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REVIEW

Cannabinoid receptors and the regulation of bone
mass
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A functional endocannabinoid system is present in several mammalian organs and tissues. Recently, endocannabinoids and
their receptors have been reported in the skeleton. Osteoblasts, the bone forming cells, and osteoclasts, the bone resorbing
cells, produce the endocannabinoids anandamide and 2-arachidonoylglycerol and express CB2 cannabinoid receptors.
Although CB2 has been implicated in pathological processes in the central nervous system and peripheral tissues, the skeleton
appears as the main system physiologically regulated by CB2. CB2-deficient mice show a markedly accelerated age-related
bone loss and the CNR2 gene (encoding CB2) in women is associated with low bone mineral density. The activation of CB2
attenuates ovariectomy-induced bone loss in mice by restraining bone resorption and enhancing bone formation. Hence
synthetic CB2 ligands, which are stable and orally available, provide a basis for developing novel anti-osteoporotic therapies.
Activation of CB1 in sympathetic nerve terminals in bone inhibits norepinephrine release, thus balancing the tonic sympathetic
restrain of bone formation. Low levels of CB1 were also reported in osteoclasts. CB1-null mice display a skeletal phenotype that
is dependent on the mouse strain, gender and specific mutation of the CB1 encoding gene, CNRT.
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Introduction

In humans and other vertebrates alike, bone structure
undergoes substantial temporal changes throughout life.
These changes comprise: (i) a rapid skeletal growth phase
accompanied by accrual of peak bone mass; (ii) a steady-state
phase whereby bone mass remains constant; (iii) age-related
bone loss (Segev et al., 2006). These changes are the
consequence of a continuous process of resorption/forma-
tion of the mineralized matrix referred to as bone remodel-
ling (Figure 1). Imbalanced bone remodelling leads to bone
mass accrual (positive imbalance) or bone loss (negative
imbalance) (Karsenty, 2001). The remodelling process occurs
concomittantly in multiple foci, which in humans encom-
pass approximately 5% of trabecular, endosteal and osteonal
surfaces (Parfitt, 1982). The remodelling cycle in individual
foci (Figure 1) consists of a relatively rapid (that is a few
weeks) resorption of pre-existing mineralized matrix by a
bone-specific haematopoietic cell type, the osteoclast, derived
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from monocytes (Roodman, 1999). It is then followed by a
slower (that is a few months) stage of bone formation by
another bone-specific cell type, the osteoblast (Parfitt, 1982),
which belongs to the stromal cell system of bone marrow
(Bab et al., 1986). Different foci are usually at different phases
of the cycle and the net effect on bone mass reflects the
overall balance between bone resorption and formation. The
significance of balanced bone remodelling is demonstrated
by osteoporosis, the most common degenerative disease in
developed societies, which results from a net increase in
bone resorption, bone loss, weakening of the skeleton and
increased fracture risk, primarily in females but also in males.

The coordinated occurrence of multiple remodelling sites
is suggestive of a complex hierarchical regulation consisting
of local, autocrine/paracrine and systemic endocrine
(Manolagas, 2000). Indeed, studies in genetically modified
mice have demonstrated paracrine control of osteoclast
formation and activity by factors such as receptor activator
of NF-«B ligand, osteoprotegerin, macrophage colony-stimu-
lating factor and interleukin 6, which are derived from
neighbouring stromal cells, including osteoblasts and their
precursors (Poli et al., 1994; Simonet et al., 1997; Bucay et al.,
1998; Lacey et al., 1998; Kong et al., 1999; Suda et al., 2001).
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Figure 1

Model of regulation of bone remodelling by the skeletal endocannabinoid system. Shown is remodelling focus consisting of

resorption lacuna carved by osteoclasts and being refilled by osteoblasts, which secrete osteoid (unmineralized bone matrix) and control its

mineralization.

Locally, osteoblasts are regulated mainly by bone morpho-
genetic proteins (Yoshida et al., 2000). Systemically, it is well
established that depletion of gonadal hormones in females
and males favours bone loss in mammals, including humans
(Most et al., 1997; Alexander et al., 2001; Gabet et al., 2005).
In addition, parathyroid hormone (Potts and Juppner, 1998;
Gunther et al., 2000), calcitonin (Nicholson et al., 1986),
insulin-like growth factor I (Yakar et al., 2002) and the
osteogenic growth peptide (Bab and Chorev, 2002) are
involved in the control of bone formation. More recently,
it has been reported that bone remodelling is also subject to
a hierarchically superior central control by hypothalamic
leptin and neuropeptide Y signalling (Ducy et al., 2000;
Baldock et al., 2002) as well as downstream sympathetic
signalling through osteoblastic B2 adrenergic receptors
(Takeda et al., 2002). Lately, it has been suggested that
imbalances in bone remodelling, previously attributed to
excessive thyroid activity and oestrogen depletion, may
result from the interaction between the pituitary-derived
thyroid-stimulating hormone and follicular-stimulating
hormone and receptors expressed in bone cells (Abe et al.,
2003; Sun et al., 2006).

