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Abstract: Background: B-Caryophyllene (BCP) is a natural bicyclic sesquiterpene abundantly found in essential
oils from various spices, fruits and medicinal as well as ornamental plants. It is approved by United States Food
and Drug Administration and European agencies as food additive, taste enhancer and flavoring agent and termed as
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a phytocannabinoid. Methods: All the available literature on BCP and its synonyms were collected through different literature databases.
Results: BCP was found to elicit a full agonist action on cannabinoid type 2 (CB2) receptors, a G-protein coupled receptor representing
important therapeutic target in several diseases. Activation of CB2 receptors notably appeared devoid of psychotropic adverse effect of
cannabinoids contrary to the CB1 receptors. In addition, it activates peroxisome proliferated activator receptors (PPARs) isoforms;
PPAR-a &-y and inhibits pathways triggered by the activation of toll like receptor complex; CD14/TLR4/MD2, reduce immune-
inflammatory processes and exhibit synergy with p-opioid receptor dependent pathways. Additionally, it found as potent antagonist of
homomeric nicotinic acetylcholine receptors (07-nAChRs) and devoid of effects mediated by serotonergic and GABAergic receptors. It
also modulates numerous molecular targets by altering their gene expression, signaling pathways or through direct interaction. Various
pharmacological activities such as cardioprotective, hepatoprotective, gastroprotective, neuroprotective, nephroprotective, antioxidant,
anti-inflammatory, antimicrobial and immune-modulator have been reported in experimental studies. It has shown potent therapeutic
promise in neuropathic pain, neurodegenerative and metabolic diseases. Conclusion: The present review provides a comprehensive in-
sight of pharmacological and therapeutic potential of BCP, its molecular mechanism and signaling pathways in different pathological
conditions. The review also examines the possibility of its further development as a novel candidate for various pathologies considering
the polypharmacological and multifaceted therapeutic properties potential along with favorable oral bioavailability, lipophilicity and

physicochemical properties.
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1. INTRODUCTION

Beta-caryophyllene (BCP) is a volatile bicyclic sesquiterpene
lactone compound abundantly found in the essential oils of many
dietary and edible plants including spices such as cloves (Syzygium
aromaticum), oregano (Origanum vulgare), cinnamon (Cinnamo-
mum spp.), hemp (Cannabis sativa), rosemary (Rosmarinus offici-
nalis), hops (Humulus lupulus) and black pepper (Piper nigrum),
germander (Teucrium spp.) and Copaiba oil (Copaiba spp.) [1-5]. It
is one of the important components, which contributes to the pi-
quancy taste to the spice, pepper. BCP shows resemblance with
structure and properties of cannabinoid related molecule therefore
termed as ‘phytocannabinoid’ [6]. Due to extensive occurrence
across the dietary plants, it’s a common component to human die-
tary regimes and consumed either as flavor or food preservative or
additive, thus often quoted as a ‘dietary cannabinoid’ [6]. It is one
of the common ingredients of candies, confectionaries, chewing
gum, toothpastes, beverages, pharmaceuticals and cosmetic prod-
ucts such as perfumes, shampoos and soaps for its aroma and in
pesticides [7,8]. BCP is designated as “generally recognized as
safe” by several other regulatory agencies [6,9,10]. Recent approval
of BCP as food additives and flavoring agent for commercial use in
foodstuffs and cosmetics by the USFDA and European Food Safety
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Authority (EFSA) generated noteworthy interest among scientific
community to explore it for its additional possible therapeutic bene-
fits [6,11]. It exhibited significant therapeutic potential in numerous
diseases due to multiple pharmacological properties to name a few
like antioxidant, anti-inflammatory [6], antimicrobial [12], antican-
cer and chemopreventive [13].

The present review presents a comprehensive insight of the
polypharmacological properties and therapeutic potential of BCP,
its molecular mechanism and signaling pathways in different patho-
logical conditions. Along with polypharmacological properties and
multifaceted therapeutic potential, the review also illustrates further
advancements reviewing its physicochemical properties. The natu-
ral availability, favorable bioavailability and lipophilicity make
BCP a novel candidate for pharmaceutical development and clinical
applications.

2. SOURCES AND
CARYOPHYLLENE

BCP is mainly present in the essential oils obtained from differ-
ent parts or whole plant mainly aromatic plants. It has been reported
to exist in more than one thousand plants that provide extensive
natural availability and accessibility. It is also one of the significant
constituents (about 35%) in the essential oil of marijuana (Cannabis
sativa L.), which is considered to be a major traditional source of
plant derived cannabinoids or phytocannabinoids [6,14-16]. Till
date, about 1500 papers are available through different literature
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Table 1. Percentage occurrence of f-Caryophyllene (BCP) in different parts of the plants.

No. Plant name Parts % BCP* References
1 Acanthospermum hispidum Oil 352 [17]
2 Callicarpa integerrima Leaves 33.7 [18]
3 Canarium parvum Leen Stem 30.4 [19]
4 Copaifera multijuga Trunks 36.0 [20]
5 Copaifera multijuga Hayne Trunks 57.5 [21]
6 Copaifera reticulata Ducke Trunks 40.9 [21]
7 Croton heliotropiifolius Oil 35.8 [22]
8 Euphorbia cotinifolia Leaves 393 [23]
9 Glechon marifolia Oil 322 [24]
10 Guarea humaitensis Leaves 333 [25]
11 Hyptis pectinata Oil 54.1 [26]
11 Lantana montevidensis Leaves 315 [27]
12 Leucas indica Aerial parts 51.1 [28]
13 Leucas aspera Aerial parts 342 [29]
14 Melampodium divaricatum Aerial parts 56.0 [30]
15 Mydocarpus fraxinifolius Leaves 63.0 [31]
16 Murraya paniculata Leaves 30.0 [32]
17 Myrica rubra Leaves 89.9 [33]
18 Newbouldia laevis Leaves 36.0 [34]
19 Peristrophe bicalyculata Oil 339 [35]

20 Phoenix dactylifera Buds 44.2 [36]

21 Pinus halepensis Oils 30.0 [37]

22 Piper guineense, white Fruits 51.7 [38]

23 Piper guineense, black Fruits 57.6 [38]

24 Piper Nigrum Fruits 70.4 [39]

25 Piper guineense, black Oil 30.33 [40]

26 Piper duckei Leaves 30.0 [41]

27 Plectranthus rugosus Aerial parts 36.0 [42]

28 Plectranthus neochilus Leaves 30.0 [43]

29 Stachys cretica Aerial parts 51.0 [44]

30 Tabernaemontana catharinensis Leaves 56.9 [45]

31 Teucrium chamaedrys Aerial parts 47.6 [46]

32 Teucrium polium Aerial parts 52.0 [47]

33 Teucrium flavum Aerial parts 325 [47]

34 Teucrium divaricatum Aerial parts 30.1 [48]

35 Valeriana alliariifolia Aerial parts 38.9 [49]

36 Veronia albicans Aerial parts 343 [50]

*Plants containing B-Caryophyllene (BCP) equal to 30% or more.
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databases including Scopus, Google Scholar, EMBASE and Pub-
med/Medline. All these available literature either reporting the
characterization of BCP as a constituent or evaluating the activity
of BCP are included in this review. Those medicinal plants which
were recognized to contain the amount of BCP equal to or than
30% of total phytoconstituents (about one third of the all phytocon-
stituents is BCP) are presented in Table 1.

Like several other phytoconstituents, the content of BCP varies
from different geographical regions and biodiversity zones [51].
The plants containing BCP show noticeable variation in the amount
of BCP produced as a secondary metabolite among different varie-
ties grown in different habitats or different ecotypes within a par-
ticular species [52]. The plants adapted to diverse climates includ-
ing altitudes, which exhibit distinct variability to the varying tem-
peratures and numerous metabolic and physiological adaptations to
the unfavorable environmental conditions. This is demonstrated by
the appearance of huge variability in terpene profile of the Pinus
heldreichii population from Gali¢ica (Scardo-Pindic mountain sys-
tem) was similar to those of the populations from Lovéen, Zeletin,
Bjelasica, and Zlatibor-Pester (belonging to the Dinaric Alps). But,
the same species, Pinus heldreichii grown in Balkan-Rhodope
Mountain lacks BCP [53]. Usually, in plants, BCP is mostly con-
centrated in the aerial parts, leaves, flowers and florescence and in
traces in roots, rhizomes, stems and barks of different plants [54-
56].

Chemically, BCP is known as (trans-(1R,9S)-8-Methylene-
4,11,11-trimethylbicyclo (7.2.0) undecene and also recognized by
several other synonyms such as caryophyllene, trans-caryophyllene,
(-)-trans-caryophyllene, B-(E)-caryophyllene and L-caryophyllene
(Fig. 1). Optically, B-Caryophyllene and iso-caryophyllene are
trans- and cis- double isomers respectively, while a-humulene is a
ring-opened isomer. In plants, the BCP is generally found in their
essential oils as a mixture with iso-caryophyllene or o-humulene
[57].

The physicochemical properties of BCP and its accession num-
ber with different regulatory and indexing authorities are presented
in Table 2. Naturally, BCP present in plants as a mixture of two
pharmacologically-active isomers E-BCP and Z-BCP, together with
substantially inactive sesquiterpenes such as alpha-humulene and
derivatives such as BCP oxide. Though, natural sources include a
greater proportion of E-BCP than Z-BCP [6].

BCP in different forms in foods and cosmetics is being used
since 1930, however the first total synthesis was carried out by
Corey and colleagues in 1964 [10]. The naturally occurring terpe-
nes in plants produced as secondary metabolites were synthesized
by the participation of several enzymes such as terpene synthases
(TPSs) which accept the ubiquitous prenyl diphosphates geranyl
diphosphate, farnesyl diphosphate and geranylgeranyl diphosphate
as substrates for synthesis. These were further converted into the
different varieties of mono-, sesqui- and diterpene skeletons, re-
spectively [58]. The pathways for the synthesis of terpenes were
studied extensively and manipulated in order to enhance the synthe-
sis of desired compound for commercial production to meet the
demand and supply. Likewise, the spatiotemporal regulation of
biosynthesis of sesquiterpene especially BCP in Arabidopsis
thaliana during flowering stage was showed by modulating expres-
sion of the sesquiterpene synthase gene TPS21 regulated by mi-
croRNA156 (miR156)-targeted squamosa promoter binding pro-
tein-like transcription factor. Manipulating the sesquiterpene syn-
thase gene signifies the link between developmental timing and
sesquiterpene production and demonstrates the potential strategies
to engineer plants for accelerated growth with enhanced production
of terpenoids [59].

In order to enhance the production of BCP and its derivatives,
several genetic manipulations were shown promising in the medici-
nal plants containing BCP as one of the major components [60,61].
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Table 2.

The physicochemical properties of f-Caryophyllene.

Chemical name

p-Caryophyllene

Synonyms (E)-beta-caryophyllene,
Caryophyllene,
trans-Caryophyllene,
isocaryophyllene,
L-Caryophyllene
PubChem CID 5281515
InChl Key NPNUFJAVOOONIJE-
FUGXAQUSA-N
CAS Number 87-44-5
Beilstein Number 2044564
MDL MFCD00075925
ECHA EC Number 201-746-1
FDA UNIL BHWS853AU9H
JECFA number 1324
CoE Number 2118
FEMA No 2252

Physical state

Colorless to yellow oily liquid

Solubility Insoluble in water
Odor Woody/terpene odor/cloves/ terpene
Density 0.90 g/mL at 20°C

Boiling point

256-259°C at 760 mmHg

count

Specific gravity 0.899-0.908 at 25°C
Molecular weight 204.35 g/mol
Molecular formula CysHos
XLogP3-AA 4.40
H-Bond Donor 0
H-Bond Acceptor 0
Heavy atom count 15
Formal Charge 0
Rotatable bond count 0
Complexity 293
Isotope atom count 0
Defined atom stereocenter count 2
Undefined atom stereocenter 0
count
Defined bond stereocenter count 1
Undefined bond stereocenter 0

Covalently-bonded unit count




4 Current Pharmaceutical Design, 2016, Vol. 22, No. 21

CHj

HoC

Fig. (1). The chemical structure of B-caryophyllene.

In past few years, several methods such as genetic engineering of
the terpene synthesizing enzymes in particular up-regulation of
terpene synthase 23 (TPS23) and microbial transformation has been
shown beneficial in increasing the yield of BCP in naturally occur-
ring plants and animals [62-64]. The plants are known to produce
volatile organic compounds which play an important role in deter-
mining the quality and nutraceutical properties of fruit and root
crops. The excessive production of these volatiles is required in
order to improve the nutrceutical properties as well as taste and
aroma. Using transcriptome analysis, of genes responsible for syn-
thesis in carrots (Daucus carota L.) has been identified which re-
veal the biotechnological approaches of improved varieties by the
manipulation of sesquiterpene synthesizing genes [65].

