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A B S T R A C T   

The endocannabinoid system (ECS), a conserved physiological system emerged as a novel pharmacological target 
for its significant role and potential therapeutic benefits ranging from neurological diseases to cancer. Among 
both, CB1 and CB2R types, CB2R have received attention for its pharmacological effects as antioxidant, anti- 
inflammatory, immunomodulatory and antiapoptotic that can be achieved without causing psychotropic 
adverse effects through CB1R. The ligands activate CB2R are of endogenous, synthetic and plant origin. In recent 
years, β-caryophyllene (BCP), a natural bicyclic sesquiterpene in cannabis as well as non-cannabis plants, has 
received attention due to its selective agonist property on CB2R. BCP has been well studied in a variety of 
pathological conditions mediating CB2R selective agonist property. The focus of the present manuscript is to 
represent the CB2R selective agonist mediated pharmacological mechanisms and therapeutic potential of BCP. 
The present narrative review summarizes insights into the CB2R-selective pharmacological properties and 
therapeutic potential of BCP such as cardioprotective, hepatoprotective, neuroprotective, nephroprotective, 
gastroprotective, chemopreventive, antioxidant, anti-inflammatory, and immunomodulator. The available evi-
dences suggest that BCP, can be an important candidate of plant origin endowed with CB2R selective properties 
that may provide a pharmacological rationale for its pharmacotherapeutic application and pharmaceutical 
development like a drug. Additionally, given the wide availability in edible plants and dietary use, with safety, 
and no toxicity, BCP can be promoted as a nutraceutical and functional food for general health and well-being. 
Further, studies are needed to explore pharmacological and pharmaceutical opportunities for therapeutic and 
preventive applications of use of BCP in human diseases.   

1. Introduction 

The endocannabinoid system (ECS) has a myriad of physiological 
functions and contributes to the pathogenesis of many diseases, signi-
fying broad therapeutic potential of targeted ECS modulators [1]. ECS 
consists of endogenous endocannabinoids, cannabinoid (CB) (mainly 
CB1 and CB2) receptors, and enzymes required for synthesizing and 
degrading endogenous CBs [2]. Each of these components is considered 
a potential target for drug discovery and development. Among both, CB1 
and CB2 receptor types, pharmacological activation of CB2 receptors 

(CB2Rs) have received attention for its pharmacological effects as 
antioxidant, anti-inflammatory, immunomodulatory and antiapoptotic 
that can be achieved without causing psychotropic adverse effects 
through CB1 receptors (CB1Rs) [3]. The clinical development of ligands 
that directly stimulate CB1R has been limited by undesired psychotropic 
effects [4]. However, the activation of CB2R produces therapeutic re-
sponses devoid of psychotropic side effects [5]. Therefore, CB2R acti-
vation by pharmacological agonists has received increased attention in 
both academia and the pharmaceutical industries [6,7]. 

Substantial efforts have been made for developing ligands for CB1 
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and CB2Rs, leading to hundreds of synthetic cannabinoids and recog-
nition of phytocannabinoids which have displayed different affinities for 
treating numerous disorders. Nevertheless, only limited numbers of 
ligand are clinically applicable. Lately, more comprehensive structural 
information for cannabinoid receptors and its mode of actions was 
investigated appreciated to the cryo-electron microscopy, which can 
hasten structure-related cannabinoids discovery [8]. Simultaneously, 
novel cannabinoids-based peptides obtained from animal sources have 
received attention for their therapeutic potential in vivo targeting 
cannabinoid CB1/CB2Rs. Taken together, it is anticipated that more 
novel cannabinoids will be discovered and examined as promising li-
gands from various natural sources and species [8]. 

Munro et al. cloned CB2R from the human leukemia cell line HL-60 
[9]. The expression of CB2R has been found to be high in immune cells 
and lymphoid organs and low in various peripheral tissues under normal 
biological conditions [10]. Furthermore, CB2Rs are involved in multiple 
pathological conditions, such as spinal and brain injuries, anxiety, 
depression, colitis, hepatic, vascular, cardiometabolic, neuro-
inflammatory, and neurodegenerative diseases, and cancer [11–13]. 
CB2R is a G-protein-coupled receptor (GPCR) that regulates many 
intracellular signaling pathways following interaction with Gi/o pro-
teins [14]. GPCRs represent important therapeutic targets, and 
approximately 60% of clinically available drugs are derived from nat-
ural sources targeting GPCRs. The effects of GPCR modulators including 
CB2R agonists and antagonists have revealed novel physiological and 
pathogenic mechanisms applicable to drug development. Among po-
tential therapeutics, plant-derived chemicals also known as phyto-
chemicals offer considerable structural diversity and have been the 
single most prolific source of leads for the development of new drug 
entities from the dawn of the drug discovery. Phytochemicals are 
considered rich sources of bioactive ligands and serve as agonists, an-
tagonists, or inhibitors/blockers of specific receptors with strong focus 
in drug discovery and development [15]. 

Among numerous plant-derived compounds investigated for bio-
activities, β-caryophyllene (BCP) has garnered increasing interest for its 
pharmacological properties and therapeutic potential owing to its 
agonist activity on human CB2R (pKi value = 155 nM) and lack of 
substantial affinity for CB1R [12,16]. Upon binding to the CB2R, BCP 
activates Gi/o α-subunit favoring a variety of receptor conformations that 
can influence numerous signaling pathways in the following ways: 1) 
suppression of adenylate cyclase, reduced cyclic AMP production, and 
less stimulation of cyclic AMP-dependent protein kinase (PKA), ending 
in prevention of A-type K+ channels and inhibition of some gene 
expression; 2) activation of Akt/PKB, promoting cell survival, migration, 
and growth; 3) activation of de novo synthesis of ceramide and inhibi-
tion of the MAPK cascade, favoring apoptosis; 4) recruitment of 
β-arrestin to the activated CB2R, leading to desensitization and/or 
internalization of the receptor and potential stimulation of arrestin 
signaling. In addition, activation of Gi/o α-subunit allows the release of 
the Gβγ subunit, which inhibits voltage-dependent calcium channels 
(ICa) and activates opening of G-protein gated inwardly rectifying po-
tassium (GIRK) channels, and activates phosphatidylinositol-3-kinase 
(PI3K) leading to tyrosine phosphorylation and activation of Raf-1, 
and subsequently phosphorylates and activates MAP kinase signaling, 
stimulating cell survival and regulating gene expression [17–19]. The 
stimulation of CB2Rs represents a clinical therapeutic target in various 
disorders diseases [12,20]. 

BCP is a naturally occurring bicyclic sesquiterpene, which is the most 
diverse group of naturally occurring specialized secondary metabolites 
[21]. It is a primary ingredient in essential oils extracted from edible 
plants such as cloves, hops, pepper, oregano, and rosemary and con-
tributes to the aroma of many of them [22]. Caryophyllane sesquiter-
penes are usually occurred in plants as mixtures of distinct 
sesquiterpenes, mainly β-caryophyllene, β-caryophyllene oxide, 
α-humulene, and isocaryophyllene with minor metabolites, which 
marked by a unique bicycle [7.2.0] undecane ring system, namely 

caryophyllane skeleton, in which a dimethylcyclobutane and 
nine-membered rings are fused. Involving a trans-endocyclic (4–5) 
double bond in the nine-membered ring of caryophyllane structure re-
sults in generating the caryophyllene skeleton [23]. 

β-caryophyllene is featured by conformational mobility, due to the 
flexibility of the nine-membered ring, and by a greater reactivity of the 
trans-endocyclic 4,5-double bond (E configuration). Four possible con-
formations (i.e., βα-, αα-, ββ-, and αβ-conformers) differentiated by the 
relative arrangement of the exocyclic methylene and olefinic methyl 
groups are recognized [24]. Besides β-caryophyllene, its cis-isomer iso-
caryophyllene or γ-caryophyllene having an endocyclic Z double bond, 
has been also recognized [24]. Both trans-caryophyllene and iso-
caryophyllene can be epoxidized to produce the epimeric endocyclic 
epoxides, between which β-caryophyllene oxide, is the most ample 
naturally occurring one [24]. α-humulene or α-caryophyllene is the 
ring-opened isomer of β-caryophyllene, which is marked by an 
eleven-membered ring with three trans-endocyclic (1–2, 4-5, 8–9) 
double bonds, whose planes should be almost perpendicular to the plane 
of the ring [25]. 

Comparing their pharmacological targets and effects, it has been 
found that β-caryophyllene oxide and α-humulene do not displace [3H] 
CP-55,940 from the hCB2 receptor (pKi > 20 μM) [12]. β-caryophyllene 
oxide has been also showed to induce a significant [Ca2+]i release in 
CB2R positive, but stimulate them more intensely in CB2R deficient 
HL60 cells, demonstrated CB2R-independent mechanism, so its mech-
anism of action is not linked to ECS, whereas (Z)-BCP (isocaryophyllene) 
results in a dose-dependent displacement of [3H]-CP55,940 from hCB2 
receptor in HEK293 cells with pKi value of 485 nM [12]. It has been 
reported that β-caryophyllene oxide exhibit analgesic, antifungal, gen-
oprotective, antioxidant, anti-inflammatory, and antiproliferative 
properties [13,26–28], whereas antibacterial, antifungal, anti-
proliferative, and chemosensitizing effects are related to α-humulene 
biological activities [29–32]. In contrast, the pharmacological effects of 
isocaryophyllene have been scarcely identified, and limited preliminary 
studies are available on antifungal and antiproliferative effects [32–34]. 
β-caryophyllene oxide has a strong anticancer effect because of its 
chemical structure. Thus, β-caryophyllene oxide contains methylene and 
epoxide exocyclic functional groups, so it covalently binds to proteins 
and DNA bases by sulfhydryl and amino groups [13]. The cis-configu-
ration of caryophyllane scaffold and the exocyclic double bond, as 
occurred in α-humulene and isocaryophyllene respectively, seem to be 
linked with a higher cytotoxic power [35]. It has been emphasized that 
any plant containing terpenoid concentrations more than 0.05% are 
considered important for their pharmacological properties and thera-
peutic potential [36]. Therefore, plants containing BCP could be 
important for their pharmacological and therapeutic properties. The list 
of plants wherein BCP has been quantified or characterized is provided 
in supplementary file Table 1. Additionally, anti-oxidant, anti-in-
flammatory, immunomodulatory and anti-apoptotic activities have been 
demonstrated mediating CB2R dependent and independent pathways 
(Fig. 1). 

In 2008, Gertsch and colleagues [12] have reported that BCP elicits 
its effects by acting as a full functional selective agonist of the CB2R. 
Remarkably, BCP selectively binds to CB2R, because it has insufficient 
binding activity to the human CB1 (hCB1) receptor, and it is not able to 
replace high affinity agonizts from hCB1. BCP is found to bind hCB2R 
with an inhibitory constant pKi of 155 nM, with a receptor binding af-
finity about 150 times less than the potent high affinity cannabinoid 
ligand WIN55,212-2 (pKi hCB2R is 1.2 nM). Molecular docking analysis 
revealed that (E)-BCP has unusual cyclobutane-containing scaffold, and 
the interaction of (E)-BCP with hCB2R is on the binding site of CP55,940 
(THC binding site) exactly in a hydrophobic region of hCB2 binding 
pocket, being the putative binding site located adjacent to helices III, V, 
VI, and VII at the near extracellular site of the seven transmembrane 
domain, which interacts with hydrophobic amino acid residues, such as 
valine-113, phenylalanine-117, isoleucine-198, tryptophan-258 and 

H.M. Hashiesh et al.                                                                                                                                                                                                                           



Biomedicine&
Pharmacotherapy140(2021)111639

3

Table 1 
The in vivo studies demonstrating cannabinoid type 2 receptor (CB2R)-mediated therapeutic potential of β-caryophyllene (BCP).  

Experimental model Con. of BCP Effects CB2R-mediated mechanisms Ref. 