The actions of cannabinoids and endocannabinoids are
mediated mainly by G protein-coupled cannabinoid recep-
tors type 1 (CB1) and type 2 (CB2) (Howlett, 2002). CB1 and
CB2 share 44% overall identity (68% identity for the
transmembrane domains). CB1 is perhaps the most abun-
dantly expressed G protein-coupled receptor in the CNS. It is
also present in peripheral neurons and the gonads and to
some extent in several other peripheral tissues. CB2 is
expressed in the immune system, cirrhotic liver, arterio-
sclerotic plaques, inflamed gastrointestinal mucosa and
brain inflammation (Sugiura et al., 2002; Julien et al., 2005;
Steffens et al., 2005; Wright et al., 2005). That CB1 and CB2
are not functionally identical is demonstrated by the
presence of cannabinoid agonists and antagonist with
distinct binding specificities to either receptor (Hanus
et al., 1999; Shire et al., 1999). Both receptors signal via the

G(i/o) subclass of G proteins, inhibiting stimulated adenylyl
cyclase activity. Further downstream, the CBs induce the
activation of p42/44 mitogen-activated protein Kkinase
(Wartmann et al., 1995; Melck et al., 1999; Liu et al., 2000),
p38 mitogen-activated protein kinase (Derkinderen et al.,
2001), c-Jun N-terminal kinase (Rueda et al., 2000; Derkin-
deren et al., 2001), AP-1 (Liu et al., 2000), the neural form of
focal adhesion kinase (Derkinderen et al., 1996), PKB (Gomez
del Pulgar et al., 2000) and Ca2" transients (Mombouli et al.,
1999).

The main CB1 and CB2 endogenous ligands are N-
arachidonoylethanolamine (AEA or anandamide) and 2-
arachidonoylglycerol (2-AG) (Devane et al., 1992; Mechoulam
et al., 1995). Anandamide is present in a variety of tissues
such as the brain, kidney, liver, spleen, testis, uterus and
blood in picomoles per gram concentrations, with the
highest levels reported in the CNS. The low anandamide
concentrations have been attributed to low substrate
(arachidonic acid esterified at the 1-position) levels for this
pathway (Hansen et al., 2000) and/or the short anandamide
half-life in vivo (t;,<5min) (Willoughby et al, 1997).
Anandamide is biosynthesized through N-acyl phosphatidy-
lethanolamine phospholipase D-dependent and -indepen-
dent pathways (Simon and Cravatt, 2006). The main
anandamide-degrading enzyme is fatty acid amide hydro-
lase, a membrane-associated serine hydrolase enriched in the
brain and liver (Cravatt et al., 2001). In general, the tissue
distribution of 2AG is similar to that of anandamide;
however, its concentration is 300-1000 higher (ngg™!
range). 2AG production has been demonstrated in the CNS
as well as in platelets and macrophages, especially in
response to stimulation by inflammatory agents such as
lipopolysaccharide (Varga et al., 1998; Di Marzo et al., 1999).
2AG is generated from arachidonic acid-enriched membrane
phospholipids, such as inositol phospholipids, through the
combined actions of phospholipase C and diacylglycerol
lipases (DAGLo and DAGL) (Stella et al., 1997; Bisogno et al.,
2003). It has been proposed that like other monoacylglycerols,
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2AG is metabolized by a monoacylglycerol lipase (Konrad
et al., 1994).

A couple of striking observations led us to assess the
occurrence and role of a skeletal endocannabinoid system.
One is that, bone formation and bone mass, as well as the
central production of at least one major endocannabinoid,
2-AG, are subject to negative control by leptin (Di Marzo
et al., 2001). The second observation is that traumatic brain
injury enhances both bone formation (Orzel and Rudd,
1985; Wildburger et al., 1998) and central 2-AG production
(Panikashvili et al., 2001).

Cannabinoid receptors in bone

Osteoblast progenitors, such as mouse bone marrow-derived
stromal cells and MC3T3 E1 preosteoblasts (Sudo et al., 1983;
Jorgensen et al., 2004), exhibit very low levels, if any, of CB1.
CB2 expression in these cells is also very low (Bab, 2005;
Ofek et al., 2006). However, when the cells are grown for
5-28 days in medium that promotes osteoblast differentia-
tion (Bellows et al., 1986), CB2 mRNA expression increases
progressively in parallel to the expression of osteoblastic
marker genes such as tissue non-specific alkaline phospha-
tase (TNSALP) (Zhou et al., 1994), parathyroid hormone
receptor 1 (PTHRc1) (Zhang et al., 1995) and the osteoblastic
master regulatory gene, RUNX2 (Araujo et al.,, 2004). In
osteoclasts, CB1 is expressed at low levels. By contrast, CB2
mRNA transcripts in these cells are present in high
abundance (Bab, 2005; Idris et al., 2005; Ofek et al., 2006;
Scutt and Williamson, 2007). In vivo, CB2 protein is present
in trabecular osteoblasts and their decedents, the osteocytes
(Lian et al., 2004), as well as in osteoclasts (Ofek et al., 2006).
CB1 is highly expressed in skeletal sympathetic nerve
terminals (Tam et al., 2006).