3. PHARMACOKINETICS OF BCP

The bioavailability and pharmacokinetics of BCP have been
investigated in animal studies [66,67]. The lipophilicity (octanol-
water partition coefficient) of BCP represented by log P values 6.78
is very high that is indicative of its high penetration across the
blood brain barrier and placental transfer [1,68]. The lipophilicity
and volatility properties of BCP reduce its bioavailability, Liu et al.
[67], for the first time demonstrated the pharmacokinetics and
bioavailability of BCP (50 mg/kg, orally administered single dose)
and BCP in a PB-cyclodextrin (B-CD) inclusion complex in rat
plasma using analytical technique gas chromatography coupled
mass spectrometry with selected ion monitoring mode (GC-
MS/SIM). The formulation containing the inclusion complex of
BCP with B-CD showed enhanced solubility, dissolution rate, sta-
bility and improved bioavailability in rats.

Following oral administration, the peak plasma concentration
(Cmax), time to peak plasma concentration (Tmax), mean residence
time (MRT), area under the curve (AUCy._j» , and AUC,.,) for free
BCP in rat plasma was 0.12 + 0.02 pg/mL, 3.50 + 0.60 h, 4.07 +
0.07 h, 7.69 £ 0.13 h, 1.05 + 0.08 pgh/mL and 1.28 + 0.10 (ugh/
mL). The Cmax, Tmax, MRT, AUCq 5, and AUC, ., for BCP/B-
CD found 0.56 + 0.35 pg/mL, 2.80 + 0.80 h, 3.25 + 0.65 h, 5.63
0.93 h, 2.72 £ 1.22 pgh/mL and 2.96 + 1.16 pgh/mL [67]. The
BCP/B-CD complex formulation exhibited shorter Tmax and higher
Cmax. Also, an increase in the AUC, 5, approximately 2.6 times
was found than those of only BCP in the plasma. The in vitro disso-
lution study showed that BCP was quickly released from the formu-
lation [67]. Administration of a single oral dose of BCP is reported
to show Tmax greater than 1 h [11]. The favorable bioavailability
of BCP in the inclusion complex could be considered a significant
success in the direction of its pharmaceutical development, however
the human studies for determining pharmacokinetics including me-
tabolism and bioavailability of BCP are yet lacking and need to be
investigated for further clinical applications.

4. PHARMACOLOGICAL AND MOLECULAR MECHA-
NISMS OF BCP

The pharmacological targets of BCP are represented in Fig. (2).
Based on its varied properties, BCP could be appropriately consid-
ered as a multifunctional and polypharmacological agent for thera-
peutic development in complex diseases [69]. The therapeutic po-
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tential of BCP in different diseases is depicted in Fig. (3). BCP
found to regulate the expression and release of various pro-
inflammatory cytokines, chemokines, growth factors, transcription
factors, genes, enzymes, adhesion molecules, receptors and heat
shock proteins and apoptosis as well as cell cycle associated pro-
teins [6,13,15, 70,71]. Briefly, BCP has been reported to modulate
numerous molecular targets in different diseases and disorders by
altering gene expression, molecular and cellular signaling pathways
or by direct interaction with the targets to thwart the progression
and development of numerous disease processes as depicted in Fig.
(4). The evidences on pharmacological efficacy and underlying
mechanism from different experimental studies demonstrating the
therapeutic potential of BCP in numerous diseases are represented
in (Table 3).

Table3. The molecular mechanisms of -Caryophyllene.

e Inhibits intracellular Ca**

e Blocks voltage-dependent Ca?* channels

o Inhibits pro-inflammatory cytokines

o Inhibits activation of the toll-like receptors

¢ Inhibits receptor complex CD14/TLR4/MD2

e Activates the mitogen-activated kinases Erk1/2 and p38

e Blocks STATS3 signaling cascade

¢ Enhances phosphorylation of AMP-activated protein kinase
(AMPK)

e Enhances phosphorylation of cAMP responsive element-binding
protein (CREB)

¢ Stimulates SIRT1/PGC-1o-dependent mechanism

e Down-regulates anti-apoptotic genes (Bcl-2, Mdm2, Cox2 and
Cmyb)

e Upregulates pro-apoptotic genes (Bax, Bak1, Caspase-8, Caspase-9
and ATM)

Pharmacologically, BCP has shown to interact and binds to
CB2 receptors [6] and act as a full selective functional agonist in
numerous experimental studies including in vitro, in vivo and in
silico [11]. The majority of experimental studies aimed to investi-
gate the pharmacological mechanism of CB2 receptors agonists,
AMG630 (6-lodopravadoline, CAS 164178-33-0) is used as a phar-
macological challenge to demonstrate the CB2 receptor mediated
mechanistic activity. AM630 is a ligand, which behaves as a potent
and selective inverse agonist or full antagonist on the CB2 receptors
(Ki = 32.1 nM at CB2) with 165x selectivity over CB1 receptors,
where it showed a weak partial agonism. In computational model-
ing, BCP was showed to selectively bind with A9-tetrahydro-
cannabinol binding site in the CB2 receptor. It is also remarkable
for possessing an unusual cyclobutane ring; a rarity in green chem-
istry and a unique scaffold that provides an interacting geometry for
its binding to CB2 receptors [6]. The CB2 receptors are well char-
acterized members of the G-protein coupled receptors usually bind
with G-proteins in the Gi/o family. The activation of the CB2 re-
ceptors causes the numerous intracellular effects which may be of
cell type and ligand specific and involve the inhibition of various
voltage gated Ca2+ channels and adenylate cyclase activity and the
activation of K+ channels, resulting in lower levels of cAMP along
with activation of MAPK pathways [72]. The CB2 receptor coupled
to Gi mediates their cellular effects through inhibition of adenylyl
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Fig. (2). The multiple receptor targets of B-caryophyllene.

cyclase and regulation of transcription factors [72]. The activation
of CB2 receptors represent an important therapeutic target in nu-
merous diseases [6,15,16].

The cyclobutane pharmacophore of BCP was further utilized as
a template for drug discovery and subjected to structural modifica-
tions. The modifications generated a series of new monocyclic am-
ides which retained CB2 receptor agonism property in addition to
its property in order to inhibit fatty acid amide hydrolase (FAAH),
an endocannabinoid degrading enzyme of the endocannabinoid
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system (ECS) that enhances the tone of endocannabinoid signaling.
The generated molecules also elicit the inhibitory properties on
endocannabinoid substrate-specific metabolizing enzyme, cy-
clooxygenase-2 (COX-2) that is an important mediator of inflam-
matory pathways in the metabolism of arachidonic acid for the
generation of prostanglandins [69]. This reveals that the pharma-
cophore of BCP is amenable to sustain the polypharmacological
nature.

BCP has also been found to regulate the nuclear receptors and
transcription factor, peroxisome proliferator-activated receptors
(PPARs) subtype, PPAR-a and PPAR-y. The activation of PPARs
by cannabinoid related molecules elicits numerous advantageous
physiological effects and therapeutic benefits [71,73-75]. The
PPARSs are one of the important members of nuclear receptor super-
family, which function as ligand activated transcription factors and
play a critical role in differentiation and proliferation of cells, or-
ganogenesis as well as inflammation. They also regulate the expres-
sion of hepatic enzymes and participate in glucose homeostasis,
insulin sensitivity as well as lipid metabolism [76]. There are three
distinct isoforms of PPARs namely PPAR-a, PPAR-y and PPAR-3
which show different ligand selectivity and specific distribution in
the tissues. Among these different isoforms, PPAR-a is mainly
expressed in heart, liver, intestine and macrophages and gets acti-
vated by polyunsaturated fatty acids and leukotrienes. Whereas,
PPAR-y is mainly expressed in adipocytes but its transcript has also
been identified in several other tissues, though in low abundance.
PPAR-y plays a vital role in adipocyte differentiation and lipid
accumulation as it is activated by polyunsaturated fatty acids and
15d-prostaglandin J2 [77]. Functionally, the PPAR isoforms are
similar to those of the steroid receptors and are related to multiple
functions started by nutrients, nutraceuticals and phytochemicals.
The ligand-binding to cannabinoid receptors increases the activity
of mitogen-activated protein kinase (MAPK), which further regu-
lates the activation of PPAR via direct phosphorylation. Though,
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Fig. (3). The pharmacological activities and therapeutic potential of B-caryophyllene.
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Fig. (4). The biochemical and molecular targets of b-caryophyllene observed in different in vitro and in vivo studies.

the precise mechanisms about cannabinoid and PPARs interactions
are unknown, but the PPAR activation by cannabinoid ligands ap-
pears partner together to achieve the therapeutic benefits [78]. This
provides a basis by which cannabinoids can regulate gene transcrip-
tion triggered by the dietary interventions. BCP being highly lipo-
philic has an ability to cross the membranes and reach to the nu-
clear receptors, thus possess an ability to modulate both the surface
and nuclear receptors both.

Further, BCP also found to inhibit the pathways triggered by
the initiation of the toll like receptor complex (CD14/TLR4/MD?2)
and abridged the immune-inflammatory processes in numerous
autoimmune diseases [11]. The additional p-opioid receptor activity
[79,80] and potent antagonist activity on homomeric nicotinic ace-
tylcholine receptors (a7-nAChRs) support its potent anti-
inflammatory activity. Interestingly, in a study investigated the
anxiolytic activity of BCP does not elicit serotonergic, GABAergic
and NMDA receptor mediated activities demonstrated by the recep-
tor agonists and antagonists [81].

Numerous studies have demonstrated the in vitro [12,74,82] and
in vivo antioxidant mediated protection of various organs
[15,16,75,83]. BCP exhibited a potent chain breaking antioxidant
and free radical scavenger activity against the highly reactive free
radicals such as hydroxyl and superoxide anions [82,84]. BCP has
also been found to restore the glutathione redox cycle and effec-
tively inhibit lipid peroxidation, an important pathogenic event and
a key culprit in a majority of chronic degenerative and acute organ
injuries. BCP has also been found superior than several standard
antioxidants such vitamin C and E available for clinical use [82].
BCP (32.5%) isolated from essential oil of Teucrium flavum L.
subsp. flavum exhibited free radical scavenging activity and anti-
oxidant potential in DPPH assay [85]. It has also been found to
inhibit 5-lipoxygenase, an important enzyme of arachidonic acid
pathways that actively participates in the generation of inflamma-
tory mediators and institution of inflammation in numerous in-
flammatory diseases [13]. The GST inhibitory and lipoxygenase

inhibitory activity of BCP was further supported by in silico data
[86]. The CB2 receptors mediated antioxidant activities were also
demonstrated and indicated the additional antioxidant potential of
BCP in therapeutic benefits apart from anti-inflammatory activity
[82,87]. An interconnected pharmacological properties of BCP
mediated by antioxidant and anti-inflammatory properties are repre-
sented in Fig. (5).

BCP has been reported to exert strong anti-inflammatory effects
in numerous in vitro and in vivo studies [6,71,79,88,89], which
positively contribute to influence several of its biological and thera-
peutic activities in diseases where low grade and long term inflam-
mation play an important role in etiopathogensis [75,90]. The most
documented beneficial effects of BCP are its capacity to regulate
pro-inflammatory cytokines and chemokines and prevent the devel-
opment and progression of immune-inflammatory disorders medi-
ated by CB2 receptors [6]. Various pharmacological activities such
as chemopreventive [13], nephroprotective [15], hepatoprotective
[16], anticancer [70], ulcerative colitis [71], neuroprotective
[75,87,89] and analgesic [91] which in part involve CB2 receptor
mediated attenuation of inflammation are depicted in Table 4.

Several of the studies demonstrate that the anti-inflammatory
effects of BCP are mediated by the activation of CB2 receptors.
BCP upon binding to CB2 receptors inhibit the enzyme, adenylate
cylcase which leads to intracellular Ca®* transients and further acti-
vates the signaling pathways mediated by Erk1/2 and p38 [11].
Similar to several known CB2 receptor specific ligands, BCP also
inhibits the pathways triggered by the activation of the toll-like
receptor (TLR) complex; CD14/TLR4/MD2, that lead to the ex-
pression of pro-inflammatory cytokines (IL-1B, IL-6, IL-8 and
TNF-o0) and stimulates TH1 mediated immune response mediated
by CB2 receptor mechanism [6, 97]. Furthermore, BCP showed
significant anti-inflammatory effects in various in vivo models such
as xylene-induced mice ear edema [98], lipopolysaccharides (LPS)-
induced inflammation [99] and carrageenan-induced rat paw in-
flammation [6]. The anti-inflammatory activity of several plants
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Fig. (5). Interconnected pharmacological potential of B-caryophyllene.
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Table4. The studies showing CB2 receptors or signaling mediated therapeutic potential of f-Caryophyllene.