Alcohol-induced conditioned place preference and sensitivity  
in C57B6 mice 

25, 50 and 100 mg/kg, i.p. Alcohol addiction  ▪ Reduces voluntary alcohol intake and CPP activation of CB2R [53] 

Formalin-induced inflammation model and partial ligation of  
sciatic nerve-induced neuropathic pain in CB2− /− mice 

1, 5 and 10 mg/kg, p.o., 30 min before  
formalin/14 days of ligation 

Neuropathic pain  ▪ Reduces inflammation and mechanical allodynia and thermal 
hyperalgesia  

▪ Attenuates glial activation 

[121] 

Hot plate and formalin-induced acute pain and constriction chronic  
injury of the sciatic nerve (CCI)-induced hypernociception in  
C57BL/6J mice 

1, 5 or 10 mg/kg, p.o. for 14 days  
after CCI 

Neuropathic pain  ▪ Attenuates acute and chronic pain mediated through both opioid 
and CB2R activation 

[75] 

Partial sciatic nerve ligation induced neuropathic pain in ddY mice 4.5, 9.0 and 18.0 μg/paw, i.pl. Neuropathic pain  ▪ Exhibits anti-allodynic effects [124] 
Capsaicin-induced acute pain model in ddY mice 9, 18 μg/paw, i.pl., 10 min before 

capsaicin 
Nociception  ▪ Activates μ-opioid receptors leading to anti-nociception by 

releasing β-endorphin 
[127] 

2´-3´-dideoxycytidine (ddC, zalcitabine)-induced neuropathic  
pain and inflammation in BALB/c mice 

50 mg/kg, p.o. 16 h before first dose  
of ddC followed by a dose of 25 mg/kg/ 
day, BD for 5 days 

Neuropathic pain  ▪ Attenuates inflammation and mechanical allodynia  
▪ Suppresses phosphorylated ERK1/2 levels 

[131] 

High-fat diet and fructose (10%) fed for 12 weeks induced insulin  
resistance in Wistar rats 

30 mg/kg, p.o. for 4 weeks Insulin resistance and dyslipidemia  ▪ Improves oxidative stress, inflammation, glycemia and 
dyslipidemia by CB2R/PPAR-γ  

▪ Inhibits vascular inflammation, adhesion molecules and restores 
vascular eNOS/iNOS 

[103] 

High-fat diet and fructose (10%) fed for 12 weeks induced insulin  
resistance in Wistar rats 

30 mg/kg, p.o. for 4 weeks Insulin resistance and associated 
neurobehavioral changes  

▪ Mitigates anxiety, depression and memory deficit by upregulating 
PGC-1α/BDNF pathway  

▪ Inhibits oxidative stress and inflammation activating CB2R/PPAR- 
γ 

[62] 

High fat diet-induced atherogenesis in C57BL/6 mice for 12 weeks 10 mg/kg twice weekly for 12 weeks, i.p. Atherosclerosis  ▪ Modulates endothelial dysfunction via inhibition of IRF-1 and 
VCAM-1 

[139] 

Dextran sulfate sodium-induced colitis in CD1 mice 12.5, 25, or 50 mg/kg Ulcerative colitis  ▪ Inhibits inflammation through activation of CB2R/PPAR-γ [52] 
Autoimmune Encephalomyelitis-induction in C57BL/6 mice 50 mg/kg twice a day, p.o. Immunomodulation  ▪ Inhibits oxidative stress and inflammation  

▪ Attenuates glial activation and modulates Treg/Th1 balance 
[197] 

Paclitaxel-induced peripheral neuropathy in Swiss mice 25 mg/kg twice a day, p.o. Peripheral neuropathy  ▪ Suppresses p38 MAPK/NF-kB stimulation and cytokine production [156] 
Doxorubicin-induced chronic cardiotoxicity in Wistar rats 25 mg/kg for five weeks, p.o. Chemotherapy-induced cardiotoxicity  ▪ Suppresses oxidative stress, inflammation and apoptosis [166] 
Cisplatin-induced nephrotoxicity in CB2− /− mice 1, 3 and 10 mg/kg, i.p. Nephroprotective  ▪ Mitigates kidney inflammation, oxidative/nitrative stress and 

apoptosis 
[20] 

Rotenone-induced neurodegeneration in Wistar rats 50 mg/kg for 4 weeks, i.p. Parkinson’s disease  ▪ Attenuates oxidative stress, inflammation and restores 
dopaminergic neurons 

[50] 

MPTP-induced Parkinson’s disease model in C57BL/6J mice 10 mg/kg for 5 days, i.p. Parkinson’s disease  ▪ Attenuates oxidative stress, inflammation and restores 
dopaminergic neurons 

[226] 

Double transgenic APP/PS1 Alzheimer’s disease mice 48 mg/kg for 10 weeks, p.o. Alzheimer’s disease  ▪ Inhibits inflammation and β-amyloid formation [240] 
Two-vessel occlusion (2VO) model in Sprague-Dawley rats 16, 48 and 144 mg/kg for 4 weeks, i.p. Post-stroke cognitive deficits  ▪ Upregulates PI3K/Akt signaling pathway via CB2R activation [252] 
Middle cerebral artery occlusion-induced cerebral ischemia in  

SD rats 
10 mg/kg, i.p. Cerebral ischemia  ▪ Modulates AMPK/CREB signaling activating cortical CB2R 

mitigated cerebral ischemic injury 
[49] 

Hypoperfusion/reperfusion in rat by transient bilateral common 
carotid artery occlusion and reperfusion 

40 mg/kg, p.o. Cerebral ischemia  ▪ Reduces oxidative stress and inflammation by activating CB2R/ 
PPAR-γ 

[264] 

Anxiety- and depression-like behaviors models in C57BL/6 mice 50 mg/kg, i.p. Depression and anxiety  ▪ Mitigates anxiety and depression activating CB2R [271] 
Chronic restraint plus stress-induced depression in  

Sprague-Dawley rats 
25, 50 and 100 mg/kg for 28 days, i.p. Depression  ▪ Exerts neurotrophic and anti-inflammatory effects [273] 

Bile duct ligation-induced liver fibrosis in Wistar rats 5 mg/kg for 2 weeks, p.o. Liver fibrosis  ▪ Downregulates CB1R while enhances expression of MMP-1 [279] 
Chronic binge alcohol feeding-induced steato-hepatitis in  

CB2− /− mice 
10 mg/kg for 10 days, i.p. Alcohol liver damage  ▪ Attenuates oxidative stress, vascular inflammation, and hepatic 

metabolic pathways by activating CB2R 
[287] 

Nicotine addiction models in WT, CB2-KO and DAT-cre mice  
and Long Evans rats 

3, 10, 25, 50, and 100 mg/kg, i.p. Nicotine addiction  ▪ Attenuates nicotine reward and seeking by CB2R/non-CB2R 
dependent mechanisms 

[74] 

Collagen antibody induced arthritis model in balb/c mice 10 mg/kg/100 μL for 14 days, p.o. Arthritis  ▪ Attenuates pro-inflammatory cytokines and downregulates MMP-3 
and 9 and enhances anti-inflammatory IL-13 

[63]  
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methionine-265 [12]. Also, (E)-BCP has a C4–C5 double bond exhibiting 
a π–π stacking interaction with phenylalanine-117 (4.0 Å), and thus its 
geometry possibly has a pivotal role for hCB2 receptor binding, signif-
icant π–π stacking interactions between the (E)-BCP double bonds and 
phenylalanine-117 and tryptophan-258, respectively, easing receptor 
binding. However, BCP oxide does not have a double bond in position 
C4-C5, so it is unable to bind hCB2R [37]. 

Allosteric modulators (AMs) of CB2R are considered a potentially 
pivotal approach for modulating CB2R signaling. AMs bind to receptors 
allosteric sites which are topographically different comparative to that 
of the orthosteric sites, where endocannabinoids bind [38]. Upon 
binding, AMs modify the configuration of the receptors, eventually 
leading to either enhance or reduce of the efficacy and/or potency of 
endogenous or synthetic ligands acting concomitantly at orthosteric 
sites [39]. Thus, rather than a direct activation of CB2Rs, AMs may 
instead “fine-tune” the effects of endocannabinoids acting simulta-
neously at orthosteric sites. Because endogenous cannabinoids have 
increased during inflammatory process entirely in inflamed tissues, 
systemically administered CB2R-AMs (without intrinsic activity them-
selves) might suggest specific temporal and spatial modulation of CB2R 
signaling at the inflammation site, exerting effect only when and where 
increased levels of endogenous cannabinoids occur. This could enhance 
therapeutic efficiency while diminishing off-target, systemic toxicity 
[40,41]. 

Altogether, AMs display distinct pharmacological advantages over 
orthosteric ligands in respect of increased target specificity and 
decreased or null off-target adverse effects [42,43]. only a few AMs of 
the CB2R have been recognized so far and they have micromolar ac-
tivity. For instance, BCP and dihydro-gambogic acid (DHGA) are the two 
stated negative allosteric modulators (NAMs) [44]. Even though BCP 
works as an agonist, BCP has also been revealed to act as an allosteric 
modulator. Maheswari et al. [44] have found that BCP has a higher 
selectivity to CB2R with unique ago-allosteric activities, depending on in 

vitro studies. They have reported that BCP is a negative ago-allosteric 
modulator with a pKi of 2.37 μM [44]. As well, the authors also found 
that BCP remarkably causes incomplete but saturable decrease in the 
binding of an orthosteric cannabinoid ligands at the CB2Rs, this exclu-
sive binding distinctive is a feature of substances having allosteric 
modulatory properties [45,46]. Also, BCP shows features of an AM by 
increasing the dissociation rates of orthosteric ligands; [3H]CP-55,940 
and [3H]WIN-55,212-2 from CB2Rs. 

These findings have indicated that BCP could act as a NAM of CB2R 
binding. However, it is vital to note that the decrease in selective binding 
caused by NAMs is not due to direct competition with the ligands at the 
orthosteric site, but instead arises from negative cooperativity produced 
by the binding of the NAM to the allosteric site. BCP does not only alter 
the dissociation rates of CB2 radioligands from hCB2Rs, it also does so 
differently, based on the specific CB2R radioligands used (e.g., in a 
probe-dependent manner). For instance, BCP has resulted in a higher 
noticeable effect on the dissociation rates of [3H]WIN-55,212–2, 
comparative to [3H]CP55,940. Probe dependence is a well-known 
feature of AMs [47]. However, BCP has exerted little modulation on 
the functional properties of CB2R ligands, the allosteric modulatory 
properties of BCP on the ability of CB2 ligands to modulate signaling 
pathways other than adenylyl cyclase have yet to be investigated. 

Additionally, Pandey et al. [48] have reported that binding of BCP to 
a putative allosteric pocket directly close to the orthosteric ligands has 
reduced the absolute value of the binding free energy of CP55,940, 
which is in harmony with the predicted effect of a NAM. As well, the 
presence of BCP as a NAM has helped in restricting the flexibility of this 
CP55,940-CB2R complex interaction, does not allow the main confor-
mational alternations required for CP55,940 and CB2R activation. Since 
the recognition of CB2R selective properties, the protective effects of 
BCP-mediated CB2R activation and associated mechanisms have been 
well studied in preclinical models of various diseases, including rheu-
matoid arthritis [12], renal injury [20], ischemic stroke [49], 

Fig. 1. The possible mechanism of CB2 receptor (CB2R) activation by β-caryophyllene (BCP) in alleviating oxidative stress and apoptosis.  
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Parkinson’s disease (PD) [50], liver fibrosis [51], colitis [52], and 
addiction [53]. In addition to CB2R, studies have revealed a host of 
other BCP targets, such as sirtuin 1 (SIRT1) [54], peroxisome 
proliferator-activated receptor (PPAR)-α [55], PPAR-γ, GABAergic 
signaling factors, transient receptor potential cation channel subfamily 
V, fatty acid amide hydrolase (FAAH), and cyclooxygenase-2 (COX-2) 
[56]. 

BCP has been showed to interact with and to upregulate members of 
the PPARs family. The binding of agonist to CB2R augments the MAP 
kinase activity that further controls the stimulation of PPARs via direct 
phosphorylation [57]. Numerous studies provide evidence that canna-
binoids exert their anti-inflammatory activities, at least in part by acti-
vation of PPAR-α and PPAR-γ signaling [58,59]. Moreover, PPAR-γ has 
been displayed to be implicated in BCP-mediated neuroprotection [60] 
and tumor suppression roles [61], and lipid-lowering effects and 
vascular inflammation mitigation [62], anxiolytic, antioxidant, 
anti-arthritic and anti-inflammatory activities [62,63]. 

Cannabinoids are identified to interact or crosstalk with the PPARs 
family, such as PPAR-α, PPAR-α/δ, and PPAR-γ which are encoded by 
distinct genes and are controlled by steroids and lipid metabolites 
modulating lipid and glucose homeostasis and inflammation [54,64]. 
The stimulation of CB2R on the cell surface promotes the intracellular 
signaling cascade leading to the activation of PPARs [63]. CB2R acti-
vation has demonstrated to directly interact and stimulate PPAR-α and 
PPAR-γ. CB2R activation by BCP enhances the activation of PPAR-α and 
PPAR-γ signaling which shows various physiological and therapeutic 
activities in dyslipidemia, vascular inflammation, and insulin resistance 
[54,62]. Particularly, BCP activates PPAR-α via a direct interaction with 
the ligand-binding pocket, so modulating lipid metabolism [55]. BCP 
has shown to control cellular lipid metabolism in a PPAR-α-related 
manner by decreasing PPAR-α responsive gene expressions, intracellular 
triglyceride, uptake and oxidation of fatty acids. The equilibrium 
dissociation constants value of BCP for the PPAR-α was found 1.93 μM 
with an EC50 value of 3.2 μM [55]. The activation of PPAR-α and γ 

subtypes by cannabinoids including BCP attributes to numerous meta-
bolic, analgesic, neuroprotective, and cardioprotective benefits. BCP by 
stimulating CB2R and both PPARs isoforms (PPAR-α, and PPAR-γ) 
remarkably provides a promising polypharmacological multitargeted 
approach for its pharmaceutical development and clinical application. 

BCP exerts negligible toxicity on normal tissues and majority of the 
available studies demonstrate tissue protective effects. Additionally, it 
has also been approved by the United States Food and Drug Adminis-
tration for use as a flavoring agent, food additive and taste enhancer in 
foods. Numerous therapeutic benefits and absence of psychotropic ef-
fects make BCP a promising candidate for therapeutic use, including the 
treatment of multiple chronic inflammatory diseases [12]. 

Therefore, the present article comprehensively reviews the phar-
macological activities and pharmacotherapeutic potential of BCP, 
focusing mainly on the mechanisms mediating CB2R activation, and 
highlights the molecular mechanisms and signaling pathways underly-
ing these therapeutic effects. The present narrative review summarizes 
recent insights into the CB2R selective pharmacological properties and 
therapeutic potential of BCP such as cardioprotective, hepatoprotective, 
neuroprotective, nephroprotective, gastroprotective, chemopreventive, 
antioxidant, anti-inflammatory, and immunomodulator (Fig. 2). The 
CB2R mediated therapeutic potential of BCP demonstrated in the in vivo 
and in vitro studies are presented in Tables 1 and 2, respectively. 

The natural origin, wide abundance and time-tested dietary use of 
BCP is suggestive of its relative safety over synthetic ligands. The present 
review focuses only on the studies which clearly demonstrated the CB2R 
dependent pharmacological activities and therapeutic potential of BCP. 
The CB2R selective properties are likely to accentuate the perspectives 
on clinical and pharmaceutical development of BCP for therapeutic and 
preventive usage with a mechanism based pharmacological rationale. 
This review will encourage a focused approach on evaluating and 
deciphering the CB2R dependent therapeutic potential of BCP and 
rationalize development of BCP as a drug for human use based on 
pharmacological principles of therapeutics rather merely accounts its 

Fig. 2. Cannabinoid type 2 receptor (CB2R)-mediated pharmacological activities and therapeutic potential of β-caryophyllene (BCP).  
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nutraceutical indications. 

