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Abstract Endocannabinoids (eCBs), among which N-
arachidonoylethanolamine (AEA) and 2-arachidonoyl-
glycerol (2-AG) are the most biologically active members,
are polyunsaturated lipids able to bind cannabinoid,
vanilloid and peroxisome proliferator-activated receptors.
Depending on the target engaged, these bioactive mediators
can regulate different signalling pathways, at both central
and peripheral levels. The biological action of eCBs is
tightly controlled by a plethora of metabolic enzymes
which, together with the molecular targets of these sub-
stances, form the so-called “endocannabinoid system”.
The ability of eCBs to control manifold peripheral func-
tions has received a great deal of attention, especially in the
light of their widespread distribution in the body. In par-
ticular, eCBs are important regulators in blood, where they
modulate haematopoiesis, platelet aggregation and apop-
tosis, as well as chemokine release and migration of
immunocompetent cells. Here, we shall review the current
knowledge on the pathophysiological roles of eCBs in
blood. We shall also discuss the involvement of eCBs in
those disorders affecting the haematological system,
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including cancer and inflammation. Knowledge gained to
date underlines a fundamental role of the eCB system in
blood, thus suggesting that it may represent a therapeutic
promise for a broad range of diseases involving impaired
hematopoietic cell functions.
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Abbreviations

2-AG 2-Arachidonoylglycerol

Met-AEA 2-methylarachidonyl-(2'-
fluoroethyl)amide

ABHD a/b-hydrolase

AML Acute myeloid leukaemia

ApoE Apolipoprotein E

CB Cannabinoid

CM Chronic migraine

eCB Endocannabinoid

EMT eCB membrane transporter

eNOS Endothelial nitric oxide synthase

ERK Extracellular signal-related kinase

FAAH Fatty acid amide hydrolase

fMLP Formyl-Met-Leu-Phe

G-CSF Granulocyte-colony-stimulating
factor

GM-CSF Granulocyte-macrophage colony-
stimulating factor

HETE-G Hydroxyeicosatetraenoyl
glycerylester

(S)-HAEA Hydroxyeicosatetraenoyl
ethanolamide

IBD Inflammatory bowel disease

IFNy Interferon y
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IL Interleukin

LTB4 Leukotriene B4

LPS Lipopolysaccharide

MCP-1 Macrophage-chemotactic protein 1
MMP-9 Matrix metalloprotease-9

MOH Medication-overuse headache
MAGL Monoacylglyceride lipase

MS Multiple sclerosis

NAPE-PLD N-acylphosphatydiletanolamine

anandamide, AEA

phospholipase D
N-arachidonoylethanolamine

NK Natural killer

NO Nitric oxide

PEA N-palmitoylethanolamine

OEA N-oleoylethanolamine

PPARSs Peroxisome proliferator-activated
receptors

PI3 K Phosphoinositide 3kinase

PGE, Prostaglandin E2

Th T helper

TRPV1 Transient receptor potential vanilloid
1

TNFa Tumour necrosis factor o

CB, Type-1 cannabinoid receptor

CB, Type-2 cannabinoid receptor

The endocannabinoid (eCB) system

The endocannabinoid (eCB) system includes: (1) a group
of bioactive lipids released from membrane phospholipid
precursors, named eCBs, (2) their metabolic enzymes, and
(3) their target receptors [1, 2]. Briefly, these components,
depicted in Table 1, will be described later.

The eCB family includes amides, esters and ethers of long-
chain polyunsaturated fatty acids (PUFAs), among which the
best characterized members are N-arachidonoylethanolamine
(anandamide, AEA) and 2-arachidonoylglycerol (2-AG), both
derivatives of arachidonic acid [1]. Beside eCBs, our body
synthesizes eCB-like compounds [including N-palmi-
toylethanolamine (PEA) and N-oleoylethanolamine (OEA)]
that exert their effect without binding cannabinoid receptors,
and potentiate eCB function by inhibiting their degradation
[3].

Both AEA and 2-AG are produced “on demand”
through multiple biosynthetic pathways, which reflect the
variety of physiological stimuli (including neuronal ac-
tivity, glucocorticoids, insulin and cytokines) able to
mobilize these eCBs [4-8]. The in—out and out-in move-
ment of eCBs across the plasma membrane is a not yet
fully elucidated process and several hypotheses have been
proposed: (1) passive diffusion, (2) facilitated transport via
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a specific carrier called eCB membrane transporter (EMT),
and (3) caveolae-mediated endocytosis [9]. The biological
activity of eCBs is ended by hydrolysis catalysed by
multiple enzymes or isozymes; the main hydrolases re-
sponsible for AEA breakdown into arachidonic acid and
ethanolamine are fatty acid amide hydrolase- (FAAH-) 1
and 2 and N-acylethanolamine-hydrolyzing acid amidase
(NAAA), while 2-AG is converted to fatty acid and glyc-
erol by monoacylglycerol lipase (MAGL), FAAH, a/b-
hydrolases (ABHD) 6 and 12 [4, 10]. Finally, both AEA
and 2-AG can originate oxidative derivatives, by the action
of lipoxygenases, cyclooxygenase-2 and cytochrome Pysq
(Fig. 1) [11].

The different signalling pathways activated by AEA and
2-AG strictly depend on the specific receptor engaged. To
date, three G protein-coupled receptors (GPRs) have been
shown to bind eCBs: (1) type-1 (CB;) cannabinoid receptor
highly expressed in brain, but also in lung, liver and kid-
ney, as well as in T lymphocytes and platelets [12-14], (2)
type-2 (CB,) receptor, mainly present in the immune sys-
tem and in haematopoietic cells [12, 15], and (3) GPRSS,
ubiquitously expressed and involved in modulation of
processes related to cardiovascular system and inflamma-
tion [16-18]. AEA, but not 2-AG, is also an agonist of the
transient receptor potential vanilloid 1 (TRPV1) channel,
expressed in primary sensory neurons and peripheral cells;
by activating TRPV1, AEA triggers pro-apoptotic sig-
nalling pathways, and exerts a physiological control of
brain functions [19, 20]. Additional targets of eCBs are the
peroxisome proliferator-activated receptors (PPARs) o and
v, through which eCBs regulate adipocyte differentiation,
lipid and glucose metabolism, as well as inflammatory
responses [21].