Disease Receptors & Signaling Pathway References
Ulcerative colitis CB2 receptors & PPAR-y pathway [71]
Chemogenic pain CB2 receptors & p-opioid receptors [80]

Dyslipidemia CB2 receptors & SIRT1/PGC-1a pathway [92]
Nephrotoxicity CB2 receptors [15]
Inflammation CB2 receptors & Erk1/2 & JNK1/2 pathway [6]
Neuropathic pain CB2 receptors [80]
Rheumatoid arthritis CB2 receptors [6]
Pain CB2 receptors [93]
Alcohol addiction CB2 receptors [94]
Diabetes CB2 receptors [95]
Anxiety / depression CB2 receptors [37]
Cerebral ischemia CB2 receptors [96]

including Copaifera multijuga has been attributed to the presence of
high amount of BCP [56]. The essential oil of Hyptis pectinata
which contain 54.07% of BCP was developed in an inclusion com-
plex with B-cyclodextrin and showed enhanced analgesic and anti-
inflammatory pharmacological effects in formalin-induced pain
protocol in mice [100]. Due to the multimodal anti-inflammatory
mechanisms, BCP appears an important natural agent to treat dis-
eases where immune-inflammatory alterations are the common
accompaniment of the pathogenesis of diseases [6].

Additionally, apart from antioxidant and anti-inflammatory
activities, BCP showed potent immunomodulatory potential by the
inhibition of T-cell immune responses in mouse primary spleno-
cytes [101]. The inhibitory effects of BCP on both, TH1/TH2 cyto-
kines indicate the potential possible benefits of BCP in several
autoimmune diseases mediated by CB2 receptors activation and
subsequent inhibition of toll like receptors [101]. The CB2 recep-
tors are largely found on the cells of immune origin including
spleen and thymus as well as circulating inflammatory cells includ-
ing T- and B-lymphocytes, natural killer cells, monocytes and neu-

trophils which suggests an important possible role of BCP in nu-
merous diseases related to modulation of the immune system [102].
As a consequence, the specific activation of CB2 receptors by BCP
could offer promising therapeutic applications in numerous auto-
immune and immune-inflammatory diseases.

5. THERAPEUTIC POTENTIAL OF BCP

5.1. BCP in Neurodegenerative Diseases

Oxidative and nitrosative stress, mitochondrial dysfunction,
neuroinflammation and subsequent neuronal cell death are the ma-
jor causes of neuroinflammatory and neurodegenerative diseases
[103]. The CB2 receptors have recently been detected in neuronal
cells including astrocytes, microglia and oligodendro glial progeni-
tors, suggesting a potential direct regulation of CB2 receptors in
brain inflammatory cells following cerebral ischemia [104,105].
Since, CB2 receptor expression is enhanced during the activation of
inflammatory cascade, treatment with cannabinoid agents found
effective in reducing the inflammation in the early post-ischemic
phase [106,107]. The neuroprotective effects of BCP were demon-
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strated associated with its capacity to down-regulate oxidative
stress and pro-inflammatory cytokines [96,108]. BCP was shown to
protect neuronal function against damages such as DNA fragmenta-
tion, protein oxidation and mitochondrial peroxidation which lead
to apoptosis [109]. For instance, BCP isolated from Salvia fruticosa
has shown protection against H,O,-induced cellular injury in the
cultured primary astrocytes of brain [110].

In a recent study, BCP was found to inhibit hypoxia-induced
neuroinflammatory processes and cytotoxicity by attenuating gen-
eration of reactive oxygen species (ROS) in mitochondria and acti-
vation of NF-kB in microglia as well as inhibition of the release of
pro-inflammatory cytokines [75]. Likewise, the effects of BCP
were shown abrogated by muting the CB2 receptors using RNA
interference which demonstrates the CB2 receptor mediated effects
[75,89]. Apart from antioxidant and anti-inflammatory effects, ad-
ditionally high lipophilicity of BCP which indicates its ability to
cross blood brain barrier also substantiates its neuroprotective ef-
fects [109]. Some of the common neurodegenerative diseases where
BCP has been reported effective are described in the next para-
graphs.

5.1.1. BCP in Alzheimer’s and Parkinson Diseases

Alzheimer’s disease (AD), a progressive brain disorder involves
extracellular accumulation of the beta-amyloid peptide (AP) as
amyloid deposits in different regions of the brain, especially in the
hippocampus,which interact with various cellular components to
trigger signal transduction cascades generating free radicals, and
initiating inflammatory response, caspase activation and Ca’" de-
regulation in the brain. AD patients have decreased brain levels of
acetylcholine and the inhibition of the acetylcholinesterase (AChE)
enzyme favors the accumulation of acetylcholine. Therefore, the
potential therapeutic agents for AD are focused on the inhibition of
AChE and butyrylcholinesterase (BChE) enzymes inhibitors and
BCP has been reported to possess AChE and BChE inhibitory ac-
tivity and is comparable to standard galantamine [111]. In addition,
B-secretase is a trigger enzyme in amyloid  production in the amy-
loid genic pathway underlying AD. The discovery of a B-secretase
inhibitor would be a promising candidate for prevention of AD. The
curry leaf, black pepper and turmeric showed both B-secretase and
ACHhE inhibitory activities and can be useful in prevention of de-
mentia [112,113]. BCP isolated from the essential oil of Syzygium
aromaticum showed PB-secretase inhibitory activity in addition to
ACHhE inhibition. Considering the B-secretase inhibition activity as
well as AChE inhibition, BCP could be a promising candidate for
AD[113].

Sharon Anavi Goeffer and colleagues patented (US Patent No.
US20150051299 A1), a composition comprising BCP and a phar-
maceutically effective carrier for use in treating schizophrenia in
the mouse model of schizophrenia and psychotic effects in humans
induced by phencyclidine (PCP), an NMDA antagonist [114]. PCP
induces long-lasting schizophrenic-like effects in mice that lasted
into adulthood. BCP treatment reversed the effect of PCP on pre-
pulse inhibition and reduced the level of stress and anxiety follow-
ing the reversal of the action of PCP on locomotor behavior. BCP
also reversed the effects of PCP on rearing and exploration, how-
ever the abrogation of therapeutic effects of BCP such as ambula-
tion and rearing behaviors by AM630 demonstrate CB2 receptor
mediated mechanisms. The study showed that BCP similar to other
CB2 agonists may be useful in treating schizophrenia.

In recent years, for the treatment of AD, ECS in particular acti-
vating CB2 receptors has emerged as a potential therapeutic ap-
proach [115]. Subsequently, in experimental studies, PPAR-y ago-
nists have shown to protect against inflammation, reduce amyloid
plaque burden and reverse the disease-related behavioral impair-
ment in AD [116]. The a7-nAChR antagonism has also showed
therapeutic potential against AD [117]. Nonetheless, King et al.
[118] have recently shown direct coupling between G-proteins and
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nAChRs in neurons that can be reasonably speculated to be associ-
ated with the multiple pharmacological action of BCP. Recently,
Siddique et al. [119] have found that Centella asiatica leaf extract
which contains BCP as a major constituent improved behavioral
abnormalities, reduced oxidative stress and apoptosis in the brains
of drosophila model of Parkinson’s diseases [119]. Considering the
CB2 activation and PPAR-y pathways [113] and o-7 nAChR an-
tagonist properties of BCP, it appears that BCP may be a useful
drug in neurodegenerative diseases; however further studies are yet
to be undertaken.

5.1.2. BCP in Epilepsy

Epilepsy is one of the chronic brain diseases characterized by
frequent seizures, which affects more than 50 million people
worldwide. Since the pharmacotherapy of epilepsy often involves
long term treatment with antiepileptic drugs (AEDs), however still
the drugs are not able to satisfactorily control the seizures and drug-
resistant epilepsy constitutes a real therapeutic challenge in epilepsy
management. The current efforts are aimed to inhibit epileptogene-
sis; a process of transforming a normal brain into an epileptic brain.
Recently, CB signaling mechanisms have revealed that the CB
agonists may modulate the hyperexcitability phenomena by target-
ing CB receptors involving the downstream effectors such as nitrer-
gic dependent cGMP pathway [120].

Recently, BCP have reported to decrease seizure activity, mor-
tality and inhibit lipid peroxidation as well as improve the activity
of antioxidant enzymes [121]. It also significantly reduced cerebral
pro-inflammatory cytokines. The CB2 receptors are known for their
inhibitory activity in neuroinflammation and oxidative stress and
BCP has been shown to exhibit neuroinflammatory cascade, how-
ever the role of CB2 receptor mediated antiepileptic activity of BCP
yet to be determined.

5.1.3. BCP in Cerebral Ischemia

Ischemic injury to the cerebral tissues elicits an intricate bio-
chemical changes that eventually lead to neuronal cell death either
from apoptosis or necrosis [122]. Currently, the attention has been
shifted from CB1 to CB2 receptors which are mostly expressed in
immune cells including brain resident microglial cells as modulat-
ing CB2 receptors do not cause unwanted neuropsychiatric adverse
effects. The CB2 receptors played an important role in modulation
of inflammation (altering production of the pro-inflamatory cytoki-
nes and expression of COX-2) and iNOS expression [122]. The
CB2 receptors have been largely involved in the anti-inflammatory
and iNOS expression modulatory effects of different cannabinoids
[123,124]. Selective CB2 receptor agonists found to diminish the
post-stroke enhancement of leukocyte/endothelial cells interaction,
adhesion molecule expression and disruption of blood-brain barrier
in animal models of middle cerebral artery occlusion and focal
cerebral ischemia [96,122]. They have been shown to regulate post-
injury microglial activation and inflammatory functions by reducing
activation of microglia and down regulating expression of inflam-
matory genes such as IL-6, TNF-o, MCP-1 and MIP-1a [125,126].

The protective effect of BCP in cerebral ischemia has been
studied in the rat cortical neurons/glia mixed cell cultures and in the
rat model [96]. BCP found to lessen neuronal injury and the depo-
larization of mitochondrial membrane instigated by oxygen-glucose
deprivation/re-oxygenation in the cortical cells and improved phos-
phorylation of AMP-activated protein kinase (AMPK) as well as
cAMP responsive element-binding protein (CREB) and expression
of the CREB target gene product, brain-derived neurotrophic factor
(BDNF). In rats following cerebral ischemia, BCP treatment re-
duced the cerebral infarct size and edema and up-regulated the ex-
pression of phosphorylated CREB and BDNF in the neurons. Con-
trariwise, the abrogation of the beneficial effects of BCP by selec-
tive CB2 receptor antagonist, AM630 demonstrates the mediation
of cortical CB2 receptors. Additionally, the attenuation of the neu-
roprotective effects of BCP by selective inhibitors of AMPK and
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CREB clearly demonstrates that the activation of cortical CB2 re-
ceptors by BCP profoundly attenuates cerebral ischemic injury,
potentially through modulation of AMPK/CREB signaling.

In another study, Chang ef a/. [108] demonstrated the protective
properties of BCP in rat model of stroke induced by occlusion of
middle cerebral artery and consequent reperfusion. BCP treatment
reduced infarct size, improved neurologic deficits and attenuated
the pro-inflammatory cytokines. The findings suggest that cortical
CB2 receptors represent a putative therapeutic target for cerebral
ischemia and BCP by activating cortical CB2 receptors appear a
promising agent for neuroprotection in cerebral ischemia.

5.1.4. BCP in Depression and Anxiety

Recent anatomical, functional, genetic and pharmacological
studies indicate that the ECS, particularly CB2 receptors are nota-
bly expressed in several regions of the brain that closely participate
in the regulation of anxiety and depression disorders [127]. For the
first time, Galdino and colleagues [81] demonstrated the antianxiety
property of BCP and the possible underlying mechanisms of action
explicitly by investigating the role of GABAA/BZD or 5-HT1A
receptors using flumazenil, an antagonist of GABAA receptors and
NAN-190, an antagonist of 5-HT1A receptors. The results demon-
strate that the antagonists of GABAA and 5-HT1A receptors were
not able to antagonize the anxiolytic effects. The findings revealed
that the anxiolytic effects of BCP are not mediated by benzodi-
azepine or serotonergic mechanisms and this could be related to its
CB2 receptor activating property [81].