2. Pharmacological properties of β-caryophyllene 

2.1. Therapeutic potential of BCP in drug abuse 

2.1.1. Alcohol use disorder 
Alcohol use disorder (AUD) or alcoholism is a major global public 

health concern [65]. Increasing evidence demonstrates a correlation 
between ethanol dependence and abnormal ECS signaling, as evidenced 
by altered CB2R gene expression in the brain associated with alcohol 
consumption [66], which suggests that CB2R is a potential target for 
AUD treatment [67–69]. Al Mansouri et al. [53] reported that BCP 
dose-dependently reduced ethanol consumption and preference in a 
two-bottle (water and ethanol) preference test in mice without signifi-
cantly altering total liquid intake or intake of various concentrations of 
saccharin or quinine, suggesting that BCP had no influence on taste 
sensation. Moreover, BCP suppressed ethanol-induced conditioned place 
preference (CPP) and exacerbated loss of righting reflex duration. Pre-
treatment with the selective CB2R antagonist AM630 abolished these 
responses, demonstrating CB2R-dependent mechanisms and indicating 
that CB2R activation is a promising target for AUD treatment. 

2.1.2. Nicotine use disorder 
Tobacco smoking and nicotine addiction have extensive detrimental 

effects on human health. Smoking behavior is sustained by nicotine- 
induced excitation of dopaminergic neurons in the ventral tegmental 
area by stimulating nicotinic acetylcholine receptors. While some ther-
apies targeting dopaminergic function have shown remarkable efficacy 
for reducing tobacco usage and nicotine withdrawal symptoms, the 
relapse rate remains high after treatment cessation [70]. Recently, CB2R 
has been proposed as a promising pharmacological target for developing 
therapeutics for substance use disorders as this receptor is present in 

midbrain dopaminergic neurons and is implicated in addiction and 
reward-seeking behaviors [71]. Navarrete et al. [72] reported that 
nicotine-induced CPP, nicotine self-intake, and nicotine withdrawal 
symptoms were attenuated in CB2R knockout (KO) mice, indicating the 
role of CB2R in nicotine reward and dependence. In agreement with this 
finding, the selective CB2R agonist O-1966 in combination with a sub-
clinical dose of nicotine affected nicotine-induced CPP [73]. Further-
more, He et al. [74] found that BCP dose-dependently inhibited nicotine 
self-intake and motivation to seek nicotine, whereas pretreatment with 
AM630 reversed this effect. 

In addition, BCP mitigated rewards induced by direct electrical 
stimulation of brain reward pathways, optogenetic enhancement of 
dopaminergic activity in mice with conditional knockout of the dopa-
mine transporter, and nicotine self-administration in rodents [74]. Thus, 
BCP has significant pharmacological activity in attenuating nicotine 
reward and seeking behavior, and these effects were not significantly 
associated with sedation. However, pretreating animals with AM630, a 
selective CB2 receptor antagonist significantly reversed the effect of BCP 
on nicotine self-administration but not by AM251, a selective CB1 re-
ceptor antagonist, indicating the implication of a CB2R dependent 
mechanism. Moreover, high-dose BCP prevented nicotine or food 
self-administration in both wild-type and CB2R KO mice, suggesting that 
both CB2R-dependent and CB2R-independent mechanisms contribute to 
the effects of BCP on addiction-related behaviors. Possible non-CB2R 
targets include endocannabinoid-degrading enzymes such as FAAH 
[56], μ-opioid receptors [75], and PPAR-γ or PPAR-α [62], all of which 
are implicated in nicotine addiction [76] and appetitive behaviors [77]. 
In a recent study, BCP did not significantly alter food self-administration 
or cocaine-induced hyperactivity in animals models using pharmaco-
logical blockade or genetic deletion of CB2R. The study showed that the 
actions of BCP were mediated by PPAR-α and PPAR-γ in reducing the 
cocaine self-administration [78]. 

Table 2 
The in vitro studies demonstrating cannabinoid type 2 receptor (CB2R)-mediated therapeutic potential of β-caryophyllene (BCP).  

Experimental model BCP dose/incubation 
period 

Effects CB2R-mediated mechanisms Ref. 

C2C12 skeletal myotubes 1 μM, 48 h Obesity and related 
complications  

▪ Lipid oxidation involving the SIRT1/PGC-1α pathway [54] 
CB2R siRNA 
MIN6 β-cells 0.1–1 μM, 1 h Hyperglycemia  ▪ Glucose-stimulated insulin secretion mediated by Arf6 [84] 
TNF-α-induced vascular inflammation in 

HUVECs 
5 μM, 24 h Atherosclerosis  ▪ Modulates endothelial dysfunction by inhibiting IRF-1 

and VCAM-1 
[139] 

U-373 and U87 glioma cells 20 and 30 μg/mL, 24 h Cancer  ▪ Decreases cell viability and induces apoptosis by 
activating PPAR-γ 

[61] 

MPP+-induced neurotoxicity in SH-SY5Y 
human neuroblastoma cells 

1 and 2.5 μM, 24 h Parkinson’s disease  ▪ Inhibits ROS, apoptosis, and p-JNK and upregulates HO- 
1 expression 

[228] 

Oxygen-glucose deprivation/ 
reoxygenation in rat cortical cultures 

1 μM Cerebral ischemia- 
reperfusion injury  

▪ Modulates AMPK/CREB signaling [49] 

LPS-induced inflammation in 
oligodendrocyte (OLN-93) and 
microglial cells 

0.2–25 μM, 24 h Multiple sclerosis  ▪ Inhibits oxidative stress and inflammation with 
restoration of M2 phenotype by activating CB2R/PPAR- 
γ 

[208] 

LPS-induced cytotoxicity in OLN-93 cells 0–50 μM, 24 h Multiple sclerosis  ▪ Nrf2/HO-1 signaling mediating CB2R/PPAR-γ 
activation 

[60] 

Hypoxia-induced neuro-inflammation in 
BV2 microglia 

5 μM, 24 h Neuroinflammation  ▪ Inhibits NF-κB and release of proinflammatory cytokines [214] 

Glutamate-induced excitotoxicity in C6 rat 
glioma cells (CCL-107) 

0.5–3 μM, 24 h (pre- 
and co-treatment) 

Glioma  ▪ Enhances antioxidant responses via Nrf2 activation [215] 

Ex vivo hippocampal sections 50 μM Depression  ▪ Promotes neurotrophic factors and inhibits 
inflammation 

[273] 

Palmitate-induced lipid accumulation in 
HepG2 cells 

0–5 μM Hepatic steatosis  ▪ Inhibits lipid accumulation and activation of the 
CaMKK-β/AMPK signaling pathway 

[284] 

Antimycin A-induced injury in osteoblastic 
MC3T3-E1 cells 

0.5, 1.0, and 5.0 μM Osteoporosis  ▪ Enhances osteocalcin secretion and matrix 
mineralization  

▪ Mitigates oxidative stress and apoptosis 

[294] 

LPS-induced oral mucositis in gingival 
fibroblasts and epithelial cells 

10 μg/mL Mucositis  ▪ Suppresses NF-kB and activates PPAR-γ and PGC-1α 
dependent on CB2R activation 

[176]   
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2.2. Diabetes 

Diabetes mellitus (DM), a widespread metabolic disorder, may arise 
due to either a lack of insulin production, defined as type 1 DM (T1DM), 
or reduced sensitivity or increased resistance to insulin, defined as type 2 
DM (T2DM). DM involves enhanced uptake and utilization of glucose 
and eventually leads to hyperglycemia [79]. DM often leads to the 
development of numerous microvascular and macrovascular complica-
tions. Oxidative stress and inflammation are the main drivers of path-
ogenesis and complications of DM [80], and ECS is a known regulator of 
food consumption, glucose homeostasis, insulin secretion, and 
redox-inflammatory changes [81]. CB2Rs expressed in the islets of 
Langerhans are involved in endogenous endocannabinoid signaling and 
play a crucial role in endocrine secretion. CB2R activation enhances 
insulin release from β-cells by inducing intracellular Ca2+ signals [82], 
decreasing the secretion of proinflammatory mediators, and scavenging 
reactive free radical species [83]. 

Suijun et al. [84] reported that BCP dose-dependently promoted 
glucose-stimulated insulin secretion (GSIS) in MIN6 β-cells, whereas 
pretreatment with a CB2R inhibitor or genetic silencing abolished this 
secretagogue effect. A complex but coordinated signaling mechanism 
involving small G-proteins (e.g., Arf6, Cdc42, and Rac1) regulates the 
transport and fusion of insulin secretory vesicles to the plasma mem-
brane [85]. Importantly, Arf6 and its downstream targets Rac1 and 
Cdc42 are involved in the regulation of GSIS [86]. Disruption of Cdc42 
function is central to DM progression as Cdc42 not only participates in 
insulin synthesis but also regulates the mobilization of insulin granules 
and cell membrane exocytosis by activating a series of downstream ef-
fectors [87]. The Rho family GTPase Rac1 has been shown to regulate 
insulin-stimulated membrane translocation of glucose transporter 4 and 

ensuing glucose transport in cultured muscle cells [88]. Furthermore, 
BCP enhanced the expression levels of Arf6, Rac1, and Cdc42, a finding 
that suggests CB2R signaling as a novel regulatory mechanism for 
glucose homeostasis Suijun et al. [84]. The pharmacological mecha-
nisms attribute to the antidiabetic actions of BCP are illustrated in Fig. 3. 

2.3. Insulin resistance, dyslipidemia, and obesity 

Insulin resistance is a common feature of most metabolic diseases, 
including T2DM, obesity, dyslipidemia, hypertension, atherosclerosis, 
and nonalcoholic fatty liver disorder [89–91]. Further, dyslipidemia is 
considered the most important clinical manifestation of DM and is 
characterized by elevated levels of triglycerides, low levels of 
high-density lipoprotein cholesterol (HDL-C), and predominance of 
small, dense low-density lipoprotein particles. Low HDL-C and elevated 
triglyceride levels along with hypertriglyceridemia lead to elevated free 
fatty acid levels, which may cause insulin resistance and dysfunction of 
β-cells [92,93]. Furthermore, free fatty acids are important regulators of 
inflammation, and hypertriglyceridemia may induce subclinical 
inflammation that subsequently leads to insulin resistance and β-cell 
dysfunction [94]. Accumulating evidence suggesting that overactivated 
ECS is associated with weight gain, reduced sensitivity to insulin, and 
glucose intolerance, leading to the development of metabolic diseases 
such as obesity, dyslipidemia, insulin resistance, and atherosclerosis 
[95]. 

Deregulated fatty acid oxidation contributes to the pathogenesis of 
obesity and T2DM [96], and Zheng et al. [54] showed that CB2R acti-
vation contributes to lipid homeostasis by regulating fatty acid oxidation 
at the transcriptional and non-transcriptional levels. During transcrip-
tion, the transcription coactivator PPAR-γ coactivator 1a (PGC-1α) 

Fig. 3. Cannabinoid type 2 receptor (CB2R)-mediated antihyperglycemic activity of β-caryophyllene (BCP).  
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promotes the activities of nuclear receptors PPAR-α and estrogen-related 
receptor alpha (ERRα), which facilitate the transcription of enzymes 
involved in fatty acid oxidation [97]. Regulation of PGC-1α activity is 
facilitated by SIRT1 deacetylase, which enhances SIRT1-mediated 
nutrient signaling pathways, including the AMPK and cAMP response 
element-binding protein (CREB) pathway activated by nutrient restric-
tion [98]. The SIRT1/PGC-1α pathway plays an important role in fatty 
acid oxidation. Zheng et al. [54] further showed that treatment of 
differentiated C2C12 myotubes with BCP stimulated SIRT1 deacetylase 
activity by enhancing CREB phosphorylation and led to improved 
deacetylation of PGC-1α. In C2C12 myotubes, BCP also upregulated 
genes associated with fatty acid oxidation, whereas selective CB2R KO 
using a targeted siRNA abrogated these beneficial effects of BCP. 
Additionally, in a recent study, glucose uptake, enzymes of both glyco-
lytic and oxidative pathways and ATP production were evaluated in 
C2C12 myotubes using CB2R antagonists AM630 and SR144528. BCP 
was found to promote glucose uptake and ATP synthesis along with 
augmentation of glycolytic and oxidative pathways activating CB2R. 
BCP mediating CB2R dependent mechanisms appears an attractive 
pharmacological target to improve physiological glucose metabolism in 
skeletal muscles [99]. Altogether, these findings suggest the therapeutic 
potential of BCP against metabolic disorders such as dyslipidemia by 
targeting CB2R and the SIRT1/PGC-1α pathway. 

PPARs regulate cellular proliferation, differentiation, and apoptosis 
in addition to glucose homeostasis and lipid metabolism [100,101]. 
PPAR-α is widely expressed in the liver, kidney, muscle, and heart. It 
modulates lipid metabolism by regulating the expression of genes 
involved in fatty acid uptake and oxidation in the liver and modulates 
plasma triglycerides and cholesterol [102]. Recently, BCP was shown to 
effectively curb dyslipidemia and vascular inflammation [103]. BCP was 
also found to suppress VCAM1, which promotes the adhesion of lym-
phocytes, monocytes, eosinophils, and basophils to the vascular endo-
thelium and initiates plaque formation. Further, BCP restored the 

balance between endothelial and inducible forms of nitric oxide syn-
thase, which are critical regulators of arterial caliber and blood pressure 
as well as the redox status of vascular cells. The aforementioned effects 
are attributed specifically to the CB2R agonist activity of BCP and 
ensuing activation of PPAR-γ receptors as pretreatment with either 
AM630 or the PPAR-γ antagonist bisphenol-A-diglycidyl ether (BADGE) 
abolished the BCP-mediated protective effects. Therefore, CB2R and 
PPAR-γ pathways contribute to the correction of the lipid profile and 
imbalance between nitric oxide and nitric oxide synthase isoforms that 
promote vascular inflammation. It is apparent that the PPAR-γ agonist 
property of BCP partially accounts for decreased fat mass and triglyc-
eride levels along with increased HDL. However, these beneficial effects 
of BCP are mediated by CB2R activation, which further stimulates 
PGC1-α and improves the interaction between PPAR-γ and other tran-
scriptional mediators, resulting in the upregulation of liver enzymes 
involved in fatty acid oxidation. 