Cannabinoid receptor activation and bone cell
differentiation and activity

Activation of CB2 has different effects in early osteoblast
progenitors and in more mature osteoblastic cells. In the
early precursors, represented by bone marrow-derived,
partially differentiated osteoblastic cells that show limited
CB2 expression, the specific CB2 agonist HU-308 (Hanus
et al., 1999) but not the specific CB1 agonist noladin ether
(Hanus et al., 2001), triggers a G; protein-mediated mitogenic
effect and consequent expansion of the preosteoblastic pool
(Bab, 2005). Ex vivo osteoblastic colony formation by bone
marrow stromal ch2~/~ cells is markedly diminished, whereas
colony-forming unit osteoblastic formation by wild-type
cells is stimulated by HU-308 (Ofek et al., 2006; Scutt and
Williamson, 2007). In mature osteoblastic cells, represented
by the MC3T3 E1 cell line, the same ligand stimulates
osteoblast-differentiated functions such as alkaline phospha-
tase activity and matrix mineralization (Bab, 2005; Ofek
et al., 2006). Thus, CB2 signalling is involved in several
regulatory pro-osteogenic processes along the osteoblast
lineage (Figure 1).
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In bone marrow-derived osteoclastogenic cultures and in
the RAW 264.7 cell line, we showed that CB2 activation
inhibits osteoclast formation by restraining mitogenesis at
the monocytic stage, prior to incubation with receptor
activator of NF-xB ligand. It also suppresses osteoclast
formation by repressing receptor activator of NF-xB ligand
expression in osteoblasts and osteoblast progenitors
(Figure 1; Ofek et al., 2006). Likewise, it has been recently
shown that the cannabinoid receptor agonist ajulemic acid
also suppresses osteoclastogenesis (George et al., 2007). By
contrast, another study reported the stimulation of osteo-
clast formation and bone resorption by cannabinoid receptor
agonists and their inhibition by antagonists (Idris et al.,
2005). These allegedly paradoxical results could occur
because of variations in experimental conditions, or more
probably, from opposite, cell type-dependent specificities of
some cannabinoid ligands.

Presence and biosynthesis of endocannabinoids in
the skeleton

Anandamide and 2-AG are present in bone at levels nearly as
high as the brain levels of these endocannabinoids (Figure 1;
Tam et al.,, 2007 and unpublished results). Both ligands
are produced by osteoblastic cells in culture. In addition,
DAGLa and DAGL, enzymes critically involved in the 2-AG
biosynthesis, are expressed in osteoblasts, osteocytes and
bone-lining cells. DAGLB expression was also found in
osteoclasts. Although both 2-AG and anandamide are
perceived as non-selective agonists of CB1 and CB2, our
findings in bone and bone cell cultures suggest that 2-AG
activates CB1 in the sympathetic nerve terminals, whereas
anandamide affects bone cells directly by binding to CB2
(Figure 1).

Skeletal phenotype of cannabinoid
receptor-deficient mice

We used cannabinoid receptor mutant mice to assess the
physiologic role of CB1 and CB2 in the control of bone mass.
In the case of CB1, the skeletal phenotype depends on the
mouse strain and/or the construct used for gene mutation. In
one CB1-deficient line, backcrossed to CD1 mice (CD1¢5!~7"),
the N-terminal 233 codons of the CNRI gene were ablated
(Ledent et al., 1999). The effect of this mutation shows a clear
gender disparity. Females have normal trabecular bone with
a slight cortical expansion, whereas male CD1*?~~ mice
exhibit high bone mass (Tam et al., 2006). Sexually mature
CD1“B!~~ mice of either gender display normal bone
formation and resorption parameters, suggesting that the
male phenotype is acquired early in life, during the
developmental phase when peak bone mass is determined.
A similar male phenotype was reported in an independent
study (Idris et al., 2005) in which these mice were further
backcrossed to Biozzi ABH mice (Amor et al., 2005). In the
second line, backcrossed to C57BL/6] mice (C57B1~/),
almost the entire protein-encoding sequence was removed
(Zimmer et al., 1999). Both male and female C57“%1~~ have



a low bone mass phenotype accompanied by increased
osteoclast counts and decreased bone formation rate (Tam
et al., 2006). Our recent findings suggest that CB1 controls
osteoblast function by negatively regulating norepinephrine
release from sympathetic nerve terminals in the immediate
vicinity of these cells. Norepinephrine suppresses bone
formation by binding to osteoblastic 2 adrenergic receptor
(Takeda et al., 2002); this suppression is alleviated by
activation of sympathetic CB1 (Figure 1; Tam et al., 2007).

