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A B S T R A C T   

Type-2 cannabinoid receptor (CB2R) is a member of the G protein-coupled receptor superfamily with various 
biological activities in pain regulation, anti-inflammation, anti-fibrosis, and bone metabolism regulation. CB2R 
modulators have been demonstrated to have significant regulatory effects on bone metabolism with no signifi-
cant psychoactive adverse effects. In this article, we present a comprehensive review of the molecular mechanism 
of CB2R in regulating bone metabolism and summarize virtual screening and experimental screening methods for 
CB2R modulators from natural and synthetic products. Knowing that some botanical compounds are CB2R 
modulators involved in the regulation of bone metabolism, we also review the botanical and synthetic com-
pounds currently known to be potential CB2R and summarize their regulatory effects on bone metabolism based 
on the results of animal, osteoblasts (OBs) and osteoclasts (OCs) experimental studies presently available, hoping 
that the findings and conclusions in this review could provide a scientific basis for the discovery of new CB2R 
regulators and the development of new anti-osteoporosis drugs.   

1. Introduction 

Bone remodeling is the concerted interplay of two cellular activities: 
osteoblastic bone formation and osteoclastic bone resorption, which 
plays a key role in the maintenance of homeostasis of the skeleton and its 
physiologic functions (Sharma et al., 2024). Metabolic imbalance be-
tween osteoblasts (OBs) and osteoclasts (OCs) may lead to bone loss, 
eventually resulting in osteoporosis (OP) (Raggatt and Partridge, 2010, 
Chen et al., 2015), which is the most common degenerative skeleton 
disease characterized by decreased bone mineral density and bone 

structural change, thus increasing the risk of fracture and brittleness 
(Brown, 2017). Medical management of OP remains a clinical challenge. 
Accumulating evidence has demonstrated that cannabinoids and their 
receptors play important roles in bone metabolism by regulating the 
function of OBs and OCs (Apostu et al., 2019, Raphael-Mizrahi and 
Gabet, 2020). The endocannabinoid/endovanilloid (EC/EV) system re-
ceptors include type 1 cannabinoid receptor (CB1R), type 2 cannabinoid 
receptor (CB2R), and the transient receptor potential cation channel 
subfamily V member 1 (TRPV1). CB2R is involved in the regulation of 
bone metabolism, and some synthetic anti-osteoporotic drugs, such as 
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raloxifene, tamoxifen, ospermine, bedoxifene and nafotin, have proved 
to be mediated by CB2R, which is accompanied by weak psychoactive 
effects like CB1R (Starowicz and Finn, 2017). Therefore, CB2R-specific 
ligands could offer an opportunity to prevent and/or rescue bone loss 
without producing significant adverse psychological effects of typical 
cannabinoids. Indeed, preclinical assessment has demonstrated that 
specific and non-psychoactive CB2R agonist HU308 can attenuate bone 
loss induced by estrogen depletion in ovariectomised (OVX) animals 
(Ossola et al., 2016). Some cannabinoid plants have proved to be a 
promising new entry point for the treatment of OP. In this review article, 
we will highlight the role of CB2R in bone metabolism and summarize 
the regulatory effects of synthetic and natural plant-derived CB2R 
modulators, hoping that the results could provide a scientific basis for 
discovery of novel anti-OP drugs. 

2. Materials and methods 

A systematic literature search was performed from the inception to 
June 2023 using the Scopus, Medline/PubMed and Web of Science da-
tabases. The following terms were used in various conjunctions or dis-
junctions to search for relevant literature: cannabinoid receptor 2, CB2, 
osteoporosis, osteoblast, osteoclast, synthetic compound, natural com-
pound, botanical compound, plant medicine and phytomedicine. The 
inclusion studies in this paper shall satisfy the following criteria: (i) 
CB2R agonists were evaluated in terms of their regulatory effects on 
bone metabolism; and (ii) the studies on anti-osteoporotic activity were 
conducted on animals, or cultured OBs and OCs. The exclusion criteria 
consisted of (i) the regulatory effects on CB1R were more significant 

than those on CB2R; and (ii) the regulatory effects of CB2R modulators 
were assessed in inflammation and complicated disorders of bone 
metabolism. The compounds with Ki for CB2R less than 100 nM, or EC50 
less than 200 nM for synthetic compounds, or Ki for CB2R less than 50 
µM, or EC50 less than 10 µM for natural compounds were deemed as 
CB2R modulators. 

3. Function and regulatory signaling pathway of CB2R in bone 
metabolism 

In 1965, GAONI Y and MECHOULAM R isolated 9-tetrahydrocannab-
inol (9-THC) and firstly identified it as the psychoactive constituent in 
Cannabis sativa L. (Piomelli, 2014). In 1990, Matsuda et al cloned central 
CB1R of 9-THC from the rat brain tissue of the central nervous system 
(Matsuda et al., 1990). In 1993, Munro et al cloned the peripheral CB2R 
from the gene bank of human promyelocytic leukemia cell line HL60 and 
defined it as cannabinoid receptor 2 type (CB2R) (Munro et al., 1993). 
CB2R is widely distributed in cells and tissues of the immune system, 
including the thymus, tonsil, B lymphocyte, T lymphocyte, macrophage, 
monocyte, natural killer cell, and polymorphonuclear cell (Galiegue 
et al., 1995). The two most important cannabinoid receptor ligand 
Anandamide (AEA) and endogenous ligand 2-arachidonoylglycerol (2- 
AG), together with the enzymes involved in their biosynthesis and hy-
drolysis, form the endocannabinoid system (ECS) and represent the 
important therapeutic targets (Morales et al., 2016). The CB2R gene has 
a simple structure and contains a coding exon. As shown in Fig. 1, CB2R 
is structurally a member of G Protein-Coupled Receptors (GPCRs) on the 
cell membrane, which consists of a polypeptide chain with an 

Fig. 1. The mechanism of CB2R regulation in bone metabolism.  
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extracellular N-terminal, 3 extracellular loops (EC1-3), 7 trans-
membrane domains (TM1-7), 3 intracellular loops (IC1-3), and an 
intracellular C-terminal domain (Munro et al., 1993). CB2R is located on 
chromosome 4 in mice and 1p36 in humans. There is a high level of 
CB2R sequence variation in humans, mice, and rats. There is 93 % amino 
acid homology between rat and mouse CB2Rs, and only 81 % amino acid 
homology between rat and human CB2Rs (Ndong et al., 2011). 
Compared with mouse and human CB2R sequence, rat CB2R sequence 
shows a completely different sequence homology at the carboxyl- 
terminal, and the intron DNA in rat CB2R is more different from that 
in mouse and human CB2Rs (Ndong et al., 2011). 

CB2R negatively regulates the activity of adenylate cyclase and the 
expression and activity of cAMP protein kinase A (PKA), matrix metal-
loproteinase (MMP), focal adhesion kinase (FAK), recombinant human 
RhoA protein and other small molecules. Hence, CB2R activation de-
creases the level of intracellular cyclic adenosine monophosphate 
(cAMP), affects the motor ability of cells in the process of migration and 
invasion (Dhopeshwarkar and Mackie, 2016). In addition, CB2R ligand 
can activate p38 protein, extracellular-regulated kinase 1/2(ERK1/2) 
and c-JUN N-terminal kinase (JNK) in the mitogen-activated protein 
kinase (MAPK) pathway, and then selectively regulate cell proliferation, 
differentiation, transformation and death (Herrera et al., 2005, Li et al., 
2022). CB2R ligand selectively regulate the expression of phosphatidy-
linositol 3-phosphatidylinositol 3-kinase (PI3K), phosphorylated protein 
kinase B (p-AKT) and synthesis of ceramide to control cell apoptosis, 
necrosis and autophagy (cell migration, cytokine production, prolifer-
ation and apoptosis) (Viscomi et al., 2009). CB2R activation is also 
known to inhibit nuclear factor kappa B (NF-κB) activation by abro-
gating phosphorylation of IκBα, thereby inhibiting its degradation and 
preventing the translocation of NF-κB to the nucleus (Juttler et al., 
2004). In addition, CB2R activation is known to induce a transient rise in 
Ca2+ in calf pulmonary endothelial cells by activating protein lipase C 
and releasing intracellular Ca2+ stores in a CB2R-depenent manner 
(Huang et al., 2016). 

In bone metabolism, CB2R on both OBs and OCs can also regulate the 
activity of Ca2+/K+/Na+ ion channels (De Petrocellis et al., 2017). CB2R 
activation in OCs can stimulate phospholipase C, regulate the level of 
intracellular calcium, inhibit the expression of NF-κB, and then reduce 
the activity of bone resorption (Geng et al., 2011). CB2R activation in 
OBs can regulate Wnt/β-catenin pathway and enhance the expression of 
main regulatory transcription factors of OB runt-related transcription 
factor 2 (Runx2), osteoprotegerin (OPG) and osteocalcin (OCN), which 
further regulates bone remodeling (Qiu et al., 2015)(Fig. 1). 

4. The regulatory effect of CB2R on bone metabolism 

Accumulating evidence has shown that the skeleton, OBs and OCs 
can synthesize and produce main endocannabinoids, anandamide and 2- 
AG in vitro, and also express diacylglycerol lipases (DAGLs), enzymes 
critically involved in 2-AG biosynthesis, and anandamide biosynthetic 
and degrading enzymes, N-Acylphosphatidylethanolamine-Hydrolyzing 
Phospholipase D (NAPE-PLD) and fatty acid amide hydrolase (FAAH) 
(Bab et al., 2008). Studies demonstrate that the CB2R-selective agonist 
AEA could stimulate OB proliferation in vitro, and that FAAH inhibitor 
URB597 could decrease the number of OCs and increase the AEA level 
endogenously in vitro (Bab et al., 2008). In addition, CB2R was found to 
be expressed in OBs, osteocytes, and OCs, and CB2R-deficient mice were 
characterized by age-related trabecular bone loss and cortical expan-
sion, increased activity of trabecular OBs and OCs, and a marked 
decrease in the number of diaphyseal OBs precursors (Ofek et al., 2006), 
suggesting that CB2R signaling is essential for the maintenance of 
normal bone mass and can be considered as a molecular target for the 
diagnosis and treatment of OP (Ofek et al., 2006). 