Since, BCP has been shown to possess CB2 receptor activating
property and this property has been showed to confer protection
against different diseases, we have recently investigated the effects
of BCP in experimental models of anxiety and depression in mice
using a battery of tests. The evaluation of anxiety was performed
using open field test, elevated plus maze and marble burying tests
and parameters for the depression were evaluated by using forced
swim test, novelty-suppressed feeding test and tail suspension tests
[128]. BCP treatment found to ameliorate all the studied parameters
of anxiety and depression and demonstrate the anti-compulsive like
effect. The CB2 receptor dependent mechanism was demonstrated
by the pretreatment with AM630, a CB2 selective receptor antago-
nist which abolished the beneficial effects of BCP on anxiety and
depression.

From available studies, BCP appears to possess antidepressant
and anxiolytic activity mediated by its inherent CB2 receptor de-
pendent mechanisms rather involving other receptors such as
GABAergic, NMDA, serotonergic and glutaminergic [81]. The
targeting of CB2 receptors by selective agonists may provide alter-
native therapeutic agents for the pharmacotherapy of mood disor-
ders and offer exciting prospects for the therapeutic potential of
BCP.

5.1.5. BCP in Alcohol Addiction

Alcohol dependence is a grave social, medical and economical
issue due to its concerns of morbidity and mortality throughout the
world. Since the advent of ECS, accruing evidences demonstrate
that the alcohol interacts with the molecular components of ECS
and play a significant and pervasive role in the etiology of alcohol
addiction including the rewarding and reinforcing effects of alco-
hol. The findings suggest that modulation of the CB2 receptors
among the components of ECS could be an important and key
therapeutic target for alcohol dependence as well as drug addiction
[129,130]. Several recent studies using CB2 knock outs and phar-
macological models of alcohol addiction, suggested that brain CB2
receptors play an important role in consumption, dependence, re-
ward and reinforcement of alcohol and the targeting of CB2 recep-
tors could be an important therapeutic strategy [129].

Recently, BCP has been found to decrease alcohol consumption
and preference following two-bottle choice method containing al-
cohol and water in a dose-dependent manner [94]. BCP also inhib-
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ited ethanol-induced conditioned place preference acquisition in
alcohol-induced conditioned place preference and exacerbated du-
ration of the loss of righting-reflex in mice. Additionally, BCP was
found not to affect the total fluid intake and appear advantageous
over other agents used for alcohol addiction.

BCP was found to decrease alcohol consumption and prefer-
ence in a dose-dependent manner [94]. BCP also did not alter taste
evidenced by no difference with intake of graded concentrations of
saccharin or quinine and did not alter body weight during the treat-
ment period. All these beneficial properties make BCP an ideal
agent for its potential indication in alcohol addiction. The abroga-
tion of the beneficial effects of BCP by AM630, a selective CB2
receptor antagonist clearly demonstrates the anti-addictive property
of BCP in alcohol addiction. The findings revealed that CB2 recep-
tors participate in alcohol dependence and sensitivity, therefore
agents activating CB2 receptors like BCP may be a potential agent
of natural origin for the pharmacotherapy of alcohol addiction and
dependence [94].

5.2. BCP in Pain and Inflammation

Inflammation is a complex biological response that occurs
when the body is exposed to infective agents or to physical or
chemical changes [131,132]. Several essential oils or essential oils
containing sesquiterpenes which are used in aromatherapy are be-
lieved to exert beneficial effects due to their anti-inflammatory
activity [132]. The efficacy of BCP alone and essential oils contain-
ing BCP as a major active constituent has been investigated in nu-
merous experimental studies [131-134]. In the modulation of acute
and chronic pain, the ECS has been shown to play a significant role
and appear an important therapeutic target [133,134]. Both, CB1
and CB2 receptors have been shown to participate in pain and in-
flammation. However, the absence of CNS side effects put forward
CB2 receptor activation seem an attractive target for the treatment
of pain as demonstrated in well-validated models of acute pain,
persistent inflammatory pain, post-operative pain, cancer pain and
neuropathic pain [135-137]. BCP appears effective in nociception,
persistent inflammatory pain, chemogenic pain and neuropathic
pain mediated by CB2 receptor activation [6,79,80,93].

5.2.1. Neuropathic Pain

Neuropathic pain is caused by disease or injury of the nervous
system and includes various chronic conditions that affect up to 8%
of the population including both type-1 and type-2 diabetes and
affect over 90% of the diabetic patients [138]. It involves aberrant
ectopic activity in nociceptive nerves, peripheral and central sensi-
tization, impaired inhibitory modulation, and pathological activa-
tion of microglia [139]. The treatment of neuropathic pain provides
only symptomatic relief and may include non-pharmacological,
pharmacological, and interventional therapies. Most extensive evi-
dence is available for pharmacological treatment and currently rec-
ommended first-line treatments including antidepressants (tricyclic
agents and serotonin-norepinephrine reuptake inhibitors) and anti-
convulsants (gabapentin and pregabalin) and individualized physi-
cal and psychological therapies.

The role of cannabinoids in neuropathic pain is well-explored in
mouse models of chronic pain, including peripheral neuropathy
(chronic constriction nerve injury, CCI), tonic inflammatory pain
(the formalin test) and short and long-term inflammatory pain
(complete Freund's adjuvant, CFA and carrageenan tests) in knock-
out and wild-type mice [138]. Till date, the most promising thera-
peutic action of CB2 receptor agonists is in neuropathic pain [135-
137]. Correspondingly, BCP has shown substantial maximal effi-
cacy in neuropathic pain and found superior over synthetic CB2
ligands and appear beneficial as adjuvant with opioid analgesics
and other drugs [79, 80, 93].

Klauke ef al. [93] showed that BCP reduced inflammatory (late
phase) pain responses in the formalin test in a CB2 receptor -
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dependent manner in a neuropathic pain model. BCP treatment
ameliorated thermal hyperalgesia and mechanical allodynia and
decreased spinal neuro-inflammation. There were no signs of toler-
ance to the anti-hyperalgesic effects of BCP even after chronic
treatment. Paula-Freire et al. [79] showed that BCP treatment sig-
nificantly minimized the pain evaluated in murine models of acute
induced by hot plate test (thermal nociception) and the formalin test
(inflammatory pain) and chronic pain induced by chronic constric-
tion injury of the sciatic nerve induced hyper-nociception was
measured by the hot plate and von Frey tests. Further, the role of
opioid and ECS was demonstrated by the reversal of the nocicep-
tive effect by naloxone and AM630, indicating the participation of
both the opioid and ECS.

The effects of peripheral cannabinoid and opioid systems in the
antinociception produced by intraplantar injection of BCP were
substantiated by Katsuyama ez al. [80] in a mice model of cap-
saicin-induced nociception BCP dose-dependently attenuated cap-
saicin-induced nociceptive response mediated by CB2 receptors and
p-opioid receptors as confirmed by pharmacological challenge stud-
ies. The activation of CB2 receptors by BCP stimulates the release
of B-Endorphin and inhibits proinflammatory cytokines and confers
antinociception. Also, morphine-induced antinociception was in-
creased even by a low dose of BCP which indicated that the use of
BCP as an adjunct to synergistically improve the efficacy and cir-
cumvent the undesirable side effects of opioids by reducing its dose
[801].

Further, in another study the combination of BCP and docosa-
hexaenoic acid (DHA) showed modulation of inflammatory pain
responses in synergistic ways and do not interact with each other
[91]. DHA is found in salmon and seaweed has well-known benefi-
cial activities which enzymatically converted into bioactive auta-
coids, possessing inflammation-resolving properties. The in vitro
acute toxicity of BCP and DHA alone and in combination was de-
termined in mouse immortalized NIH3T3 fibroblasts and human
U373-MG astrocytes (derived from a human astrocytoma line) and
found safe at lower concentrations. The administration of BCP or
BCP plus DHA reduces pain behavior in a model of persistent pain,
the formalin test and did not affect gonadal hormones, testosterone
and estradiol.

Based on the available studies demonstrating the dual targeting
of CB2 receptors and opioid receptors, and synergistic action of
BCP with other agents, the combination appears a promising candi-
date for the treatment of chronic pain due to high potency and com-
parable safety and efficacy along with low adverse effects profiles
[79,80,91].

5.2.2. BCP in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic autoimmune inflamma-
tory disease that causes deformity of the joints and physical disabil-
ity. Current treatment modalities for rheumatoid arthritis either
produce symptomatic relief (NSAIDs) or modify the disease proc-
ess (DMARDs). Though effective, their use is also limited by their
side effects. As a result, the interest in alternative, well-tolerated
anti-inflammatory remedies has re-emerged. Numerous studies
have shown that ECS especially CB2 receptor has an important role
in the pathophysiology of RA [140, 141]. The agents acting on
molecular components of ECS are reported to inhibit synovial in-
flammation, hyperplasia, and cartilage destruction in RA [140-142].

In particular, specific activation of CB2 may relieve RA by
inhibiting not only the production of autoantibodies, pro-
inflammatory cytokines, and MMPs, but also bone erosion, immune
response mediated by T cells and the proliferation of fibroblasts
like synoviocytes [143]. Several selective CB2 receptor agonists
have demonstrated analgesic activity across multiple preclinical
pain models and showed that CB2 receptor activation confer thera-
peutic benefits in arthritis by reducing the pain and modulating the
immune-inflammatory changes [142]. For the first time, Gertsch et
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al. [144] demonstrated the anti-inflammatory effect of BCP in car-
rageenan-induced inflammation mediated by CB2 receptor depend-
ent mechanisms. Numerous studies are available wherein BCP
alone or plant extracts containing BCP have been revealed effective
in treatment of RA [6,97,145,146]. The effects of BCP isolated
from Cordia verbenacea on acute inflammatory responses elicited
by LPS were studied in acute inflammation model in rat paw [99].

In another study, BCP treatment showed effective in reducing
platelet activating factor-, bradykinin- and ovalbumin-induced
mouse and rat carrageenan-induced paw edema. Furthermore, it
reduced the production of TNF-0, PGE2, iNOS and COX-2 expres-
sion and the effects were comparable to the standards drug, dex-
amethasone [146]. BCP showed to effectively reduce the neutrophil
migration and activation of NF-kB induced by LPS in the rat paw.
However, failed to interfere with activation of the MAP kinases,
ERK, p38 and JNK and inhibit LPS-induced NF-kB activation and
neutrophil migration [146].

In osteoarthritis (OA), a recent study has evaluated that BCP
isolated from the essential oil of Eryngium duriaei subsp. jure-
sianum in primary human chondrocyte cultures stimulated with IL-
1B as an in vitro cartilage degradation model that represents the
damage observed in OA [88]. Though, BCP was found inactive in
inhibiting IL-1B-induced NO production. OA is a multifactorial
degenerative joint disease characterized by inflammation and pro-
gressive loss of the articular cartilage, associated with changes in
the subchondral bone and other joint tissues. It is one of the most
frequent chronic diseases and progressive that leads to functional
decline and loss in quality of life, with important health care and
society costs. However, the observation of no efficacies of BCP in
OA was contrary to the therapeutic benefits of BCP in RA in sev-
eral studies. Though, the data was from an in vitro study, however
previous evidences are from animal models of arthritis demonstrate
the anti-inflammatory effects by activating cannabinoid CB2 recep-
tors [6,71,99]. Thus, further studies are needed to translate the
therapeutic effects observed in animal studies.

5.2.3. BCP in Spasmodic Pain

The role of BCP in spasmodic pain mediated by acetylcholine
and histamine has been demonstrated measuring the contractility of
the guinea-pig ileum [147]. BCP isolated from the essential oil of
Plectranthus barbatus (Indian Coleus) inhibited the phasic contrac-
tions evoked by acetylcholine with no effect on histamine- or bar-
ium chloride-induced contractions. The spasmolytic and intestinal
relaxant activity of BCP depends on exchange of Ca’* from internal
stores and found independent of antagonism of receptors for neuro-
transmitters or autacoids [147].

In another study, the effects of BCP isolated from the essential
oil of Pterodon polygalaeflorus were evaluated on ileum smooth
muscle [148]. BCP inhibited the contractions induced by acetylcho-
line and KC1 and relaxed the basal tone of ileum smooth muscle in
a concentration-dependent manner. The effects exerted by BCP
were not unchanged by hexamethonium, L-nitroarginine methyl
ester or indomethacin. Whereas, BCP reduced calcium chloride-
induced contractions in the ileal preparations pretreated with ace-
tycholine under Ca®" free condition and in the presence of verapa-
mil, a calcium channel blocker. In the presence of high KCI and
Ca®' free conditions, BCP decreased the contractions induced by
barium, similar to verapamil. The myorelaxant and antispasmodic
effects of BCP mediated through an intracellular mechanism and
the inhibitory effect on intestinal contractility appear myogenic
[148].