In the next sections, we will describe the knowledge
gained so far on the role of eCB system in generation and
function of haematological cells. Without seeking to be
exhaustive, we will focus on few selected examples of
blood physiology and pathology.

The eCB system and haematopoiesis

Haematopoiesis is a complex and highly ordered differ-
entiation and self-renewal process, through which blood
cells are produced from haematopoietic stem cells (HSCs),
a population of multipotent cells residing in bone marrow
of adult mammals [22]. HSC retention in bone marrow
niches (homing) or mobilization is allowed by specific
transcription factors, cytokines [including stromal-derived
factor-1 (SDF-1)] and growth factors [including inter-
leukin-3  (IL-3), granulocyte—macrophage  colony-
stimulating factor (GM-CSF), granulocyte colony-
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Table 1 The main elements of the eCB system

Member Description Function

References

Bioactive lipids

AEA Derivatives of @6 PUFA They bind CB receptors, and act in the central nervous system and in the [1, 2]
2-AG periphery
2-AGE
Virodhamine
NADA
EPEA Derivatives of ®3 PUFA
DHEA
PEA eCB-like compounds They do not bind CB receptors, but potentiate eCB function [3]
OEA
Metabolic proteins
EMT Trans-membrane transporter Responsible for AEA (and possibly for the other eCBs) transport [9]

NAPE-PLD Biosynthetic enzymes Responsible for AEA synthesis [4, 5]
ABHD4
PLC
DAGL Responsible for 2-AG synthesis
FAAH-1 Hydrolytic enzymes Responsible for AEA hydrolysis [4, 10]
FAAH-2
NAAA
MAGL Responsible for 2-AG hydrolysis
ABHD6
ABHDI12

Target receptors
CB, Cannabinoid receptors Main targets of eCBs [12-14,
CB, 16]
GPR55 Novel target of eCBs
TRPV1 Vanilloid receptor Target of AEA and congeners [19, 20]
PPAR o and Peroxisome proliferator-activated Targets of eCBs [21]
Y receptors

AFA arachidonoylethanolamine, 2-AG 2-arachidonoylglycerol, 2-AGE 2-arachidonoylglycerylether, NADA N-arachidonoyldopamine, EPEA N-
eicosapentaenoylethanolamine, DHEA N-docosahexaenoylethanolamine, PEA N-palmitoylethanolamine, OEA N-oleoylethanolamine, EMT
endocannabinoid membrane transporter, NAPE-PLD N-acyl-phosphatidylethanolamines-hydrolyzing phospholipase D, ABHD serine a/b-hy-
drolase, PLC phospholipase C, DAGL diacylglycerol lipase, FAAH fatty acid amide hydrolase, NAAA N-acylethanolamine-hydrolyzing acid
amidase, MAGL monoacylglycerol lipase, CB cannabinoid, TRPVI transient receptor potential vanilloid 1, PPAR peroxisome proliferator-

activated receptor, PUFA polyunsaturated fatty acid

stimulating factor (G-CSF), erythropoietin, and macro-
phage colony-stimulating factor (M-CSF)] [23-25].

eCBs can be counted among factors governing he-
matopoietic stem cell biology. Stromal cells, in fact,
release significant amounts of eCBs (whose levels also
increase during inflammation), which exert distinct effects
on HSC differentiation and migration, alone or in synergy
with classical growth factors [26-28]; eCB effects on
clonal cell expansion and mobilization are mainly achieved
through activation of CB, receptor, highly expressed in
human and murine HSCs (Table 2) [26, 27, 29-32]. Not
only eCBs (and especially 2-AG) control HSC self-renewal
and proliferation, but they are also involved in lineage
commitment and differentiation of distinct cell

populations. Studies performed in our laboratories indi-
cated that 2-AG was able to drive a bipotential cell line
(expressing surface antigens of both erythroid and
megakaryocytic phenotypes) towards megakaryocytic dif-
ferentiation; the eCB, indeed, enhanced expression of
megakaryocyte/platelet surface antigens (including B3 in-
tegrin subunit and glycoprotein VI), while it reduced the
expression of erythroid markers, such as glycophorin A
[33]. We recently found that 2-AG was also able to com-
plete megakaryocytic differentiation, by stimulating
platelet generation and release, thus potentially having
clinical efficacy to counteract thrombocytopenia-associated
diseases [34]. Noticeably, we observed that cells drop
down the synthesis of this lipid mediator at the end of

@ Springer



3238 V. Gasperi et al.
o
A e U~ OH
o H
AFA
o (12-LOX ' { cytPysp | COX-2
— OH % \ S NH
4 — e »\\_/\/\g/’ ~"om
%on a Ho' =
° OH
12-HAEA d:\’)ﬁ(v“ PGE,-EA
5,6-EET-EA
B OH
o r
—CH
MG
2-AG
0 ™ (1rox . (eytPi @ | COX2 o [_0"
= 0—CH 8 = \=/\/\n/o—cn
N\ < 3 ey ) I_
% = OH N OH
H OH HO

o OH

- L

12-HETE-G _ |_ PGE,-GE
OH
5,6-GEET
Fig. 1 Oxidative metabolism of AEA (a) and 2-AG (b). /2-LOX acid-ethanolamide, [2-HETE-G 12-hydroxyeicosatetraenoyl-glyc-

12-lipoxygenase, COX-2 cyclooxygenase-2, cytP,so cytochrome Pysg.
12-HAFA 12-hydroxyeicosatetraenoylethanolamide, =~ PGE,-EA
prostaglandin E,-ethanolamide, 5,6-EET-EA 5,6-epoxyeicosatrienoic

differentiation, thus indicating that they are able to self-
regulate 2-AG levels, and thus pro-differentiating stimuli
[33, 34].

Although further work is needed, the finding that eCBs
can be listed among key drivers of hematopoiesis might
broaden the field of investigation; targeting the eCB actions
should be helpful to manage bone marrow failure and
blood cell loss occurring in several pathological conditions.