Postmenopausal OP is a high turnover type of bone metabolism 
caused by the decreased level of estrogen in postmenopausal women 
(North American Menopause, 2006). The polymorphism of gene 

encoding CB2R is closely related to bone mineral density in patients with 
postmenopausal OP (LaBuda et al., 2005). It was found that 17- 
β-estradiol increased the expression of CB2R by recruiting presumptive 
estrogen-responsive elements, suggesting that it may have impact on 
CB2R rather than hormone therapy to reduce postmenopausal bone 
resorption, exhibiting that CB2R is involved in the regulation of bone 
metabolism in postmenopausal OP (Rossi et al., 2013). With the increase 
of age, the level of estrogen in the body decreases, and the level of 
oxidative stress increases. As a result, bone formation is decreased and 
bone resorption is increased, leading to low-turnover bone metabolism 
(Coughlan and Dockery, 2014). It was found that CB2R-/- mice had a 
significant age-related trabecular loss and cortical dilatation (Ofek et al., 
2006). The trabecular density of C57BL/6JCB2R-/- mice reached a 
normal peak in the first 2–3 months, followed by age-related bone loss 
(Sophocleous et al., 2017). At the age of 12 months, the trabecular 
volume density of CB2R-/- mice was about half of that of the wild-type 
control group, indicating that CB2R is involved in maintaining the bal-
ance of bone remodeling (Bab et al., 2009, Sophocleous et al., 2017). 
Several studies reported the use of CB2R as a new therapeutic target for 
inflammatory OP in different types of inflammatory models (Ashton, 
2007). Fractures can cause inflammatory responses of nerve cells, and 
cannabinoid receptor modulators can further alleviate osteoporotic pain 
(Bruni et al., 2018). It was reported that the CB2R agonist 4-quinolone- 
3-carboxamide (4Q3C) can markedly inhibit the number of OCs in 
collagen-induced arthritis (CIA) in mice in a dose-dependent manner at 
doses of 1 mg/kg and 10 mg/kg, but CB2R antiagonist AM630 could 
counteract the protective effect of 4Q3C on the bone of CIA mice, sug-
gesting that 4Q3C can reduce inflammatory cell infiltration and bone 
tissue destruction induced by rheumatoid arthritis by activating CB2R 
expression (Bai et al., 2019). Long-term use of retinoic acid, glucocor-
ticoids, and proton pump inhibitors can cause bone loss, leading to drug- 
induced OP (Raterman et al., 2019). Methylprednisolone can disrupt the 
metabolism of the endogenous cannabinoid system, induce excessive 
activation of OCs, and reduce the activities of OBs, indicating that the 
CB2R is also involved into the regulation of glucocorticoid-induced bone 
loss (Bellini et al., 2017). 

It is reported that OBs and OBs progenitor cells can express CB2R. 
With the increase in the expression of CB2R in OBs, expression of OB 
marker genes such as tissue non-specific alkaline phosphatase, para-
thyroid hormone type 1 receptor and Runx2 is also enhanced (Bab et al., 
2008). Mature OBs express CB2R, AEA, and 2-AG, which in turn en-
hances the receptor activator of OBs induced by the nuclear factor 
kappa-B ligand (RANKL), thus affecting the coupling between OBs and 
OCs (Kostrzewa et al., 2021). Cannabinoid ligands regulate bone for-
mation by directly acting on CB2R in OBs, or by producing catechol-
amine, an inhibitor that inhibits OB differentiation. The CB2R signal in 
OBs is autonomic and does not depend on the existence of OBs or their 
precursors. In the process of differentiation and activation of OBs, CB2R 
activation triggers the proliferation and differentiation of pre-OBs and 
stimulates the function of differentiated OBs in bone remodeling(Ofek 
et al., 2011). 

OCs can also express cannabinoid receptors and their related regu-
latory proteins, such as FAAH, and diacylglycerol lipase β (DAGLβ) 
(Bellini et al., 2017). OCs and their progenitor cells have relatively low 
levels of CB1R mRNA and express a large amount of CB2R mRNA, and 
CB2R inhibit the formation and differentiation of OCs after activation 
(Rossi et al., 2019). A cannabinoid acid is involved in the regulation of 
survival, polarization, and activity of OCs by acting on mature OCs via 
CB2R (George et al., 2008). 

5. Screening for CB2R modulators 

5.1. Virtual screening 

The traditional way to discover new selective CB2R modulator faces 
many challenges, such as high costs and long cycle times(Nunes-Alves, 
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2015, Moore et al., 2018). Today, with the in-depth study of CB2R, 
abundant data have been accumulated, which lays a solid foundation for 
discovering new selective CB2R modulators by virtual screening. Typi-
cally, virtual screening methods can be roughly divided into two cate-
gories: structure-based virtual screening (SBVS), and ligand-based 
virtual screening (LBVS). SBVS is intended to search and score the poses 
resulting from possible interactions between ligands and proteins based 
on a three-dimensional structural model of the target complexes. The 
representative method is molecular docking (Method 1 in Fig. 3) which 
has been popular since the 1980 s(Kuntz et al., 1982). In addition, the 
multiple crystal structure of CB2R complexes has been revealed in recent 
years (Li et al., 2019) (Fig. 2), such as protein 5ZTY, 6KPF(Hua et al., 
2020), and 6PT0(Xing et al., 2020), which greatly promotes the appli-
cation of SBVS method for CB2R modulator discovery. LBVS is based on 
the assumption that compounds with similar structures are deemed to 
have similar biological activities(Johnson and Maggiora, 1990). Most 
current applications of LBVS are artificial intelligence-based quantita-
tive structure–activity relationship (QSAR) modeling (Method 2 in 
Fig. 3). Applications of the virtual screening methods in CB2R agonist 
discovery are summarized in Table 1. In addition, our group also suc-
cessfully established a CB2R ligand prediction model with high accuracy 
using a fingerprint combination method. The developed regression 
model that combines eXtreme Gradient Boosting (XGBoost) and Ava-
lonFP + AtomPairFP + RDkitFP + MorganFP (AARM) showed better 
performance than that of the model reported by Mizra et al (R2 = 0.667 
vs. R2 = 0.62). The combination of XGBoost and AtomPairFP + Mor-
ganFP + AvalonFP (AMA) in a classification model yielded an area 
under curve (AUC)-receiver operating characteristic (ROC) of 0.917 for 
the external verification set, and also exhibited significantly better 
performance than D-MPNN (AUC-ROC = 0.898) and Molmap (AUC- 
ROC = 0.912) (Zhou et al., 2023). 

5.2. Experiment-based screening methods 

Several experimental screening methods have been developed to 
identify CB2R modulators from synthetic compounds or natural plant 
compounds (Fig. 3). Dynamic mass redistribution (DMR) is a label-free 
technology of using light to measure ligand-induced changes in the 

mass of cells proximate to the biosensor, which provides an integrated 
cellular response comprising multiple pathways and cellular events (Du 
et al., 2009). Zhou et. al applied DMR technology (Method 4 in Fig. 3) 
and stable CHO cell line transfected CB1R and CB2R genes to screen 
CB1R and CB2R modulators and obtained four natural CB2R modulators 
in Ganoderma species (Zhou et al., 2020). 

Luciferase reporter gene assay is also used to screen CB2R modula-
tors (Method 3 in Fig. 3). A drug screening model of CB2R agonist has 
been established, and used to discover active constituents from tradi-
tional Chinese medicine (Liu et al., 2012). Split luciferase complemen-
tation assay (SLCA) in HEK293 cells was developed to screen modulators 
of CB2R, and celastrol was identified as a novel modulator of CB2R 
(Jiang et al., 2020). With attempt to discover CB2R agonists with reg-
ulatory effects on bone metabolism, we established the screening system 
for CB2R modulators from botanical compounds, and identified nine 
CB2R agonists from 69 botanical compounds, and these CB2R agonists 
exhibited remarkable inhibitory effects on cAMP accumulation (Method 
9 in Fig. 3) and good affinity to CB2R, as evidenced by the molecular 
docking and molecular dynamics (Hu et al., 2022). 

An on-line screening method for CB1R and CB2R ligands was 
developed through immobilizing cellular membrane fragments of a 
chronic myelogenous leukemia cell line (KU-812) onto the surface of an 
open tubular capillary to create a CB1R/CB2R-OT column (Moaddel 
et al., 2011). The affinity chromatographic technique was applied to 
determine the binding activity of the immobilized CB1R/CB2R, and the 
binding affinity (the Ki value) for a single compound and then to screen 
individual or a mixture of multiple compounds. This method was used to 
screen a botanical matrix, Zanthoxylum clava-herculis, and the pre-
liminary results suggest the presence of a high affinity phytocannabinoid 
in this plant (Moaddel et al., 2011). 

The signaling of CB1R and CB2R is mediated via Gi proteins. CB1R 
and CB2R receptor activation can activate Gα16 protein, and then 
activate phospholipase C (PLC) to produce inositol triphosphate IP3 and 
diacylglycerol DAG. Binding of IP3 to its IP3 receptor in the endoplasmic 
reticulum was found to induce the release of intracellular calcium, and 
therefore change in intracellular calcium flow was used as an indicator 
of CB1R and CB2R activation (Method 8 in Fig. 3) (Jiang et al., 2020). 
Some studies used cell-based calcium mobilization assay to evaluate the 
functional activity of coumarin derivatives and found that some syn-
thesized coumarin derivatives exhibited high selectivity towards CB2R 
against and CB1R (Xu et al., 2020). 

