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Fic. 6. Cellular source and proposed targets of anti-inflammatory endocannabinoids in inflammatory bowel disease. a, cross-section of inflamed
bowel with leukocyte infiltration [polymorphonuclear leukocytes (PNM), lymphocytes (Ly), macrophages, and mast cells]. b, in macrophages, LPS
induces the production of TNF-a and chemokines (such as MIP-2macrophage inflammatory protein-2 and CXCL-8) as well as anandamide.
Anandamide is released to act as an autocrine mediator to inhibit TNF-a and chemokine production via CB, or CB, receptors or both. Activation of
CB, and CB, receptors may similarly inhibit TNF-«a production in mast cells, with these effects resulting in decreased leukocyte infiltration and
inflammation. Paracrine activation of CB; receptors on extrinsic and intrinsic enteric neurons inhibits acetylcholine (ACh) and tachykinin release,
respectively, resulting in inhibition of gut motility. These effects are amplified by treatment with a FAAH inhibitor, which prevents the breakdown
of anandamide. Reproduced with permission from Kunos and Pacher (2004) Nat Med 10:678—679. © Nature Publishing Group.

(Batkai et al., 2001; Ros et al., 2002). These findings
suggested an increased endocannabinoid tone in cirrho-
sis, which could be attributed to both an up-regulation of
CB; receptors in hepatic vascular endothelial cells and
an increased production of anandamide by circulating
monocytes (Batkai et al., 2001). Increased expression of
CB; receptors was also reported in whole liver from bile
duct-ligated mice (Biecker et al., 2004). This increase
was greater when bile duct ligation was performed in
NO synthase-3 knockout compared with wild-type mice,
which may account for the similar level of portal hyper-
tension in the two strains despite the much higher sys-
temic blood pressure in the knockout mice (Biecker et
al., 2004). Increased anandamide-induced vasorelax-
ation mediated by CB; and TRPV; receptors was also
reported in mesenteric arteries isolated from cirrhotic
compared with control rats (Domenicali et al., 2005).
The increase in anandamide in monocytes from cirrhotic
rats or humans is functionally important, as these cells
elicit SR141716-sensitive hypotension when injected
into normal recipient rats (Batkai et al., 2001; Ros et al.,
2002). Plasma endotoxin levels progressively increase as
liver function deteriorates in cirrhosis (Lumsden et al.,
1988; Chan et al., 1997), and this effect is probably
responsible for the elevated endocannabinoid production
in plasma monocytes and platelets of cirrhotic animals
and patients (Batkai et al., 2001; Ros et al., 2002; Liu et

al., 2003; Fernandez-Rodriguez et al., 2004). There is
also recent experimental evidence implicating increased
signaling through myocardial CB; receptors in the
pathogenesis of cirrhotic cardiomyopathy (Gaskari et
al., 2005; Pacher et al., 2005¢).

Beyond the vasculopathy of end-stage cirrhosis, the
endocannabinoid system may also be involved in the
pathogenesis of liver fibrosis. Siegmund et al. (2005)
have recently reported that anandamide exerts antifi-
brogenic effects in vitro by inhibiting activated hepatic
stellate cells at low micromolar concentrations and by
inducing their necrosis at higher concentrations, via
CB,»- and TRPV;-independent mechanism(s). In a
study by Julien et al. (2005), the liver fibrosis induced by
carbon tetrachloride was more severe in CB, knockout
mice compared with their wild-type littermates. Also,
the expression of CB, receptors was found to be strongly
induced in liver biopsy specimens from patients with
active cirrhosis of various etiologies, particularly in non-
parenchymal cells located within and at the edge of
fibrous septa (Julien et al., 2005). Furthermore, CB,
receptor activation triggered growth inhibition and ap-
optosis in myofibroblasts and in activated hepatic stel-
late cells, highlighting the antifibrogenic role of CB,
receptors during chronic liver injury (Julien et al., 2005).
However, chronic marijuana use has been associated
with hepatotoxicity rather than hepatoprotection as ex-
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pected from the above results (Borini et al., 2004), and
results of a recent epidemiological study indicate that
daily marijuana smoking is a risk factor for progression
of fibrosis among people with chronic hepatitis C infec-
tion (Hezode et al., 2005). This finding has triggered an
investigation into the possible pro-fibrogenic role of CB,
receptor activation, which is supported by the results of
a preliminary study showing that the progression of
experimental liver fibrosis induced by carbon tetrachlo-
ride is slower in mice with genetic ablation of CB; re-
ceptors or treated with CB; receptor antagonist
SR141716 (Teixeira-Clerc et al., 2006). These latter find-
ings suggest a broader role of CB; receptors in the
pathogenesis of cirrhosis and forecast additional poten-
tial benefits from the therapeutic use of a CB; antago-
nist in chronic liver disease.

