferon gamma and decreased
macrophage infiltration into the intimal space [43,44]. However, there is conflicting data for THC
reported by Chen et al [45], which showed that THC could induce the levels of interferon gamma in the
C57BL/6 mouse model, but neither the CB1 nor CB: receptor were implicated in this effect. There is
evidence suggesting that enhanced 2-AG biosynthesis and subsequent activation of the CB2 receptor can
reduce the severity of atherosclerotic lesions. Several studies have demonstrated that ligand-mediated
activation of the CB2 receptor counters inflammation [22]. CB2-evoked signaling can downregulate
pro-inflammatory cytokines, including tumor necrosis factor-alpha (TNF-a), IL-1B, and monocyte
chemoattractant protein-1 (MCP-1), while upregulating the expression of the pattern recognition
receptor CR3 (CD18/CD11b) [34]. Furthermore, CB: signaling potentially attenuates the following
physiological and molecular effects: inflammatory cell migration, endotoxin-induced oxidative stress,
p38-MAPK activation, and TNF-a secretion [40,41]. Following an eight-week high-cholesterol diet
feeding regimen, the basal vascular Oz~ levels were higher and the infiltration of macrophages into
vessel wall lesions were more pronounced in the ApoE” CB2"~ double knockout mice compared with
ApoE ™ mice [46]. Further, treatment of the ApoE ™~ mice with a CB2 agonist (JWH 133) reduced the
size of atherosclerotic lesions [46]. It was also shown that reconstitution of irradiated ApoE™~ mice with
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bone marrow derived from ApoE” CB2”" mice resulted in increased macrophage infiltration into
atherosclerotic plaques as compared with irradiated ApoE™~ mice reconstituted with bone marrow from
ApoE™" mice [46]. This last finding indicated that signaling through leukocyte CB2 receptors can
influence the extent of intimal infiltration of immune cells. In line with these findings, the non-selective
CB receptor agonist WIN 55212-2 was shown to reduce atherosclerosis in mice, in part, by reducing the
expression of VCAM-1, ICAM-1, and P-selectin in vascular cells [47]. In addition, oxLDL-induced
ROS in cultured murine macrophages could be attenuated by WIN 55212-2 [48]. Importantly, the
anti-inflammatory and anti-oxidative effects of WIN 55212-2 were completely blocked by the CB2
antagonist AM630, implicating the CB2 receptor as being responsible for these effects.

Nox activity was found to be attenuated by a CB2 agonist in human coronary artery endothelial
cells [35]. Mechanistically, this is caused by ligand activation of the CB2 receptor, which liberates Giso
to inhibit the activity of the Ras-proximate-1-GTPase activating protein (Rap1-GAP), enabling the small
G-protein Rapl to remain in its GTP-bound “on” state thus causing the disassembly of the Nox
holoenzyme complex [42]. CB: activation has also been shown to enhance HDL levels, thereby promoting
reverse cholesterol transport (RCT) [49]. RCT is an important pathway by which non-esterified cholesterol
is effluxed from peripheral macrophages onto extracellular ApoAl and mature HDL acceptors for
subsequent transport to the liver. Importantly, the de novo generation of HDL particles via RCT helps
to increase circulating HDL levels and reduce atheroma development. ECBs are also vital in modulating
immune cell proliferation and apoptosis, cytokine production, macrophage-mediated phagocytosis, and
inflammatory cell migration during tissue injury [50]. Finally, the eCB ligand 2-AG has been specifically
implicated in the modulation of inducible nitric oxide synthase (iNOS), nitric oxide (NO), and ROS
production in immune cells [51].