6. Synthetic CB2R modulators and their potential effects on 
bone metabolism 

Along with endocannabinoids, some synthetic compounds have been 
shown to bind and signal through CB2R via G proteins, leading to both 
inhibitory or stimulating signals depending on the biological process 
(Alexandre et al., 2020), including the non-selective CB2R agonists 
WIN552122 and CP55940, selective CB2R agonists HU308 and 
JWH133, and CB2R selective inverse agonists AM630 and SR144528 
(Table 2). These synthetic CB2R modulators are reported to possess the 
potential effects on bone metabolism, and their chemical structures and 
regulatory effects on bone metabolism are summarized in Fig. 4. 

6.1. (6AR,10AR)-3-(1,1-dimethylbutyl)-6A,7,10,10A-tetrahydro-6,6,9- 
trimethyl-6H-dibenzo[B,D]pyran (JWH133) and (2-methyl-1- 
propylindol-3-yl)-naphthalen-1-ylmethanone (JWH015) 

JWH133, selectively binds to the peripheral CB2R with Ki as 3.4 nM, 
but weakly binds to central CB1R with Ki as 677 nM (Huffman et al., 
1999). JWH133 was demonstrated to be a CB2R agonist participating in 
systemic metabolic regulation in the EV/EC system as evidenced by 
improving tremor and spasm in diseased mice (Blazquez et al., 2003). 
JWH133 prevented bone loss induced by methylprednisolone through 
decreasing the expression of PKCβII, which significantly antagonized the 

Fig. 2. Cryo-EM structures of the CB2R-Gi complexes Note: Protein PDB ID: 
6kpf; the color code for the proteins is as follows: CB2R, light blue; Gαi, cyans; 
Gβ, yellow; Gγ, magenta; ligand AM12033, yellow. 
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overexpression of TRAP and TRPV1, and reversed the over-activation of 
OCs (Bellini et al., 2017). JWH133 induced OB differentiation of human 
bone marrow mesenchymal stem cells (BM-MSCs) by inducing auto-
phagy. JWH133 enhanced the ALP activity and mineralization, and 
upregulated the expression of osteogenic markers, osteopontin and 
osteocalcin in hFOB 1.19 cells through CB2R activation (Xu et al., 2020). 
JWH133 significantly reduced multi-nucleated TRAP-positive OCs and 
the resorption areas in in vitro samples of patients with paget’s disease of 
the bone (Paoletta et al., 2021). While JWH133 reduced the OC activity 
of patients with celiac disease (Tortora et al., 2020). Stimulating CB2R 
combined iron metabolism in counteracting OC overactivity in child-
hood cancer survivors could attenuate OP and improve their quality of 
life. (Rossi et al., 2022). JWH015, a selective agonist of CB2R, stimu-
lated polarization and re-absorption of human OCs, and increased the 
formation and re-absorption of actin rings in OCs (Mao et al., 2019). 

6.2. [(1R,4R,5R)-4-[2,6-dimethoxy-4-(2-methyloctan-2-yl)phenyl]-6,6- 
dimethyl-2-bicyclo[3.1.1]hept-2-enyl]methanol (HU308) and its 
enantiomer HU433 

HU308, a new type of non-psychotic and selective CB2R agonist, 
could effectively bind to CB2R with Ki as 22.7 ± 3.9 nM, but could not 
bind to CB1R with Ki being more than 10 μM (Hanus et al., 1999). 
HU308 promoted mitosis of the OBs line but had an anti-mitosis effect in 
the monocyte OC line and reduced the expression of RANKL mRNA in 

bone marrow stromal cells during OBs differentiation. HU433, an 
enantiomer of HU308, has 3S, 4R, 6R configuration. HU308 is conducive 
to the accumulation of GTPγS (Method 6 in Fig. 3), while HU433 
transmits signals through ERK1/2. HU433 retains the HU308 specificity 
for CB2R, as shown by its failure to bind to the CB1R and has no activity 
in CB2R-deficient cells and animals. The CB2R binding affinity of HU433 
in terms of [3H]CP55,940 displacement (Method 7 in Fig. 3) and its 
effect on [35S] GTPγS accumulation was substantially lower compared 
with HU308 (Smoum et al., 2015). A molecular-modeling analysis 
suggests that HU433 and HU308 have two different binding confor-
mations within CB2R, with one of them possibly responsible for the 
affinity difference, involving [35S] GTPγS and cAMP synthesis. HU433 
is more effective than HU308 in reducing bone loss induced by ovari-
ectomy, but its binding to CB2R is much lower than that of HU308, and 
HU-433 is 3–4 orders of magnitude more potent in OB proliferation and 
OC differentiation, as well as in mouse models, for the rescue of 
ovariectomy-induced bone loss and ear inflammation(Smoum et al., 
2015). 

6.3. (6-iodo-2-methyl-1-(2-morpholinoethyl)-1H-indol-3-yl)(4- 
methoxyphenyl)methanone (AM630) 

AM630 is a selective and competitive CB2R reverse agonist acting on 
CB1R and CB2R with a Ki value of 5 μM and 31.2 nM, respectively 
(Bolognini et al., 2012). AM630 could increase the production of cAMP 

Fig. 3. Screening and validation methods for CB2R modulators.  
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Table 1 
Application of the virtual screening method in CB2R ligand discovery.  

Year Author Method Key findings Representative ligand Reference 

2006 Tuccinardi 
et al. 

Homologous modeling, docking Whether the ligand interacts with the conserved 
residues, S3.31 and F5.46 in CB2R, is the key to 
CB2R/CB1R selectivity. 

(a)WIN-55212–2 

(Tuccinardi 
et al., 2006) 

2007 Chen et al. Homologous modeling, 3D testing 
database query algorithm, MD, MM 

The high precision homology model was established, 
which could distinguish the known antagonists from 
the randomly chosen molecules. 

(a)SR144528 

(Chen et al., 
2007) 

2011 Cichero et al. 3D-QSAR model (CoMFA, CoMSIA) CoMSIA exhibited the best performance where r2
ncv 

= 0.96, r2
cv = 0.713, and r2

pred = 0.78. 

(b)48c, Ki = 0.0102 μM 

(Cichero et al., 
2011) 

2013 Ma et al. Algorithm-based QSAR model Classification model LiCABEDS was established and 
superior to SVM. 

(b)XIE95PY1-61, Ki = 64 nM 

(Ma et al., 2013) 

2014 Hickey et al. Algorithm-based drug de novo 
designing and screening model 

BI builder (a tool for de novo design) and 
PharmShape (a virtual screen package) methods 
were used to discover new chemotypes of CB2R 
agonists. 

(b)17, Ki = 0.09 nM 

(Hickey et al., 
2015) 

(continued on next page) 
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Table 1 (continued ) 

Year Author Method Key findings Representative ligand Reference 

2016 Romero-Parra 
et al. 

Docking A π-cation interaction with Lys109 has an important 
impact on the CB2R selectivity of ligands. 

(b)8f, Ki = 0.08 μM 

(Romero-Parra 
et al., 2016) 

2017 Qian et al. Docking The compound with high CB2R agonist activity was 
identified 

Compound 26(b), EC50 = 3.665 ±

0.533 nM 

(Qian et al., 
2017) 

2018 Tonelli et al. Docking, ADMET analysis Several benzimidazole derivatives were designed 
and synthesized, and 7 out of 18 compounds 
exhibited CB2R selective activity. 

(b)12a, Ki = 0.51 nM 

(Tonelli et al., 
2018) 

2018 Floresta et al. 3D-QSAR model The model was uesd to evaluate the compounds 
derived from a thorough scaffold-hopping analysis 
and design of molecules with high affinity and novel 
scaffold. 

(a)Compound 

(Floresta et al., 
2018) 

2019 Vijayakumar 
et al. 

Homology modeling, molecular 
docking, MD simulations, ADMET 
analysis 

The binding mode of the TCN201 was analyzed, and 
a vision for designing new CB2R molecules was 
provided. 

(a)TCN-201 

(Vijayakumar 
et al., 2019) 

(continued on next page) 
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stimulated by trichostatin in cells transfected with CB2R with EC50 as 
230.4 nM and inhibit the binding of GTPγS to the cell membrane 
transfected with CB2R cells. A bone histomorphometry analysis showed 
that AM630 could completely prevent bone loss in ovariectomized wild- 
type mice by regulating CB2R (Idris et al., 2008). AM630 inhibited OC 
formation, reduced the number of TRAP-positive cells, inhibited the 
expression of genes related to OC differentiation and activation by 
inhibiting RANKL-induced ERK activation, and also increased the ex-
pressions of heme oxygenase 1 (HO-1) and nuclear factor erythroid 2- 
related factor 2 (Nrf2) (Li and Sun, 2020). 

6.4. Ridaifen-B (RID-B) 

RID-B is a novel derivative of tamoxifen (a selective estrogen re-
ceptor modulator) and a high affinity reverse agonist of CB2R with Ki as 
43.7 nM (Franks et al., 2018). It could regulate the activity of G protein 

and adenylate cyclase with an Imax of 398 ± 30 % and exerted an anti- 
inflammatory activity by reducing the concentration of nitrogen mon-
oxide (NO), interleukin 6 (IL-6) and IL-1α (Franks et al., 2018). It also 
inhibited OC differentiation and activity through inducing the produc-
tion of transforming growth factor β-3 in ovariectomized mice, and 
reduced differentiation of bone marrow macrophages into OCs like es-
trogen (Bryant et al., 1999). 