The eCB system and blood cells
Erythrocytes

To date, only a few data are available on erythrocytes.
Using human red blood cell ghosts, Bojesen and Hansen
[35] demonstrated that AEA quickly (within seconds)
crosses erythrocyte membranes via a saturable mechanism
that does not require ATP. At concentrations higher than
those found in circulating plasma of healthy individuals,
AEA is oxygenated by cyclooxygenase and generates
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erylester, PGE,-GE prostaglandin E,-glycerilester, 5,6-GEET 5,6-
glycerated epoxyeicosatrienoic acid

PGE,, with profound effects on erythrocyte survival. In-
deed, PGE, activates Ca2+—permeable channels, thus
triggering Ca”"-sensitive K™ channels, water loss and cell
shrinkage, accompanied by phosphatidylserine exposure
and engulfment of erythrocytes by macrophages [36]. Such
an effect may have therapeutical implications, as suggested
by Bobbala and colleagues [37]. Indeed, AEA enhances
cell death and decreases in vitro parasitaemia of Plas-
modium falciparum-infected human erythrocytes, while
in vivo administration blunts parasitaemia and enhances
survival of Plasmodium berghei-infected mice (Fig. 2).
Overall, by exerting a direct toxic effect on the pathogen
and by enhancing cell death and rapid clearance of infected
erythrocytes, AEA counteracts the lethal course of the
disease [37].

Leukocytes
eCB signalling through CB receptors has been proved to

modulate homoeostatic immune balance, affecting the
biological activity of all types of white blood cells. The
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Table 2 Effects of CB, agonists on haematopoiesis

Compound Clonal expansion Migration References
AEA + - [27, 29]
2-AG + + [27, 30, 31]
PEA - + [27]
AM1241 = + [26]

-+, stimulation; —, inhibition; =, no effect

ability of eCBs to influence both humoral and cellular
immunity is an ever-increasing area of cannabinoid re-
search; given the complexity of the relationship between
eCBs and immune system, we refer to other articles pro-
viding a more comprehensive overview [38, 39], here
highlighting only some aspects of this topic.

All subsets of lymphocytes express CB receptors, with
the CB, subtype being the most abundant, and expression
levels are related to activation state [40]. In addition,
message levels are highest in B cells, followed by NK, T8
and T4 cells [41]. B cell proliferation, migration and Ig
production are modulated by eCBs, which preferentially
act on naive B cells, thus modulating B cell compartments
in spleen and secondary lymphoid tissues [30, 41-44].
Concerning T lymphocytes, eCB generally mediates im-
munosuppression via at least four different pathways
(Fig. 2): (1) inhibition of transcription factors and sup-
pression of cytokine production [45-48], (2) inhibition of
proliferation [48], (3) induction of apoptosis [49]; (4) in-
duction of specific subsets of T cells (especially by
modulating T helper (Th) 17/T regulatory and Th1/Th2
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Fig. 2 Schematic representation of different effects of (e)CBs on
blood cells. I AEA enhances cell death of infected erythrocytes. 2
(e)CBs exert immunosuppressive effects by inhibiting lymphocyte
proliferation and/or inducing apoptosis, as well as inhibiting pro-
inflammatory cytokine release. They also control the balance among
specific subsets of T cells. 3 Either 2-AG [released from platelet-
activating factor (PAF)-stimulated macrophages and platelets] or
AEA  [produced from lipopolysaccharide (LPS)-stimulated

macrophages] induces vasodilation during septic shock. 2-AG also
stimulates macrophage phagocytic activity; some eCBs suppress
release of pro-inflammatory mediators from activated macrophages. 4
(e)CBs inhibit neutrophil recruitment into inflamed tissues and
secretion of pro-inflammatory mediators. Otherwise, they can
promote the neutrophil adhesion cascade. 5 2-AG induces platelet
aggregation, while AEA prolongs platelet life span. See text for
further details
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ratios) [48-51]. In this context, it should be noted that eCB
tone is modulated by Th1/Th2 balance: lymphocyte treat-
ment with the Th2 cytokines IL-4 or IL-10 stimulates
FAAH expression and activity, whereas the Thl cytokines
IL-12 and interferon (IFN) 7 inhibit it [52].

The presence of eCB elements has been documented in
both immortalized and primary circulating macrophages, at
transcriptional, translational and functional levels. These
cells, indeed, possess all proteins to bind and to metabolize
both AEA and 2-AG [53-55], although these proteins are
differentially regulated upon stimulation. Indeed,
RAW264.7 cells and mouse peritoneal macrophages
treated with lipopolysaccharide (LPS) show increased AEA
levels, due to activation of its biosynthetic enzyme, N-a-
cylphosphatydiletanolamine phospholipase D (NAPE-
PLD). Instead, 2-AG cellular levels are unaffected by LPS,
although they are sensitive to treatment with platelet-acti-
vating factor [56]. These findings indicate that both AEA
(produced by activated macrophages) and 2-AG (secreted
from activated platelets and macrophages) may be para-
crine mediators of endotoxin-induced hypotension [56, 57]
(Fig. 2). Several reports documented inhibition of macro-
phage functions by eCBs. AEA has been proven to inhibit
(1) macrophage-mediated killing of tumour necrosis factor
o (TNFao)-sensitive murine fibroblasts [58], (2) NO pro-
duction by LPS-activated mouse peritoneal macrophages
[59] and (3) release of pro-inflammatory cytokines (TNFo,
IL-4, -6, -8, IFNY) by human monocytes [60]. PEA shows
inhibitory effects similar to those of AEA, except for a lack
of effect on monocyte-dependent TNFa production and
lymphocyte-dependent IFNy synthesis [60]. Overall, a se-
lective action of the two eCBs (maybe at receptor level)
and a strict dependence on eCB tone [60] might account for
these observations. 2-AG has been shown to inhibit TNFa
secretion from LPS-treated mouse macrophages [61], as
well as NO, PGE, and IL-6 release from J774 macrophages
through CB, activation [62]. Unlike AEA, 2-AG seems to
play an essential role in the recruitment of inflammatory
and immunocompetent cells. Indeed, upon 2-AG treatment,
undifferentiated HL-60 cells, as well as HL-60 cells dif-
ferentiated into macrophage-like cells, showed enhanced
IL-8 and macrophage-chemotactic protein 1 (MCP-1)
production [63], paralleled by actin polymerization and
extension of pseudopods [64]. Furthermore, differentiated
HL-60 cells showed enhanced phagocytosis of opsonized
zymosan in the presence of 2-AG; CB, receptor, phos-
phoinositide 3kinase (PI3K) and extracellular signal-
related kinase (ERK) were suggested to be involved in
these effects [65] (Fig. 2). Once activated by invading
microorganisms, immunocompetent cells led to elevated
2-AG levels in inflamed tissues, therefore it is tempting to
speculate that 2-AG may stimulate (in an autocrine and/or
paracrine fashion) the phagocytic activity of other types of
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inflammatory cells, thus contributing to self-defence
mechanisms against infection.