Pharmaceutical targeting of the eCB system shows some promise. For instance, the atherosclerotic
lesion size decreased in the abdominal aorta of ApoE™ mice treated with rimonabant, a CBi-specific
antagonist [49]. Pharmacological blockade of the CB1 receptor or its genetic deletion also enhanced macrophage
RCT via ABCA1- and ABCG1-mediated cholesterol transport and reduced atherosclerosis [34,49,52,53].
Rajesh et al. [40] demonstrated that chemical blockade of the CB1 receptor could attenuate Nox expression,
MAPK activation, apoptosis, inflammation, ROS, and fibrosis. In addition, it was shown that CB1 receptor
inhibition reduced the degree of oxidative stress and decreased the expression of the angiotensin 1 gene
in vascular smooth muscle cells [54]. Whereas CB1 receptor activation stimulates production of
pro-inflammatory mediators, activation of CB2 receptors in macrophages attenuated TNF-a production
and evoked other anti-inflammatory responses. Several studies indicated that selective activation of CB2
may render cardioprotective effects [53,55]. For example, JWH-133, a CB2 agonist, reduced Oz~
generation, increased ERK 1/2 and STAT3 phosphorylation, inhibited chemotaxis, and increased the
expression of CR3 on inflammatory cells [34]. On the other hand, when ApoE ™~ mice on a high-cholesterol
diet were simultaneously treated with the FAAH inhibitor URB597, the level of matrix metaloproteinase-9
increased in the lesion, the vascular collagen content decreased, and plaque vulnerability increased as
compared with control vehicle-treated ApoE "~ mice on the same diet [56]. This result suggested that an
increased eCB concentration (in this case AEA) in the vessel wall might have negative effects on
disease progression. A recent report, however, demonstrated that monoacylglycerol lipase (MAGL)
deficiency in ApoE™ mice on a western-type diet had systemically elevated 2-AG concentrations and
exhibited increased atherosclerotic plaque formation mice, but improved plaque stability, compared to
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control ApoE~ mice [57].

The eCB system is activated in macrophage-derived foam cells relative to basal macrophages [58].
Several genes that encode components of the eCB system are upregulated. In addition, the concentrations
of the ligands for the CB receptor, AEA and 2-AG, are also increased. Selective activation of CB2
receptors reduced CD36-dependent oxLDL accumulation and modulated the production of inflammatory
cytokines [58].

Therefore, in addition to endothelial dysfunction, hypertension, hyperlipidemia, inflammation, and
ROS, the eCB system also appears to be an important factor in atherogenesis [55]. Although the
mechanistic role of the eCB system in disease development is still enigmatic, links have been postulated
between the eCB system, Nox, oxidative stress, and atherosclerosis [35,59]. Because of the large number
of oxyradical species that are produced in cells during vascular injury, which significantly complicates
the interpretation of experimental data, it is not a trivial task to identify the pathophysiological pathways
induced or enhanced by oxidative stress. Nevertheless, several homeostatic mechanisms appear to have
evolved to protect against reactive small molecules, such as ROS and 4-HNE. For example, the enhanced
biosynthesis of 2-AG by cells that are “stressed” might be part of a compensatory protective mechanism,
via activation of the CBa receptor by 2-AG and downstream signaling, that provides anti-atherogenic effects.

4. Diacylglycerol Lipase and Nox

Diacylglycerol (DAG) is a lipid and a second messenger molecule produced by the enzyme
phospholipase C-p (PLC-B) [60,61]. DAG is hydrolyzed by sn-1-specific diacylglycerol lipases (DAGL)
yielding the eCB 2-AG (Figure 3) in response to extracellular stimuli, including angiotensin II,
thromboxane A2, platelet activating factor, bradykinin, serotonin, glutamate, and acetylcholine [62,63].
Two isoforms of DAGL (DAGLa and DAGLP) were identified in humans, on the basis of the
conservation of the intron-exon boundary in human DAGL isoforms with those in Drosophila, fish, and
rodents [64]. DAGLa is found in high concentrations in brain, whereas DAGLP is found in high
concentrations in immune cells and macrophages [65]. Gao et al. [66] used DAGLB™ knockout mice to
show that DAGL is a vital enzyme in the biosynthesis of 2-AG. DAGL has four transmembrane (4TM)
domains, a short cytoplasmic N-terminal sequence, a canonical o/p hydrolase domain that harbors the
catalytic residues, and several unconserved loops with potential sites for glycosylation [64]. DAGL can
also be palmitoylated on a cysteine residue in a regulatory loop [64]. Reversible fatty
acyl-posttranslational modifications can modulate protein-protein interactions, cellular trafficking, and
substrate access.