7. The regulatory effect of plant-derived CB2R modulators on 
bone metabolism 

Plant CB2R modulators include those derived from marijuana or 
plants other than marijuana. More than 120 cannabinoid compounds 
have been isolated from cannabis plants, and dozens of CB2R modula-
tors have been isolated and identified from plants other than marijuana. 
Some natural CB2R modulators from plants other than marijuana, 

Table 1 (continued ) 

Year Author Method Key findings Representative ligand Reference 

2020 Yang et al. Homology modeling, molecular 
dynamics simulation, and MM- 
PBSA 

The binding affinity and binding mode of 
representative agonists and antagonists for CB1R 
and CB2R were systematically studied. 

(a)PNR-4–20  

(Yang et al., 
2020) 

2021 Wang et al. Three-step virtual screening 
approach (deep learning- 
pharmacophore-molecular 
docking) 

Novel CB2R antagonists were discovered, and 7 of 
the 15 screened compounds showed binding 
affinities against the CB2R in radioligand binding 
assay. 

(b)4428–0510, Ki = 219 nM 

(Wang et al., 
2021) 

2021 Sadybekov 
et al. 

Synthon-based virtual screening 
method 

The high affinity compound was successfully 
obtained. 

(b)747, Ki = 0.9 nM 

(Sadybekov 
et al., 2022) 

2022 Morales et al. High-Throughput Virtual 
Screening 

Five compounds were identified to have dual 
agonistic effects on both CB2R and TRPV1. 

(a)151332252  

(Morales et al., 
2022) 

2022 Yuan et al. Algorithm toolset-MCCS An algorithm toolset-MCCS was developed to predict 
the potential allosteric binding site, providing a new 
perspective to designing CB2R modulators. 

(a)CP-55940   

(Yuan et al., 
2022) 

Note: (a), This study was only used to dock the compound with CB2R, and the authors did not discover it; (b), The authors discovered this compound, and did some 
research on it. Abbreviations: LiCABEDS, ligand classifier of adaptively boosting ensemble decision stumps; SVM, support vector machine; MM-PBSA, molecular 
mechanics-poisson-boltzmann surface area; MCCS, molecular complex characterizing system. 
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including alkaloids, terpenes, polyphenols, fatty acid derivatives and 
phenylpropanoids, have been demonstrated to regulate the expression 
of CB2R. The chemical structures of these natural monomer compounds 
are shown in Fig. 5 and Table 2. Some plant extracts, such as Echinacea 
purpurea (Linn) Moench. and Morinda citrifolia L. also showed regulatory 
effects on CB2R (Fig. 6). In this article, we will focus on CB2R 

modulators from plants other than marijuana and discuss their potential 
effects on bone metabolism (Table 3). 

Abbreviations: p-JNK, phosphorylated c-Jun N-terminal kinase; ERK, 
extracellular regulated protein kinases; RANKL, Receptor Activator for 
Nuclear Factor-κB Ligand; MMP9, matrix metalloprotein9; c-Fos, 
cellular oncogene fos; NFATc1, nuclear factor of activated T-cells, 

Table 2 
The physicochemical characteristics of the relationship between CB2R and modulator from synthetic and natural sources.  

Name Mode of action Method of assay Activity Selectivity vs CB1R Reference 

HU308 CB2R selective 
agonist 

Competition binding assay 
with radioligands 

Ki = 22.7 ± 3.9 nM Ki > 10 μM (Hanus et al., 
1999) 

GTPγS binding assay EC50 = 6.4 nM / (Smoum et al., 
2015) HU433 CB2R selective 

agonist 
GTPγS binding assay EC50 = 130 nM / 

JWH133 CB2R selective 
agonist 

Competition binding assay 
with radioligands 

Ki = 3.4 nM Ki = 677 nM (Huffman et al., 
1999) 

JWH015 CB2R selective 
agonist 

Antagonist pre-treatment Verified by using 
inhibitor 

/ (Mao et al., 
2019) 

AM630 CB2R selective 
inverse agonist 

Competition binding assay 
with radioligands 

Ki = 31.2 nM Ki = 5 μM (Ross et al., 
1999) 
(Bolognini 
et al., 2012) 

GTPγS binding assay EC50 = 76.6 nM / 

Ridaifen-B CB2R partial 
agonist 

Competition binding assay 
with radioligands 

Ki = 43.7 ± 14.6 nM Ki = 732 ± 168 nM (Franks et al., 
2018) 

γ-Sanshool CB1R antagonist 
CB2R agonist 

Competition binding assay 
with radioligands 

EC50 = 41.7 nM IC50 = 99.6 nM (Dossou et al., 
2013) 

3, 3-diindolylmethane CB2R partial 
agonist 

β-Arrestin assay EC50 = 1.7 ± 1.3 μM IC50 > 30 μM (Yin et al., 
2009) Competition binding assay 

with radioligands 
Ki = 1.1 ± 0.3 μM Ki = 4.3 ± 0.3 μM 

GTPγS binding assay EC50 = 0.98 ± 0.22 
μM 

IC50 = 11.1 μM 

cAMP assay EC50 = 0.42 ± 0.23 
μM 

EC50 > 30 μM 

β-Caryophyllene CB2R selective 
agonist 

Competition binding assay 
with radioligands 

(E)-BCP: Ki = 155 ±
4 nM(Z) 
-BCP: Ki = 485 ± 36 
nM 

/ (Gertsch et al., 
2008) 

Euphol CB2R partial 
agonist 

Antagonist pre-treatment or 
knockdown gene 

Verified by using 
inhibitor 

Verified by using 
inhibitor 

(Dutra et al., 
2012) 

Betulinic acid CB2R partial 
agonist 

Competition binding assay 
with radioligands 

Ki = 41.21 ± 12.08 
μM 

Ki = 36.71 ± 4.12 
μM 

(Liu et al., 
2012) 

Celastrol CB2R selective 
agonist 

Split luciferase 
complementation assay 

EC50 = 1.77 ± 0.23 
nM 

/ (Jiang et al., 
2020) 

Anthocyanins CB2R partial 
agonist 

Competition binding assay 
with radioligands 

Cyanidin: Ki = 33.5 
μM 
Delphinidin: Ki =
34.3 μM 
Peonidin: Ki = 46.4 
μM 

Cyanidin: Ki = 16.2 
μM 
Delphinidin: Ki =
21.3 μM 

(Korte et al., 
2009) 

4-O-Methylhonokiol CB2R selective 
agonist 

Competition binding assay 
with radioligands 

Ki = 43.9 ± 5.2 nM Ki = 2.4 ± 0.2 μM (Schuehly et al., 
2011) 

Magnolol CB2R partial 
agonist 

Competition binding assay 
with radioligands 

Ki = 3.15 ± 1.65 μM Ki = 1.44 ± 0.10 μM (Rempel et al., 
2013) 

cAMP assay EC50 = 3.28 ± 2.01 
μM 

EC50 = 18.3 ± 8.6 
μM 

Curcumin CB2R partial 
agonist 

Antagonist pre-treatment Verified by using 
inhibitor 

Verified by using 
inhibitor 

(Aguiar et al., 
2022) 

Biochanin A CB2R partial 
agonist 

Competition binding assay 
with radioligands 

Inhibition 33 ± 5 % 
of control 

Inhibition 27 ± 7 % 
of control 

(Thors et al., 
2010) 

Paeonol CB2R selective 
agonist 

Antagonist pre-treatment Verified by using 
inhibitor 

/ (Peng et al., 
2020) 

N-acylethanolamines （eicosapentaenoyl, 
docosapentaenoyl and docosahexaenoyl 
derivatives） 

CB2R selective 
agonist 

Rapid response assay / / (Alharthi et al., 
2018) 

Rutamarin CB2R selective 
agonist 

Competition binding assay 
with radioligands 

Ki = 7.4 μM / (Rollinger et al., 
2009) 

Abbreviations: ↑: Up-regulation of expression; ↓: Down-regulation of expression. OVX, Ovariectomized; DMSO, dimethyl sulfoxide; BM-MSCs, bone marrow mesen-
chymal stem cells; BMMs, bone marrow-derived macrophages; BMD, bone mineral density; BV/TV, the percentage of trabecular bone volume (BV) to total volume (TV) 
of bone tissue; BS/TV, bone surface area density; Tb.Sp, the average width of the trabecular bone marrow; Tb.Th, the average thickness of trabecular bone; ES/BS, 
eroded surfaced; ROS, reactive oxygen species; RANKL, the receptor activator of nuclear factor-κB ligand; TNF-α, serum tumor necrosis factor α; TRACP, tartrate- 
resistant acid phosphatase; ALP, alkaline phosphatase; GLU, glutamic acid; OCN, osteocalcin; IL-6, interleukin-6; EZH2, enhancer of zeste homolog 2; Conn.D, dy-
namic histomorphometric variables; SMI, structure model index; ITB3, Integrin beta-3; PI3K, phosphatidylinositol 3-kinase; p-AKT, phosphorylated protein kinase B; 
p-GSK-3, phosphorylated glycogen synthase kinase-3; CCL3, chemokine (C–C motif) ligand 3; CTX, cyclophosphamide; MMP-9, matrix metalloproteinase-9; CtsK, 
cathepsin K. 
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cytoplasmic 1; BMC, bone mineral content; OCN, osteocalcin; Runx2, 
recombinant runt related transcription factor 2; BV/TV: the percentage 
of trabecular bone volume (BV) to total volume (TV) of bone tissue; 
OPN, osteopontin; BMD, bone mineral density; ALP, alkaline phospha-
tase; Bcl-2, B-cell lymphoma-2; Bax, Bcl2-associated X; GLU, glucose; IL- 
6, interleukin-6; NO, nitric oxide; TNF, tumor-necrosis factor; CTX, 
cyclophosphamide; TRAP, tartrate resistant acid phosphatase; Tb.Th, 
the average thickness of trabecular bone; p-p38, phosphorylated p38; 
LV4, Lumbar vertebra. 