Finally, our group has recently demonstrated an oxLDL-
dependent modulation of the eCB system in primary hu-
man macrophage-derived lipid-loaden foam cells. Indeed,
foam cells showed: (1) increased FAAH activity, (2) trip-
licated AEA levels, (3) doubled CB,/CB, binding activity,
(4) reduced TRPV1 binding activity [55]. These data, to-
gether with the finding that selective activation of CB,
receptor reduced cellular oxLDL uptake and cytokine
(namely, TNFa, IL-12 and IL-10) release by human mac-
rophages [55], seem to speak in favour of a crucial role for
the eCB system during foam cell formation.

Data on eCBs and granulocytes are quite few or con-
troversial, and mainly concern neutrophils. Once activated
by a gradient of chemotactic factors [e.g. the bacterial
product formyl-Met-Leu-Phe (fMLP), and host-derived
products, like IL-8 and leukotriene B4 (LTB,)], neutrophils
are the first inflammatory cells that rapidly migrate and
infiltrate tissues, to phagocyte and destroy disease-pro-
ducing pathogens [66]. Despite the numerous studies, yet it
is not well defined the role that eCBs play in neutrophil
function, since conflicting results have been obtained.
Controversial literature data may be explained, at least in
part, by different experimental paradigms simultaneously
supporting direct and indirect effects. Indeed, Balenga and
co-workers [67] showed that L-o-lysophosphatidylinositol
(LPD), the natural GPRS55 agonist, stimulated cytoskeleton
remodelling, as well as neutrophil polarization and mi-
gration, with a possible cooperation between GPRS5 and
CB; receptors, while McHugh and colleagues [68] reported
a GPR55-mediated inhibition of migration. Moreover, CB,
activation has been shown to prevent neutrophil release of
matrix metalloprotease-9 (MMP-9) both in vivo and
in vitro [69]; conversely, 2-AG stimulates chemotaxis,
myeloperoxidase release, ERK1/2 phosphorylation and
Ca”" mobilization in freshly isolated human neutrophils,
via de novo biosynthesis of LTB, [70].

eCBs can also interfere in the crosstalk between
leukocytes and endothelial cells, in response to chemo-
tactic stimuli released from inflamed endothelium (Fig. 2).
For example, 2-AG upregulates the expression of selectins
in human endothelial cells, which release TNF-o able to
recruit lymphocytes and stimulate their rolling activity,
thus allowing a coordinated action between the two cell
types [71]. On the contrary, several findings pointed out the
negative role played by CB, receptors on interactions be-
tween endothelial and inflammatory cells: indeed,
activation of CB, receptor by specific agonists has been
shown to decrease the amount of trans-migrating neu-
trophils in both myocardial and hepatic ischemia—
reperfusion models [72, 73]. CB, activation also reduces
the number of neutrophils in ischemic brain, and inhibits
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their migration induced by CXCL2, as well as their adhe-
sion to brain endothelial cells; therefore, selective CB,
activation may play a protective role against neuroinflam-
mation, by suppressing leukocyte-blood brain barrier
interactions [74, 75]. Targeting endothelial CB, receptor
has been suggested to represent a novel strategy for treat-
ment of atherosclerosis, as it attenuates inflammatory
responses in in vitro human coronary artery endothelial
cells, as well as in isolated aortas and vascular endothelium
[76]. Finally, CB, activation may be useful to limit the
progression of HIV-1 infection in the central nervous
system, by inhibiting viral replication in infiltrating
monocytes/macrophages [77].

Platelets

Among blood cells, platelets represent an important source
of circulating eCBs, especially of 2-AG, which may par-
ticipate in several pathophysiological responses. First
evidence for the production of eCBs was presented by
Varga and co-workers [57], who demonstrated that rat
platelets contained significant amounts of 2-AG, that in-
creased after in vitro exposure to an inflammatory stimulus.
In the same year, Edgemond and colleagues [78] reported
that human platelets were able to incorporate AEA and
oxygenate it at the 12 position via the lipoxygenase path-
way, thus producing the oxygenated derivative 12(S)-
HAEA. The latter compound was able to bind both CB,
and CB, receptors and to inhibit FAAH activity, thus
prolonging AEA lifetime in the bloodstream. Later on, our
group and others provided further biochemical evidence of
eCB metabolism and their role in platelet physiology [79-
82]. It is now widely accepted that platelets are able to
metabolize both AEA and 2-AG, thus controlling their
biological activity within the cardiovascular system.

AEA and 2-AG do not act as interchangeable mediators,
but they are endowed with distinct biological functions,
especially in megakaryocyte/platelet biology (Fig. 2).
Although both eCBs can be involved in platelet activation
[83], nonetheless only 2-AG is a true agonist of human
platelets [84], while AEA more likely acts as a co-agonist,
synergizing with classical inducers, such as collagen, ADP
and thrombin. Indeed, 2-AG activates platelets at micro-
molar concentrations, by eliciting common metabolic
responses (including increase in cytosolic calcium, inosi-
tol-1,4,5-trisphosphate and thromboxane A,, and decrease
in cyclic AMP), through a p38MAPK/cPLA,-dependent
mechanism [85, 86]. Activation induced by 2-AG is also
accompanied by shape change, resulting from rearrange-
ment of actin cytoskeleton: in the presence of 2-AG,
changes in the G/F (i.e. monomeric/polymeric) actin ratio
within platelet cytoplasm could be seen, leading to in-
creased formation of actin filaments and cell protrusions

[84]. In platelets, 2-AG also increases activity of en-
dothelial nitric oxide synthase (eNOS), by promoting
eNOS Ser1177 phosphorylation by protein kinase C, and
Thr495 dephosphorylation via a mechanism involving the
Ser/Thr protein phosphatase 1 [87] (Fig. 3a).