In contrast to the hepatotoxicity associated with
chronic marijuana use, a synthetic, nonpsychotropic
cannabinoid derivative (PRS-211,092) was reported to
inhibit acute hepatitis induced by concanavalin A via
negative cytokine regulation in mice (Lavon et al., 2003).
Interestingly, in animal models of acute hepatic failure-
induced encephalopathy, both 2-AG and SR141716 have
been reported to exert beneficial effects on neurological
and cognitive function (Gabbay et al., 2005; Avraham et
al., 2006). Cannabinoids may also be beneficial in intrac-
table cholestatic pruritus (Neff et al., 2002), which is
associated with severe forms of liver disease, presum-
ably by increasing the nociceptive threshold (Gingold
and Bergasa, 2003).

Collectively, the studies discussed in this section high-
light the potential regulatory role of the endocannabi-
noid system in a variety of gastrointestinal and liver
disorders, opening new avenues for their pharmacother-
apy. It appears that CB; agonists and perhaps FAAH
antagonists might be beneficial in reducing increased
gastrointestinal motility, bowel inflammation, and asso-
ciated diarrhea, whereas CB; antagonists could be used
in the treatment of constipation. In chronic liver cirrho-
sis, CB; antagonists may not only attenuate or reverse
the adverse hemodynamic consequences of cirrhosis,
thus extending life until a suitable liver becomes avail-
able for transplantation, but also could have additional
benefits by slowing the progression of fibrosis and the
neurological decline associated with hepatic encephalop-
athy. Selective CB,, receptor agonists might also be ex-
pected to protect against progression of liver fibrosis and
perhaps against the chronic inflammation associated
with IBD.

H. Musculoskeletal Disorders

1. Arthritis.  Rheumatoid arthritis (RA) is a chronic,
systemic, inflammatory autoimmune disease affecting
~0.8% of adults worldwide. RA is more common in
women, and it leads to joint destruction, deformity, loss
of function, chronic pain, and reduced quality of life.
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When unchecked, it leads to substantial disability and
premature death (O’Dell, 2004). Current medications
used to treat rheumatoid arthritis are divided into three
main classes: nonsteroidal anti-inflammatory drugs,
corticosteroids, and disease-modifying antirheumatic
drugs such as methotrexate (O’Dell, 2004). A better un-
derstanding of the cytokine networks that are responsi-
ble for the ongoing inflammatory response in RA has led
to the successful use of novel therapies that target
TNF-a and IL-1.

The immunosuppressant and anti-inflammatory prop-
erties of cannabinoids are highly relevant for RA and
other autoimmune disorders (e.g., systemic lupus ery-
thematosus, autoimmune vasculitis, Sjogren’s syn-
drome, and ankylosing spondylitis). Indeed, ajulemic
acid (THC-11-oic acid, CT-3, IP-751), a potent analog of
the acid metabolites of THC (Burstein, 2000, 2005) and
cannabidiol have been shown to have analgesic, anti-
inflammatory, and immunosuppressive effects in animal
models of arthritis (Zurier et al., 1998; Dajani et al.,
1999; Malfait et al., 2000). Chronic administration of
ajulemic acid attenuated joint inflammation in a murine
model of adjuvant-induced arthritis and suppressed
prostaglandin production in vitro to a greater extent
than the potent nonsteroidal anti-inflammatory drug,
indomethacin (Zurier et al., 1998). In another study,
ajulemic acid caused less gastrointestinal ulcerations
and was more effective in reducing adjuvant-induced
arthritis than common nonsteroidal anti-inflammatory
agents (Dajani et al., 1999). As discussed earlier in this
review, ajulemic acid is a high-affinity agonist for hu-
man cannabinoid receptors and has CB;-mediated, po-
tent antihyperalgesic activity in models of chronic neu-
ropathic and inflammatory pain in the rat (Dyson et al.,
2005). Ajulemic acid also induces apoptosis in human T
lymphocytes (Bidinger et al.,, 2003) and suppresses
IL-1B production in human monocytes (Zurier et al.,
2003), which could contribute to its therapeutic effects in
RA and other inflammatory disorders. Treatment with
cannabidiol or its more potent dimethylheptyl derivative
(HU-320) reduced an LPS-induced increase in serum
TNF-a and immune function and effectively blocked the
progression of collagen-induced arthritis in mice (Mal-
fait et al., 2000; Sumariwalla et al., 2004). Other studies
described the antinociceptive effects of anandamide and
THC in rats with arthritis (Sofia et al., 1973; Smith et
al., 1998; Cox and Welch, 2004). Mbvundula et al. (2005,
2006) have recently reported that WIN 55,212-2 and
HU-210 inhibited IL-1-stimulated NO production in bo-
vine articular chondrocytes, in contrast to AM281 and
AM630, which elicited an opposite effect. Anandamide,
WIN 55212-2, and HU-210 also inhibited the release of
sulfated glycosaminoglycans in bovine cartilage ex-
plants and IL-1a stimulated proteoglycan and collagen
degradation (Mbvundula et al., 2005, 2006).