7.1. Chemical compounds from plants other than marijuana 

7.1.1. β-caryophyllene (BCP) 
BCP or (1R,4Z,9S)-4,11,11-trimethyl-8-methylidenebicyclo[7.2.0] 

undec-4-ene is a common constituent of the essential oil from numerous 
plants and a major component in Cannabis with antidepressant, anti-
anxiety, analgesic and anticonvulsant activities (Hashiesh et al., 2021). 
(E)-BCP selectively binds to CB2R with Ki as 155 ± 4 nM and acts as a 
functional CB2R ligand to induce Gi/0 signals, and then activates CB2R- 
mediated intracellular signal transduction, such as inhibition of adeny-
late cyclase, intracellular calcium release and activation of mitogen- 
activated kinases Erk1/2 and p38 (Gertsch et al., 2008). BCP can 
relieve osteoporotic pain and reduce inflammation and pain response. In 
addition, it increased the mineralization of OBs derived from BM-MSCs 
of 8-week-old female C57BL/6 mice, reduced the number of adipocytes, 
and inhibited the formation and differentiation of mouse bone marrow 
monocytes into OCs induced by tumor necrosis factor α (TNF-α) through 
mediating the NF-κB signal pathway (Yamaguchi and Levy, 2016). 
CD300a gene and CB2R had a strong positive correlation (r = 0.774) in 
female C57BL/6 mice, and klotho enzyme regulated the expression level 

of CB2R. BCP can intervene CD300a gene through klotho enzyme to 
significantly prevent trabecular bone defects caused by vitamin D defi-
ciency (Dong et al., 2022). CB2R has been shown expressed in MC3T3- 
E1 OBs. The effect of trans-caryophyllene on osteocalcin secretion and 
matrix mineralization was found to be directly dependent on CB2R, 
which interfered with the antioxidant system in OBs (Shan et al., 2017). 

7.1.2. Magnolol 
Magnolol or 4-allyl-2-(5-allyl-2-hydroxyphenyl) phenol is an active 

component from the bark of Magnolia officinalis, with an antibacterial 
activity and an inhibitory effect on platelet aggregation and muscle 
relaxation (Zhang et al., 2019). It is a selective partial agonist of CB2R 
with EC50 as 3.28 μM in cAMP accumulation studies, and its metabolite 
(tetrahydro)magnolol is 19-fold more potent than magnolol with EC50 as 
0.170 µM. Additionally, β-arrestin translocation assay showed that 
(tetrahydro)magnolol (a CB2R-related orphan receptor) behaved as an 
antagonist at GPR55 with kB value as 13.3 µM (Rempel et al., 2013). 2- 
(2-hydroxy-5-propylphenyl)-4-pentylphenol, a CB2R partial agonist (Ki 
= 0.0371 µM), also showed potency to select versus GPR18 and GPR55 
(Fuchs et al., 2013). Magnolol and its metabolites can protect MC3T3-E1 
cells against cytotoxicity of antimycin A, increase OB proliferation, 
alkaline phosphatase activity, bone collagen synthesis, and bone matrix 
mineralization by activating mitochondrial function (Kwak et al., 2012). 
Magnolol did not directly affect OB precursors, but indirectly inhibited 
OC differentiation by inhibiting PGE2 synthesis and RANKL expression 
in OBs (Hwang et al., 2018). Magnolol prevented bone loss caused by 
ovariectomy through inhibiting OCs formation via regulating NF-κB and 
mitogen-activated protein kinase pathway (Lu et al., 2015). Methyl-
magnolol inhibited the activity of TRAP, formation of F-actin ring and 
expression of c-Fos, NF-ATc1, TRAP and ITB3 in OCs, and magnolol 

Fig. 4. Synthetic CB2R modulators and their regulatory effects on bone metabolism Abbreviations: OBs, osteoblast cells; OCs, osteoclast cells; OCN, osteocalcin; 
OPN, osteopontin; BMD, bone mineral density; Keap1, Kelch-like ECH-associated protein 1; mTOR, mammalian target of rapamycin; Nrf2, nuclear factor erythroid 2- 
related factor 2; PKC, protein kinase C; TRAP, tartrate resistant acid phosphatase; Mapkapk2, recombinant mitogen activated protein kinase activated protein kinase 
2; BV/TV: the percentage of trabecular bone volume (BV) to total volume (TV) of bone tissue; TRPV1, transient receptor potential vanilloid-1; Runx2, recombinant 
runt related transcription factor 2; HO-1, heme oxygenase 1; ALP, alkaline phosphatase; TGF, transforming growth factor; RANKL, Receptor Activator for Nuclear 
Factor-κB Ligand; Tb.Sp, the average width of the trabecular bone marrow; Tb.Th, the average thickness of trabecular bone; Tb.N, trabecular number, Tb.Wi, 
trabecular width; Ob.S/BS, osteoblast surface; Oc.S/BS, osteoclast surface; Oc.N/BS, osteoclast number. 
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inhibited the formation and function of OCs derived from RAW264.7 
with RANKL (Fei et al., 2019). 

7.1.3. 4-O-methylhonokiol 
4-O-methylhonokiol or 2-(4-methoxy-3-prop-2-enylphenyl)-4-prop- 

2-enylphenol is a novel neolignan compound from Magnolia officinalis 
with anti-osteoporosis, anti-Alzheimer’s disease, anti-inflammatory, 
anti-oxidative, anti-cancer, and anti-aging activities (Lee et al., 2011). 
The chemical structure of 4-O-methylhonokiol is similar with that of 
HU308, which has the characteristics of the CB2R selective agonist with 
Ki as 43.9 ± 5 nM and could inhibited the release of cAMP (Schuehly 
et al., 2011). 4-O-methylhonokiol inhibited the release of cAMP and also 
increased the [35 s]GTPγS binding induced by methylmagnolol with its 
EC50 value as 285.7 nM (Chicca et al., 2015). 4-O-methylhonokiol pro-
tected OB MC3T3-E1 cells against injuries induced by antimycin A 
through activating mitochondrial function. 4-O-methylhonokiol inhibi-
ted TRAP-positive multinuclear OCs and F-actin ring formation via the 
receptor activator during NF-κB ligand (RANKL)-mediated osteoclas-
teogenesis, and also suppressed RANKL-induced critical factors, such as 
c-Fos, NF-ATc1, TRAP and ITB3 for OC differentiation and function 
through inhibiting activation of the ERK1/2, AKT, and NF-κB pathways 
(Park et al., 2017). 

7.1.4. Celastrol 
Celastrol or 3-hydroxy-24-nor-2-oxo-1(10),3,5,7-friedelatetraen-29- 

oic acid is a methylated quinone methyl triterpene from the roots of 
Tripterygium wilfordii Hook. f., with anti-oxidation, anti-rheumatoid, 
anti-inflammation, anti-cancer neo-vascularization and immunosup-
pression activities (Hou et al., 2020, Xu et al., 2021). Celastrol has an 
excitatory effect on CB2R with an EC50 value of 1.81 ± 0.16 μM, and a 
weak activating effect on CB1R with an EC50 value of more than 10 μM 
as determined by using the SLCA’s new CB2R screening method (Jiang 
et al., 2020). Celastrol inhibited bone resorption and enhanced bone 
formation in glucocorticoid-induced osteoporotic rats through inhibit-
ing prostaglandin E2 and caspase-3 protein expression, and inducing 
PI3K, phosphorylated AKT and glycogen synthase kinase-3 phosphory-
lation and Wnt and β-catenin protein expression (Xi et al., 2018). 
Celastrol promoted OB differentiation and prevented adipocyte differ-
entiation in BM-MSCs in vitro by stimulating PGC-1α signaling (Li et al., 
2020). Celastrol was used as an NF-κB inhibitor to improve articular 
cartilage and cancellous bone structure in dexamethasone-induced OP 
mice (Liu et al., 2016). It could also alleviate bone loss and bone marrow 
adipose tissue accumulation in OVX and aged mice and inhibit the 
expression of pro-inflammatory cytokines and metalloproteinase 
through NF-κB inhibition via stimulating CB2R on osteocytes (Gan et al., 
2015). In CIA mice, daily injection of celastrol markedly suppressed 

Fig. 5. Representative CB2R agonists from non-cannabis plants.  

S.-j. Hu et al.                                                                                                                                                                                                                                    



Arabian Journal of Chemistry 17 (2024) 105536

12

arthritis, and reduced bone damage in the joints as demonstrated by 
serum biochemical parameters, histology and bone micro-computed 
tomography (Li et al., 2020). In OCs derived from RAW264.7 induced 
with RANKL, celastrol inhibited the formation of TRAP-positive multi-
nucleated cells and the bone-resorbing activity in a dose-dependent 
manner, and reduced the RANKL-induced expression of OCs genes and 
transcriptional factors, as well as phosphorylation of NF-κB and MAPK 
(Gan et al., 2015). 