Unlike 2-AG, AEA activates platelets at millimolar
concentrations and at micromolar concentrations is effec-
tive only in the presence of other physiological agonists
[79]. Therefore, the role of AEA is other than platelet ac-
tivation and aggregation. Indeed, we demonstrated that
AEA in blood may be one of the factors required for pla-
telet survival, we reported that this eCB was able to
prolong platelet life span by modulating the Akt-dependent
phosphorylation of Bad, thus preventing its binding to Bcl-
xL, and hence its pro-apoptotic activity [88]. Furthermore,
by the same PI3K/Akt signalling pathway, AEA stimulates
eNOS activity, thus increasing platelet nitric oxide (NO)
and cyclic GMP basal levels [89] (Fig. 3b). The AEA-
mediated NO increase may contribute to platelet survival
and account for beneficial effects produced by this eCB,
including vasodilatation [89, 90]. Keeping in mind that NO
enhances AEA uptake (Fig. 3b) [91], an autocrine loop
may be established, to remove AEA from extracellular
space, thus limiting abnormal thrombus formation [79].

Although the relevance of eCBs as (co-)agonists of
human platelets is now widely accepted, the role of CB
receptors, as well as the mechanism of action, is contro-
versial [92]. Our group and others [80, 85, 86, 93] showed
that 2-AG-triggered aggregation is CB;/CB,-dependent
(Fig. 3a), because it was reversed by CB; and CB, an-
tagonists. Coherently, in unstimulated whole blood, the
CB, antagonist rimonabant decreased P-selectin and gly-
coprotein IIb/Illa surface expression (thus reducing
fibrinogen binding), and thrombin-induced platelet aggre-
gation [86]. In contrast, Braud and colleagues [81] reported
that, in rabbit platelets, AEA-induced aggregation was
completely prevented by inhibition of cyclooxygenase-1
and FAAH activity, and so did Keown and co-workers
[92], thus supporting that eCB action occurs via release of
arachidonic acid. This hypothesis has recently been sus-
tained also by Brantl and colleagues [94], who found that
2-AG and virodhamine (but not AEA) induced human
platelet aggregation in their physiological milieu, i.e. blood
and plasma, as well as shape change, aggregation and ATP
secretion in platelet-rich plasma, through a MAGL-de-
pendent mechanism leading to arachidonic acid release and
its subsequent metabolism to thromboxane A, by cy-
clooxygenase-1/thromboxane synthase (Fig. 3a). As we
recently assessed [95], differences in experimental ap-
proaches might account for discrepancies among data
concerning eCB effects on platelets. Moreover, taking into
account that: (1) eCBs are metabolized by specific
biosynthetic and degradative enzymes [4, 10] that control
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Fig. 3 The “Yin-Yang” role of
2-AG and AEA in platelets.

a Role of 2-AG as migrating
factor. 2-AG activates platelets
in a CB,/CB, dependent
manner, (1) by increasing
cytosolic Ca*™, IP; and TXA,
and decreasing cAMP, and (2)
by stimulating eNOS activity.
2-AG might also be taken up by
platelets and hydrolyzed by
MAGL into AA, which, in turn,
is oxidized by COX-1 to TXA,.
b Role of AEA as survival
factor. AEA enhances platelet
life span (1) by activating the
survival kinase Akt, which
regulates, through
phosphorylation of Bad, the
interactions among pro- and
anti-apoptotic members of Bcl-2
family, and (2) by stimulating
eNOS activity. NO might also
stimulate AEA uptake, thus
modulating its action. See text
for further details. AA
arachidonic acid, CBR B
cannabinoid receptor, eNOS

endothelial nitric oxide

synthase, cAMP cyclic AMP,

COX-1 cyclooxygenase-1, IP;
inositol-1,4,5-trisphosphate, NO

nitric oxide, MAGL

monoacylglycerol lipase, TXA,

thromboxane A,, PKC protein

kinase C, PP protein

phosphatase 1

2-AG
AEA

Xgoeo
gk
w

5
=

their activity at both central and peripheral levels, includ-
ing in platelets [79-82]; and (2) inhibitors employed by
Brantl’s group [94] to inhibit cyclooxygenase and MAGL
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activities have been used at significantly high concentra-
tions, it is too simplistic to consider eCBs as a simple
source of arachidonic acid, rather than true platelet (co)-
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agonists. Indeed, if arachidonic acid was the main player of
eCB signalling, one might predict that AEA is also effec-
tive, since platelets promptly cleave it into arachidonic acid
[79]. But, besides the recent study from De Angelis’ group
[96] that reported an AEA-dependent inhibition of platelet
aggregation and o-granule release by collagen, it is well
recognized that AEA is unactive as platelet agonist [79, 80,
94]. In this context, it should also be underlined that 2-AG
itself is a substrate of cyclooxygenases and lipoxygenases
(see Fig. 1), being converted in biologically active oxy-
genated derivatives [11]. Hence, the effect of
acetylsalicylic acid (inhibitor of cyclooxygenase activity)
reported by Brantl’s group [94] might reflect blockade of
2-AG oxidation rather inhibition of the conversion of
2-AG-derived arachidonic acid into thromboxane A2. In
conclusion, the effects of such inhibitors should be inter-
preted with caution and more work has to be done to
unravel the molecular details of eCBs—platelet interactions.

Incidentally, human platelets express authentic CB; and
CB, receptors, as we have recently demonstrated [14]. By
analysing protein levels, cellular localization and func-
tionality, we provided direct experimental evidence that
both receptor subtypes are expressed in highly purified
human platelets; however, they are predominantly confined
inside platelets, thus explaining why only a small portion
of CB; and CB, might be detected in preparations of
plasma membranes [14].

Table 3 Alterations of blood eCB system in pathological conditions

Further studies are clearly warranted, especially con-
sidering the clinical potential of CB, agonism or CB;
antagonism as additional therapeutic targets to reduce
cardiovascular risk, where cyclooxygenase inhibitors can-
not be chosen.

The eCB system in blood cell cancer

Oncogenesis, proliferation, migration and apoptosis of tu-
mour cells are connected, in some way, to an altered eCB
tone [97, 98]. However, it is not clear the exact role of
eCBs in cancer-related events, neither it is known whether
alterations in eCB system are one of the cancer-promoting
factors or rather a consequence of generalized altered
metabolism. Indeed, the ability of eCBs to activate more
than one molecular target allows to trigger different (and
sometimes opposite) signalling pathways, so that protective
or oncogenic effects may vary according to the type of
cancer, and to the activated receptor (CB; versus TRPV1)
[99].