Cannabinoid receptor type 2-deficient animals have a
gender-independent skeletal phenotype. During their first
2-3 months of life, CNR2™/~ mice accrue a normal peak
trabecular bone mass (Bab et al., 2007), but later display a
markedly enhanced age-related bone loss; their trabecular
bone volume density at 1 year of age is approximately half
compared with wild-type controls (Ofek et al.,, 2006).
Reminiscent of human postmenopausal osteoporosis (Brown
et al., 1984), the CNR2™/~ mice have a high bone turnover
with increases in both bone resorption and formation, which
are at a net negative balance (Ofek et al., 2006). Because
healthy CB2 mutant mice are otherwise normal, it appears
that the main physiologic involvement of CB2 is associated
with maintaining bone remodelling at balance.

Prevention and reversal of bone loss by CB2
agonist

Unlike CB1, CB2 is not associated with the cannabinoid
psychoactive effects. Therefore, CB2-specific ligands could
offer an opportunity to prevent and/or rescue bone loss
while avoiding the psychological side effects of cannabi-
noids. Indeed, the specific, non-psychoactive CB2 agonist,
HU-308 (Hanus et al., 1999), attenuates bone loss induced by
oestrogen depletion in ovariectomized (OVXed) animals
using either ‘preventive’ (Ofek et al., 2006) or ‘rescue’
(unpublished data) protocols. In the preventive approach,
HU-308 administration commenced immediately after
ovariectomy. To assess reversal of bone loss, the drug was
given beginning 6 weeks post-ovariectomy to allow for bone
loss to occur. Treatment consisted of daily i.p. injections for
4-6 weeks. The attenuation of bone mass reflected both
inhibition of bone resorption and stimulation of bone
formation (Bab, 2005). Hence, CB2 agonists may become
an orally available, combined antiresorptive and anabolic
therapy for osteoporosis.

CB2 and osteoporosis in humans

The findings in mice prompted us to determine if cannabi-
noid receptors also contribute to the regulation of bone mass
in humans. We therefore studied polymorphisms in the
human CNRI locus, encoding the CB1 receptor, and the
CNR2 locus, encoding the CB2 receptor, in a case—control
sample of osteoporotic patients collected by Professor de
Vernejoul at the Hopital Lariboisiére in Paris (Karsak et al.,
2005). The study comprised 68 postmenopausal osteoporotic
women with an average bone mineral density (BMD,
measured by dual-energy X-ray absorptiometry) T-score of
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—3.062+0.799 at the lumbar spine and 220 age-matched
healthy controls.

The CNRI locus is located on chromosome 5q15. It
encompasses a single coding exon that is preceded by several
non-coding 5’ exons, indicating a complex transcriptional
regulation of this gene by different promoters (McCaw et al.,
2004; Zhang et al., 2004). Analysis of four single-nucleotide
polymorphisms (SNPs) spanning nearly 20kb around the
CB1-coding exon revealed no significant association with
the osteoporosis phenotype, suggesting that the CNR1 locus
does not play a major role in this sample.

The CNR2 locus is located on chromosome 1p36. This
genomic region and its mouse orthologue on chromosome 4
have been previously linked to BMD and osteoporosis in
several independent association analyses (Devoto et al.,
1998, 2001, 2005). However, these analyses did not consider
CNR2 as a potential candidate gene. Like CNR1, the CNR2
gene also consists of a single coding exon, which is preceded
by non-coding upstream exon. We analysed a total of 26
SNPs spanning approximately 300kb around the CNR2
locus (genomic position 23750771-24039933). Several of
these SNPs showed a significant association with the disease
phenotype, suggesting that CNR2 polymorphisms are
important genetic risk factors for osteoporosis. The most
significant P-values for allele and genotype associations were
observed with SNPs located within the CB2-coding region
(0.0014 and 0.00073 respectively). Furthermore, when BMD
at the lumbar spine was analysed as a quantitative trait,
highly significant differences were found in BMD between
individuals carrying different SNPs in the CB2-coding region.
Hence, we sequenced the CB2-coding exon in all 388
patients and controls thus identifying two missense variants,
GIn63Arg and His316Tyr, with the Arg63 variant being more
common in the osteoporotic patients than in the healthy
controls (Karsak et al., 2005). Taken together, these findings
suggest that a common variant of the CB2 receptor
contributes to the aetiology of osteoporosis in humans.

Recently, several candidate quantitative trait loci in BMD,
including CNR2, were analysed in a cohort of 1110 Japanese
women and 1128 Japanese men, 40-79 years of age (Yamada
et al., 2007). This cohort was randomly recruited to a
prospective study on ageing. For the CNR2 locus, they
studied a single SNP (rs2501431, A—G), which had shown
the strongest association in our French sample (P=0.0007).
BMD, as measured by peripheral quantitative computed
tomography or dual-energy X-ray absorptiometry, was al-
ways lower in women with the AA genotype compared with
the AG and GG genotypes. Together, these studies strongly
suggest that CNR2 is the susceptibility gene for low BMD and
osteoporosis on chromosome 1p36.