7.1.5. Betulinic acid 
Betulinic acid or 3-beta-Hydroxy-lup-20(29)-en-28-oic acid is a 

naturally occurring triterpenoid found in the bark of plants in the family 

of Betulaceae and Sambucus williamsii Hance, with a broad spectrum of 
pharmacologic properties, including anti-viral, anti-bacterial, anti- 
inflammatory, anti-malarial, and anti-cancer activities (Rios and 
Manez, 2018). It is an agonist of the CB2R, with binding affinity to CB2R 
with Ki as 36.71 ± 4.12 μM, and to CB1R with Ki as 41 ± 12.1 μM(Liu 
et al., 2012). Betulinic acid at the dose of 10 mg/kg slowed down bone 
loss and degeneration of the bone trabecular microstructure in ovari-
ectomized mice (Wei et al., 2020). Combined use of 25 or 50 μg Betulinic 
acid with BMP2 (3 μg) markedly increased ectopic bone formation in 
male C57BL/6 mice. Betulinic acid increased OB formation through 
activating BMP/Smad/Runx2 and β-catenin signal pathways and 
increased increased the alkaline phosphatase (ALP) activity and 

Fig. 6. The medicinal plants with agonistic activities on CB2R and their regulatory effects on bone metabolism Abbreviations: ↑, Up-regulation of expression; ↓, 
Down-regulation of expression; COX-2, cyclooxygenase-2; GPR55, G Protein-Coupled Receptor 55; RXRα, retinoic acid X receptor-α; GABA, gamma-aminobutyric 
acid; PTP-1B, ProteinTyrosine Phosphatase-1B; ATM, ataxia telangiectasia mutated; BRCA1, breast cancer 1; BT474, Human Breast Cancer Cells E; AMPK, Adenosine 
5′-monophosphate (AMP)-activated protein kinase; Nrf2, NF-E2-related factor 2; NF-κB, nuclear factor kappa-B; PI3K, phosphatidylinositol 3-kinase; NO, nitric 
oxide; DHA, docosahexaenoic acid; EPA, Eicosapntemacnioc Acid; PG, Prostaglandine; GO, Gene ontology; cAMP, Cyclic Adenosine monophosphate; TXA2, throm-
boxaneA2; IL-4, Interleukin-4; TNF-α, serum tumor necrosis factor α; ICAM-1, intercellular cell adhesion molecule-1; OPG, Osteoprotegerin; RANKL, Receptor 
Activator of Nuclear Factor-κB Ligand; LOX-5, Human 5 lipoxygenase; PPAR, peroxisome proliferators-activated receptors; CREB, cAMP-response element binding 
protein; 2-AG, anterior gradient 2; MAGL, monoacylglycerol lipase; FAAH, fatty acid amide hydrolase; ErbB2, epidermal growth factor receptor; MAPK, mitogen- 
activated protein kinase; p-Akt, phosphate protein kinases B; EAATs, excitatory amino acid transporters; PKC, protein kinase C; ECM, extracellular matrix; AEA, 
Anandamide, N-arachidonoylethanolamine; C/EBP-α, recombinant human CCAAT/enhancer binding protein-α; AChE, acetylcholinesterase; GO: Gene ontology; 
PGE2, Prostaglandin E2. 
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expression level of osteogenic marker genes without decreasing cell 
viability of MC3T3-E1 pre-OBs (Choi et al., 2016). Betulinic acid 
inhibited bone resorption, formation of F-actin and expression of 
cathepsin K and MMP-9 in OCs via suppressing the expression of ERK, 
JNK, and p38 in MAPK signaling pathways (Wei et al., 2020). 

7.1.6. 3, 3-diindolylmethane (DIM) 
DIM is a major acid-condensation product or metabolite of indole-3- 

carbinol found in cruciferous vegetables, with anti-cancer, anti-inflam-
matory, and immune stimulating activities (Biersack, 2020, Vermillion 

Maier et al., 2021). Four independent radioligand binding assays 
including β-arrestin assay, GTP-γS binding assay, radioligand binding 
assay and cAMP analysis of human CB1R and CB2R demonstrated that 
DIM had an agonistic effect on CB2R with the EC50 value ranging from 
0.42 μM to 1.7 μM, and the Ki as 1.1 ± 0.3 μM (Yin et al., 2009). DIM 
treatment increased bone mass in female mice by suppressing OC bone 
resorption under both physiological and pathological conditions (Yu 
et al., 2015). Prostate cancer bone metastasis has long been believed to 
be related to OBs because of bone remodeling leading to the formation of 
new bone. Combined use of isoflavone and DIM inhibited OC and OB 

Table 3 
The regulatory effects of plant CB2R modulators on bone metabolism.  

Name Model Dosage and duration of 
administration 

Changes of related indexes Reference 

Betulinic acid OVX C57/BL6 mice 
BMMs of mice 

5 or 10 mg/kg, i.p. once every 2 
days for 6 weeks 
Co-culture with OCs induced by 
RANKL 

↑: BV/TV 
↓: BS/TV, Tb.Sp, ROS, RANKL, TNF-α, TRAP, F-actin 

(Choi et al., 2016) 

3,3-diindolylmethane OVX C57/BL6 mice 0.1 mg/kg, i.p. twice a week for 4 
weeks 

↑: BMD, BV/TV, Tb. N, Conn.D 
↓: Tb.Sp, SMI, number and area of OCs 

(Yu et al., 2015) 

Biochanin A OVX Sprague-Dawle rat Oral 25 mg/kg, once daily for 14 
weeks 

↑: BMD, BMC, BV/TV, ALP, Osteocalcin 
↓: TNF-α, IL-1 β, DPD/Creatine, TRAP, RANKL/OPG 

(Su et al., 2013) 

Anthocyanins OVX Sprague-Dawle rat 
OVX C57/BL6 mice 

Oral, 10 % dried blueberry 
powder aqueous solution, daily for 
12 weeks 
Take 1 % blackcurrant extract 
with a diet for 4, 8, 12 weeks 

↑: OPG, ALP, BV/TV, Tb.N, Tb.Th 
↓: Tb.Sp, ES/BS, O.Pm, L.Pm 
↑: BMD, BV/TV 
↓: TRAP, ES / BS 

(Melough et al., 
2017) 

Celastrol Male C57BL/6 mcie 1 mg/kg, i.p. daily for 12 weeks ↑: PI3K, p-AKT, p-GSK-3 
↓: TRAP, Urinary calcium / creatinine, TRACP-5b, 
CTX, CtsK 

(Xi et al., 2018) 

OVX C57BL/6 mice 2.5, 5 mg/kg, i.p. daily for 2 weeks ↑: BV/TV, Tb.N, Tb.Th 
↓: Tb.Sp, TRAP, Ocs/BS 

(Xu et al., 2021) 

BM-MSCs of female C57BL/6 mice 
and RAW264.7 cells 

25, 50,100 nM for 2–4 days ↓: NF-ATc1, TRAP, c-Fos, CtsK, CTR, c-Fos, DC- 
STAMP, NF-ATc1, V-ATPase d2, V-ATPase a3, p-ERK, 
p-p38, p-JNK, TAK1, p-IκB, p-p65 

Male C57BLKS/J mcie 1 mg/kg, i.p. daily for 4 weeks ↓: TRAP-5b, PTH, CTX, DPD, NF-κB(P65), MMP-1, 
MMP-9 

(Liu et al., 2016) 

OVX C57BL/6J mice 200 μg/kg, i.p. every 2 days for 4 
weeks 

↑: Tb.BV/TV, Tb.N, Ct.Th, Vt.BV, PGC-1α 
↓: Tb.Sp, Es.Pm, 

(Li et al., 2020) 

BM-MSCs of mice 0.25, 0,5, 1.0 μM for 7 days ↑: PGC-1α, BGLAP, ALP, Osterix, Runx2, SIRT1, AMPK 
↓: Pparg, Fabp4, ROS, 

Male DBA/1J mice 1 mg/kg, i.p. daily for 15 days ↓: TRAP5b, TRAP, CtsK, CTR, MMP-9, c-Fos, c-JUN, 
NF-ATc1 

(Gan et al., 2015) 

RAW264.7 cells 0.1, 0.2, 0.3 μM for 3 days ↓: TTRAP, CtsK, CTR, MMP-9, c-Fos, c-JUN, NF-ATc1, 
p-p65, p-p38, p-ERK, p-JNK 

β-Caryophyllene Bone marrow cells of C57BL/6 
mice 

0.1–100 μM for 3 days ↑: OBs mineralization 
↓: The number of adipocytes, only OCs in TNF-α 

(Yamaguchi and 
Levy, 2016) 

OVX C57BL/6 mice Oral 25 mg and 50 mg BCP in IV 
saline for 2 weeks 

↑: BV, BV/TV, BMD, klotho, Tb.Sp 
↓: Tb.N 

(Dong et al., 2022) 

MC3T3-E1 cells 0.5, 1.0, 5 μM; 24 h ↑: Nrf2, HO-1, GSH 
↓: ROS 

(Shan et al., 2017) 

Methylhonokiol BMMs of mice 0.1, 1 μM; 3–5 days ↑: JNK, p38 
↓: TRAP, c-Fos, NF-ATc1, TRAP 

(Park et al., 2017) 

Magnolol MC3T3-E1 cells 0.01, 0.1, 1 μM; Cultivate for 2 
days 

↑: ALP, Bone matrix protein, Glutathione content 
↓: Bone resorption factor, RANKL, TNF – α, IL-6 

(Kwak et al., 2012) 

BMMs of old male ICR mice 1.25–20 μM; 7 days ↓: IL-1, TRAP, RANKL, PGE2 (Hwang et al., 
2018) 

OVX C57BL/6 mice 
BMMCs 
RAW264.7 cells 

Oral 10 mL/kg daily for 6 weeks 
5, 10, 20 μg/mL; 7 days 

↑: BMD, BS/BV, BS/TV, BV/TV, Tb.N 
↓: CTX-1, IL-6, TNF-α, Tracp 5B 
↓: NF-ATc1, TRAP, F-actin, resorption area, Cathepsin 
K, CTR, MMP9, TRAF6, p-IκB, p-p65, p-p50, p-ERK, p- 
p38, p-JNK 

(Fei et al., 2019) 

Echinacea purpurea 
(Linn.) Moench. 