Youssef et al. [62] studied the effects of BCP on metabolic and 
neurobehavioral alterations in a rodent model of DM fed a high fat/-
fructose diet (HFFD) and demonstrated CB2R/PPAR-γ mechanisms. BCP 
was found to mitigate insulin resistance, oxidative damage, and neuro-
inflammatory and neurobehavioral alterations induced by HFFD. The 
effects of BCP on glycemic parameters were mediated by CB2R activa-
tion but were largely independent of PPAR-γ, whereas antioxidant, 
anti-inflammatory, and anxiolytic responses were dependent on both 
CB2R and PPAR-γ activation. Furthermore, the antidepressant and 
memory-enhancing effects of BCP were CB2R-dependent and were 
mediated by increased expression of PGC-1α and brain-derived neuro-
trophic factor (BDNF), a neurotrophin essential for neuron repair, sur-
vival, and plasticity and cognitive function [104]. Abrogation of the 
protective effects of BCP by AM630 and BADGE pretreatment demon-
strated that BCP improves mood, attention, and cognitive function via a 
CB2R/PGC-1α/BDNF pathway. The effects of BCP on lipid metabolism 
and insulin resistance are depicted in Fig. 4. 

Fig. 4. The effect of BCP on lipid accumulation and insulin resistance via CB2 receptor activation.  
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2.4. Analgesia and anticipation 

Pain is a subjective experience arising from sensory signals indi-
cating potential tissue damage [105]. Neuropathic pain results from 
injury to the peripheral nerves, sensory ganglia, and spinal cord and its 
roots. Neuropathic pain is frequently associated with trauma, vascular 
or metabolic disorders, viral infections, neuroinflammation, and auto-
immune diseases. These lesions and nerve injury provoke inflammatory 
responses, which are characterized by activation of microglial cells that 
synthesize and release proinflammatory cytokines. The persisting mo-
lecular and cellular alterations that arise in response to neural injury 
manifest as changes in pain sensitivity, such as hyperalgesia and allo-
dynia, which may persist and are often difficult to treat effectively using 
current therapies [106]. 

The opioid and CB systems are involved in pain management [107], 
and both CB1R [108] and CB2R [109] have potent anti-nociceptive 
activities. Indeed, many substances acting on ECS have well docu-
mented anti-nociceptive and anti-inflammatory properties [110,111]. In 
addition, the significant effects of CB2R agonists against both acute and 
neuropathic pain and their detrimental adverse responses compared 
with those of CB1R agonists have been demonstrated [112,113]. 
Compared with CB1R, CB2R is expressed abundantly in peripheral tis-
sues, predominantly in immune cells, and to a lesser extent in the central 
nervous system [114]. Nonetheless, studies have shown that the 
anti-nociceptive activity of CB2R is mediated directly or indirectly 
through activation of descending pain modulation pathways [115,116]. 
Selective CR2R agonists such as BCP have been found to stimulate the 
endogenous secretion of β-endorphin peptide precursors from kerati-
nocytes, which produce analgesic effects by activating peripheral 
µ-opioid receptors in primary afferent neurons [117]. Alternately, 
analgesia may result from direct CB2R stimulation in the periphery 
[118] or in brain regions that control pain such as the thalamus, cere-
bellum, and brainstem [109,119,120]. Therefore, selective targeting of 
CB2R holds promise for treating pain disorders. 

The analgesic actions of BCP have been studied in murine models of 
inflammation and neuropathic pain induced by formalin or partial 
ligation of the sciatic nerve [121]. BCP diminished inflammatory (late 
phase) pain responses in control CB2R+/+ mice but not in CB2R− /−

mice, whereas it did not affect acute (early phase) responses. Moreover, 
the analgesia induced by BCP was abolished by pretreatment with the 
selective CB2R antagonist SR144528. More importantly, chronic treat-
ment with various doses of BCP for 14 days significantly mitigated 
mechanical allodynia and reduced thermal hyperalgesia on the side of 
unilateral sciatic nerve ligation. In contrast, chronic BCP treatment did 
not mitigate partial nerve ligation-induced mechanical allodynia and 
thermal hyperalgesia in CB2R− /− mice. 

The activation of spinal glial cells and ensuing release of proin-
flammatory mediators have been implicated in the development of 
neuropathic pain [122]. Microglia are believed to mediate this process 
by upregulating proinflammatory mediators, thereby triggering astro-
cyte and microglial activation [123]. BCP also reduced microglial cell 
density in the spinal dorsal horn. Collectively, these results indicate that 
BCP attenuates inflammatory and neuropathic pain by suppressing 
astrocytosis and microgliosis via CB2R activation. Paula-Freire et al. 
[75] demonstrated the anti-nociceptive activity of BCP in acute and 
chronic pain models involving opioid and CB pathways. Using the hot 
plate paw-withdrawal test for thermal nociception and formalin test for 
inflammatory pain, the occurrence of acute pain was assessed. Thermal 
hypernociception and von Frey mechanical hypernociception tests were 
used to assess chronic nociception following chronic constriction injury 
of the sciatic nerve. BCP treatment reduced both acute and chronic pain 
by inhibiting proinflammatory cytokines. Pretreatment with naloxone 
and AM630 reversed the anti-nociceptive activity of BCP and revealed 
the involvement of μ-opioid receptors and CB2R pathways, respectively. 

Kuwahata et al. [124] examined the effect of intraplantar (i.pl.) in-
jection of BCP on a murine model of partial sciatic nerve ligation 

(PSNL)-induced mechanical allodynia and elucidated the involvement 
of peripheral CB2R on the anti-allodynic effect of BCP. Injury to the 
sciatic nerve led to prolonged mechanical allodynia and thermal 
hyperalgesia [125]. BCP injected into the ipsilateral hind paw of PSNL 
mice dose-dependently mitigated mechanical allodynia but had no ef-
fect on the contralateral hind paw, indicating that BCP has a localized 
anti-allodynic effect on peripheral nociceptors. BCP appears to exert 
anti-allodynic activity by stimulating peripheral CB2Rs but not CB1Rs as 
the anti-allodynic effects of BCP are abolished following pretreatment 
with AM630 but not the CB1R antagonist AM251. For instance, activa-
tion of peripheral CB2R could reduce primary afferent neuron sensiti-
zation by suppressing the production of sensitizing factors released from 
neighboring mast and immune cells. Another possible mechanism of 
indirect anti-nociceptive activity is stimulation of local release of 
β-endorphin from keratinocytes, which could suppress pain by acti-
vating neuronal µ-opioid receptors. Keratinocytes are abundant in the 
skin and have been reported to express CB2R [126]. Collectively, these 
results indicate that BCP can suppress neuropathic pain through pe-
ripheral CB2R activation. 

Katsuyama et al. [127] elucidated the anti-nociceptive effect of i.pl. 
BCP in capsaicin-induced acute pain and assessed the contributions of 
peripheral CB or opioid mechanisms as well as the effect of BCP on the 
anti-nociceptive activity of morphine. Sakurada et al. observed that a 
short-lasting paw-licking/biting reaction following subcutaneous injec-
tion of capsaicin into the hind paw of mice was dose-dependently sup-
pressed by morphine [128]. The stimulation of nociceptive primary 
afferents by capsaicin was shown to lead to the release of nociceptive 
neurotransmitters in the dorsal spinal cord [129,130]. Injection of BCP 
into the plantar surface of the hind paw dose-dependently reduced 
capsaicin-induced nociceptive behavior, an effect abolished by pre-
treatment with AM630 but not AM251. Pretreatment with the selective 
µ-opioid receptor blockers naloxone and β-funaltrexamine also pre-
vented the inhibitory action of BCP on capsaicin-induced nociception. 
Importantly, pretreatment with methiodide, a peripherally acting 
antagonist against µ-opioid receptors, and antisera against β-endorphin 
antagonized the anti-nociceptive actions of BCP. However, the 
anti-nociceptive effect of morphine was enhanced by a lower concen-
tration of BCP. In addition, the anti-nociception produced by the com-
bination of BCP and morphine was significantly blocked by naloxone 
pretreatment. It was concluded that this antinociception is attributable 
to CB2R activation in the periphery by BCP, which in turn releases local 
endogenous β-endorphin from keratinocytes and activates μ-opioid re-
ceptors. Similar to local BCP injection, peripheral BCP injection com-
bined with morphine could be beneficial by minimizing the adverse 
effects of morphine. 

The anti-nociceptive efficacy of BCP has also been examined against 
other agents, including clinical compounds known to induce inflam-
mation and chronic pain states. Aly et al. [131] assessed whether BCP 
could inhibit the neuropathic pain and inflammation produced by the 
nucleoside reverse transcriptase inhibitor 2’-3’-dideoxycytidine (ddC, 
zalcitabine). Treatment with BCP, minocycline, or pentoxifylline 
significantly attenuated mechanical allodynia induced by ddC. In 
contrast, pretreatment with AM630 but not AM251 abrogated the 
anti-allodynic effect of BCP. Furthermore, BCP ameliorated the expres-
sion of proinflammatory cytokines in the paw skin and brain. 
Mitogen-activated protein kinases (MAPKs), including p38 MAPK, 
extracellular signal-regulated kinase (ERK)1/2, and c-jun N-terminal 
kinase (JNK), are known mediators of neuronal sensitization and 
neuropathic pain. The activation (via phosphorylation) of p38 MAPK 
promotes inflammation by activating microglial cells [132], and 
increased expression of phosphorylated ERK1/2 has been implicated in 
the pathophysiology of pain in the peripheral nervous system (PNS) and 
central nervous system (CNS) [133]. Treatment with BCP significantly 
suppressed ddC-induced elevation of phosphorylated ERK1/2 levels but 
had no effect on phosphorylated p38 levels. Thus, BCP inhibited 
ddC-induced mechanical allodynia, probably through CB2R activation 
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and ensuing attenuation of inflammation. Oral BCP treatment simulta-
neously with antiretroviral drug therapy may improve the tolerability 
and thus potential efficacy of these agents for diseases by preventing 
inflammation and neuropathic pain. This suggested the potential adju-
vant use of BCP and development of CB2R agonists for mechanical 
allodynia. The plausible mechanisms of CB2R-dependent analgesi-
c/anti-nociceptive and allodynic effects of BCP observed till date in 
experimental studies are summarized in a schematic presentation in  
Fig. 5. 

2.5. Atherosclerosis 

Atherosclerosis is a chronic inflammatory condition of the arteries 
and is associated with increased morbidity and mortality globally. It 
increases the risks of myocardial infarction, stroke, and peripheral ar-
tery [134]. Elevated serum levels of cholesterol and triglycerides and 
chronic inflammation resulting in secretion of proinflammatory medi-
ators such as cytokines appear to act synergistically in plaque formation. 
Therefore, suppression of the central immune pathways linking proin-
flammatory cytokines is an important strategy for atherosclerosis 
treatment [135]. 

Both human umbilical vein endothelial cells (HUVECs) and pulmo-
nary artery endothelial cells express CB2Rs [136], and considerable 
evidence accrued over the past several decades demonstrates that CB2R 
regulates many pathogenic processes critical to atherosclerosis. Steffens 
et al. [137] first demonstrated the role of CB2R in atherosclerosis in vivo 
by showing that low-dose oral tetrahydrocannabinol reduced both pla-
que size and macrophage numbers in ApoE− /− mice compared with 
those in untreated control mice and that co-administration of the CB2R 
selective antagonist SR144528 abolished these effects. Netherland et al. 
[138] also found that CB2R activation decreased macrophage infiltra-
tion, inflammation, and the progression of atheromatous plaques. Zhang 

et al. [139] reported that BCP dose-dependently reduced the attachment 
of human monocytic cells to the aortic surface in a mouse model of 
atherosclerosis induced by a high-fat diet plus lipopolysaccharide (LPS) 
treatment. This recruitment of monocytes to the vascular surface was 
facilitated by the expression of adhesion molecules on endothelial cells 
induced by tumor necrosis factor (TNF)-α. BCP attenuated 
TNF-α-stimulated expression of VCAM-1 on the cell surface but had no 
effect on the expression of ICAM-1. BCP also suppressed macrophage 
infiltration to the aortic surface and decreased serum concentrations of 
cholesterol and triglycerides. A previous study reported that activation 
of interferon regulatory factor 1 (IRF-1) by TNF-α is essential for the 
expression of VCAM-1 but not ICAM-1 and E-selectin [140]. In addition 
to inflammatory cell adhesion, IRF-1 can upregulate inducible nitric 
oxide synthase (iNOS), which is another mediator of endothelial 
inflammation [141]. BCP was found to hinder the expression of IRF-1. 
Activation of IRF-1 depends on the stimulation of upstream signaling 
molecules such as JAK2 and STAT1. BCP attenuated the phosphoryla-
tion of JAK2/STAT1 and consequent expression of IRF-1 in HUVECs 
challenged with TNF-α, demonstrating the role of JAK2/STAT1/IRF-1 
signaling in atherosclerogenic inflammation. The repressive effects of 
BCP on IRF-1 and VCAM-1 expression were abolished by SR144528 or 
siCB2R, supporting the potential importance of CB2R signaling in 
atherosclerosis by modulating endothelial dysfunction. 