Conclusions

Our recent studies in mice and humans suggest an important
role for the endocannabinoid system in the regulation of
skeletal remodelling and the consequent implications on
bone mass and biomechanical function. Although the CB1
cannabinoid receptor has been identified in sympathetic
terminals innervating the skeleton, its role in controlling
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bone turnover remains to be elucidated. The CB2 cannabi-
noid receptor is expressed in bone cells. Its bone anabolic
action, including some of the mechanisms involved, has
been reported in some detail, and is also inferred from the
human genetic studies. These studies portray polymorph-
isms in CNR2, the gene encoding CB2, as important genetic
risk factors for osteoporosis. Taken together, the reports on
cannabinoid receptors in mice and humans pave the way for
the development of (i) cannabinoid drugs to combat
osteoporosis, and (ii) diagnostic measures to identify osteo-
porosis-susceptible polymorphisms in CNR2.

Conflict of interest

The authors are inventors on patent applications related to
the use of cannabinoid receptor ligands in skeletal therapy
and diagnosis of osteoporosis. Rights in this intellectual
property and those pertinent to HU-308 are assigned to;
Yissum Research Development Company of the Hebrew
University of Jerusalem.

References

Abe E, Marians RC, Yu W, Wu XB, Ando T, Li Yet al. (2003). TSH is a
negative regulator of skeletal remodeling. Cell 115: 151-162.

Alexander JM, Bab I, Fish S, Muller R, Uchiyama T, Gronowicz G et al.
(2001). Human parathyroid hormone 1-34 reverses bone loss in
ovariectomized mice. | Bone Miner Res 16: 1665-1673.

Amor A, Smith PA, t'Hart B, Baker D (2005). Biozzi mice: of mice and
human neurological diseases. ] Neuroimmunol 165: 1-10.

Araujo AM, Buschang PH, Melo AC (2004). Adaptive condylar
growth and mandibular remodelling changes with bionator
therapy—an implant study. Eur | Orthod 26: 515-522.

Bab I (2005). The skeleton: stone bones and stoned heads?. In:
Mechoulam R (ed). Cannabinoids as Therapeutics Milestones in
Drug Therapy Series. Birkhduser Verlag: Basel.

Bab I, Ashton BA, Gazit D, Marx G, Williamson MC, Owen ME
(1986). Kinetics and differentiation of marrow stromal cells in
diffusion chambers in vivo. J Cell Sci 84: 139-151.

Bab I, Chorev M (2002). Osteogenic growth peptide: from concept to
drug design. Biopolymers 66: 33-48.

Bab I, Hajbi-Yonissi C, Gabet Y, Miiller R (2007). Micro-Tomographic
Atlas of the Mouse Skeleton. Springer: New York. pp. 195-199.

Baldock PA, Sainsbury A, Couzens M, Enriquez RF, Thomas GP,
Gardiner EM et al. (2002). Hypothalamic Y2 receptors regulate
bone formation. J Clin Invest 109: 915-921.

Bellows CG, Aubin JE, Heersche JN, Antosz ME (1986). Mineralized
bone nodules formed in vitro from enzymatically released rat
calvaria cell populations. Calcif Tissue Int 38: 143-154.

Bisogno T, Howell F, Williams G, Minassi A, Cascio MG, Ligresti A
et al. (2003). Cloning of the first sn1-DAG lipases points to the
spatial and temporal regulation of endocannabinoid signaling in
the brain. J Cell Biol 163: 463-468.

Brown JP, Delmas PD, Malaval L, Edouard C, Chapuy MC, Meunier PJ
(1984). Serum bone Gla-protein: a specific marker for bone
formation in postmenopausal osteoporosis. Lancet 1: 1091-1093.

Bucay N, Sarosi I, Dunstan CR, Morony S, Tarpley J, Capparelli C et al.
(1998). Osteoprotegerin-deficient mice develop early onset osteo-
porosis and arterial calcification. Genes Dev 12: 1260-1268.

Cravatt BF, Demarest K, Patricelli MP, Bracey MH, Giang DK, Martin
BR et al. (2001). Supersensitivity to anandamide and enhanced
endogenous cannabinoid signaling in mice lacking fatty acid
amide hydrolase. Proc Natl Acad Sci USA 98: 9371-9376.

Derkinderen P, Ledent C, Parmentier M, Girault JA (2001). Canna-
binoids activate p38 mitogen-activated protein kinases through
CB1 receptors in hippocampus. | Neurochem 77: 957-960.

British Journal of Pharmacology (2008) 153 182-188

Derkinderen P, Toutant M, Burgaya F, Le Bert M, Siciliano JC, de
Franciscis V et al. (1996). Regulation of a neuronal form of focal
adhesion kinase by anandamide. Science 273: 1719-1722.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G
et al. (1992). Isolation and structure of a brain constituent that
binds to the cannabinoid receptor. Science 258: 1946-1949.

Devoto M, Shimoya K, Caminis J, Ott ], Tenenhouse A, Whyte MP
et al. (1998). First-stage autosomal genome screen in extended
pedigrees suggests genes predisposing to low bone mineral density
on chromosomes 1p, 2p and 4q. Eur ] Hum Genet 6: 151-157.

Devoto M, Specchia C, Li HH, Caminis J, Tenenhouse A, Rodriguez H
et al. (2001). Variance component linkage analysis indicates a QTL
for femoral neck bone mineral density on chromosome 1p36.
Hum Mol Genet 10: 2447-2452.