Overexpression of CB receptors has been reported in
different blood cancer types (Table 3). Increased CB,
levels have been found in human myeloid leukaemia cell
lines, in human blasts from acute myeloid leukaemia
(AML), and in certain non-Hodgkin’s B and T lymphomas
[100-102]. Moreover, the finding that the majority of non-
Hodgkin’s B lymphomas [101], as well as of Hodgkin’s

Pathology Up-regulation Down-regulation Agonist Effect References
Blood cancer
Acute myeloid leukaemia CB, [100]
Non-Hodgkin’s B lymphoma CB,;, CB, WINS55212-2, Met-AEA, 1Cell death, | proliferation [101, 104—
rimonabant 107]
Non-Hodgkin’s T lymphoma CB, [102]
Hodgkin’s lymphoma CB, [103]
Neurological diseases
Huntington’s disease AEA FAAH [136]
Multiple sclerosis AEA, CB, FAAH [137-139]
NAPE-PLD
Parkinson’s disease AEA FAAH [135, 143]
Alzheimer disease FAAH [144]
Migraine FAAH, EMT AEA [150]
Chronic/medication-overuse FAAH, EMT AEA, [151, 153]
headache 2-AG
Psychiatric disorders
Attention-deficit/ AEA FAAH [145]
hyperactivity disorder
Depression AEA, 2-AG [146]
Schizophrenia Cannabidiol 1 AEA, improvement of  [147]

symptoms
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lymphomas [103], also have increased levels of CB; re-
ceptor strongly suggests the involvement of this receptor in
tumorigenesis.

An interesting finding is that CB, receptor acts as a
protooncogene involved in leukemic transformation in
AML, while it plays a protective role against abnormal cell
growth in certain B cell malignancies (Table 3) [30, 31,
100]. In mantle cell lymphoma, Gustafsson and co-workers
[101, 104, 105] demonstrated that CB, pharmacological
activation (by WINS55212-2 or Met-AEA) reduces cell
proliferation via CB-dependent ceramide accumulation and
p38-dependent activation of caspase-3. As demonstrated by
Wasik and co-workers [106], other mechanisms, including
CB-independent cytoplasmic vacuolation, may induce cell
death in certain types of primary mantle cell lymphoma.
Mantle cell lymphoma proliferation can be blocked also by
rimonabant (a CB; antagonist/inverse agonist), thus sug-
gesting that more complex mechanisms underlying CB-
dependent cell growth inhibition exist [101]. Similarly,
rimonabant has been shown to regulate proliferation of
other types of blood cancers, where it induces cell cycle
arrest or cell death responses (e.g. inhibition of PI3K/Akt
pathway, phosphatydilserine exposure and dissipation of
mitochondrial membrane potential) depending on the cell
type considered [107].

Finally, it should also be underlined that pharmaco-
logical targeting of CB receptors might represent a novel
therapeutic approach to restore blood cell functions com-
promised by chemo- and radiation therapies. Following
sublethal irradiation, haematopoietic recovery is sig-
nificantly enhanced in mice treated with AM1241 (a CB,
agonist), via inhibition of apoptosis and promotion of cell
cycle entry of HSCs, while it is impaired in CB, knockout
mice [26].

The eCB system in inflammatory diseases

The ability of eCBs to modulate immunocompetent cells is
receiving growing interest in scientific community, espe-
cially in the light of the impact on inflammatory diseases.
Indeed, tissue-specific dysregulated eCB tone, resulting
from altered expression of CB receptors and/or eCB me-
tabolizing enzymes, has been reported in numerous
pathological conditions. As the pathological role of the
eCB system in inflammatory pathologies has been sum-
marized in more detail elsewhere [38, 108], here we
reported only few selected examples (Table 3).

(e)CBs have been shown to reduce inflammatory hy-
peralgesia, either in animals or humans [109-112]. In this
context, it should be recalled that FAAH modulates the
eCB tone, in vivo; this finding is supported by the evidence
that, in A-carrageenin treated rats, increased FAAH ex-
pression (paralleled by decreased AEA, 2-AG and PEA
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concentrations and enhanced CB; and CB, receptor ex-
pression) was associated to granuloma formation, while its
pharmacological blockade reduced TNFo release and
granuloma-dependent angiogenesis [113].

In inflammatory bowel disease (IBD), inflamed mucosa
has low AEA levels, as a result of decreased biosynthesis
and increased degradation [114]. Accordingly, the not-hy-
drolysable analogue Met-AEA drops off the release of pro-
inflammatory cytokines (IFN-y, IL-17 and TNF-a) from
inflamed mucosa of IBD patients [114], thus suggesting
that activation of CB receptors may be useful for treatment
of the disease; indeed, pharmacological elevation of eCB
content attenuates colitis symptoms in wild-type mice, but
not in CBy’~ and CB;’~ littermates [115]. Accordingly,
activation of CB, receptor: (1) reduces the number of
neutrophils, mast, CD4™", NK and T cells, in intestinal
lamina propria and mesenteric lymph nodes of IL-107'~
mice (which spontaneously develop chronic colitis at
12 weeks of age) [116]; (2) reduces the number of mac-
rophages and IFNy-expressing cells in dextran sodium
sulphate-treated mice (which are affected by acute colitis)
[117]. Conversely, we found that human inflamed IBD
mucosa expressed more CB; than uninflamed mucosa
without changes in CB, content [114]. Differences in
species (humans versus mice), as well as in IBD ex-
perimental models, might underlie these discrepancies.
Another interesting finding is that, in celiac disease, AEA
seems to act as a pro-inflammatory compound: active
celiac subjects show high levels of CB receptors, as well as
of AEA (and PEA) in their mucosa (due to increased
NAPE-PLD activity), which return to basal levels with a
gluten-free diet [118-120].

eCB signalling appears to be also involved in immune
responses associated to atherogenesis and its clinical
manifestations, although its exact role is quite controver-
sial. In atherosclerosis-prone apolipoprotein E-deficient
(ApoE_/ 7) mice, CB, stimulation reduces both infiltrating
neutrophils and intraplaque MMP-9 levels, thus restraining
plaque susceptibility to rupture [69]; coherently, leukocyte
infiltration in atherosclerotic plaques increases in double
knocked out mice for ApoE and CB, receptor or in irra-
diated ApoE™'~ mice reconstituted with CB5’~ bone
marrow [121]. On the contrary, Willecke and co-workers
[122] reported that neither genetic deficiency nor activation
of CB, receptor was able to modulate atherogenesis in low-
density lipoprotein receptor knockout mice, while Len-
glet’s group [123] showed that in ApoE™'~ mice feeding
high-cholesterol diet, pharmacological and genetic ablation
of FAAH enhanced neutrophil recruitment. Accordingly,
FAAH deletion exacerbated myocardial injury by increas-
ing myocardial neutrophil infiltration [124].