BMMs of C57BL/6 mice 30 μM; 0, 24, 48, 72, 96 h ↓: p-JNK, ERK, RANKL, MMP-9, c-Fos, NF-ATc1, p- 
p38 

(Chang et al., 
2020) 

Nelumbo nucifera 
Gaertn. 

Tibial BMMs of ICR mice 
female Balb/c nude mice 
implanted MDA-MB-231 cells into 
the medullary cavity 

10, 20, 40, 60 μM; 5 days 
Oral 10, 20 mg/kg liensinine, 5 
times a week for 5 weeks 

↑: BMD, BV/TV 
↓: Bcl-2/Bax, RANKL, MMP-9, TRAP5b, CTX 

(Kang et al., 2017) 

Morinda citrifolia L. OVX Wistar Rat Oral administration, 2, 10, 50 mg/ 
kg, daily for 7 days 

↑: Serum calcium, osteocalcin, ALP 
↓: Number of OCs 

(Wattanathorn 
et al., 2018) 

Rubus coreanus Miquel. OVX Wistar rat 400 mg/kg, 5 days a week for 6 
weeks. 

↑: Tb.Th, OCN, BV/TV 
↓: GLU, ALP, RANKL 

(Choi et al., 2012) 

Linum usitatissimum L. male Wistar rat 250 g/kg with a diet daily once a 
day for 160 days 

↑: BMD, BMC, Calcium intake, LV, stiffness, breaking 
strength 

(Maira et al., 2018)  
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differentiation through regulating multiple signaling pathways such as 
high androgen receptor/prostate-specific antigen (AR/PSA), homo sa-
piens NK3 homeobox 1 (NKX3-1)/Akt/p27 and microphthalmia- 
associated transcription factor (MITF) in prostate cancer bone metas-
tasis (Li et al., 2012). 

7.1.7. Anthocyanins 
Anthocyanin or 2-phenylchromenylium is derived from blueberry, 

cranberry, red cabbage, and other common plants, with anti-mutation, 
anti-oxidation, free radical scavenging, neuro-protective, anti-inflam-
matory, analgesic activities (Li et al., 2014, Panchal et al., 2022). 
Competitive radioligand binding assay for CB2R identified that the af-
finity of anthocyanin was achieved by cyanidin (Ki = 33.5 μM), del-
phinidin (Ki = 34.3 μM), and peonidin (Ki = 46.4 μM) (Korte et al., 
2009). Anthocyanin decreased the activity of NF-κB, the mRNA 
expression level of TNF-α and IL-1β, and formation and differentiation of 
OCs derived from RAW264.7 macrophages(Melough et al., 2017). 

7.1.8. Biochanin A 
Biochanin A or 5,7-dihydroxy-4′-methoxy isoflavone derived from 

red clover, soybean, alfalfa sprout, peanut, chickpea, and other like 
plants, has potential for the treatment of climacteric syndrome, OP, 
cancer, aging, and cardiovascular disease (Sarfraz et al., 2020). 30 µM 
Biochanin A was demonstrated to reduce 33 ± 5 % (compared with 
control) specific binding of [3H] CP55,940 to CB2R as compared with 
control (Thors et al., 2010). Biochanin A increased the expression of OB 
gene osterix, type I collagen, ALP and osteocalcin, and the mRNA level of 
OPG secreted by OBs in OVX SD rats. In addition, it has an inhibitory 
effect on OCs differentiation and formation by inhibiting mature OC 
proliferation and decreasing the expression and activity of TRAP of OCs 
in a dose-dependent manner (Su et al., 2013). 

7.2. Medicinal plants 

7.2.1. Echinacea purpurea (Linn) Moench 
Echinacea purpurea (Linn) Moench., which belongs to the family of 

Compositae, is widely cultivated in the United States, Canada, and 
Germany. Echinacea extracts have been shown to have anti-oxidant, 
anti-bacterial, anti-inflammatory, and immunostimulatory properties 
(Xu et al., 2021). Phytochemical investigations have shown that Echi-
nacea purpurea contains propylene and keto olefin/alkyne, N-alkylamide 
lipids, caffeic acid derivatives and flavonoids (Aarland et al., 2017). 
Some N-isobutyl amides and N-methyl-butyl amides from this plant bind 
and partially activate CB2Rs as evidenced by alteration of the release of 
intracellular calcium. The Ki value of the n-hexane extract from the 
Echinacea purpurea root to CB2R is 269 ng/mL, with the content of total 
N-alkylamides reaching 7.01 % (Chicca et al., 2009). The Echinacea 
purpurea extract can inhibit the expression of NFATc1 and c-Fos of OCs 
induced by RANKL, and subsequently decrease the activity of TRAP, 
cathepsin K (CtsK) and MMP-9 in OCs by inactivating the MAPK 
signaling pathway (Chang et al., 2020). The echinalkamide isolated 
from cell cultures of this plant was shown to have an inhibitory effect on 
RANKL-induced OC proliferation and differentiation and attenuate OC 
bone resorption by disturbing phosphorylation of MAPK and inhibiting 
activation of the OC transcription factors c-Fos and NFATc1(Chang 
et al., 2020). 

7.2.2. Linum usitatissimum L 
Linum usitatissimum L., which is commonly known as flax or flaxseed, 

comes from the family of Linaceae and is grown in many countries and 
regions (Akter et al., 2021). The seeds of this plant, flaxseed, have been 
broadly utilized in numerous milieus worldwide as a primeval medicinal 
plant because of its health benefits in diverse types of diseases (Shayan 
et al., 2020). Phytochemical analysis shows that the major chemical 
constituents of Linum usitatissimum L. include ω-3 fatty acid, phytoes-
trogenic lignans, phenols, flavonoids, and sterols. Among them, 

secoisolariciresinol diglycosides (SDG) is the major bioactive compound 
of Linum usitatissimum L. with prospective pharmacological accom-
plishments(Ansari et al., 2019, Akter et al., 2021). The extracts or 
compounds from Linum usitatissimum L. exhibit significant anti-cancer, 
anti-oxidant, anti-microbial, anti-inflammatory, anti-obesity, anti-dia-
betic, anti-diarrheal, anti-malarial, hepato-protective, reno-protective, 
immunosuppressive, antiarrhythmic, and cognitive effects. The 
cannabinoid-like compound in its fiber extract is known as a new 
terpenoid compound that can activate the gene expression of specific 
peripheral CB2R (Styrczewska et al., 2012). Flaxseed can help improve 
osteoporotic bone, and this bone protective effect may be attributed to 
α-linolenic acid (ALA) rather than lignans in flaxseed. Dietary flax seed 
supplements or ALA were shown to retain bone mass in Wistar male rats 
by increasing the expression of osteocalcin, thus enhancing the ability of 
pre-OB differentiation to mature OBs (Maira et al., 2018). When com-
bined with estrogen therapy, ω-3 polyunsaturated fatty acids, ALA in 
particular, from flaxseeds or flaxseed oil are beneficial to the bone health 
(Kim and Ilich, 2011). Flaxseed flour could improve bone mass and 
biomechanical properties, decrease total polyunsaturated fatty acids 
and arachidonic acids, and enhance ALA and eicosapentaenoic acid 
(EPA) in dam rats during the post-weaning growing phase (Ribeiro et al., 
2017). Flaxseed oil, which is rich in ALA, could attenuate the high-fat- 
diet-induced decrease in bone biomechanical properties, bone mineral 
density, and bone micro-archiatexue by promoting osteogenesis as evi-
denced by serum bone formation markers ALP and the bone resorption 
marker human C-telopeptide of typeIcollagen (CTX-1) in HFD-induced 
bone loss of rats (Chen et al., 2019). Cyclolinopeptides, cyclic peptides 
extracted from flaxseed, could act directly on bone marrow-derived 
macrophages and reduce OC formation, maturation, and bone resorp-
tion by down-regulating the RANKL receptor activity (Kaneda et al., 
2019). 

7.2.3. Morinda citrifolia L 
Morinda citrifolia L., which belongs to the family of Rubiaceae, is 

native to Southeast Asia and has long been used as a food supplement 
and medicinal plant(Wang et al., 2002). The fruit and leaf of Morinda 
citrifolia are rich in polyphenols, flavonoids, terpenoids, and iridoids, 
and have been demonstrated to have diverse biological and ther-
apeutic properties, such as immunomodulatory, anti-oxidant, anti-oste-
oporotic and anti-cancer activities (Chanthira Kumar et al., 2022, Choi 
et al., 2022). It was reported that the fruit juice of this plant could 
potently activate CB2R and inhibit CB1R in a concentration-dependent 
manner (Palu et al., 2008). The leaf extract of Morinda citrifolia could 
protected the bone micro-architecture as assessed by serum levels of cal-
cium, osteocalcin, alkaline phosphatase, and the density of OBs and OCs 
in the tibia (Wattanathorn et al., 2018). Morinda officinalis capsules were 
also shown to possess an anti-osteoporotic effect in OVX rats (Li et al., 
2014). The fruit juice of Morinda citrifolia could enhance bone marrow 
derived stroma cells could enhance the proliferation of bone marrow- 
derived stroma cells and up-regulate the osteogenic differentiation 
marker genes ALP and OCN and Runx2 (Hussain et al., 2016). 