Devoto M, Spotila LD, Stabley DL, Wharton GN, Rydbeck H, Korkko J
et al. (2005). Univariate and bivariate variance component linkage
analysis of a whole-genome scan for loci contributing to bone
mineral density. Eur ] Hum Genet 13: 781-788.

Di Marzo V, Bisogno T, De Petrocellis L, Melck D, Orlando P, Wagner
JA et al. (1999). Biosynthesis and inactivation of the endocanna-
binoid 2-arachidonoylglycerol in circulating and tumoral macro-
phages. Eur ] Biochem 264: 258-267.

Di Marzo V, Goparaju SK, Wang L, Liu J, Batkai S, Jarai Z et al. (2001).
Leptin-regulated endocannabinoids are involved in maintaining
food intake. Nature 410: 822-825.

Ducy P, Amling M, Takeda S, Priemel M, Schilling AF, Beil FT et al.
(2000). Leptin inhibits bone formation through a hypothalamic
relay: a central control of bone mass. Cell 100: 197-207.

Gabet Y, Kohavi D, Muller R, Chorev M, Bab I (2005). Intermittently
administered parathyroid hormone 1-34 reverses bone loss and
structural impairment in orchiectomized adult rats. Osteoporos Int
16: 1436-1443.

George KL, Saltman LH, Stein GS, Lian JB, Zurier RB (2007). Ajulemic
acid, a nonpsychoactive cannabinoid acid, suppresses osteoclas-
togenesis in mononuclear precursor cells and induces apoptosis in
mature osteoclast-like cells. J Cell Physiol; [e-pub ahead of print].

Gomez del Pulgar T, Velasco G, Guzman M (2000). The CB1
cannabinoid receptor is coupled to the activation of protein
kinase B/Akt. Biochem ] 347: 369-373.

Gunther T, Chen ZF, Kim J, Priemel M, Rueger J]M, Amling M et al.
(2000). Genetic ablation of parathyroid glands reveals another
source of parathyroid hormone. Nature 406: 199-203.

Hansen HS, Moesgaard B, Hansen HH, Petersen G (2000). N-
Acylethanolamines and precursor phospholipids—relation to cell
injury. Chem Phys Lipids 108: 135-150.

Hanus L, Abu-Lafi S, Fride E, Breuer A, Vogel Z, Shalev DE et al.
(2001). 2-arachidonyl glyceryl ether, an endogenous agonist of the
cannabinoid CB1 receptor. Proc Natl Acad Sci USA 98: 3662-3665.

Hanus L, Breuer A, Tchilibon S, Shiloah S, Goldenberg D, Horowitz M
et al. (1999). HU-308: a specific agonist for CB(2), a peripheral
cannabinoid receptor. Proc Natl Acad Sci USA 96: 14228-14233.

Howlett AC (2002). The cannabinoid receptors. Prostaglandins Other
Lipid Mediat 68-69: 619-631.

Idris Al, van ‘t Hof RJ], Greig IR, Ridge SA, Baker D, Ross RA et al.
(2005). Regulation of bone mass, bone loss and osteoclast activity
by cannabinoid receptors. Nat Med 11: 774-779.

Jorgensen NR, Henriksen Z, Sorensen OH, Civitelli R (2004).
Dexamethasone, BMP-2, and 1,25-dihydroxyvitamin D enhance
a more differentiated osteoblast phenotype: validation of an in
vitro model for human bone marrow-derived primary osteoblasts.
Steroids 69: 219-226.

Julien B, Grenard P, Teixeira-Clerc F, Van Nhieu JT, Li L, Karsak M
et al. (2005). Antifibrogenic role of the cannabinoid receptor CB2
in the liver. Gastroenterology 128: 742-755.

Karsak M, Cohen-Solal M, Freudenberg J, Ostertag A, Morieux C,
Kornak U et al. (2005). Cannabinoid receptor type 2 gene is
associated with human osteoporosis. Hum Mol Genet 14:
3389-3396.

Karsenty G (2001). Leptin controls bone formation through a
hypothalamic relay. Recent Prog Horm Res 56: 401-415.

Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C et al.
(1999). OPGL is a key regulator of osteoclastogenesis, lymphocyte
development and lymph-node organogenesis. Nature 397:
315-323.



Konrad RJ, Major CD, Wolf BA (1994). Diacylglycerol hydrolysis
to arachidonic acid is necessary for insulin secretion from
isolated pancreatic islets: sequential actions of diacylglycerol and
monoacylglycerol lipases. Biochemistry 33: 13284-13294.

Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T et al.
(1998). Osteoprotegerin ligand is a cytokine that regulates
osteoclast differentiation and activation. Cell 93: 165-176.

Ledent C, Valverde O, Cossu G, Petitet F, Aubert JF, Beslot F et al.
(1999). Unresponsiveness to cannabinoids and reduced
addictive effects of opiates in CB1 receptor knockout mice. Science
283: 401-404.