2.6. Cancer 

Glioblastoma (GBM) is the most common and aggressive type of 
malignant brain cancer in adults and is characterized by uncontrolled 
cell proliferation and exaggerated angiogenesis, promoting tumor 
growth [142]. Signaling through MAPKs and the stress-associated 
transcription factor nuclear factor κB (NF-κB) is a critical modulator of 
GBM cell growth and proliferation [143]. NF-κB regulates the expression 

Fig. 5. Cannabinoid type 2 receptor (CB2R)-mediated anti-allodynic and neuroprotective mechanisms of β-caryophyllene (BCP).  
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of genes involved in inflammation and enhances the synthesis and 
release of proinflammatory mediators from GBM cells [144]. Consid-
ering the limited therapeutic options and poor survival, it is crucial to 
develop new therapies to improve disease prognosis and quality of life. 
Both CB1R and CB2R are expressed by GBM cells and are implicated in 
controlling growth, differentiation and survival of the cells [145]. CB2R 
activation induced apoptotic and/or autophagic cell death and inhibited 
the proliferation, activation, motility, and secretion of inflammatory 
cytokines by GMB cells [146]. In the human GBM-derived cell line 
U-373 and human glioma stem-like cell line U87, BCP reduced cell 
viability, inhibited cell proliferation and cell cycle progression, and 
enhanced apoptotic cell death, as evidenced by increased expression of 
the apoptotic effector proteases caspase-3 and caspase-9 [61]. These 
effects were associated with the upregulation of the pro-apoptotic pro-
tein BAX and downregulation of the anti-apoptotic protein Bcl-2. Bcl-2 
may bind Beclin-1, which upon activation regulates autophagic cell 
death. Autophagy facilitates tumorigenesis by promoting tumor prolif-
eration and invasiveness [147]. Conversely, BCP reduced the expression 
of Beclin-1, LC3, and p62/SQSTM1, suggesting a possible switch be-
tween autophagy and apoptosis. Consequently, BCP as a CB2R agonist 
may act as a tumor suppressor GBM treatment. 

Previous studies have shown that CBs reduced inflammation via in-
hibition of upstream and downstream signaling-mediated inflammatory 
processes, with possible crosstalk between CB2R and PPAR-γ [62,63]. 
Stimulation of PPAR-γ was shown to decrease the secretion of proin-
flammatory mediators [148]. BCP significantly decreased the expression 
levels of NF-κB and TNF-α and activated PPAR-γ, demonstrating the 
anti-inflammatory mechanism of BCP. In addition, BCP significantly 
decreased JNK expression, which was associated with the 
anti-proliferative response, whereas AM630 abolished the changes in 
caspase-3, PPAR, and JNK expression levels and partially restored GMB 
cell viability. 

2.7. Chemotherapy-induced organ toxicity 

Paclitaxel (Taxol®) is an effective drug against multiple malignant 
tumors, but its tolerability is limited by side effects such as peripheral 
neuropathy. This chemotherapy-induced peripheral neuropathy (CIPN) 
involves several mechanisms, including loss of nerve fibers that inner-
vate the epidermis, mitochondrial impairment, deregulated transient 
receptor potential channels, and peripheral as well as central inflam-
matory processes [149]. Previous studies have demonstrated the role of 
microglial cells and production of proinflammatory mediators 
[150–152], but there are no efficacious strategies for treating CIPN. 
Several studies have reported that ECS can mitigate multiple forms of 
acute and chronic brain injury, including excitotoxicity from excessive 
glutamatergic activation and associated mitochondrial dysfunction, 
inflammation, and oxidative injury. Cannabinoids have demonstrated 
analgesic efficacy against several pain conditions, and the response is 
associated with anti-hyperalgesic and anti-inflammatory activities 
[153]. Although the effects of CBs in neuropathic pain conditions have 
been extensively investigated, the exact mechanisms underlying their 
anti-nociceptive activity remain disputed [121,154,155]. 

In a murine model of paclitaxel-induced peripheral neuropathy, 
Segat et al. [156] found that BCP attenuated allodynia, and this response 
was blocked by AM630 pretreatment. The concomitant administration 
of BCP with paclitaxel also enhanced CB2R expression in the spinal cord. 
Growing evidence indicates a pivotal role of p38 MAPK in chronic pain 
as it is stimulated in response to nerve injury and results in increased 
synthesis of several proinflammatory cytokines involved in pain medi-
ation [132,157]. Additionally, NF-κB is activated in neurons and 
microglial cells following nerve damage, and this activation is linked to 
both chronic inflammation and subsequent neurodegeneration [158]. Its 
stimulation in microglial cells results in the production of many in-
flammatory mediators that can sensitize peripheral and central noci-
ceptive neurons and drive pain progression [159]. These mediators 

include interleukin (IL)-1β [160], which aggravates pain in dorsal horn 
neurons [159] and activates both p38 MAPK and NF-κB in adjacent 
microglial cells, resulting in further secretion of cytokines [132,158]. 
BCP attenuated paclitaxel-induced activation of p38 MAPK and NF-κB 
and reduced both the expression of the microglial activation marker 
Iba-1 and tissue IL-1β levels. Collectively, these findings suggest that 
BCP can mitigate paclitaxel-induced peripheral neuropathy via CB2R 
activation in the CNS and consequently suppress p38 MAPK/NF-κB 
activation and cytokine production. 

The anthracycline antibiotic doxorubicin (DOX) is also effective 
against many hematopoietic and solid malignancies [161], but its clin-
ical value is hindered by dose-dependent cardiotoxicity leading to 
dilated cardiomyopathy and congestive heart failure. The patho-
mechanisms of DOX-associated cardiotoxicity include reactive oxygen 
species (ROS)-mediated oxidative stress, lipid peroxidation, inflamma-
tion, and apoptotic cell death [162]. CB2R is expressed in myocardium 
[163] as well as in vascular endothelial and smooth muscle cells [164]. 
The activation of CB2R holds therapeutic promise as it leads to the 
mitigation of self-sustaining oxidative stress, inflammation, and 
apoptosis of myocardial cells [165]. Meeran et al. [166] showed that 
BCP protected against DOX-induced cardiotoxicity, as evidenced by 
reduced serum levels of cardiomyocyte enzymes (CK-MB and LDH), 
preserved histology and ultrastructure, and restored heart function. This 
rescue was dependent on antioxidant effects as BCP pretreatment also 
enhanced antioxidant enzyme activities, restored intracellular gluta-
thione (GSH) levels, and reduced lipid peroxidation. In addition, BCP 
reduced inflammation, as evidenced by lower levels of inflammatory 
enzymes (iNOS, COX-2), proinflammatory cytokines, and NF-κB. Addi-
tionally, BCP decreased the expression levels of the apoptotic markers 
Bax, p53, cleaved PARP, and caspase-3 and increased the expression 
level of Bcl-2. BCP treatment increased myocardial expression of CB2R 
and PPAR-γ, whereas DOX-challenged rats pretreated with AM630 
showed remarkably decreased CB2R and PPAR-γ expression levels. 
Thus, CB2R activation may be a novel target and BCP a promising 
candidate for prevention of chemotherapy-induced cardiotoxicity. 

Cisplatin is a common platinum-based chemotherapeutic agent that 
is used for treating bladder, cervical, ovarian, lung, and testicular can-
cers among others. One of the major side effects of cisplatin is nephro-
toxicity, which is dose-limiting and currently without effective therapies 
[167]. Oxidative and nitrative stress associated with inflammation are 
central pathogenic processes in cisplatin-induced nephrotoxicity [168, 
169]. CB2R is expressed in the kidney, primarily by mesangial cells of 
the renal cortex, podocytes of the glomerulus [170], and proximal tu-
bule cells [171], and activation of CB2R had a protective effect on the 
structure and function of nephrons in animal models of chronic kidney 
injury [172,173]. Horváth et al. [20] reported that BCP treatment 
dose-dependently ameliorated cisplatin-induced renal dysfunction, 
morphological damage, and kidney inflammation, as evidenced by sig-
nificant reductions in the levels of proinflammatory chemokines (IL-1β 
and TNF-α), levels of macrophage inflammatory proteins (MCP-1 and 
MIP-2), which attract inflammatory cells to the injury site, the cell 
adhesion molecule ICAM-1, and infiltration of leukocytes and macro-
phages. BCP also attenuated oxidative/nitrative stress, as evidenced by a 
significant decrease in the expression levels of NOX-2, NOX-4, 3-NT, and 
4-HNE. Intrinsic and poly(ADP-ribose) polymerase (PARP)-dependent 
pathways activated in response to ROS and reactive nitrogen species also 
contribute to cisplatin-induced nephrotoxicity [168] by promoting 
apoptosis or necrosis [174]. BCP significantly reduced cisplatin-induced 
caspase 3/7 activity, DNA fragmentation, and PARP activation in renal 
tissues of mice, these effects were abrogated by CB2R KO, confirming the 
dependence on CB2R. Therefore, CB2R activation appears to be a 
promising target to prevent cisplatin-induced nephrotoxicity by miti-
gating inflammation, oxidative/nitrosative stress, and apoptosis. 

Oral mucositis is the most common and a debilitating complication 
of cancer treatment, particularly chemotherapy and radiotherapy. It is 
characterized by severe inflammation that results in erythematous and 
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ulcerative lesions of the oral mucosa, dysphagia, and an inability to 
maintain normal nutritional intake, leading to the interruption of life- 
saving therapies [175]. Picciolo et al. [176] evaluated the efficacy of 
BCP against LPS-induced oral mucositis in gingival fibroblasts and 
epithelial cells. BCP decreased the levels of inflammatory mediators, 
including TNF-α and IL-1β, and upregulated the levels of the 
anti-inflammatory cytokine IL-13. Furthermore, BCP inhibited the 
expression of NF-κB and upregulated the levels of PGC-1α and PPAR-γ, 
suggested that BCP modulates upstream signals that stimulate the first 
phase of the inflammatory process. In contrast, AM630 abrogated the 
salutary effects of BCP. Oral mucositis is associated with excessive 
secretion of IL-6 [177] and subsequent stimulation of the transcription 
factor STAT3 [178], which induces the secretion of additional inflam-
matory cytokines such as IL-17A, which coordinates the recruitment of 
inflammatory cells to the mucosa. Treatment with BCP significantly 
attenuated the expression of STAT-3, IL-6, and IL-17A in gingival fi-
broblasts and epithelial cells, suggesting that BCP halted the second 
phase of inflammation. However, AM630 reversed the effects of BCP on 
STAT-3, IL-6, and IL-17A. Thus, BCP demonstrated remarkable effi-
ciency in an in vitro model of oral mucositis, and CB2R activation may 
serve as a potential target for developing efficient therapeutics for oral 
mucositis. BCP effectively interrupted the transition from acute to 
chronic inflammation via suppression of NF-κB and activation of CB2R 
and PPAR-γ. 

2.8. Inflammatory bowel diseases (IBDs) 

Inflammatory bowel diseases (IBDs), including ulcerative colitis and 
Crohn’s disease, are characterized by massive infiltration of inflamma-
tory cells into intestinal tissues, secretion of proinflammatory mediators, 
and increased generation of free radicals that results in damage to the 
intestinal lumen and influences the lumen’s response to luminal 
commensal flora and pathogens [179,180]. High levels of endocanna-
binoids and overexpression of CB2R have been reported in the colon of 
patients with IBD [181]. This elevated CB2R expression level is directly 
associated with the number of macrophages, helper and cytotoxic T 
cells, monocytes, and neutrophils [10,182], which are correlated with 
IBD [183]. Available data support the notion that endocannabinoids 
exert anti-inflammatory effects in the colon by PPAR-γ pathway acti-
vation [184,185]. 

Bento et al. [52] evaluated the effects of oral BCP in a murine model 
of colitis induced by dextran sulfate sodium (DSS), which led to mucosal 
damage accompanied by infiltration of neutrophils and macrophages. 
BCP decreased disease activity, attenuated body weight loss, and 
inhibited expression of the neutrophil marker myeloperoxidase and the 
macrophage marker N-acetylglucosaminidase. Treatment with BCP also 
reduced the expression levels of TNF-α, IL-1β, INF-γ, and 
keratinocyte-derived chemokine (CXCL1/KC), factors known to drive 
the recruitment of inflammatory cells [186,187]. Conversely, BCP 
increased the expression levels of IL-4 and FoxP3, the most specific 
markers for regulatory T (Treg) cells. MAPK signaling via transcriptional 
factors NF-κB and CREB is the main proinflammatory transduction 
pathway associated with colitis [188]. The T helper type 1 (TH1) cyto-
kines, including INF-γ, TNF-α, and IL-1β are regulated by CREB in colitis 
[189]. BCP significantly inhibited CREB activation by DSS, suggesting 
that this effect is linked to decreased levels of TH1 cytokines and 
increased levels of TH2 cytokines such as IL-4. 

In addition, BCP treatment improved acute colitis by suppressing the 
activation of ERK1/2, IKKα/β, NF-κB, caspase-3, and the proliferative 
marker Ki-67, indicating reduced inflammation, cell proliferation, and 
cell death. BCP also reduced the secretion of CXCL1/KC, MIP-2, and 
TNF-α in macrophages challenged with LPS. Pretreatment with AM630 
or GW9662, PPAR-γ antagonist, abrogated the protective effects 
conferred by BCP against macroscopic colon damage, reduced colon 
length, and reduced myeloperoxidase (MPO) activity induced by DSS. 
Furthermore, abrogation of these inhibitory effects on proinflammatory 

cytokine production (TNF-α and CINC-1) in IEC-6 cells showed that 
CB2R and PPAR-γ activation mediated the anti-inflammatory effect. 
Three potential pathways are involved in the stimulation of PPAR-γ by 
endocannabinoids: direct action on PPAR-γ, transformation of canna-
binoids to metabolites that stimulate PPAR-γ, and indirect activation 
through interactions with cell surface receptors and intracellular 
signaling pathways. These data suggest that BCP-mediated dual acti-
vation of CB2R and PPAR-γ pathways is a promising strategy for the 
treatment of IBD. 