In a survey of 2969 people using cannabis for medic-
inal purposes, ~25% of subjects mentioned relief of ar-
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thritis symptoms as the main reason for cannabis smok-
ing, which was surpassed only by chronic pain, MS, and
depression (Ware et al., 2003). Studies using cannabi-
noid-based extracts are also underway in patients with
RA (Russo, 2006). The potential benefit of cannabinoids
in fibromyalgia, a syndrome of widespread musculoskel-
etal pain, nonrestorative sleep, disturbed mood, and fa-
tigue of unknown etiology, has also been reviewed
(Russo, 2004).

2. Osteoporosis.  Osteoporosis is a skeletal disorder
characterized by low bone mass and microarchitectural
deterioration of bone, leading to increased susceptibility
to bone fractures. The associated fractures and the sub-
sequent morbidity and mortality make osteoporosis an
enormous public health concern. Osteoporosis is no
longer considered an age-related disease, as it is increas-
ingly recognized in children. Osteoporosis is thought to
be a polygenic disorder, with vulnerability determined
by multiple genes and environmental risk factors. It
currently affects up to one in three women and 1 in 12
men worldwide (Keen, 2003). Treatment options include
general measures on lifestyle, calcium and vitamin D
supplements, hormone therapy, raloxifene, and bisphos-
phonates.

Cannabinoid receptors were first implicated in the
regulation of bone mass by Karsak et al. (2004), who
found that CB, knockout mice had markedly accelerated
age-related trabecular bone loss and cortical expansion
accompanied by increased activity of trabecular osteo-
blasts, increased numbers of osteoclasts, and decreased
numbers of diaphyseal osteoblast precursors (Ofek et al.,
2006). CB,, receptors were expressed in osteoblasts, os-
teocytes, and osteoclasts. The selective CB, agonist HU-
308, but not the CB, agonist noladine ether, attenuated
ovariectomy-induced bone loss and markedly stimulated
cortical thickness through the suppression of osteoclast
number and stimulation of endocortical bone formation
(Ofek et al., 2006). Furthermore, HU-308 dose depen-
dently increased the number and activity of endocortical
osteoblasts and restrained trabecular osteoclastogenesis
by inhibiting proliferation of osteoclast precursors (Ofek
et al., 2006). These results, coupled with CB, but not
CB; receptor mRNA expression during osteoblastic dif-
ferentiation, suggested a role for CB,, receptors in bone
remodeling. Such a role of CB, but not CB; receptors is
also supported by a recent genetic association study in
human samples of postmenopausal osteoporosis pa-
tients and matched female control subjects (Karsak
et al., 2005).

In contrast, Idris et al. (2005) have recently reported
that CB; receptor knockout mice or mice treated with
antagonists of either CB; or CB, receptors were pro-
tected from ovariectomy-induced bone loss. Further-
more, cannabinoid antagonists promoted osteoclast ap-
optosis, inhibited osteoclast activity, and decreased the
production of several osteoclast survival factors in vitro,
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suggesting that cannabinoid antagonists may be benefi-
cial in the treatment of osteoporosis. Although the rea-
son for the discrepancy between the above studies is not
clear; they suggest a role for the endocannabinoid sys-
tem in the regulation of bone mass.