sn-1,2-DAG is also implicated in the regulation of Nox activity [67], thus DAGLa and DAGL are
likely to be important hubs in this signaling pathway. Protein kinase C (PKC) is recruited to lipid
membranes by the presence of DAG and its kinase activity is activated. This leads to the phosphorylation
of the Nox regulatory subunit, p47phox. Elevated concentrations of DAG cause a heightened oxidative
response in cells and this signal can be terminated by DAG kinase [67]. DAGLP also appears to
indirectly regulate the production of eicosanoids in the brain, liver, and macrophages by increasing the
levels of 2-AG in these tissues and cells [65,68]. When 2-AG hydrolysis was blocked by either chemical
inhibition of the principal 2-AG hydrolytic enzyme in brain, MAGL, or its genetic deletion, the
production of eicosanoids were decreased and neuroinflammation was reduced in a mouse model [68].
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This is because the concentration of the cyclooxygenase substrate, arachidonic acid, available to the

eicosanoid biosynthetic enzymes (e.g., cyclooxygenases) had been reduced.
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Figure 3. 2-Arachidonylglycerol biosynthesis and degradation in macrophages [69].
Following a stimulus, phospholipids are metabolized into 1-steroyl-2-arachidonoyl-glycerol
(sn-1,2-DAG) by phospholipase C-beta (PLC-B). The lipophilic sn-1,2-DAG is localized
within the lipid membrane and is subsequently metabolized into 2-AG by the enzyme
DAGLS. 2-AG can be degraded by either hydrolytic enzymes (e.g., monoacylglycerol lipase,
carboxylesterase 1 (CES1), and (ABHDG6) or by oxygenation cyclooxygenase-2 (COX-2)).
COX-2 converts arachidonic acid (AA) to PGG2, which is further metabolized to PGH2 (not
shown). PGH2 is subsequently converted to prostaglandins, such as PGE2, by specific
synthases (shown is prostaglandin E synthase, PGES). Lipoxygenase (LOX) can also
metabolize AA to either 12-hydroxyperoxyeicosa-5,8,10,14-tetraenoic acid (12-HPETE) or
12-hydroxyperoxyeicosa-5,8,10,14-tetraenoic acid (15-HPETE) (not shown). 2-AG,
PGE2-G, and PGE2 passively diffuse from the cell into the extracellular space where the
lipid mediators act in a paracrine or autocrine manner. The lipid mediators have a short
half-time due to their rapid degradation [69]. Figure adapted from [70].

5. Endocannabinoid (eCB) Metabolism

The duration of the physiological response to eCBs is regulated by the balance of eCB biosynthetic
and degradative pathways. AEA and 2-AG are both degraded by hydrolysis, yielding arachidonic acid

as a common metabolite and ethanolamine and glycerol, respectively. In the mouse brain, ~85% of

2-AG hydrolytic activity is due to monoacylglycerol lipase (MAGL), with the remaining balance
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ascribed to two hydrolytic enzymes, o/B-hydrolase domain (ABHD)-6 and ABHD-12 [71,72]. In addition,
2-AG and prostaglandin glyceryl esters (PG-Gs), which are cyclooxygenase-derived oxygenated
products of 2-AG, are also degraded by carboxylesterase 1 (CES1) [73,74]. Further adding to the list of
hydrolytic enzymes that metabolize eCBs, Wang et al. [74] identified palmitoyl protein thioesterase 1
(PPT1) as an enzyme that can hydrolyze 2-AG. PPT1 is a monomeric lysosomal hydrolase known to
hydrolyze thioester bonds that attach long-chain fatty acids to cysteine residues [74,75]. AEA is
degraded primarily by FAAH and FAAH-deficient mice have elevated amounts of AEA in tissues
compared with wildtype mice [76].