5.3. Local Anesthetic Effect of BCP

The local anesthetic activity of BCP isolated from Syzygium
aromaticum (clove) was demonstrated using conjunctiva reflex test
in rabbits (in vivo) and rat phrenic nerve hemi-diaphragm (in vitro)
[5]. BCP found to dose dependently reduce the contractions in-
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duced electrically in rat phrenic hemi-diaphragm. The authors sug-
gest that BCP hold the local anesthetic activity owing to the distinc-
tive structure and pharmacophore. The structural derivatives and
motifs need to be investigated further for the possible therapeutic
application as a local anesthetic.

5.4. BCP in Ageing and Longevity

Aging is a time dependent devastating process accompanied
with numerous chronic disorders like neurodegenerative, cardiovas-
cular, metabolic diseases and cancer causing a burden to the society
[149]. Pant et al. [150] in a study using the well-established
Caenorhabditis elegans model system elucidated the anti-stress and
longevity promoting action of BCP. It prolonged the lifespan, re-
duced oxidative stress and improved cellular redox homeostasis in
C. elegans. It also modulated feeding behavior, pharyngeal pump-
ing and body size and reduced the intestinal lipofuscin levels. Fur-
ther, using molecular docking the authors predicted the potential
molecular targets of BCP and found its interaction with several
ageing related genes such as SKN-1, SIR-2.1 and DAF-16 [150].

The docking was further supported by in vivo studies which
showed increased lifespan of mev-1 and daf-16 employing the mu-
tants and transgenic strains revealing underlying genetic basis of
mechanism. BCP found to regulate several genes involved in the
antioxidant defense and oxidative stress, xenobiotic detoxification,
ageing and longevity. The studies demonstrate that BCP is a prom-
ising agent for ageing and longevity and potential as an epigenetic
modifier by regulating multiple signaling pathways.

5.5. BCP in Gastrointestinal Disorders

Inflammatory bowel disease (IBD) is an incurable disease
which affects millions of people in industrialized countries. Anec-
dotal and scientific evidence suggests that Cannabis use may have a
positive impact on IBD patients [151]. The activation of cannabi-
noid receptors by endocannabinoids impacts on a number of gastro-
intestinal functions including IBD [152]. There are several reports
on the protective effect of CB2 receptors agonists in gastrointestinal
tract [153,154]. Likewise, the role of BCP in gastrointestinal disor-
ders such as abdominal pain, IBD and peptic ulcer has been evalu-
ated in the in vitro and in vivo animal models.

5.5.1. BCP in Ulcerative Colitis

In gastrointestinal disorders, IBD is a group of chronic disor-
ders comprising Crohn's disease (CD) and ulcerative colitis (UC).
Their etiologies are not well-understood but they are characterized
by an imbalanced production of pro-inflammatory mediators, en-
zymes and the formation of ROS as well as increased recruitment of
leukocytes to the site of inflammation. IBD is a chronic intestinal
inflammation caused by hyper activated effector immune cells that
produce pro-inflammatory cytokines [155]. Recent studies have
shown that the CB2 receptor plays a critical role in mediating pro-
tection against intestinal inflammation and CB2 receptor agonists
may serve as a therapeutic modality against IBD [153,154].

The role of CB2 receptors in well-known innate immunity has
shown expressed in immune cells, such as macrophages, CD4+, and
CD8+ T cells, monocyte and polymorphonuclear neutrophils, in-
volved in the IBD [154]. The effects of BCP were evaluated in
dextran sulfate sodium and oxazolone-induced mice models of
ulcerative colitis [156]. BCP treatment has been found to suppress
the shortening of colon length, and offset the loss of body weight
and dose dependently improved disease activity index and healthy
appearance and recovered weight loss. Further, BCP caused signifi-
cant reduction in the colonic macro- and microscopic damage, mye-
loperoxidase and N-acetyl glucosaminidase activities and levels and
mRNA expression of colonic TNF-a, IL-1p, IFN-y and keratino-
cyte-derived chemokine [71]. BCP showed reduction in inflamma-
tion by modulating signaling pathway and inhibiting activation of
extracellular signal-regulated kinase 1/2, NF-xB, IkB-kinase o/,
cAMP response element binding and the expression of caspase-3

Current Pharmaceutical Design, 2016, Vol. 22, No. 21 11

and Ki-67. Moreover, BCP enhanced IL-4 levels and fork head box
P3 mRNA expression in the mouse colon and reduced cytokine
levels (TNF-o, keratinocyte-derived chemokine, and macrophage-
inflammatory protein-2) in a culture of macrophages stimulated
with lipopolysaccharide [71]. BCP has also been shown to activate
the PPAR-y and participate in the anti-inflammatory effects. Pre-
treatment with GW9662, a PPAR-y antagonist GW9662 and
AMG630, a CB2 receptor agonist significantly reversed the protec-
tive effect of BCP and clearly demonstrates the mechanism of pro-
tection [71]. Recently, PPAR-y agonists have shown to effectively
control the inflammatory processes of the gastrointestinal tract and
exert beneficial effects on macroscopic and histopathological fea-
tures of colitis in numerous studies [157, 158]. The CB2 receptor
activation by BCP has shown to trigger the PPAR-y pathway and
improve colitis and suggest BCP as a possible therapy for the
treatment of IBD.

A recent study developed coated tablets of CIN-102 containing
a mixture of trans-cinnamaldehyde, trans-2-methoxycinnam-
aldehyde, cinnamyl acetate, linalool, cineol, benzyl benzoate and
BCP for colitis, in particular for IBD induced in mice by dextran
sodium sulfate [159]. The volatile and lipophilic liquid state of the
formulation was a challenge in delivery of CIN-102, thus pellet
cores were developed in a way to optimize the release of drug only
in the colon to achieve maximum for therapeutic concentration at
the site of action. The coated pellets and mini-tablets showed re-
lease in vitro and appear effective in vivo by lessening load of lu-
minal and mucosal enterobacteria along with improved disease
activity and clinical course of the intestinal inflammation. The effi-
cacy of these newly coated pellets and matrix mini-tablets showed
promise for future development of CIN-102 as a controlled release
synergistic antibacterial preparation for colitis.

5.5.2. BCP in Peptic Ulcer

Gastric or peptic ulcer constitutes major complaint which af-
fects human gastrointestinal tract and presents major global health
problem both in terms of morbidity and mortality. Consumption of
alcohol, pain killers and several other drugs has been identified as a
major risk factor responsible for acute gastric mucosal injury in
humans and presents life-threatening hemorrhages that require im-
mediate medical intervention. The inhibition of gastric acid secre-
tion and enhancing the mucosal defense has been proven to be a
powerful therapeutic approach in the treatment of gastric and duo-
denal ulcer [160].

The gastric cytoprotective effect of BCP was investigated in
rats by Tambe et al. [161] by significantly inhibiting gastric mu-
cosal injuries induced by necrotizing agents, although it failed to
prevent water immersion stress- and indomethacin-induced gastric
lesions [161]. Though, BCP did not affect the secretion of gastric
acid and pepsin but found devoid of gastric mucosal damage a typi-
cal adverse effect of non-steroidal anti-inflammatory drugs. BCP
manifested cytoprotective effects conferred a dual/two-dimensional
efficacy, gastric protectants as well as anti-inflammatory and de-
void of gastric adverse effect.

5.6. BCP in Diabetes

The incidence of type 2 diabetes mellitus (T2DM) increases
dramatically worldwide and has created an enormous health care
burden [2]. Obesity, dyslipidemia and insulin resistance are major
risk factors for the development of TDM but the major factor lead-
ing to the disease is failure of the insulin-producing beta cell mass
to compensate for increasing insulin demands of the body. Insulin
resistance is critical in the development and progression of diabetes
mellitus and its complications. By decreasing oxidative stress and
whereby decreasing insulin resistance, it may be possible to de-
crease complications of diabetes mellitus. Thiazolidinediones
(TZDs) are clinical insulin-sensitizers acting through a canonical
peroxisome proliferator-activated receptor gamma (PPAR-y)-
dependent insulin trans-activation pathway. The PPAR-y agonist,
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such as pioglitazone and rosiglitazone are successfully used for the
treatment of T2DM and insulin resistance despite several chal-
lenges and pitfalls [162].

In several studies, BCP has been shown to up-regulate PPAR-a
and -y and may regulate glucose and lipid metabolism
[16,73,75,92]. PPAR-y also participates into the programmed dif-
ferentiation of adipocytes by enhancing the AMPK activity, a mas-
ter energy sensor which regulates diverse metabolic pathways, in-
creases mitochondrial activity and biogenesis in muscles and is
responsible for the inhibition of adipogenesis [163,164]. The activa-
tion of mouse B-cell CB1 and CB2 receptors has been shown to
decrease cyclic AMP, increase calcium and potentiate glucose-
stimulated insulin secretion stimulate insulin secretion to maintain
glucose homeostasis [165].

Recently, Suijun et al. [95] have investigated the effects of BCP
on glucose stimulated insulin secretion (GSIC) and explored its
underlying mechanisms. Glucose-stimulated insulin secretion plays
an important role in the control of metabolic fuel homeostasis and
its impairment is a key factor for the pathogenesis in T2DM. The
administration of BCP dose dependently improved glucose stimu-
lated insulin secretion in MIN6 cells [95]. Activation of CB2 recep-
tors present in a- and B-cells including MIN6 cells has shown to
modulate glucose stimulated insulin secretions by activation of
small G-proteins e.g., Arf6, Cdc42, and Racl, which play a critical
role in controlling signaling events participate in regulating traffick-
ing of insulin-laden secretory granules to plasma membranes for
docking and fusion.

BCP effects on glucose-stimulated insulin secretion have shown
CB2 receptor dependent as inhibition of CB2 receptors by a spe-
cific inhibitor or specific RNA interference abolished the effects of
BCP. Further, BCP treatment leads activation of small G-proteins
and silencing of G protein, Arf6 abolished the effects of BCP on
glucose stimulated insulin secretion. BCP appears to regulate glu-
cose stimulated insulin secretion in pancreatic B-cells and Arf6 has
been shown to mediate the effects of BCP, a novel mechanism in
glucose homeostasis mediated by CB2 receptors.

Additionally, the antihyperglycemic effects of BCP by modulat-
ing glucose homeostasis in streptozotocin-induced diabetic rats
were demonstrated [166]. Oral administration of BCP decreased
glucose with increased plasma insulin levels and ameliorated the
altered activities of carbohydrate metabolic enzymes to near normal
in liver, kidney and skeletal muscles in a dose dependent manner.
The effects were comparable to standard hypoglycemic drug;
glibenclamide and the insulinotropic effect of BCP were further
supported by immunohistochemical studies.

BCP present in the powdered dried leaves of Eugenia punicifo-
lia found effective for the treatment of type-2 diabetes in a pilot,
non-controlled study recruited fifteen patients who received extract
for 3 months. A significant decrease in glycosylated hemoglobin,
basal insulin, thyroid-stimulating hormone, C-reactive protein, and
both systolic and diastolic blood pressure was translated into thera-
peutic outcome and concluded promising as an adjuvant in the
treatment of type-2 DM [2]. Taken all together, the stimulation of
AMPK and CB2 receptor activation and consequent activation of
PPAR-y lead to the regulation of genes implicated in lipid metabo-
lism and adipocytes differentiation, eventually decreasing adiposity
and insulin resistance. The absence of typical adverse effects of
PPAR-y such as weight gain and edema with BCP is encouraging
because of its further use for the treatment of diabetes and its com-
plications.

5.7. BCP in Hypertriglyceridemia

Hypertriglyceridemia is considered as an independent risk fac-
tor for atherosclerosis and coronary artery disease, the leading
causes of morbidity and mortality worldwide. The defective clear-
ance of plasma triglyceride-rich lipoproteins is considered one of
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the major players in the pathogenesis. The PPAR-a/y agonist activ-
ity has been demonstrated to be one of the mechanisms of BCP
[92,95]. Considering the linkage between CB2 receptors and
PPAR-y and their role in adipogenesis and lipotoxicity, BCP has
been shown to regulate fatty acid oxidation through a signal-
ing/transcriptional mechanism, the PGC-1a pathway [92]. The CB2
and PPARs interaction represents an important therapeutic target
for inflammatory disorders including neurodegenerative and meta-
bolic diseases. BCP-induced activation of CB2 receptor triggers the
activation of PPAR-a signaling exerting several physiological and
therapeutic effects in insulin resistance [73]. The PPAR-a agonist
property of BCP expands its therapeutic spectrum in regulating
hepatic lipid metabolism including triglycerides accumulation, fatty
acid uptake, and oxidation.