An interesting finding with pharmacological implica-
tions is that, in primary peritoneal and immortalized
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macrophages, oxidized low-density lipoproteins increase
eCB tone; subsequent activation of CB receptor triggers
cholesterol accumulation in macrophages, by up-modulat-
ing expression of CD36 receptor (responsible for
cholesterol influx), and by down-modulating expression of
ATP-binding cassette protein Al (responsible for choles-
terol efflux) [125]. Accordingly, patients with coronary
artery disease show enhanced serum levels of eCBs (in-
cluding AEA, 2-AG, PEA and OEA), which might increase
the risk of atherosclerotic plaque rupture, via promotion of
neutrophil recruitment and activity [126].

Systemic and local inflammation is also deeply con-
nected to ischemic stroke [127-129]. Using different
experimental models, it has been shown that CB, activation
limits cerebral infarct size, via attenuation of chemokine
signalling, inflammatory cell infiltration, oxidative/ni-
trosative stress and/or cell death [130]. Furthermore,
treatment of transient focal ischemic mice with selective
CB, receptor agonists, before and after reperfusion, both
prevents and reduces leukocyte migration, thus improving
infarct outcome and motor function [74, 131, 132]. In a
mouse model of liver ischemia/reperfusion injury, JWH133
protects against damage, by decreasing inflammatory cell
infiltration, tissue and serum TNFo, MIP-1a/CCL3 and
MIP-2/CXCL2 levels, as well as ICAM-1 expression [133].
It has also been hypothesized that receptors other than CB,
might represent promising therapeutic approaches for is-
chemia-induced inflammation, since CBD attenuates TNFo
production in Kupffer cells (resident macrophages of the
liver), along with ICAM-1 expression and leukocyte ad-
hesion to human sinusoidal endothelium [134].

Blood eCB system as a mirror of neurological
diseases

In recent years, an increasing number of experimental
observations have indicated that peripheral blood cells
might represent a novel, non-invasive diagnostic tool of
several neurological disorders, as dysregulation of their
activity often mirrors central dysfunctions (Table 3).

In particular, patients suffering from distinct neuro-
logical diseases show alterations of the eCB system in their
lymphocytes or/and platelets [135]. This is the case of
peripheral lymphocytes from Huntington’s disease patients
that have a remarkable decrease of FAAH activity and
increase of endogenous AEA levels compared to healthy
subjects, with no changes in other elements of the eCB
system [136]. Similarly, AEA (but not 2-AG) levels are
higher in peripheral lymphocytes of relapsing multiple
sclerosis (MS) patients; in this case, increased blood AEA
content depends on increased synthesis by NAPE-PLD and
reduced degradation by FAAH, and mirrors increased AEA
levels found in the cerebrospinal fluid [137]. AEA levels

are increased in active MS lesions [138], coherently CB,
receptor, absent in inactive plaques, is expressed in mac-
rophages showing recent phagocytic activity, as well as in
perivascular T lymphocytes [139]. Accordingly, T and B
cells from MS patients had significantly high CB; and CB,
expression, respectively [140].

It has been recently proposed that AEA may limit im-
mune response associated to MS and, thus, protect brain
from neuroinflammation, by restoring cytokine balance in
microglia, via a CB,-dependent mechanism [141, 142].
This hypothesis is supported by the evidence that AEA (but
not 2-AG) levels were significantly elevated in B, T and
NK cells prior interferon therapy and returned to values
comparable to healthy subjects following 1 year of treat-
ment [140]. Incidentally, we have shown that AEA has
distinct immunomodulatory effects on human myeloid and
plasmacytoid dendritic cells from healthy and MS indi-
viduals. AEA modulates cytokine production and Th-1/Th-
17 commitment in both healthy dendritic cells and MS
myeloid dendritic cells, while it has no effect at all in MS
plasmacytoid dendritic cells. Such a lack of effect depends
on increased FAAH expression in MS plasmacytoid den-
dritic cells [55]. This finding, together with the evidence
that the expression of FAAH was unchanged in MS B, T
and NK cells [140] seems to speak in favour of a specific
regulation of FAAH activity in distinct blood cells.

Additionally, lymphocytes from Parkinson’s disease
patients, whose cerebrospinal fluid contains high AEA
levels [143], have FAAH expression and activity sig-
nificantly lower than that found in healthy controls, thus
indicating that enzyme dysfunction might represent a
compensatory mechanism, also occurring at striatal level,
aimed at compensating central dopamine deficiency [135].
Peripheral blood mononuclear cells of subjects with late-
onset Alzheimer disease (AD) show increased FAAH ac-
tivity, as a result of epigenetic regulation, identifying
FAAH as a new potential biomarker for AD in easily ac-
cessible peripheral cells [144].

Alterations in the eCB system of immune cells have also
been observed in psychiatric disorders. Decreased AEA
hydrolysis (but not synthesis) has been found in lympho-
cytes derived from patients affected by attention-deficit/
hyperactivity disorder, the most commonly diagnosed
neurodevelopmental disorder in childhood [145]. Serum
levels of both AEA and 2-AG also increase and correlate
with blood pressure in women diagnosed with depression
[146]. The relevance of blood eCBs tone has recently been
sustained by a double-blind, randomized clinical trial,
where cannabidiol treatment was shown to increase serum
AEA levels that were correlated with clinical improvement
of schizophrenia symptoms [147]. Moreover, CB, gene
expression appears to be significantly upregulated in pe-
ripheral blood mononuclear cells from autistic children
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[148], with a specific increase of NAPE-PLD/FAAH ex-
pression ratio in their macrophages [149].