6. Conclusions

Despite the enormous amount of knowledge that has been gained about atherosclerosis and the
primacy of reducing serum cholesterol levels as a treatment modality, cardiovascular disease (CVD) still
kills more people in the U.S. than any other disease. Therefore, there is an urgent need to examine as
many pathological mechanisms as possible in order to find novel treatment strategies. Occult exposures
to environmental toxicants might be adversely impacting numerous CVD patients [77]. Furthermore,
complex mixtures of oxidants and electrophiles can be generated in the body following exposures to
environmental pollutants and during pathophysiological conditions [78]. These reactive endogenous and
exogenous chemicals are crucial etiological factors in CVD, as exemplified by the reactive aldehyde
compound acrolein [79]. Macrophages and other cells in the vessel wall respond to this toxic milieu of
oxidants and electrophiles by releasing a host of inflammatory mediators and oxyradicals, such as
cytokines, chemokines, proteases, eicosanoids, and superoxide anion [80,81]. Furthermore, the
quantities of eCBs, such as 2AG, and their cognate receptors are elevated in diseased vessels, indicating
that the eCB system is activated in the vessel wall [82], which can elicit negative feedback effects on
ROS formation (Figure 4). Thus, how endogenous and exogenous poisons contribute to the initiation
and progression of atherosclerosis in vascular cells is a significant research area that will yield novel
pharmaceutical strategies for the treatment of this disease.

It is becoming apparent that oxidative stress is both a cause and a consequence of atherosclerosis.
O27and H20: are implicated in vascular dysfunction through the initiation of diverse signaling and
transcriptional pathways [8,9]. There are arsenals of enzymes in cells that scavenge oxyradicals to reduce
the toxic burden of excess ROS. Emerging evidence indicates that the eCBs have the ability to reduce
the production of inflammatory mediators in the vascular wall as part of a compensatory response to
oxidative stress. Pharmacological inhibition or genetic blockade of the key biosynthetic enzyme DAGLf
reduces the production of the eCB ligand 2-AG, indicating that DAGLJ is a key enzyme in establishing
the local eCB concentration, or “tone”, in a tissue or the vascular space. Furthermore, Nox, the “professional
ROS generator”, is a promising pharmacological target due to the role it has in O2~ production and CVD
pathology. Elucidation of the physiological and pathophysiological processes emanating from Nox
activation and the role of eCB ligands in attenuating the inflammation and oxidative stress that result
from overactive Nox might be a beneficial treatment modality for CVD. Emerging evidence indicates
that the increase in local concentration of 2-AG is an adaptive response to oxidative stress because of its
antioxidant and anti-inflammatory activities. Therefore, the genetic and lifestyle factors that lead to
atherosclerosis development may be counteracted by either increased biosynthesis (via increased DAGL
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activity) or reduced hydrolysis (via decreased MAGL and/or other hydrolytic enzyme activities) of 2-AG.
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Figure 4. Overall scheme of 2AG biosynthesis/catabolism and anti-oxidative CB2-evoked
signaling in immune cells. OxLDL-mediated NADPH oxidase (Nox) activation in macrophages
leads to ROS-dependent DAGLS activation and increased biosynthesis of 2AG, which can
act in either a paracrine or autocrine manner. Heightened levels of 2AG released in response
to increased ROS can stimulate CB2 receptors in a compensatory manner to suppress
oxidative stress via Gi/o-mediated inactivation of Rap1-GAP (see text for details) [48]. Also
shown is the canonical Gi/o-mediated inactivation of adenylate cyclase (AC). Extracellular
2AG is degraded by cells that produce it or by neighboring cells, such as smooth muscle
cells (SMCs) and other macrophages. Rapl-GAP, Rap1-GTPase activating protein; GEF,
GTP exchange factor; AC, adenylate cyclase; 2-AG, 2-arachidonoylglycerol; AA, arachidonic
acid; MAGL, monoacylglycerol lipase; DAGLP, diacylglycerol lipase B; SMC, smooth
muscle cells.
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