2.9. Multiple sclerosis and other neuroinflammatory diseases 

Multiple sclerosis (MS) is a CNS disorder caused by autoimmune 
attack of the myelin sheaths surrounding axons, resulting in disruption 
of axonal transmission and associated sensory and motor deficits. The 
induction of experimental autoimmune encephalomyelitis (EAE) by in-
jection of myelin antigens, including proteolipid protein peptide and 
myelin oligodendrocyte glycoprotein, is the most commonly used ani-
mal model for studying the features of MS [190]. Several studies have 
reported that cannabimimetic drugs, mainly CB2R agonists, can slow the 
progression of demyelinating diseases [191–193] by preventing leuko-
cyte proliferation, stimulating T cell and macrophage apoptosis, and 
inhibiting the release of inflammatory mediators [192]. CB2R-express-
ing immune cells play important roles in the regulation of T cell 
migration, reduction of cytokine secretion [194], and antigen presen-
tation [195], suggesting that CB2R agonists suppress EAE progression. 
Similarly, an increasing number of preclinical and human studies have 
shown that cannabinoids regulate spasticity in MS [196]. These 
CB2R-dependent neuroprotective mechanisms of BCP are depicted in 
Fig. 5. 

Alberti et al. [197] reported that BCP pretreatment of extracted 
lymphocytes stimulated with the EAE inducer myelin oligodendrocyte 
glycoprotein (MOG) fragment 35–55 upregulated the production of 
IL-10 and downregulated the production of IFN-γ, effects abolished by 
the CB2R antagonist AM630. BCP also ameliorated motor paralysis, loss 
of body weight, and mechanical hyperalgesia characteristic of the 
pre-motor phase of EAE. Additionally, BCP treatment decreased the 
expression levels of Iba-1, iNOS, and neurofilament-H, attenuated both 
glial cell activation and oxidative injury, and prevented subsequent 
demyelination. It is thought that CD4+ Th cells are responsible for 
mediating inflammation in EAE and other autoimmune disorders. Pro-
phylactic treatment with BCP significantly reduced both CD4+ and 
CD8+ T cell populations and prevented CD8+ and CD4+ T cell stimu-
lation in lymphatic tissues. A shift in Th1 and Th17 cytokines is believed 
to trigger pathological inflammation in MS [198] and BCP normalized 
the Th1/Treg cell balance concomitant with the prevention of demye-
lination via CB2R activation. Collectively, BCP appears to inhibit the 
progression of EAE and other autoimmune diseases by interrupting 
proinflammatory cell activity, suppressing T cell infiltration into CNS, 
and enhancing the activity of Treg cells. 

Neuroinflammation has been shown to have a direct correlation to 
neurodegenerative diseases, including dementia, MS, PD, and Alz-
heimer’s disease (AD) [199]. Alterations in microglial phenotype and 
activity are major contributors to these neuroinflammatory processes 
across disease types. Microglial cells are brain-resident phagocytic cells 
that can be classified as type 1 (M1), with generally proinflammatory 
activity, and type 2 (M2), with generally anti-inflammatory activity 
[200], and the relative balance between these types is a critical deter-
minant of inflammatory status. Thus, control of this balance is a major 
focus of research on potential therapies for neurodegenerative and 
neuropsychiatric diseases. Overactivation of M1 microglial cells in 
multiple disease states can induce neuronal damage through the release 
of cytotoxic and inflammatory mediators such as nitric oxide, ROS, and 
proinflammatory cytokines [201]. In contrast, M2-polarized microglial 
cells can abolish inflammatory and immune responses by secreting 
anti-inflammatory cytokines such as IL-10 and IL-4 and by promoting 
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the conversion of arginine to ornithine and urea via arginase-1, which in 
turn suppresses NOS activity and nitric oxide synthesis. Moreover, M2 
cells have a novel function in tissue repair, which may depend in part on 
the generation of ornithine and associated metabolites. Thus, 
long-lasting stimulation of M1 microglia leads to neuronal injury and 
destruction, whereas M2 cells promote regeneration and healing [200]. 

Oligodendrocytes play a primary role in the formation of myelin and 
axonal assembly in the CNS [202]. Loss of myelin and oligodendrocyte 
cell death are hallmarks of MS and other demyelinating disorders [203]. 
Administration of LPS to animals is a widely used model for MS as this 
results in infiltration of immune and microglial cells to produce proin-
flammatory cytokines and induce oligodendrocyte apoptosis [203]. 
Notably, CB2R has attracted enormous interest as a possible therapeutic 
target due to the absence of psychotropic effects upon stimulation (un-
like with CB1R stimulation), abundant expression in immune cells 
[204], and documented neuromodulatory and immunomodulatory ac-
tivities [205]. Several studies have revealed that CB2R activation can 
diminish proinflammatory cytokine release and enhance 
anti-inflammatory cytokine release following damaging stimuli, thereby 
promoting neuronal survival [206,207]. 

Askari and Shafiee-Nick [208] reported that BCP treatment of 
LPS-induced microglial cells significantly increased cell proliferation 
and viability and intracellular GSH levels while reducing ROS levels, and 
pretreatment with AM-630 or GW9662 abolished these effects. 
Furthermore, BCP treatment attenuated the LPS-induced increase in 
levels of inflammatory mediators, including cytokines and prostaglan-
dins, and enhanced secretion of IL-10, which promoted a shift toward 
the M2 phenotype and reduced the M1 cell population [209]. These 
effects were abolished by AM630 or GW9662. Co-administration of the 
sphingomyelinase (SMase) inhibitor imipramine with BCP significantly 
enhanced the cytoprotective efficacy of BCP, as evidenced by increased 
cell viability, intracellular GSH level, and IL-10 level and decreased 
accumulation of ROS and inflammatory mediators, including cytokines 
and prostaglandins. BCP also significantly increased urea and Arg-1 
levels; this effect was enhanced by co-treatment with imipramine and 
reversed by pretreatment with AM-630 or GW9662. In addition, 
low-dose BCP treatment significantly decreased the M1/M2, NO/urea, 
and iNOS/Arg-1 ratios, effects that were further enhanced by imipra-
mine pre-administration and reversed by AM-630 pretreatment. Thus, 
lower BCP doses can produce anti-inflammatory responses through 
activation of CB2R, whereas higher concentrations can exert 
anti-inflammatory and protective effects via activation of both PPAR-γ 
receptor and CB2R. Stimulation of SMase by the CB2R-activated 
βγ-subunit resulted in the release of ceramides, which increased the 
expression and activity of PPAR-γ receptor [210]. BCP reversed the 
LPS-induced M1/M2 imbalance, induced the secretion of 
anti-inflammatory mediators, and elevated GSH levels, thereby 
decreasing proinflammatory and oxidative stress. In addition, higher 
concentrations of BCP overactivated the CB2R βγ-subunit, resulting in 
greater SMase activation, increased secretion of ceramides, and further 
activation of the PPAR-γ pathway, whereas low concentrations of BCP 
showed more selective anti-inflammatory effects. Taken together, BCP 
can modulate microglial cells and might have clinical and pharmaco-
logical potential in neurodegenerative diseases. 

Askari and Shafiee-Nick [60] also found that BCP significantly 
inhibited LPS-induced toxicity and attenuated increased production of 
NO, ROS, and TNF-α in the oligodendrocyte cell line OLN-93, whereas 
AM630 or GW9662 abolished the beneficial actions of BCP on cell 
proliferation, oxidative stress, inflammatory status, and proin-
flammatory cytokine secretion. However, GW9662 completely abro-
gated the protective effects of high-dose BCP only but not the protective 
effects associated with low concentrations. These findings suggest that 
protection of OLN-93 cells by high-dose BCP was mediated mainly via 
activation of CB2R and PPAR-γ signaling pathways. The SMase in-
hibitors fluoxetine and imipramine significantly enhanced the protec-
tive effect of BCP on cell viability and NO, ROS, TNF-α, and GSH levels. 

Furthermore, BCP significantly increased the expression levels of 
PPAR-γ, a response abolished by AM630 pretreatment. Furthermore, 
BCP pretreatment significantly enhanced the levels of Nrf2 and HO-1, 
effects again abrogated by AM630 pretreatment. These results indicate 
that BCP can protect against LPS-induced cytotoxicity via activation of 
multiple signaling pathways, including the Nrf2/HO-1/antioxidant axis 
in addition to PPAR-γ and CB2R pathways. The data demonstrate that 
low-dose BCP may have therapeutic value against neurodegenerative 
and neuroinflammatory diseases. 

Brain injury following transient or sustained disruption of neural 
blood flow (stroke) can be divided into two phases, an early phase 
resulting from metabolic failure, excitotoxicity, and oxidative damage 
largely confined to the ischemic region and a delayed process of more 
expansive secondary injury associated with neuroinflammation, neural 
apoptosis, and glial activation [211]. Activated microglia play a signif-
icant role in the onset of neuroinflammatory processes in stroke [212], 
thus, selective activation of CB2R has been examined as a potential 
treatment [213]. Guo et al. [214] found that BCP pretreatment reduced 
cytotoxicity and attenuated the secretion of proinflammatory cytokines 
by activated BV2 microglia under hypoxia. BCP also reduced ROS pro-
duction by mitochondria and prevented activation of NF-κB-dependent 
transcription. All these protective effects of BCP were blocked by CB2R 
siRNA transfection. Assis et al. [215] reported that different concen-
trations of BCP significantly inhibited glutamate-induced cytotoxicity of 
C6 rat glioma cells by preventing ROS generation and upregulating 
antioxidant capacity via Nrf2. These responses were abrogated by 
AM630 treatment. Neuronal death in the early stages after ischemic 
stroke results from a mutually reinforcing chain of events including 
overestimation of glutamatergic NMDA receptors, ensuing intracellular 
calcium overload, excessive ROS generation [216], loss of mitochondrial 
membrane potential (ΔΨm) [217], failure of the mitochondrial respi-
ratory chain, decreased ATP generation, and apoptosis [218]. Thus, 
these demonstrations of preserved antioxidant capacity and reduced 
neuroinflammatory signaling suggest that CB2R activation via BCP may 
provide broad spectrum protection against ischemic damage. 

2.10. Neurodegenerative disorders 

2.10.1. Parkinson’s disease (PD) 
PD is caused by progressive loss of dopaminergic neurons mainly in 

the substantia nigra pars compacta (SNpc), which results in resting 
tremors, bradykinesia, and muscle rigidity along with impaired gait and 
posture [219]. Mitochondrial dysfunction, increased production and 
accumulation of free radicals, and initiation of apoptosis are key path-
ogenic events in PD. Activation of CB2R has been shown to suppress 
neuroinflammation by attenuating microglial and astrocyte activation in 
the SNpc and striatum [220,221], restore neuronal function, promote 
neuronal survival, and ameliorate functional deficits [222–225]. Javed 
et al. [50] found that BCP inhibited the decrease in GSH, SOD, and 
catalase levels and reduced the accumulation of the membrane peroxi-
dation marker malondialdehyde (MDA) in rodents exposed to the 
neurotoxic pesticide rotenone, a widely used inducer of PD-like pa-
thology. BCP also prevented loss of SNpc dopaminergic neurons and 
striatal dopamine nerve fibers, decreased astrocyte and microglia acti-
vation, as evidenced by reduced expression of GFAP and Iba-1, respec-
tively, and attenuated the release of proinflammatory cytokines and 
inflammatory mediators. These actions were abolished by AM630 pre-
treatment, indicating that BCP protects against rotenone-induced neu-
rodegeneration by CB2R-dependent anti-inflammatory and antioxidant 
mechanisms. This antiparkinsonian activity of BCP-mediated CB2R 
activation was further demonstrated in the 1-methyl-4-phenyl-1,2,3, 
6-tetrahydropyridine (MPTP) mouse model of PD [226]. In this model, 
MPTP is converted to the neurotoxin 1-methyl- 4-phenylpyridinium 
(MPP+), which causes selective death of dopaminergic neurons in the 
SNpc [227]. BCP significantly improved MPTP-induced behavioral and 
motor impairments, inhibited loss of SNpc dopaminergic neurons, 
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suppressed local activation of astrocytes and microglia, and attenuated 
release of proinflammatory cytokines within the nigrostriatal system. 
Consistent with mediation by CB2Rs, all these effects were blocked by 
AM630 pretreatment. The neuroprotective mechanisms of BCP were 
further demonstrated by Wang et al. [228] using human neuroblastoma 
cells (SH-SY5Y) subjected to MPP+-induced neurotoxicity. BCP reduced 
ROS accumulation and extracellular accumulation of lactate dehydro-
genase (LDH), a marker for cell death, and restored both cellular GSH 
levels and glutathione peroxidases (GPx) activity. BCP also inhibited 
expression of caspase-3 and Bax, upregulated Bcl-2, and suppressed the 
ΔΨm depolarization induced by MPP+. Again, all these effects were 
blocked by AM630. In addition, BCP decreased the expression of phos-
phorylated JNK and upregulated heme oxygenase-1 (HO-1), providing 
further evidence that BCP can prevent MPP+-induced oxidative stress. 
Of note, HO-1 is upregulated in the serum and SNpc of PD patients 
[229], underscoring the contribution of oxidative stress to disease pro-
gression and the clinical potential of CB2R activation. Blockade of JNK 
signaling is another potential treatment strategy as these pathways are 
implicated in apoptotic cell death [230]. 

2.10.2. Alzheimer’s disease (AD) 
AD is a neurodegenerative disorder causing cognitive impairment 

and dementia. The pathological features of AD are defective cholinergic 
neurotransmission, neurofibrillary tangles, and amyloid plaques, which 
upon deposition induces neuroinflammation and neurodegeneration 
[231]. Additionally, astrocytic and microglial activation also contribute 
to neuroinflammation in patients with AD [232]. Previous studies have 
suggested that cannabinoids have anti-inflammatory efficacy and can be 
used as preventive therapy for AD [233,234], and a number of animal 
models and human postmortem studies have demonstrated high 
expression of CB2R by glial cells in the vicinity of amyloid plaques [222, 
235–237]. Activation of CB2R has also been shown to improve cognition 
and attenuate neuroinflammation in animal models of AD [238,239]. 