Very recently, Wu et al. [73] have shown that BCP induced
hepatic fatty acid uptake and oxidation lipid loaded in HepG2 cells.
BCP treatment also increased the expression of the genes involved
in fatty acid uptake and P-oxidation and suppressed the LXR-
SREBP-1c pathway, which led to an increase in fatty acid uptake,
oxidation and a reduction in intracellular triglyceride concentrations
in hepatic lipid metabolism. BCP induces the expression of PPAR-a
and its target genes in hepatocytes, which induces the catabolism of
fatty acids by increasing the gene expression of the rate-limiting
enzymes involved in fatty acid uptake and fatty acid oxidation,
including fatty acid transport protein 4 (FATP4), acyl-CoA syn-
thetase (ACS), carnitine palmitoyltransferase (CPT1) and acyl-CoA
oxidase (ACOX). The FATP4 is the main protein involved in fatty
acid uptake, which can facilitate the uptake of long chain fatty acids
in the liver. The up-regulation of ACS prevents an efflux of fatty
acids from the cell through esterifying fatty acids to acyl-CoA de-
rivatives. Both, CPT1 and ACOX enzymes are the rate-limiting
enzymes involved in fatty acid target genes of SREBP-1c, fatty acid
synthase (FAS) and stearoyl-CoA desaturase (SCD1). CPT1 is re-
sponsible for the transport of fatty acids into the mitochondria; and
ACOX is responsible for the oxidation of acyl-CoA esters to reduce
fatty acid levels.

Additionally, the activation of PPAR-o by BCP has been shown
to suppress the LXR-SREBP-1c pathway through reducing the
binding of LXR/RXR to LXRE and can regulate the gene expres-
sion of SREBP1c and SCD1, which is required for the synthesis of
triglycerides, cholesterol esters and phospholipids oxidation.
PPARa is primarily expressed in heart, liver, macrophages and
intestines, and is activated by polyunsaturated fatty acids and leu-
kotriene B4. Recently, several studies have demonstrated the acti-
vation/ interaction of PPARs by cannabinoids or related molecules
and several pathways have been suggested to be involved including
a direct binding of cannabinoids to PPARs, or the conversion of
cannabinoids into metabolites that in turn activate PPARs or the
interaction of cannabinoids with cell surface receptors, initiating
intracellular signaling cascades that lead to the activation of PPARs
[104,167,168].

The CB2 and PPARs mediated mechanism of BCP offer novel
therapeutic possibilities to treat metabolic diseases and lipid dys-
regulation, altogether. The polypharmacological and multifunc-
tional properties make BCP a promising molecule with pleiotropic
effects and numerous therapeutic applications for hypertriglyc-
eridemia, insulin resistance and metabolic syndrome. However,
further direct evidences from systematic studies are required to
demonstrate the therapeutic effects of BCP in metabolic syndrome,
hypercholesterolemia and insulin resistance.

5.8. BCP in Endometriosis and Dysmenorrhea

The herbal treatments are being popularly used for the women's
conditions such as uterine fibroids (benign tumors of uterine
smooth muscle); menorrhagia (excessive uterine bleeding); endo-
metriosis (growth of endometrial tissue outside of the uterus); and
hot flashes (sudden brief sensations of heat commonly experienced
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during menopause) [169]. Among them, endometriosis is a com-
mon mysterious and fascinating gynecological condition with di-
verse clinical manifestations, highly variable and unpredictable
clinical course with decreased quality of life. Endometriosis is be-
ing recognized as a condition in which ectopic endometrial cells
exhibit abnormal proliferative and apoptotic regulation in response
to appropriate stimuli [170]. Diverse signaling pathways have been
studied in endometriosis that correlates with the abnormal prolifera-
tion or growth of the endometrial cells.

The ECS is indeed involved in the regulation of these pathways
and cannabinoids are endowed with antiproliferative and antifi-
brotic properties, in addition to their psychogenic and analgesic
effects [171,172]. The role of cannabinoids mediated by CB1 and
CB2 receptors which are expressed in epithelial and stromal cells
derived from the endometrium and by deep-infiltrating endometri-
osis nodules in the proliferation of endometriosis cells has been
demonstrated. Simultaneously, experimental evidence is accumulat-
ing to suggest that medicinal botanicals have anti-inflammatory and
pain-alleviating properties and hold promise for the treatment of
endometriosis [173].

The anti-inflammatory and analgesic activity of BCP has been
well studied in several pain and inflammation models. The selective
cannabinoid receptor agonists, such as WIN 55212-2, appear to
have a favorable action in limiting cell proliferation and in control-
ling pain symptoms in deep infiltrating endometriosis which is
characterized by chronic pain, hyperproliferation of endometriotic
cells and fibrosis [174]. Conversely, endometrial cell migration
tends to be stimulated by the cannabinoid agonists, A’-
Tetrahydrocannabinol (A’-THC) and N-arachidonyl glycine which
are full agonists at GPR18 receptors [175, 176]. Abbas et al. in
2013 [177] showed the effect of BCP on endometriosis and fertility
by suppressing the growth of endometriotic implants by 52.5% in
adult female rats. It also induced apoptosis in luminal epithelium of
the cyst and endothelial cells of blood vessels. BCP-treated rat cysts
revealed the presence of active mast cells and eosinophils in ultra-
structural studies.

Recently, another study in humans has indicated the BCP rich
blended essential oil consists of Lavandula officinalis (lavender),
Salvia sclarea (clary sage) and Origanum majorana (marjoram) in
a 2: 1: 1 ratio, diluted in cream at 3% concentration applied topi-
cally on their lower abdomen from the end of the last menstruation
continuing to the beginning of the next menstruation in the patients
of the dysmenorrhea [178]. Dysmenorrhea refers to the occurrence
of painful menstrual cramps of uterine origin and is a common gy-
necological condition with considerable morbidity. The formulation
showed relief in primary dysmenorrhea and reduced the duration of
menstrual pain. Considering the pain relieving and anti-
inflammatory property BCP could be beneficial in the management
of primary dysmenorrhea.

Additionally, it appears safer over non-steroidal anti-
inflammatory drugs which are commonly used in dysmenorrhea.
The behavioral approach for the treatment of dysmenorrhea may
include both physical and cognitive procedures and focus on both
physical and psychological coping strategies for dysmenorrhea
symptoms rather than modification of any underlying organic pa-
thology. Based on the positive findings, BCP represents a promis-
ing novel and non-toxic therapeutic option for patients with endo-
metriosis. However, the CB2 mediated therapeutic effect and
mechanism yet to be investigated.

5.9. BCP in Cancer

The sesquiterpene compounds represent a large and diverse
group of biologically active plant compounds that possess anti-
inflammatory [108] and chemopreventive and antitumor activity
[179-181]. The antitumor activity related to cell-cycle arrest, differ-
entiation, apoptosis induction through the intrinsic pathway, and
sensitization of the extrinsic pathway. In numerous studies involv-
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ing cell line and cell line transplanted-induced tumors, BCP has
shown chemopreventive and anticancer activity by thwarting the
regression of tumors alone or in combination with conventional
chemotherapeutics [13,182-186].

BCP isolated from several medicinal plants have shown signifi-
cant chemopreventive and anticancer activity [70,187]. The efficacy
and mechanism of plants showing anticancer activity attributed to
BCP are represented in Table 5. The anticancer mechanism of ac-
tion of BCP is complex as it targets multiple factors in many cancer
cell lines and cell line implanted tumor models of different types of
cancer. These pathways include cell cycle progression, prolifera-
tion, apoptosis, angiogenesis, migration, invasion and metastasis of
tumor in cancer models. Moreover, it inhibits oxidative damage of
cellular components and inflammatory responses. BCP also modu-
lates proteins, which is involved in metabolism processes [180-
186]. A schematic representation of the mechanism of chemopre-
ventive and anticancer activity of BCP is presented in Fig. (6).

Recently, Jung ef al. [70] have demonstrated that BCP inhibits
high-fat diet-induced melanoma progression in rats. The authors
showed that feeding HFD stimulate solid tumor growth and lymph
node (LN) metastasis in C57BL/6N mice injected with B16F10
melanoma cells. HFD feeding increased body weight gain, fasting
blood glucose levels, solid tumor growth, LN metastasis, tumor cell
proliferation, angiogenesis, and lymphangiogenesis, it decreased
apoptotic cells, all of which were suppressed by dietary BCP. HFD
feeding increased the number of lipid vacuoles and F4/80+ macro-
phage in tumor tissues and adipose tissues surrounding the LN,
which was suppressed by BCP. HFD feeding increased the levels of
CCL19 and CCL21 in the LN and the expression of CCR7 in the
tumor; these changes were blocked by dietary BCP. In vitro culture
results revealed that BCP inhibited lipid accumulation in 3T3-L1
preadipocytes; monocyte migration and MCP-1 secretion by
B16F10s, adipocytes, and M2-M®s; angiogenesis and lymph angi-
ogenesis. The suppression of adipocyte and M2-cell accumulation
and the inhibition of CCL19/21-CCR7 axis may be a part of
mechanisms for the BCP suppression of HFD-stimulated melanoma
progression. Costa et al. [187] reported that BCP isolated from
Zornia brasiliensis, a popular folk medicine in Brazil exhibits cyto-
toxicity and inhibits proliferation against tumor cell lines from dif-
ferent histotypes using the Alamar blue assay.

Recently, BCP has isolated from Aegle marmelos, plant popu-
larly known as Indian Bael showed anticancer properties in in vitro
cell models; Jurkat and human neuroblastoma (IMR-32) cells. BCP
caused down-regulation of anti-apoptotic genes (bcl-2, mdm?2, cox2
and cmyb) and up-regulation of pro-apoptotic genes (bax, bakl,
caspase-8, caspase-9 and ATM) in Jurkat and IMR-32 cells and
revealed downstream apoptotic mechanism [13]. Further, docking
(in silico) showed binding affinity of BCP to 15-lipoxygenase (15-
LOX), which play an important role in the metabolism of arachi-
donic acid and represent an upstream target in attenuating inflam-
mation [13]. The induction of apoptosis in lymphoma and neuro-
blastoma cells via modulation of 15-LOX implicates its role in the
p53 mediate apoptosis of cell lines.

BCP isolated from clove has shown to cause induction of the
detoxifying enzyme, GST in the mouse liver and small intestine
[188]. This detoxifying property of BCP has been correlated with
its anticarcinogenic potential [188]. Furthermore, the anticancer
potential of BCP has been demonstrated against several solid tumor
cell lines including breast cancer (MCF-7), prostate cancer (PC-3),
lung cancer (A549), colorectal cancer (DLD-1), melanoma
(M4BEU) and colon cancer (CT-26) [189]. Legault et al. [179]
reported 10-fold augmenting effect of BCP on anticancer activity of
paclitaxel against human tumor cell lines and found that even in
low concentration inhibited cell growth. Several other studies dur-
ing the recent past have provided ample evidences of anticancer and
chemopreventive properties of BCP with different cell lines and
models and the pharmacological actions described earlier
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TableS5. The cytotoxic and anticancer activities of f-Caryophyllene (BCP) in the in vitro and in vivo models of cancer.
Plant containing BCP Cytotoxic, antiproliferative/antitumor activity and mechanisms References
Abies balsame Breast (MCF-7), prostate (PC-3), lung (A549), colorectal (DLD-1), melanoma (M4BEU) and colon [179]
cancer (CT-26) cells
Eugenia caryophyllata Anticarcinogenic activity by improving GST [188]
Heterotheca inuloides Several solid tumor cell lines [189]
Platycladus orientalis Amelanotic melanoma (C32) and renal cell adenocarcinoma cells [190]
Prangosas perula
Cupressus sempervirens
Murraya koneigii Modulates P-glycoprotein transport in Caco-2 (human colon carcinoma) cells [183]
Didymocarpus tomentosa HeLa tumor cells [185]
Commiphora gileadensis Antiproliferative activity in tumor cells and devoid of activity on normal cells [180]
Salvia jamensis Human leukemia cell lines (U937) [191]
Aegle marmelos Lymphoma (Jurkat) and human neuroblastoma (IMR-32) carcinoma cells [13]
Neolitsea variabillima Human oral, liver, lung, colon, melanoma, and leukemic cancer cells [192]
Guatteriapo gonopus Human ovarian adenocarcinoma (OVCAR-8), human metastatic prostate cancer (PC-3M), human [186]
Martius bronchoalveolar lung carcinoma (NCI-H358M) and antitumor activity in mice bearing sarcoma 180
tumor
Magnoliophyta Human erythro leukemic cells (K562) [193]
Heterotheca inuloides Several solid tumor cell lines [189]
Siegesbeckia orientalis Lung cancer (A549), hepatoma (Hep G2), pharynx squamous (FaDu), breast (MDA-MB-231), prostate [194]
(LNCaP) and endometrial cancer (RL95-2) cells
Tagetes minuta Nasopharyngeal (KB) and hepatocellular carcinoma (HepG2) cells [195]
Ocimum basilicum
Piper cernuum Vell. B16F10-Nex2, U87, HeLa, HL-60, HCT and A2058 cells [196]
Zornia brasiliensis Tumor cell lines and B16-F10 mouse melanoma [187]

[4,13,180-186]. Further mechanistic studies are needed to under-
stand the molecular interaction and potential of BCP with dysregu-
lated pathways associated with inflammation and cancer.