Lian JB, Javed A, Zaidi SK, Lengner C, Montecino M, van Wijnen AJ
et al. (2004). Regulatory controls for osteoblast growth and
differentiation: role of Runx/Cbfa/AML factors. Crit Rev Eukaryot
Gene Expr 14: 1-41.

Liu J, Gao B, Mirshahi F, Sanyal AJ, Khanolkar AD, Makriyannis A
et al. (2000). Functional CBl1 cannabinoid receptors in
human vascular endothelial cells. Biochem ] 346 (Part 3):
835-840.

Manolagas SC (2000). Birth and death of bone cells: basic regulatory
mechanisms and implications for the pathogenesis and treatment
of osteoporosis. Endocr Rev 21: 115-137.

McCaw E, Hu H, Gomez GT, Hebb AL, Kelly ME, Denovan-Wright EM
(2004). Structure, expression and regulation of the cannabinoid
receptor gene (CB1) in Huntington’s disease transgenic mice.
Eur ] Biochem 271: 4909-4920.

Mechoulam R, Ben-Shabat S, Hanus L, Ligumsky M, Kaminski NE,
Schatz AR et al. (1995). Identification of an endogenous 2-
monoglyceride, present in canine gut, that binds to cannabinoid
receptors. Biochem Pharmacol 50: 83-90.

Melck D, Rueda D, Galve-Roperh I, De Petrocellis L, Guzman M, Di
Marzo V (1999). Involvement of the cAMP/protein kinase A
pathway and of mitogen-activated protein kinase in the anti-
proliferative effects of anandamide in human breast cancer cells.
FEBS Lett 463: 235-240.

Mombouli JV, Schaeffer G, Holzmann S, Kostner GM, Graier WF
(1999). Anandamide-induced mobilization of cytosolic Ca’?* in
endothelial cells. Br ] Pharmacol 126: 1593-1600.

Most W, van der Wee-Pals L, Ederveen A, Papapoulos S, Lowik C
(1997). Ovariectomy and orchidectomy induce a transient
increase in the osteoclastogenic potential of bone marrow cells
in the mouse. Bone 20: 27-30.

Nicholson GC, Moseley JM, Sexton PM, Mendelsohn FA, Martin TJ
(1986). Abundant calcitonin receptors in isolated rat osteoclasts.
Biochemical and autoradiographic characterization. J Clin Invest
78: 355-360.

Ofek O, Karsak M, Leclerc N, Fogel M, Frenkel B, Wright K et al.
(2006). Peripheral cannabinoid receptor, CB2, regulates bone
mass. Proc Natl Acad Sci USA 103: 696-701.

Orzel JA, Rudd TG (1985). Heterotopic bone formation: clinical,
laboratory, and imaging correlation. ] Nucl Med 26: 125-132.

Panikashvili D, Simeonidou C, Ben-Shabat S, Hanus L, Breuer A,
Mechoulam R et al. (2001). An endogenous cannabinoid
(2-AG) is neuroprotective after brain injury. Nature 413:
527-531.

Parfitt AM (1982). The coupling of bone formation to bone
resorption: a critical analysis of the concept and of its relevance
to the pathogenesis of osteoporosis. Metab Bone Dis Relat Res
4: 1-6.

Poli V, Balena R, Fattori E, Markatos A, Yamamoto M, Tanaka H et al.
(1994). Interleukin-6 deficient mice are protected from bone loss
caused by estrogen depletion. EMBO ] 13: 1189-1196.

Potts JT, Juppner H (1998). Parathyroid Hormone and Parathyroid
Hormone-related Peptidein Calcium Homeostasis, Bone Metabolism,
and Bone Development: the Proteins, Their Genes, and Receptors.
Academic Press: San Diego, CA.

Roodman GD (1999). Cell biology of the osteoclast. Exp Hematol 27:
1229-1241.

Rueda D, Galve-Roperh I, Haro A, Guzman M (2000). The CB(1)
cannabinoid receptor is coupled to the activation of c-Jun N-
terminal kinase. Mol Pharmacol 58: 814-820.

Scutt A, Williamson EM (2007). Cannabinoids stimulate fibroblastic
colony formation by bone marrow cells indirectly via CB2
receptors. Calcif Tissue Int 80: 50-59.

Cannabinoid receptors and the regulation of bone mass
| Bab and A Zimmer 187

Segev E, Ofek O, Bajayo A, Gabet Y, Bab I (2006). Age- and gender-
related variations in bone growth and structure: a pCT analysis in
mice. ] Bone Miner Res 21: S10.

Shire D, Calandra B, Bouaboula M, Barth F, Rinaldi-Carmona M,
Casellas P et al. (1999). Cannabinoid receptor interactions with the
antagonists SR 141716A and SR 144528. Life Sci 65: 627-635.

Simon GM, Cravatt BF (2006). Endocannabinoid biosynthesis
proceeding through glycerophospho-N-acyl ethanolamine and a
role for alpha/beta-hydrolase 4 in this pathway. J Biol Chem 281:
26465-26472.

Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Luthy R
et al. (1997). Osteoprotegerin: a novel secreted protein involved in
the regulation of bone density. Cell 89: 309-319.