Cheng et al. [240] studied the effects of BCP in a double transgenic 
APP/PS1 AD mouse model that recapitulates many of the neurological 
features of AD, including amyloidosis and neuroinflammation, and 
assessed the mediating roles of CB2R and PPAR-γ. BCP inhibited 
age-dependent cognitive decline in these transgenic mice, a response 
correlated with lower β-amyloid deposition in the hippocampus and 
cerebral cortex along with decreased expression of inflammatory me-
diators in the cerebral cortex. Additionally, BCP prevented astrogliosis 
and microglial activation as evidenced by downregulation of GFAP and 
Iba-1. Agonists of PPAR-γ such as rosiglitazone have also been reported 
to ameliorate AD pathology and improve cognitive function in animal 
models [241,242] and to slow memory and cognitive decline in AD 
patients [243,244]. In animal models, AM630 or GW9662 abolished the 
neuroprotective effects of BCP. Thus, BCP or other CB2R agonists may be 
promising therapeutics for AD. 

Vascular dementia (VD) is a chronic progressive syndrome that re-
sults from repeated ischemic cerebrovascular episodes [245] and is the 
second leading cause of dementia after AD [246]. VD is characterized by 
progressive cognitive and behavioral impairment that results from 
reduced cerebral blood flow in brain regions as hippocampus and white 
matter [247]. Ashton et al. reported CB2R upregulation in models of 
ischemia [248] that mirrored the delayed time course of degeneration, 
suggesting primary localization in macrophages or leukocytes recruited 
into the injured brain. In accord with this finding, CB2R upregulation 
has been detected in various forms of brain injury [249]. Moreover, 
CB2R activation has been shown to reduce neuroinflammation [250]. 
The anti-ischemic activities of CB2R activation involve reduction of 
leukocyte rolling and vascular adhesion, thereby limiting entry into the 
brain and secretion of proinflammatory cytokines that activate micro-
glial cells and macrophages [251]. 

Lou et al. [252] demonstrated the protective efficacy of a BCP/hy-
droxypropyl-β-cyclodextrin inclusion complex (HPbCD/BCP) on 
impaired cognitive function in a rat model of VD. This HPbCD carrier 

was developed for complexation of non-polar molecules to improve 
stability, aqueous solubility, dissolution rate, and bioavailability [253]. 
Indeed, PbCD/BCP enhanced the bioavailability of BCP and mitigated 
cognitive and memory deficits in the two-vessel occlusion (2VO) model 
of chronic cerebral ischemia. Furthermore, PbCD/BCP attenuated the 
number of abnormal and apoptotic hippocampal neurons as evidenced 
by reduced TUNEL staining. Moreover, HPbCD/BCP activated the 
PI3K/Akt signaling pathway, which is strongly implicated in neuro-
protection and associated with learning and memory abilities [254] and 
upregulated CB2R in the hippocampus and white matter. AM630 pre-
treatment downregulated CB2R, PI3K, and Akt levels, suggesting that 
CB2R activation is required for PI3K/Akt pathway signaling and pro-
tection cerebral damage. 

2.10.3. Ischemic brain injury 
Ischemic brain injury results from a complex web of pathogenic 

processes including NMDA receptor overstimulation, loss of intracel-
lular Ca2+ homeostasis, ΔΨm depolarization, loss of mitochondrial 
metabolism, oxidative damage to macromolecules and membranes, and 
inflammatory signaling [255]. Given these complex mutually interact-
ing processes, there are many potential therapeutic targets, but there are 
still no broadly efficacious neuroprotective therapeutics that do not 
produce intolerable or toxic side effects. 

Evidence herein reveals substantial contributions of endocannabi-
noid signaling to metabolic homeostasis, antioxidant capacity, immu-
nomodulation, and brain responses to stress, strongly suggesting 
functions as endogenous neuroprotective agents against cerebral 
ischemia [251,256]. For instance, the endocannabinoid and CB2R 
agonist arachidonoyl-glycerol (2-AG) protected neurons against malo-
nate toxicity by preventing increased COX-2 expression and subsequent 
conversion of 2-AG to inflammatory prostaglandin E2 glyceryl ester 
(PGE2-G) [257]. Furthermore, PPAR-α mediated the anti-inflammatory 
activities of the non-cannabinoids palmitoylethanolamide (PEA) and 
oleoylethanolamide (OEA), which act as endogenous agonists at this 
receptor [258,259]. 

The neuroprotective efficacy of BCP and the underlying mechanisms 
have been demonstrated in multiple ischemic models [49]. BCP atten-
uated ΔΨm depolarization and reduced injury to rat cortical neurons 
subjected to oxygen-glucose deprivation/re-oxygenation (OGD/R), and 
these protective effects were abolished by pretreatment with AM630 but 
not by AM251. BCP also reduced intracellular oxidative stress and 
apoptotic cell death, possibly by activating the AMPK/CREB/BNDF 
pathway. It has been demonstrated that AMPK is upregulated in neurons 
during glucose deprivation, ischemia, and hypoxia [260], and this 
response can either protect neurons [261] or aggravate injury depend-
ing on the context [262], while CREB activation by upstream AMPK 
signaling generally promotes survival by upregulating the transcription 
of neurotrophins and other cytoprotectants [263]. Selective inhibitors of 
AMPK and CREB reversed these neuroprotective effects, consistent with 
essential functions in BCP actions. A clinically significant finding is that 
BCP given after induction of ischemia reduced infarct size and inflam-
mation, upregulated the phosphorylation of CREB, and enhanced BNDF 
expression in neurons, responses abrogated by AM630 pretreatment. 
Thus, CB2R activation may be a viable protective strategy against 
ischemic brain damage following stroke in the emergency setting. 

Poddighe et al. [264] reported that BCP inhibited increased lip-
operoxidation in rat frontal cortex and plasma following transient 
bilateral common carotid artery occlusion and reperfusion (BCCAO/R). 
In addition, a single acute BCP dose stimulated the ECS by enhancing 
2-AG, AEA, PEA, and OEA expression levels as well as the expression of 
CB1R and CB2R in frontal cortex, and reduced plasma AEA in both sham 
and BCCAO/R rats. Among endocannabinoid analogs, PEA may be 
particularly important in endogenous defense against neuro-
inflammation by suppressing COX-2 activity [265]. Another potentially 
deleterious response to BCCAO/R is the decrease in docosahexaenoic 
acid (DHA), a normally abundant polyunsaturated fatty acid [266], and 
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BCP treatment also inhibited this BCCAO/R-induced decrease in DHA. 
Moreover, BCP significantly reduced COX-2 expression and upregulated 
PPAR-α. Collectively, these findings indicate that pretreatment with BCP 
suppresses neuroinflammation and protects neurons against BCCAO/R 
by quelling oxidative stress and neuroinflammation via activation of 
CB2R and PPAR-α pathways. 

2.10.4. Depression 
Depression is a debilitating mood disorder with high global preva-

lence. It is characterized by disturbed mood, appetite loss, social with-
drawal, and a lack of interest and pleasure in enjoyable activities 
(anhedonia). Despite several decades of research, understanding of 
pathogenesis is still incomplete due to the involvement of multiple brain 
networks [267]. Lower expression of CB2R was reported in the hippo-
campus of animal models with a depression-like condition induced by 
stress [268], and CB2R activation can ameliorate depression- and 
anxiety-like behaviors [269]. Indeed, CB2R ligands have shown phar-
macological benefits similar to currently used anxiolytic and antide-
pressant drugs such as benzodiazepines and selective serotonin reuptake 
inhibitors but without the deleterious adverse effects such as sedation, 
ataxia, amnesia, and dependence associated with some anxiolytics 
[270]. 

Bahi et al. [271] reported that BCP improved sociability and reduced 
anxiety- and depressive-like behaviors observed in the elevated plus 
maze test (including relative time in the open and closed arms and 
number of entries into the open and closed arms). BCP also increased 
time spent in the center of an open field with no alteration in locomotor 
activity, again suggestive of anxiolytic actions. Additionally, BCP 
reduced the number of buried marbles and digging time in the marble 
burying test, attenuated immobility in the tail suspension and forced 
swim tests, and reduced latency to feed in the novelty-suppressed 
feeding test, suggesting therapeutic actions against compulsion, 
behavioral despair, and anxiety, respectively. Pretreatment with AM630 
reversed these anxiolytic- and antidepressant-like effects of BCP, indi-
cating the involvement of CB2R signaling, and further suggesting that 
these disease states can be treated through non-serotonergic and 
GABAergic modulation [272]. 

Hwang et al. [273] investigated the antidepressant and 
anti-inflammatory effects of BCP in the chronic restraint plus stress 
(CR+S) rat depression model and further examined associated changes 
in hippocampal inflammatory markers and plasticity. Administration of 
different doses of BCP significantly decreased behavioral despair as 
evidenced by reduced immobility in the tail suspension and forced swim 
tests. In addition, BCP ameliorated the increase in hippocampal COX-2 
and decreases in hippocampal BDNF and CB2R expression levels 
induced by stress, suggesting that BCP has neurotrophic and 
anti-inflammatory actions in the brain. Moreover, the effects of BCP on 
inflammatory processes and depression were assessed by electrophysi-
ological measurements in LPS-treated hippocampal slices. BCP reversed 
LPS-induced augmentation of long-term depression (LTD), a form of 
NMDAR-dependent synaptic plasticity at glutamatergic synapses asso-
ciated with cognitive deficits [274]. 

In conclusion, BCP has been demonstrated to ameliorate behavioral 
and inflammatory responses related to chronic stress, suggesting clinical 
value for the treatment of depression and anxiety disorders. The CB2R- 
dependent protective mechanisms of BCP on anxiety, depression, and 
cognitive dysfunction are presented in Fig. 5. 

2.11. Liver diseases 

Cholestatic liver disease results from functional impairment of bile 
secretion by hepatic cells due to obstruction at any stage in the excretory 
pathway and may lead to irreversible liver fibrosis [275]. The preva-
lence of liver fibrosis, characterized by the replacement of functional 
tissue with fibrotic scar tissue, has increased in recent years. Both CB1R 
and CB2R expression levels are markedly upregulated in liver cirrhosis, 

a condition in which the cellular structure is dominated by liver myo-
fibroblasts [276]. Endogenous stimulation of CB2Rs reduced liver 
fibrosis by inhibiting the proliferation and promoting the apoptosis of 
fibrogenic cells [276]. Additionally, it has been shown that CB2R acti-
vation prevents or abrogates liver fibrogenesis by exerting 
anti-inflammatory activities in both liver and non-liver tissues [277]. 
Moreover, CB2R stimulation protects against hepatic damage, inflam-
mation, and fibrosis in animal models, suggesting a novel pharmaco-
logical target for the treatment of chronic liver diseases [83,278]. 

Mahmoud et al. [279] reported that BCP or the selective CB1R 
agonist hemopressin reduced liver collagen fiber deposition, normalized 
levels of the liver function enzymes alanine aminotransferase (ALT) and 
aspartate transaminase, reduced bilirubin and hydroxyproline levels, 
and enhanced expression of matrix metalloproteinase (MMP)-1, which 
suppresses fibrogenesis by degrading excess type-I collagen fibers, in the 
rat bile duct ligation model [280]. BCP treatment also attenuated he-
patocyte apoptosis as evidenced by increased Bcl2-positive cell number, 
possibly by reducing collagen and hydroxyproline in liver tissues. These 
effects were abolished by AM630, implicating CB2R signaling. AMPK 
pathway activators have also garnered attention as potential therapeu-
tics for obesity, diabetes, and hepatic steatosis [281]. AMPK activation 
leads to the phosphorylation and suppression of acetyl-CoA carboxylase 
1 (ACC1), a rate-limiting enzyme for synthesis of fatty acids. AMPK also 
phosphorylates sterol regulatory element-binding protein 1c (SREBP-1c) 
precursor and inhibits its cleavage as well as its translocation to the 
nucleus and transcriptional activity, which reduces expression of fatty 
acid synthase (FAS) [282]. Additionally, AMPK phosphorylates FoxO1 
following translocation to the nucleus, resulting in increased expression 
of adipose triglyceride lipase (ATGL) [283]. Kamikubo et al. [284] 
assessed the effects of medicinal foods on hepatic lipid accumulation by 
measuring the activation of AMPK in palmitate-overloaded HepG2 cells. 
BCP significantly reduced SREBP-1c translocation to the nucleus and 
FoxO1 translocation to the cytoplasm, resulting in FAS downregulation, 
and upregulated ATGL. BCP also reduced accumulation of intracellular 
lipid in palmitate-exposed HepG2 cells and dose-dependently increased 
AMPK and ACC1 phosphorylation. These actions on the phosphorylation 
of AMPK and ACC1 were reversed by treatment with an AMPK inhibitor, 
underscoring the importance of the AMPK signaling pathway in 
BCP-mediated reduction of hepatic lipid accumulation. This 
BCP-dependent activation of AMPK results from a rise in intracellular 
Ca2+ and ensuing activation of Ca2+-calmodulin-dependent protein ki-
nase kinase-β (CaMKKβ), as the CaMKKβ inhibitor STO609 fully abol-
ished the effects of BCP on AMPK and ACC1 phosphorylation and 
blocked the reduction in lipid accumulation [285]. Moreover, pre-
treatment with AM630 blocked this BCP-mediated rise in intracellular 
Ca2+, AMPK and ACC1 phosphorylation, and the reduction in lipid 
accumulation. CB2R knockdown by siRNA further confirmed that BCP 
actions in hepatocytes are dependent on activation of CB2R and the 
AMPK pathway. 