Chemotherapeutic agents which are used in the treatment of
cancer exert dose-dependent severe multi organ toxicities and re-
quire the organ-protective adjuvants. Several of the drugs such as
amifostine, dexerazoxon, leucovorin and erythropoietin are being
used as organ protective adjuvants with chemotherapeutic agents.
Numerous studies suggest the use of dietary antioxidants including
natural bioactive agents as dietary adjuvants. In such efforts, BCP
was investigated in in vivo animal models of cancer chemotherapy
associated organ toxicities and showed to provide renoprotective
effects against cisplatin-induced nephrotoxicity, doxorubicin-
induced cardiotoxicity and leukopenia, a hematologic disorder as-
sociated with chemotherapy. Following leukopenia in cancer pa-
tients the occurrence of secondary infection are common and affect
the chemotherapy and causing numerous complications. BCP iso-
lated from resinous oil extracted from the copaiba was demon-
strated against secondary leukopenia, in an experimental chemo-
therapy model induced by S-fluorouracil (5-FU) in Wistar rats
[197].

Based on the findings of organ protective effects against che-
motherapy associated organ toxicity, BCP appear an ideal, cost-

effective, safe adjuvant to cancer chemotherapy. It could protect
normal body cells from cytotoxic actions and may sensitize the
cancer cell to chemotherapeutic agent [15, 197]. Further, it may be
a natural alternative to the synthetic agent to be better adjuvants to
cancer therapy.

5.10. BCP in Atherosclerosis

Atherosclerosis is a vascular disorder involving inflammation, a
narrowed vascular lumen in the entire tunica intima and reduced
elasticity of the arterial wall. Cannabinoids are considered as key
mediators in the pathophysiology of inflammatory diseases, includ-
ing atherosclerosis [198]. Although only preliminary data have been
reported on the activities of novel cannabinoid receptors, several
studies have already investigated the role of CB1 and CB2 recep-
tors in ischemic stroke [199]. While CB1 receptor activation has
been shown to directly reduce atherosclerotic plaque inflammation,
controversial data have shown neurotransmission and neuroprotec-
tion after stroke.

Given the potent anti-inflammatory activities on circulating
leukocytes, the CB2 activation has been proven to produce protec-
tive effects against acute post-stroke inflammation [200]. In an in
vitro study representing model of atherosclerosis, wherein HSP60
produced from Chlamydia pneumonia, mimics like human HSP60
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Fig. (6). The anticancer mechanism of B-caryophyllene in different cancer cell lines and animal studies.

and induces vascular smooth muscle cells (VSMCs) growth and
proliferation, a pathogenic process of atherosclerosis by attacking
on immune and endothelial cells [201]. In this study, BCP has been
shown to significantly inhibit HSP60-induced cell proliferation of
VSMC even at low concentration [201]. The authors suggested that
cyclic ring of BCP was considered responsible pharmacophore and
favorable for interactions with receptors involved in the HSP60-
induced VSMCs proliferation. However, further in vitro as well as
in vivo studies are needed in order to translate therapeutic benefits
and understand the CB2 mediated mechanism.

5.11. BCP in Respiratory Diseases

Natural remedies for the treatment of respiratory disorders are
common practice in many parts of the world. A large number of
people depend on the indigenous plant resources to treat various
respiratory diseases like lungs disorders, asthma, bronchitis, com-
mon cold, cough and whooping cough [202]. A number of plants
with medicinal importance are used to treat respiratory disorders in
the area from generations to generations especially by rural popula-
tion and forest ethnic communities [203]. Several plant extracts
consisting BCP have shown beneficial in respiratory diseases in-
cluding respiratory infections due to antiviral, antibacterial and
spasmolytic activity [204,205].

The potential spasmolytic effect of BCP has shown on rat tra-
cheal smooth muscle using the whole-cell voltage-clamp configura-
tion of the patch-clamp technique measuring responses to K depo-
larization and exposure to acetylcholine, respectively [206]. BCP
showed potent blockade of electromechanical excitation-contraction
coupling with minor inhibitory effect on pharmaco-mechanical
coupling. Pre-exposure to BCP did not reduce ACh-induced con-
traction in isolated rat tracheal smooth muscle, regardless of the
presence of intact epithelium. Inhibition of the inward Ba** current
by BCP showed that the antispasmodic activity on rat tracheal
smooth muscle is mediated by the blockade of voltage-dependent
Ca?* channels and it could be a potential agent as spasmolytic in
chronic inflammatory respiratory diseases. However, in the in vivo
study in mice model of airways allergic inflammation, BCP did not

exhibit preventive or therapeutic benefits as determined by leuko-
cyte recruitment, pro-inflammatory cytokines and leukotriene levels
in broncho-alveolar lavage fluid [207].

The medication popularly used to counteract cough is largely
based on herbs or herb derived compounds. In context to another
usage of BCP in respiratory diseases, a preliminary study has
shown the antitussive and de-sputum effects of BCP in mice [208].
BCP alcohol is being used in preparing codeine as a medicament
for relieving cough and/or dispersing phlegm with evident effects
and apparent concentration-effect relationship.

5.12. BCP in Renal Diseases

Nephrotoxicity is one of the most important complications of
cisplatin, a potent chemotherapeutic agent used for the treatment of
various malignancies. There are intensive efforts to find out the
effective less toxic alternatives or the adjuvant which could be pre-
scribed with cisplatin to counter the nephrotoxicity involving oxida-
tive stress and inflammation [209]. Cisplatin is known to cause dose
dependent renal toxicity following chemotherapy and this animal
model system is employed popularly to investigate the renoprotec-
tives which may offer renal protection during chemotherapy. Addi-
tionally, the renal injury an invariable consequence of ischemia-
reperfusion injury has been associated with alterations in renal
functions and involves oxidative stress and inflammation. These
alterations in renal functions are induced by both the ischemic in-
sult and the release of oxygen-derived free radicals associated with
the reperfusion process.

Recently, BCP has been showed to nephroprotection against
renal toxicity induced by cisplatin, a pharmacological model of
renal injury and results were further confirmed in genetically CB2
ablated mice model of renal toxicity to demonstrate CB2 receptor
dependent mechanism [15]. BCP has been also showed to protect
against renal toxicity in pharmacological model of renal toxicity
and showed CB2 dependent mechanism in pharmacological as well
as genetically CB2 ablated mice [15]. BCP dose-dependently ame-
liorated cisplatin-induced renal dysfunction, morphological dam-
age, and inflammatory mediators (chemokines; MCP-1 and MIP-2,
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cytokines; TNF-a and IL-1B, adhesion molecule; ICAM-1, and
neutrophil and macrophage infiltration) in kidneys. BCP treatment
also mitigated oxidative/nitrative stress (NOX-2, -4 expression, 4-
HNE and 3-NT content) and cell death. The absence of biochemical
and histological markers of nephropathy in CB2 knockout mice
further confirmed the protective effects of BCP and revealed that it
may have potential as an adjunct to protect kidney against cisplatin-
induced renal injury. BCP treatment conferred renoprotection by
mitigating oxidative/nitrosative stress, neutrophils and macrophage
infiltration and apoptotic cell death.

In our laboratory, we evaluated the effect of BCP on glomerular
and tubular renal functions following renal ischemia-reperfusion
injury. BCP was tested for its effect on renal functional parameters
and found to reduce proinflammatory cytokines, reduce lipid per-
oxidation and improve the antioxidant enzymes. Improved renal
function along with preserved histological changes significantly
demonstrates ameliorated ischemia-induced alterations in kidneys.

5.13. BCP in Liver Diseases

The liver diseases continue to be among the main threats to
public health and they remain problems throughout the world. De-
spite enormous advances in modern medicine, there are no com-
pletely effective drugs that stimulate hepatic function, offer com-
plete protection of the organ or help to regenerate hepatic cells. The
advancement of medical science and technology is still unable to
provide inclusive treatment to liver inflammation caused by either
microbial invasion or antibiotics or environmental toxins [210].
Subsequently, because of the adverse effects of drug treatment,
people start looking for comprehensive alternative nowadays.
Herbal medicine is believed to be the best of choice because it is
being practiced until now for centuries. Numerous herbal plants
have been reported for their efficacies in liver protection and many
phytochemicals derived from herbs were found promising as phar-
maceutical alternatives for the treatment of liver diseases [211].
Several studies have evaluated the hepatoprotective activity of BCP
in rat liver homogenates and in vivo [16, 68]. In the endogenous and
induced tert-butyl hydroperoxide assays showed that BCP inhibits
lipid peroxidation evidenced by reduced MDA formation mediated
by free scavenger ability in relation to hydroxyl and superoxide
anion radicals [82].

In another study, the protective effect of BCP on carbon tetra-
chloride-induced liver fibrosis and its inhibitory capacity on hepatic
stellate cell (HSC) activation has been demonstrated [16]. BCP has
been reported to reduce liver fibrosis and improve liver histology
and reduce the expression of collagen-1, transforming growth factor
beta 1 and tissue inhibitor matrix metalloproteinase-1 genes in-
volved in tissue remodeling during tissue fibrosis and antioxidant
effects. BCP also improved cell viability and reduced the expres-
sion of fibrotic marker genes in hepatic stellate cells activation
model, wherein induction of oxidative stress leads overproduction
of extracellular matrix proteins. BCP reducing MDA formation in
both assays has been reported to have antioxidant activity, which
explains its role as a potential hepatoprotective agent. The free radi-
cal scavenger activity in particular attenuation of hydroxyl and
superoxide anion radicals and inhibition of the enzymes xanthine
oxidase and 5-LOX, which are involved in the initiation of the lipid
peroxidation, has been shown to contribute to the hepatoprotective
activity of BCP [16].

Recently, the protective effects of BCP have been reconfirmed
in a clinically relevant model of liver fibrosis induced by surgical
ligation of the common bile duct [212]. In addition, it also amelio-
rated cholestasis-induced fibrosis and apoptosis mediated by can-
nabinoid receptors. Interestingly, BCP also diminished liver injury
markers; serum ALT activity, serum AST, bilirubin levels, liver
index CB1 and MMP-1 genes expression mediated via CB2 recep-
tor activation. BCP activates CB2 receptor in HSCs and exerts anti-
fibrotic effects [16]. Activation of CB2 receptor in Kupffer, endo-
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thelial and inflammatory cells attenuates inflammation and reactive
oxygen and nitrogen species generation [213, 214]. It increased the
number of Bcl2 positive hepatocytes and up-regulated MMP-1 gene
expression. This may be responsible for the observed reduction of
collagen deposition and hydroxyproline content in liver tissues.

Apart from, liver fibrosis, BCP isolated from Agastache rugosa,
a medicinal plant popularly used in Korean folk medicine showed
hepatoprotective against liver failure induced by d-galactosamine
(GalN) and LPS in mice [215]. BCP injected intraperitoneally
found to ameliorate rise in serum aminotransferase activity and IL-6
and TNF-a reduce mortality. Also, BCP has been found to reduce
expression of TLR4 and receptor for advanced glycation end prod-
ucts (RAGE) protein expression, extracellular signal-related kinase,
p38 and c-Jun N-terminal kinase phosphorylation, NF-kB, early
growth response protein-1, and macrophage inflammatory protein-2
protein expression and level of high-mobility group box protein B1
(HMGB1). The HMGBI is secreted from activated immune cells or
passively released from injured cells. Excessive HMGBI1 secre-
tion/release adversely contributes to the pathogenesis of infection-
and injury-elicited inflammatory diseases. The HMGBI1 further
activates immune cells to produce cytokines/chemokines through
TLR4 or other receptors such as RAGE and TLR4 and can function
either as a chemokine to stimulate leukocyte migration or as a cyto-
kine to activate macrophages and endothelial cells to produce more
cytokines, chemokines and adhesion molecules [216]. The mecha-
nisms were further supported by similar observations in isolated
Kupfter cells treated with LPS. BCP appears promising for hepato-
protection mediating down-regulation of the TLR4 and RAGE sig-
naling.