Steffens S, Veillard NR, Arnaud C, Pelli G, Burger F, Staub C et al.
(200S5). Low dose oral cannabinoid therapy reduces progression of
atherosclerosis in mice. Nature 434: 782-786.

Stella N, Schweitzer P, Piomelli D (1997). A second endogenous
cannabinoid that modulates long-term potentiation. Nature 388:
773-778.

Suda T, Kobayashi K, Jimi E, Udagawa N, Takahashi N (2001). The
molecular basis of osteoclast differentiation and activation.
Novartis Found Symp 232: 235-247; discussion 247-250.

Sudo H, Kodama HA, Amagai Y, Yamamoto S, Kasai S (1983). In vitro
differentiation and calcification in a new clonal osteogenic
cell line derived from newborn mouse calvaria. J Cell Biol 96:
191-198.

Sugiura T, Kobayashi Y, Oka S, Waku K (2002). Biosynthesis and
degradation of anandamide and 2-arachidonoylglycerol and their
possible physiological significance. Prostaglandins Leukot Essent
Fatty Acids 66: 173-192.

Sun L, Peng Y, Sharrow AC, Igbal J, Zhang Z, Papachristou DJ et al.
(2006). FSH directly regulates bone mass. Cell 125: 247-260.

Takeda S, Elefteriou F, Levasseur R, Liu X, Zhao L, Parker KL et al.
(2002). Leptin regulates bone formation via the sympathetic
nervous system. Cell 111: 305-317.

Tam J, Ofek O, Fride E, Ledent C, Gabet Y, Muller R et al. (2006).
Involvement of neuronal cannabinoid receptor CB1 in regulation
of bone mass and bone remodeling. Mol Pharmacol 70: 786-792.

Tam J, Trembovler V, Di Marzo V, Petrosino S, Leo G, Alexandrovich
A et al. (2007). The cannabinoid CB1 receptor regulates bone
formation by modulating adrenergic signaling. FASEB J; [e-pub
ahead of print].

Varga K, Wagner JA, Bridgen DT, Kunos G (1998). Platelet- and
macrophage-derived endogenous cannabinoids are involved in
endotoxin-induced hypotension. FASEB ] 12: 1035-1044.

Wartmann M, Campbell D, Subramanian A, Burstein SH, Davis RJ
(1995). The MAP Kkinase signal transduction pathway is activated
by the endogenous cannabinoid anandamide. FEBS Lett 359: 133-
136.

Wildburger R, Zarkovic N, Tonkovic G, Skoric T, Frech S, Hartleb M
et al. (1998). Post-traumatic hormonal disturbances: prolactin as a
link between head injury and enhanced osteogenesis. ] Endocrinol
Invest 21: 78-86.

Willoughby KA, Moore SF, Martin BR, Ellis EF (1997). The
biodisposition and metabolism of anandamide in mice. ] Pharmacol
Exp Ther 282: 243-247.

Wright K, Rooney N, Feeney M, Tate J, Robertson D, Welham M et al.
(2005). Differential expression of cannabinoid receptors in the
human colon: cannabinoids promote epithelial wound healing.
Gastroenterology 129: 437-453.

Yakar S, Rosen CJ, Beamer WG, Ackert-Bicknell CL, Wu Y, Liu JL et al.
(2002). Circulating levels of IGF-1 directly regulate bone growth
and density. J Clin Invest 110: 771-781.

Yamada Y, Ando F Shimokata H (2007). Association of
candidate gene polymorphisms with bone mineral density in
community-dwelling Japanese women and men. Int ] Mol Med 19:
791-801.

Yoshida Y, Tanaka S, Umemori H, Minowa O, Usui M, Ikematsu N
et al. (2000). Negative regulation of BMP/Smad signaling by Tob in
osteoblasts. Cell 103: 1085-1097.

Zhang P, Ishiguro H, Ohtsuki T, Hess J, Carillo F, Walther D et al.
(2004). Human cannabinoid receptor 1: 5’ exons, candidate
regulatory regions, polymorphisms, haplotypes and association
with polysubstance abuse. Mol Psychiatry 9: 916-931.

British Journal of Pharmacology (2008) 153 182-188



Cannabinoid receptors and the regulation of bone mass
188 | Bab and A Zimmer

Zhang RW, Supowit SC, Xu X, Li H, Christensen MD, Lozano R et al.
(1995). Expression of selected osteogenic markers in the
fibroblast-like cells of rat marrow stroma. Calcif Tissue Int 56:
283-291.

Zhou H, Choong P, McCarthy R, Chou ST, Martin TJ, Ng KW (1994).
In situ hybridization to show sequential expression of osteoblast

British Journal of Pharmacology (2008) 153 182-188

gene markers during bone formation in vivo. | Bone Miner Res 9:
1489-1499.

Zimmer A, Zimmer AM, Hohmann AG, Herkenham M, Bonner TI
(1999). Increased mortality, hypoactivity, and hypoalgesia in
cannabinoid CB1 receptor knockout mice. Proc Natl Acad Sci USA
96: 5780-5785.