1. Endocannabinoids and Reproductive Functions

There is abundant evidence that the endocannabinoid
system is involved in reproductive functions in both
males and females and in both animals and humans, as
discussed in more detail in recent reviews (Fride, 2004;
Park et al., 2004; Schuel and Burkman, 2005; Tranguch
et al., 2005; Wang et al., 2006). In males, marijuana,
synthetic cannabinoids, and anandamide adversely af-
fect the fertilizing capacity of sperm, which express func-
tional CB, receptors (Rossato et al., 2005; Schuel and
Burkman, 2005; Whan et al., 2006). On the other hand,
there is preclinical evidence to suggest that blockade of
CB; may be useful in the treatment of erectile dysfunc-
tion (Melis et al., 2004b, 2006).

High levels of functional CB; receptor, anandamide,
and FAAH are present in the preimplantation embryo
and/or in the uterus (Das et al., 1995; Paria et al., 1995,
2001; Schmid et al., 1997; Park et al., 2003; Guo et al.,
2005). Anandamide synthesized in the uterus exerts
dose- and stage-specific effects on embryo development
and implantation. A temporary reduction of anandam-
ide levels is essential for embryo implantation, and
higher anandamide levels are associated with uterine
nonreceptivity and impairment of blastocyst formation,
zona hatching, and trophoblast outgrowth via CB; re-
ceptors (Das et al., 1995; Paria et al., 1995, 2001, 2002;
Schmid et al., 1997; Wang et al., 1999; Guo et al., 2005).
Consequently, cannabinoids may retard the develop-
ment of embryos, eventually leading to fetal loss and
pregnancy failure (Bloch et al., 1978; Smith and Asch,
1987; Park et al., 2004). Anandamide levels in the
uterus are regulated by FAAH activity (Paria et al.,
1995, 1999; Schmid et al., 1997). Accordingly, pregnant
women with low FAAH activity in lymphocytes were
found to have an increased incidence of miscarriage
(Maccarrone et al., 2000c), and low FAAH activity also
correlated with failure to maintain pregnancy after in
vitro fertilization (Maccarrone et al., 2002b). Finally,
cannabinoids may also affect the levels of various hor-
mones crucial for normal fertility and reproduction
(Brown and Dobs, 2002; Park et al., 2004; Scorticati et
al., 2004; Gammon et al., 2005). Although such findings
may suggest the potential usefulness of CB; antagonists
in the treatment of infertility problems, a note of caution
is warranted because CB; knockout mice were reported
to have impaired oviductal transport of embryos, leading
to embryo retention. This suggests that treatment with
CB, antagonists may facilitate ectopic pregnancy (Wang
et al., 2004).
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ENDOCANNABINOID SYSTEM AND DISEASE

IV. Future Directions

The length of this review, necessitated by the steady
growth in the number of indications for the potential
therapeutic use of cannabinoid-related medications, is a
clear sign of the emerging importance of this field. This
is further underlined by the quantity of articles in the
public database dealing with the biology of cannabi-
noids, which numbered ~200 to 300/year throughout the
1970s to reach an astonishing 5900 in 2004. The growing
interest in the underlying science has been matched by
a growth in the number of cannabinoid drugs in phar-
maceutical development from two in 1995 to 27 in 2004,
with the most actively pursued therapeutic targets be-
ing pain, obesity, and multiple sclerosis (Hensen, 2005).
As in any rapidly growing area of research, not all the
leads will turn out to be useful or even valid. Neverthe-
less, it is safe to predict that new therapeutic agents that
affect the activity of the endocannaboinoid system will
emerge and become members of our therapeutic arma-
mentarium. The plant-derived cannabinoid preparation
Sativex has already gained regulatory approval in Can-
ada for the treatment of spasticity and pain associated
with multiple sclerosis, and the CB, receptor antagonist
rimonabant has been approved in Europe and is await-
ing Food and Drug Administration approval in the
United States for the treatment of the metabolic syn-
drome. Undoubtedly, these will be followed by new and
improved compounds aimed at the same or additional
targets in the endocannabinoid system. However, it may
be only after the widespread therapeutic use of such
compounds that some important side effects will emerge.
Although this occurrence would be undesirable from a
health care perspective, such side effects may shed fur-
ther light on the biological functions of endocannabi-
noids in health and disease.
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