7.2.4. Nelumbo nucifera Gaertn 
Nelumbo nucifera Gaertn., also known as the sacred lotus, is mainly 

used as food throughout the Asian regions, and its seeds, rhizomes, 
leaves, flowers, and roots have been described in Ayurveda and tradi-
tional Chinese medicine for various disorders including stress, fever, 
depression, insomnia and cognitive problems. Phytochemical and 
pharmacological investigations have demonstrated that this plant con-
tains diverse chemical constituents, and its bioactive phytocompounds 
including alkaloids, polyphenols, offering distinct pharmacological ac-
tivities, mainly against cancer, microbial infection, diabetes, inflam-
mation, atherosclerosis and obesity(Kumarihamy et al., 2015, Shen 
et al., 2019, Wang et al., 2023). A competitive radioligand assay 
demonstrated that the Nelumbo nucifera petal extract was a novel agonist 
with an antagonist activity towards CB2R as evidenced by competitive 
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radioligand assay, which found that 10 μg/mL methanol extract of 
Nelumbo nucifera petals could antagonize the binding of 26.2 % excit-
atory ligand CP55940 to CB2R(Velusami et al., 2013). Neferine, a nat-
ural compound isolated from Nelumbo nucifera, was found to have a 
protective effect against OVX-induced bone loss in rats, inhibit RANKL- 
induced OC formation and the bone resorptive activity of mature OCs by 
suppressing RANKL-induced activation of the NF-κB signaling pathway, 
and inhibiting induction and activation of NFATc1. It could also enhance 
the differentiation and bone mineralization activity of MC3T3-E1 pre- 
OBs (Chen et al., 2019). Liensinine and nuciferine, major active com-
ponents in Nelumbo nucifera, could prevent breast cancer cell-mediated 
bone destruction, and inhibit RANKL-induced OCs differentiation from 
mouse bone marrow macrophage cells and mature OC-mediated bone 
resorption. Liensinine could reduce osteolysis in nude mice with the 
intratibial injection of MDA-MB-231 cells (Kang et al., 2017). 

7.2.5. Rubus coreanus Miquel 
Rubus coreanus Miquel., black raspberry, belongs to the family of 

Rosaceae. Its fruit has long been used as traditional medicine, knowing 
that it contains various chemical compounds such as polyphenols and 
isoflavones (Lee et al., 2011, Kim et al., 2013). Radioligand displace-
ment assay showed that Rutamarin from Rubus coreanus had a selective 
activity on CB2R with Ki as 7.4 μM (Rollinger et al., 2009). Treatment 
with Rubus coreanus could benefit osteoporotic rats caused by prostatic 
hyperplasia (Lim et al., 2015). Rubus coreanus extract could prevent 
bone loss in ovariectomized rats and aged rats by up-regulating the ESC 
(Choi et al., 2012). The Rubus coreanus extract could repair the H2O2 
damaged function of MC3T3-E1 OBs by attenuating their apoptosis and 
reducing the production of TNF-α, IL-6, and NO in OBs, and also reduce 
the formation and differentiation of OCs through down-regulating the 
expression of TNF receptor associated factor 6 (TRAF6) and NFATc1 and 
increasing the ratio of B-cell lymphoma/leukemia 2 (Bax/Bcl-2) and 
expression of caspase-3 of OCs (Do et al., 2008). 

8. Conclusions and future perspectives 

The endocannabinoid system plays a vital role in the regulation of 
numerous physiological and pathological processes, and CB2R has been 
extensively investigated and recognized as a potential target for OP 
treatment. Bone metabolism is a process of bone remodeling with the 
participation of OBs and OCs, and the imbalance between OBs and OCs 
often leads to bone loss, finally resulting in OP. CB2R expression is 
shown to be involved in the regulation of OB bone formation and OC 
bone resorption. Some synthetic and botanical CB2R agonists could in-
crease OB bone formation and decrease OC bone resorption without 
causing psychotropic adverse effects. Therefore, the investigation of 
CB2R agonists and their regulatory effects on bone metabolism could 
provide lead compounds for the research and development of new anti- 
OP drugs. 

Although CB2R participates in many processes at the behavioral 
level through neuronal regulation, it often exists in the peripheral tissue, 
such as the bone and immune system compared to CB1R (Zou and 
Kumar, 2018, Grabon et al., 2023). The agonist of CB2R is considered 
safer and well tolerated in clinical applications, without psychoactive 
side effects observed after CB1R activation. However, the agonist 
binding pockets of CB1R and CB2R are structurally similar, including the 
binding modes and key amino acids, which may explain the poor 
selectivity of cannabinoid receptor agonists structurally. Most CB2R 
agonists so far identified are based on the structural modification of the 
chemical components of the plant cannabis, which may lead to some 
adverse effects such as affecting the mental activity. In addition, func-
tional selectivity may be another concern for CB2R agonists relevant to 
antiosteoporosis. Different CB2R agonists may activate different pop-
ulations of receptors or produce different conformational changes in the 
receptor allowing to produce different signaling outputs depending on 
the cell type and the fate of the cell. Therefore, the compounds, which 

can activate CB2R and have no effects on CB1R, need further continue to 
verify the regulatory effects on OBs and OCs, and upon validation, these 
compounds may be worthy to be developed as a new anti-osteoporotic 
drug. 

CB2R is a very promising therapeutic target for its regulatory effects 
on both OB bone formation and OC bone resorption, but none of CB2R 
agonist have yet been approved as an antiosteoporotic drug owing to 
poor drug-like properties (Saponaro et al., 2021). Therefore, the design 
and synthesis of selective CB2R agonists should consider the balance 
between selectivity, activity, and pharmacokinetic properties, such as 
CB2R-β-arrestin2 dependent endocytosis (Steinmueller et al., 2023). 
Most CB2R ligands possess poor pharmacokinetic properties including 
high lipophilicity, low solubility, tight plasma protein binding, high in 
vivo clearance, and low oral bioavailability. Hence, it is a key challenge 
to optimize the ligand physicochemical properties to improve the 
pharmacokinetic properties of CB2R ligands through rational drug 
design and structural optimization strategies. The discovery of LEI-102, 
a new CB2R agonist, proved to be able to improve the lipophilicity of 
oral administration in a chemotherapy-induced nephropathy model (Li 
et al., 2023). Modification of the chemical structure of natural CB2R 
ligands also can achieve the good “drug-like” properties. A deep learning 
approach allows for precise design of selective CB2R agonists by 
reducing the unnecessary structural optimizations and lowering the cost 
of drug development. We have proposed a deep learning-based 
approach to de novo drug design, knowing that the structure of the 
active site of the target protein is essential for new molecular design 
(Zhou et al., 2023). Soon, artificial intelligence is expected to be applied 
to the design of selective CB2R agonists and provide more ligands for 
clinical and commercial use. 

CB2R activation launches its downstream signaling cascades, 
including P38/MAPK/ NF-κB pathway, which are involved in regulating 
the function of both OCs and OBs (Qian et al., 2010, Li et al., 2022). 
Therefore, it is necessary to evaluate the regulatory effects of CB2R 
agonists on downstream pathways in OBs and OCs. In addition, CB2R 
activation may cause a series of responses of OBs and OCs that may alter 
the function of OBs and OCs. Hopefully, various currently available 
technologies and tools, including the omics and bioinformatic methods, 
as well as system biology approaches, will help disclose the complexity 
of ECS and CB2R and discover novel potential therapeutic opportunities 
for bone metabolism disorders. For instance, proteomics and tran-
scriptomics can be used to analyze alterations in biological processes 
and molecular functions of OBs and OCs under CB2R deletion or over-
expression conditions, which would contribute to a better understand-
ing of CB2R contribution in OP pathogenesis, and the underlying 
mechanism of CB2R agonists on bone metabolism. 

CB2R agonists exhibit promising antiosteoporosis potential, but 
some limitations need to be overcome before these agonists can be 
applied to clinical practice. Firstly, OP therapy requires the long-term 
use of medications, and therefore it is necessary to elucidate the phar-
macological and toxicological properties of CB2R agonists based on in 
vivo and in vitro experiments to identify an effective and safe drug 
dosage and treatment time, especially, the long-term effects of CB2R- 
targeted drug therapy, for there is a lack of information regarding the 
efficacy or toxicity of such compounds in humans at present. Secondly, 
as CB2R also exists in the peripheral immune system, whether the im-
mune regulatory effect CB2R agonists is beneficial or unfavorable to OP 
treatment needs to be verified. So, the immune regulatory effect and 
related effects of CB2R agonists on bone metabolism should be further 
investigated. Thirdly, CB2R agonists could non-specifically bind to other 
receptors in the skeleton system and reduce the drug concentration 
targeting CB2R, which may affect their therapeutic efficacy. Finally, 
osteoporotic patients may use multiple medications simultaneously and 
therefore the interactions of CB2R agonists with other drugs need to be 
further investigated. 

Accumulating evidence has demonstrated that natural medicines are 
the important resources of antiosteoporotic drugs, and plenty of natural 
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medicines have showed anti-osteoporotic activities, such as cimicifuga 
racemosa L.(Walji et al., 2007) and Humulus lupulus L.(Gonzalez-Salitre 
et al., 2023). Screening of CB2R agonists from anti-osteoporotic natural 
medicines can not only lay the foundation for the discovery of new lead 
compounds but further explain the anti-ostoporotic activities and 
mechanisms of these natural medicines(Hu et al., 2022). Therefore, re-
searchers should focus on medicinal plants other than marijuana to 
discover novel CB2R agonists with anti-osteoporotic activities and 
without CB1R-like psychoactive side effects to develop new anti- 
osteoporotic drugs with novel structures, remarkable activities, and 
fewer adverse effects. 

In conclusion, increasing evidence has demonstrated that CB2R plays 
a vital role in bone homeostais throughout human life by participating in 
both OB bone formation and OC bone resorption. CB2R agonists may be 
applied for prevention and treatment of OP induced by aging, estrogen 
deficiency, medication abuse and other reasons. A rational drug design 
strategy and modification of natural compounds are needed to improve 
the drug-like properties of CB2R agonists, including selectivity, speci-
ficity, activity, and pharmacokinetic properties. Further experimental 
and clinical studies are needed to warrant the efficacy and safety of 
CB2R agonists for the treatment of diseases associated with bone 
metabolic disorders. 
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