Alcoholic liver disease (ALD), a common complication in alcoholics, 
involves a broad spectrum of hepatic lesions, from steatosis to cirrhosis. 
The molecular mechanisms underlying ALD are complex and include 
cellular injuries, inflammatory processes, oxidative stress, regeneration, 
and bacterial translocation. Alcoholic hepatitis is the most severe form 
of alcohol-induced liver disease [286]. Administration of BCP demon-
strated benefits against steatohepatitis in mice subjected to chronic 
binge alcohol feeding [287], a model that mimics the main pathological 
characteristics of early ALD, including liver injury, changes in proin-
flammatory mediators, and steatosis [288]. Chronic administration of 
BCP enhanced liver function enzyme activities, ameliorated oxidative 
and nitrosative stress, and improved liver histology in this model. BCP 
also mitigated the proinflammatory phenotype (M1) switch of Kupffer 
cells (resident liver phagocytic cells) and upregulated F4/80+, CD68+, 
and Iba-1+ (M2) macrophages [289]. In addition, alcohol-fed mice 
exhibited elevated expression of CD11b, a biomarker of proin-
flammatory monocytes and macrophages, and of activated M1 
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phenotype biomarkers such as IL1ß, IL-6, and the chemokines CCL2 and 
CXCL2. In addition, alcoholic liver exhibited increased expression of 
“M2” activation markers arginase 1 (Arg1) and CD163. Conversely, 
other biomarkers of “M2” activation, including mannose receptor C type 
2, macrophage galactose-type C-type lectin 1, C-type lectin domain 
family 7 member A (Clec7a), and IL-10 were decreased in alcohol-fed 
mice. Thus, chronic ethanol consumption appears to drive Kupffer cell 
polarization toward the M1 phenotype and increases the M1/M2 ratio. 
This shift was reduced by BCP treatment. In addition, BCP significantly 
decreased ICAM-1, E-selectin, and P-selectin expression levels and 
neutrophil infiltration, consistent with attenuation of hepatic vascular 
inflammation. Furthermore, BCP inhibited the decreased expression of 
PPAR-α, hyperacetylation of proteins, and PPAR-α-dependent signaling 
induced by chronic and binge alcohol feeding. These hepatoprotective 
effects of BCP were abolished by CB2R KO, confirming the role of CB2R 
and suggesting that BCP may be useful for the treatment of ALD. 

2.12. Bone disorders 

Osteoblastic cells synthesize bone matrix and are responsible for its 
mineralization. Dysfunctional osteoblasts are implicated in the patho-
genesis of osteoporosis, a bone disorder of the elderly in which reduce 
bone production, increased resorption, or both results in loss of bone 
mass, increasing the risk of breakage, postural deformation, and limited 
mobility [290]. The cannabinoid system likely contributes to the 
maintenance of normal bone mass through CB2 signaling as CB2R are 
abundantly expressed in osteoblasts, osteocytes, and osteoclasts [291, 
292], and multiple studies have demonstrated that CB2R regulates 
osteoclast activity and differentiation, bone formation, and bone 
resorption [293]. Further, a CB2R agonist mitigated bone loss in 
ovariectomized animals and increased cortical thickness by inhibiting 
the bone dissolution activity of osteoclasts and by stimulating endo-
cortical bone synthesis. 

Shan et al. [294] demonstrated that BCP increased collagen syn-
thesis, alkaline phosphatase activity, osteocalcin secretion, and miner-
alization of osteoblastic MC3T3-E1 cells. Additionally, BCP 
pretreatment attenuated antimycin A-induced ROS accumulation and 
apoptosis, potentially by restoring GSH concentration and catalase ac-
tivity. Furthermore, BCP treatment increased expression of Nrf2 and 
HO-1. CB2R was expressed in MC3T3-E1 cells and the actions of BCP on 
osteocalcin secretion and matrix mineralization were abrogated by 
CB2R siRNA. The available data indicate that BCP improves bone for-
mation and maintains bone mass by promoting extracellular matrix 
mineralization via CB2R-dependent mechanisms. 

2.13. Rheumatoid arthritis 

Rheumatoid arthritis is a common inflammatory autoimmune dis-
order characterized by synovial hypertrophy and joint damage due to 
innate and adaptive immune responses [295]. Activation of the in-
flammatory response is mediated by NF-κB, which drives the expression 
and secretion of multiple matrix metalloproteinases (MMPs) to augment 
joint degradation [296]. 

Corticolimbic endocannabinoid signaling is implicated in the path-
ogenesis of osteoarthritis, so its modulation could be beneficial for the 
control of osteoarthritis [297]. BCP has shown analgesic [13] as well as 
anti-inflammatory and antioxidant activities in arthritic rats [298]. 
CB2R activation prevents upstream and downstream inflammatory 
signaling pathways and can relieve the pain associated with inflamma-
tory disorders. 

Irrera et al. [63] examined the anti-arthritic efficacy of BCP and the 
contributions of PPAR-γ in a collagen antibody-induced arthritis (CAIA) 
model. Administration of BCP reduced disease severity, attenuated the 
levels of several inflammatory mediator, such as TNF-α, IL-1β, and IL-6, 
and enhanced expression of the anti-inflammatory cytokine IL-13. 
Additionally, BCP downregulated matrix metalloproteinases 3 and 9 in 

joints. The joints of arthritic mice showed enhanced expression levels of 
COX-2 and NF-κB, and decreased expression levels of PGC-1α and 
PPAR-γ, changes ameliorated by BCP. Furthermore, BCP upregulated 
PGC-1α and PPAR-γ in human chondrocytes stimulated with LPS. These 
protective effects were blocked by AM630, suggesting mediation via 
activation of CB2R and PPAR-γ. The CB2R dependent pathways 
contributing to the anti-inflammatory actions of BCP in bone and other 
tissues are illustrated in Fig. 6. 

3. BCP as a nutraceutical 

Nutrition is one of the vital elements in promoting healthy ageing 
and curbing the life style diseases where immune-inflammatory and 
oxidative changes play major role in disease onset and progression 
[299–302]. In recent years nutritional supplements gained popularity 
for their health benefits, protective role and therapeutic potential [303]. 
Recently, an evolutionary link to food selection and metabolic stress 
adaptation has been proposed in particular reference to the cannabi-
mimetic phytochemicals in the diet [303]. Food rich in natural modu-
lators of ECS may have potential to favorably modulate CB1/CB2Rs and 
may attribute a balance action on both receptors [304,305]. Dietary 
secondary metabolites from edible plants including vegetables and 
spices able to enhance the activity of CB2R may provide adaptive 
metabolic advantages and counteract inflammation [304,306,307]. In 
particular, the foods able to produce CB2R activation may thus play a 
role in the nutrition transition of Western high-calorie diets [303]. In 
past few years, the role of cannabimimetic food as a nutraceutical 
strategy has been proposed potentially useful for possible therapeutic 
benefits based on evidence-based data and mechanism [308]. It has been 
speculated that the intake of BCP may plausibly shift the CB1/CB2 re-
ceptor activation ratio away from CB1 receptor activation. The role of 
CB2R in resolving inflammation and pain, relieving stress, boosting 
immunity and mitigating oxidative stress has been demonstrated [309]. 
Therefore, the cannabimimetic role of BCP in diets could be beneficial in 
promoting health and general well-being owing to the potential 
anti-inflammatory and tissue protective properties [303]. 

BCP is one of the common ingredients in a large number of dietary 
plants which are commonly consumed through diets in our-day-to day 
life [310]. According to an estimate the average per day consumption of 
BCP through edible plants including vegetables and spices is fewer than 
ten milligrams [303]. Though, the daily intake of BCP may vary depends 
upon the dietary cultures and practices involving diet rich in edible 
plants containing spices and vegetables. It is believed that BCP being one 
of the common components of the herb based traditional medicines and 
cuisines of Mediterranean, Indian subcontinent, Middle East and Far 
East Asian countries has potential to modulate the ECS particularly the 
CB2R [304,311–313]. BCP has also been reported bioavailable upon 
oral consumption, considered a lipophilic ingredient and shown effec-
tive than their synthetic congeners [314]. It has been showed to be 
present in many beverages which are consumed as a nutritional sup-
plement and believed to be useful in correcting metabolic dysregulations 
[315]. Different parts of cannabis with lesser proportions of psycho-
tropic constituents are often used as feed for animals as well as food, 
beverages including tea and milkshakes for human use [316–318]. Thus, 
the fruits, florescence, seeds, leaves, oil and plant extract rich in BCP can 
be used in beverages and foods a useful nutritional or dietary supple-
ment [310]. Considering the popular notion, we are what we eat and eat 
what we are, BCP rich vegetables and spices consumed in diets could be 
useful in promotion of healthy ageing and curbing various low grade 
sustained immune-inflammatory diseases [309,310]. 

4. “Entourage effect” of BCP with other cannabinoid compounds 

In recent years, cannabinoid-cannabinoid or terpenoid-cannabinoid 
interactions have been believed to exert “entourage effect” which was 
first described in cannabis by Ben-Shabat and colleagues [319]. The 
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“entourage effect”, which is presumed to be observed following syner-
gistic interaction between terpenes and cannabinoids are considered to 
positively contribute to the effect of cannabinoids [319]. As stated 
earlier that BCP is one of the important constituents in cannabis, the 
plant which consist of about 600 chemicals including 140 phytocanna-
binoids (21–22 carbon compounds) and more than hundred mono- and 
sesqui-terpenes. The terpene constituents are known to play role in 
respiration, photosynthesis and defense against pests and provide flavor 
and aroma. In a pioneering review, Russo has proposed a synergy in 
plant extract over individual phytochemicals owing to the mixture of 
many phytoconstituents in the extract including cannabinoids, terpenes, 
flavonoids and that contribute in achieving maximal pharmacological 
effect [320]. Though the phenomenon of entourage effect has been 
challenged by some studies showing absence of entourage effects as 
terpenoids fail to modulate phytocannabinoids signaling or CB1 or CBR 
in cannabis [321,322]. In another study, terpenes fail to alter radio-
ligand binding but BCP showed to displace [3H]-CP55,940 modestly 
revealing an agonist action [322]. The plausible effects and reasons still 
need to be investigated and proved. Furthermore, the entourage effect 
has been supported by an ancient knowledge originated from use of 
cannabis in Indian traditions from the time immemorial. BCP provides 
unique smell to the extract of cannabis and it is often used in training the 
dogs employed for sniffing cannabinoid compounds for drug abuse 
purposes [323]. Cannabis (seeds and flowers), which is popularly known 
as Bhang in India and has been used in food and drink as early as 2000 
BC in ancient India. Cannabis beverages commonly known as Bhang 
Thandai or lassi is consumed as a popular drink on several occasions in 
India. Another vital ingredient in this cannabis beverage is pepper, 
which is one of the most common spice in the Indian cuisines. Since 
ancient time the cocktail of pepper and cannabis are used together. In 
addition to black pepper, this cannabis beverages preparations also 
consists of blends of almonds, pumpkin seeds, watermelon seeds, 

mango, cantaloupe seeds, saffron, cardamom, rose petals and water or 
milk. BCP has also been identified in cow’s milk following a BCP rich 
fodder [324,325]. The pepper also consists of a constituent, guineensine 
which has been shown a potent anandamide (AEA) reuptake inhibitor 
[304,326]. To make this beverage, many components used to enhance 
taste and aroma, including pepper that is vital to provide a balancing 
property to the paranoia effect of cannabis. This plausibly explained by 
the entourage effect of terpenes present in these edible plants and in-
teractions of terpenes with cannabinoids present in the cannabis. The 
addition of pepper affords a rebalancing approach in high run and 
calming off the effect of cannabis. Since, the cannabinoids and the 
cannabis plant seem to be the most current great hope for treating 
untreatable disorders, the particular phytocannabinoid–terpenoid in-
teractions, the so called “entourage effect” must be continuously 
examined as it might be due to the involvement of “minor cannabinoids” 
and cannabis terpenoids to the plant overall pharmacological effects. 
The entourage effect is reasonably related to be due to receptor or 
enzyme mediated effect on particular receptors or the enzymes. 

5. Concluding remarks 

The present review highlights the therapeutic potential of BCP 
endowed with CB2R agonist properties against myriad of physiological 
and pathological processes. BCP modulates CB2R signaling suppress 
inflammation, accelerate fatty acid oxidation, boosts antioxidant ca-
pacity, prevents apoptosis and positively modulates metabolic and ho-
meostatic functions among other effects, leading to amelioration of 
numerous pathological processes. Many preparations rich in BCP along 
with other phytocannabinoids and terpenoids viz., Bedrocan®, Sat-
ivex®, Marinol®, Bedrobinol®, Namisol®, Arvisol®, Fenoxidol™, Epi-
diolex® etc. got approval for use as drugs or health supplements and 
found successful against various indications. 

Fig. 6. Cannabinoid type 2 receptor (CB2R)-dependent anti-inflammatory effects of β-caryophyllene (BCP).  
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BCP natural occurrence, negligible systemic toxicity, dietary 
bioavailability, and time-tested human consumption makes it a poten-
tially safe and effective food and beverages for promotion of general 
health and well-being. Further, being non-psychotropic and wide 
availability in edible plants other than cannabis, BCP is not subjected to 
any medicolegal and regulatory concerns and can be encouraged for use 
as nutritional or dietary supplement. Hence, the efficacy and safety of 
BCP alone as drug candidate should be investigated further for phar-
maceutical and nutraceutical applications. We reasonably suggest that 
BCP could be an alternative or add on agent with the modern synthetic 
drugs to limit dose related toxicity and provide a synergistic and/or 
additive effect. 

To conclude, BCP with CB2R selective properties is an unique natural 
molecule of importance for pharmaceutical development and clinical 
usage with a pharmacological rationale of therapeutics. 
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Maturana, A. García-Osta, A. Ricobaraza, A. Pérez-Mediavilla, J. Del Río, 
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