Also platelet eCB system has been shown to be altered
in patients with some neurological disorders. This is the
case of patients with migraine, whose platelets show al-
tered serotonin concentration, which correlates with
chronification of headache [150]. Platelets from female
(but not male) patients with migraine without aura have
increased activity of both FAAH and EMT, with no dif-
ference in the expression of CB receptors [150]. Such an
observation may explain the prevalence of migraine in
women, as increased degradation of platelet AEA, and
thus lower blood AEA content, may contribute to reduce
pain threshold [150]. Instead, platelets from chronic mi-
graine (CM) and medication-overuse headache (MOH)
subjects show reduced EMT and FAAH levels, compared
to either controls or episodic migraine group, without
differences in gender [151]. We recently identified a re-
lationship between altered platelet FAAH activity and
reduction in facilitation of pain processing in MOH sub-
jects; this could represent the consequence of a mechanism
devoted to acutely reduce eCB degradation upon pain
[152]. Finally, decreased plasma AEA and 2-AG levels
(especially in females) have also been reported in CM and
MOH patients [153]. Interestingly, alterations of the eCB
tone seem to reflect those of serotonin, as a correlation
between the levels of this neurotransmitter and 2-AG has
been found, particularly in MOH patients [153], hence
supporting validity of platelets as models for neuronal
pathophysiology.

Therapeutic exploitation

The wide pharmacopoeia of CB receptor ligands (including
agonists, antagonists and inverse agonists) has offered the
incentive for developing meaningful therapeutic ap-
proaches in a plethora of pathologies affecting humans due
to inflammatory, immunological and oncological disorders
[108, 154-156].

The only therapeutically relevant CB receptor ligands
currently in use are A’-tetra-hydrocannabinol (A°-THC), its
synthetic forms and closely related compounds (154). Sa-
tivex is a vaporized delivery system for purified A’ THC
that has obtained approval status for treatment of neuro-
pathic pain and spasticity in multiple sclerosis; Dronabinol,
a synthetic A’-THC, is usually employed for treatment of
neuropathic pain in multiple sclerosis, anorexia in AIDS
and nausea and vomiting in cancer chemotherapy; Na-
bilone, a derivatized synthetic A>-THC, has been approved
in UK, Canada and Mexico for cancer patients [154].
Sanofi-Synthelabo has developed CB receptor antagonists
to be used in the clinic: initially approved for therapeutic
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use, the CB; antagonist SR141716A (Rimonabant, Ac-
complia) has been withdrawn because of serious concerns
to the safety [157].

The immunosuppressive potency of eCBs, together with
their ability to negatively impact the release of pro-inflam-
matory mediators, has allowed testing the eCB-based drugs in
inflammatory experimental models and even in some human
diseases [158, 159]. For example, inhaled A°-THC can re-
strain airway or gastrointestinal inflammation, suggesting its
clinical application for treatment of asthma, inflammatory
Bowel and Crohn’s diseases. Despite the body of evidences
from pre-clinical studies, successful randomized trials are
very few and, till now, it is difficult to translate the basic data
in therapeutic interventions, because of several factors, in-
cluding chemically labile structures, poor bioavailability,
severe side effects, and failure to arrest disease progression.

Several aspects may account for this gap between in vitro
and in vivo experimental data and clinical translation. First,
currently available receptor agonists are not totally specific,
so that, at high doses, agonists of one receptor may activate
the other type of receptor, especially when the levels of CB;
and CB, expression are considerably different [108]. This
should be taken into account, considering that in many im-
munocytes, CB, activation exerts suppressive effects, while
CB, activation is mainly responsible for the pro-inflammatory
action of eCBs [160]. Another cause is that eCBs may exert
different effects depending on specific steps of the disease.
For example, CB agonists appear to be effective at early
stages, while losing their efficacy at later time points, as it is
the case of sepsis immunopathogenesis [158]: during the early
hyper-inflammatory response, modulation of CB2 receptor is
helpful to dampen down the uncontrolled over-activation of
the innate immune system, but in later stages of sepsis im-
mune-suppression occurs and, therefore, modulation of the
eCB system is needed to enhance the inflammatory response.

Finally, potential side effects of eCB therapeutics, in-
cluding those affecting the neurological (mood alterations,
depression, psychosis) and/or cardiovascular (hypotension,
ischemia, stroke, inflammation) systems should also be
considered [161-164]. Given their immunoactivity, pro-
found phenotypic changes may indeed occur after continued
eCB exposure; increases in TNFo, IFNy and IL-2 levels
have been found in Dronabinol-treated patients [165], and
marijuana users have experienced decrease in NK cell
numbers, reduction of IL-2 levels, and increase in pro-in-
flammatory cytokines IL-10 and TGF1 [166]. Therefore, it is
conceivable that, in the long term, therapeutic eCBs may
have immunological side effects, including increased sus-
ceptibility to infectious agents, dysregulated production of
cytokines, and alterations in cell-mediated immunity. This
should be considered when eCB-based drugs are thought for
treating diseases (such as AIDS, anorexia, cancer, obesity)
where immune responses are impaired, so that prolonged
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exposure to eCBs has the potential to worsen an already
compromised immune system.

Conclusions and future perspectives

Since the discovery of the eCB system in the early 1990s,
an ever-growing body of literature data has helped to better
define its role in haematopoiesis and bone marrow func-
tion, as well as in platelet and leukocyte pathophysiology.
Moreover, the evidence that the eCB system (and par-
ticularly CB, receptor) is dysregulated in several blood
cancers and pathologies characterized by abnormal in-
flammatory responses, clearly supports that it should be
considered a therapeutic target to prevent (and even treat)
blood-related disorders. Nonetheless, the complexity of the
eCB system requires special caution in drawing eCB
therapeutic applications, as activation of these pathways
may either represent a compensatory response to a specific
insult (thus slowing progression of the disease) or may be
pathogenic (thus exacerbating symptoms). A typical ex-
ample of eCB system complexity is offered by platelets
that may store eCBs, may be arachidonate reservoirs, or
may release the oxygenated eCB derivatives to activate
other cells; this multi-faced aspect requires being very
careful in the therapeutic application of eCBs, to optimize
benefits and minimize risks.

An interesting finding is that several elements of blood
eCB system appear to follow the same alterations observed
in some neurological disorders, thus leading to the chal-
lenging hypothesis that blood eCB system might be a central
nervous system mirror, suitable for novel, non-invasive di-
agnostic strategies for brain diseases. Due to the complexity
of neurological disorders, it is very difficult to have perfect
and accessible biomarkers useful for measuring the progress
of neurological disorders or the effects of treatment.
Therefore, it is wished to better clarify the role of eCB
system in these diseases to have effective therapeutic targets.
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