In addition to the antioxidant [16] and anti-inflammatory activ-
ity [6], the high lipophilicity of BCP has been believed to facilitate
the membrane stabilization and penetration across the cell mem-
brane and explained its protective activity against lipid peroxida-
tion. Based on the findings, the hepatoprotective effects of BCP
were mediated solely via CB2 activation or by additional mecha-
nisms like antioxidant or anti-inflammatory effects. The studies
indicate that the selective pharmacological activation of the CB2
receptor is effective in attenuating hepatic fibrosis in liver disease.

5.14. BCP in Hyperpigmentation

Hyperpigmentation is commonly cared with therapeutic drugs
or cosmetics of pigment-reducing or skin-whiten abilities. During
melanogenesis, the process of generating pigmentation via melanin
synthesis and delivery melanin synthesis processes, three key en-
zymes, tyrosinase, tyrosinase-related protein 1 (TRP1) and TRP2
metabolize melanin from L-tyrosine. Melanin synthesizing enzymes
are regulated by microphthalmia-associated transcription factor
(MITF). These two enzymes are responsible for melanin production
and inhibition of them helps to attain a skin-whitening effect [217].
Many herbal medicines in particular flowers and their essential oils
are effective in the treatment of hyperpigmentation [218]. However,
many natural products used in preventive medicine have also been
developed as cosmeceutical ingredients in skin care products with
additional benefits such as antioxidant, cytotoxicity, skin irritation
and anti-melanogenesis mechanisms [219].

Yang et al. [220] evaluated the main chemical components of
the lime mint, which are used for cosmetics and in skin care prod-
ucts and the anti-melanogenic properties of its main component,
BCP in B16F10 murine melanoma cells. The oil as well as BCP
reduced melanin production in a dose-dependent manner by sup-
pressing melanogenesis through the down-regulation of MITF,
TRP-1, TRP-2 and tyrosinase. The benefits of BCP in skin care can
be further compounded by a report of skin permeation and penetra-
tion of BCP and reaching in the stratum corneum, epidermis and
dermis. BCP was used as skin penetration enhancers to promote the
passage of compounds through the skin or cytoplasmic membrane
[179, 221]. Given the benefits of multifunctional properties in
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melanogenesis, inflammation and favorable application, BCP may
be considered to be valuable future potential skin-whitening agents.
Recently, the topically applied CB2 ligands have effectively attenu-
ated contact allergic inflammation and benefit in atopic dermatitis.
However, such data are lacking directly with BCP application and
this could be investigated for the future development of strategies to
harness BCP for the treatment of inflammatory skin diseases.

5.15. BCP in Infections

In recent decades, compounds derived from medicinal plants
appear an important source of antimicrobial drugs and expanding
considerably. The usage of antibiotics and antibacterial therapeutics
is becoming less effective because of resistance to them and the
appearance of adverse effects. Essential oils have been used since
ancient times to treat infections [222]. Although there are numerous
studies reporting the antimicrobial activity of essential oils, very
few studies have focused on the activity of a single molecule. Addi-
tionally, the antimicrobial activities of these naturally occurring oils
garnered attention in recent years, mainly in response to the over-
whelming concern of consumers over the safety of synthetic food
additives. The combinations of different types of essential oils or
with other food additives have been found to potentially exhibit
synergistic or additive effects. This provides a cost-efficient, eco-
nomic and better alternative to both food industry and consumers,
with simultaneous adhering to the hurdle technology in inhibiting
proliferation of foodborne pathogens.

BCP is one of the phytochemicals largely used as a natural
additive and preservatives in food products due to antimicrobial
activity. BCP showed generalized antimicrobial effects against
several microorganisms because of its capacity to interfere with
cellular metabolism. BCP showed antimicrobial potential in several
experimental studies including semi-solid agar susceptibility tech-
niques. BCP showed inhibitory potential against bacterial, virus,
fungi and protozoans [223-228]. In particular, BCP has been re-
ported to possess effective bactericidal properties against oral
pathogens and found effective as a natural anti-bacterial additive to
protect foods from oxidative damages and foodborne pathogens
[223-228]. The antibacterial activity against cariogenic bacteria,
especially Streptococcus mutans were showed by BCP isolated
from the essential oil extracted from the leaves of Plectranthus
neochilus [43]. Recently, black pepper oil containing 30.33 % of
BCP has shown potent antibacterial and antifungal activity and
supported evidence on their use as food preservative by controlling
microorganisms causing food-spoilage [40]. BCP present in
Glechon spathulata and Glechon marifolia essential oil showed
antifungal and antiherpes virus activity in Vero cells [226].

5.16. BCP in Parasitic Infestations

Numerous BCP-enriched plant extracts were also found effec-
tive against parasitic diseases such as malaria [229,230], ascariasis
[86,231] and leishmaniasis [41, 55]. The larvicidal, mosquitocidal
and mosquito repellent activity of BCP has also been reported
[232]. BCP isolated from the aerial parts of Tanacetum argenteum
found to exhibit potent larvicidal and bite deterrent activity against
Aedes aegypti [233]. BCP isolated from the leaves of essential oil
of Commiphora leptophloeos, a tree native to South America as
well the oil found to exhibit potent concentration dependent ovi-
position deterrent effects and larvicidal action against A. aegypti, a
vector of hemorrhagic fever dengue [234]. In another study, BCP
isolated from the essential oil of Plectranthus barbatus, a plant of
Ayurvedic importance has been found effective (50% lethal con-
centration (LC50) values) against larvae of the malaria vector
Anopheles subpictus (41.66pg/ml), the dengue vector Aedes al-
bopictus (44.77ug/ml) and the Japanese encephalitis vector Culex
tritaeniorhynchus  (48.17ug/ml) and appears a promising
ecofriendly larvicidal agent [235]. BCP could be an alternative to
synthetic insecticides, repellents and larvicideal agent and may be a
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potential safe and effective natural molecule for combating vector
borne diseases [236-238]. The pinus species, Pinus halepensis and
Pinus pinaster essential oil containing more than 22% BCP showed
to potent larvicidal and repellent properties against Aedes albopic-
tus [238]. Recently, BCP isolated from the essential oil of Salvia
leucantha has shown larvicidal and biting-deterrent activity [236].

Further, BCP has also been found to exhibit in vitro antimalar-
ial activity against the erythrocytic stages of chloroquine-sensitive
strain of Plasmodium falciparum and cytotoxic effect against HeLa
cells [229]. The histopathology findings revealed protection against
nephrotoxicity of kidney, hepatic damage of liver and splenocytes
protection. Additionally, BCP reduced parasitemia in mice by
88.2% against Plasmodium berghei [229]. The improved histopa-
thology of kidney, liver and spleen in mice further demonstrated the
protective property of BCP and suggested that BCP may be a safe
and promising antimalarial compound.

BCP also showed a dose dependent leishmanicidal activity
against intracellular amastigotes [55]. Recently, BCP isolated from
the ethanolic extract of leaves of Piper cernuum has been found to
decrease the parasitism by eradicating macrophages infected with
Leishmania amnazonensis from infected and non-infected cells
[196]. The leishmanicidal activity appeared to be independent of
NO production by macrophages. In another study, BCP found ef-
fective against the strains of Leishmania amazonensis using mice
peritoneal macrophage cells and comparable to pentamidine, a
standard drug used for the treatment of leishmaniasis and ascariasis
[41].

In another study, the nematicidal activity of BCP against
Meloidogyne incognita has been demonstrated by docking to Glu-
tathione S-transferases (GSTs) enzyme and assessing their binding
affinity and inhibitory activity [86]. The GSTs are one of the major
families of detoxifying enzymes, which detoxify different chemical
compounds including insecticides in different insect species. The
GST inhibitory activity could explain the nematocidal mechanism
of BCP. A plethora of data from studies revealed that BCP may be
an effective natural, safer and inexpensive candidate for future de-
velopment in parasitic diseases such as malaria, leishmaniasis and
ascariasis [41]. However, the mechanisms of the BCP anti-
parasiticidal activities are mainly based on in vitro or few in vivo
studies using the whole extract containing a large proportion of
BCP, further research using pure compound is required. Further
studies required to demonstrate efficacy and main mechanisms by
which BCP affect these organisms and may direct the development
of a safe and natural compound for control of parasitic diseases.

5.17. BCP as Insecticide in Pest Management

Chemical and biological treatments are generally used for insect
control. However, in the past years, awareness on the toxicity of
chemical treatments (use of pesticides), pest resurgence and resis-
tance, and environmental pollution has prompted research towards
finding green, safe and non-toxic applications in pest control. Some
essential oils or their constituents have been suggested by many
contributors as a source of alternative fumigants and insect repel-
lents [237].

Plants produce a wide spectrum of volatile terpenoids that may
mediate mutualistic or antagonistic interactions with other organ-
isms numerous volatile, which have many different functions vary-
ing from plant hormones to abiotic stress protectants (e.g. heat pro-
tection) or in biotic stress responses (e.g. attraction of predators of
plant herbivores) [238]. These compounds behave as semiochemi-
cals that mediate the interactions of plants with other plants, ani-
mals and microorganisms and aid in to the plant survival under
biotic and abiotic stresses. The volatiles function as cues for the
attraction of pollinators [239] or as toxins for defense against herbi-
vores [240]. Additionally, these volatiles can be used as signals that
attract natural enemies of herbivores or for plant-plant communica-
tion [241].
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A majority of these plant volatiles are terpenoids comprising
over 40000 different structures [53]. Among them, the role of BCP
in defense against pathogens has also been studied by manipulating
the terpene synthase genes of Arabidopsis thaliana. It has been
shown that BCP released from flowers, reduced infection by a bac-
terial pathogen [62,240]. BCP also acts as chemical messengers
with diverse functions together with other organic compounds of
essential oils [242]. BCP appears as a potential airborne signal,
which participates in plant-plant communication. This occurs when
plants receive volatiles from a damaged plant; the receivers become
more resistant to herbivory [243]. Its presence in floral scents of
plants appears as pollinator attraction [239]. It represents one of the
major components (86%) of the volatile sex pheromones from
Harmonia axyrides, an Asian lady beetle [244]. It also found to
mediate below ground insect-plant interaction [245] and showed to
impart resistance against herbivores [240]. BCP isolated from
Artemisia argyi exhibited potent attracting activity relative to the
standard, DEET. There are several plants known to consist of high
content of BCP exhibiting antiparasitic [55], insect repellents and
fumigants properties [3, 240]. BCP isolated from the essential oil of
buds of Syzygium aromaticum popularly known as clove exhibited
strong contact toxicity against the adults and nymphs of Cacopsylla
chinensis, a pest of pears and appear a natural alternative to the
conventional chemical pesticides [246]. BCP isolated from Hyptis
suaveolens (Lamiaceae), a plant from Laos and Guinea-Bissau tra-
ditionally used as a mosquito repellent showed the tick repellent
properties against nymphs of the tick, Ixodes ricinus. The oxidation
or sulfidation of BCP exhibits enhanced tick repellent activity and
revealed their potential application as tick repellent [247]. BCP
isolated from the essential oil of Etlingera yunnanensis rhizomes
and showed contact and repellent activities against Tribolium cas-
taneum (Herbst) and Liposcelis bostrychophila (Badonnel) and
revealed its potential as insecticide and repellent [248]. BCP ex-
tracted from the essential oil of Pogostemon cablin (Blanco) Ben-
tham leaves showed insecticide and repellent activity against Ger-
man cockroaches [249]. BCP isolated from the essential oil of aerial
parts of Salvia ballotiflora (Lamiaceae) showed insectistatic and
insecticidal activities against the fall armyworm Spodoptera fru-
giperda [250]. The studies revealed that the plants as well as BCP
have potential to be developed into natural insecticides, fumigants
or repellents in controlling insects and fungi in stored grains, natu-
ral products used for complementary medicine and traditional me-
dicinal materials as an alternative to synthetic insecticides for pest
management [251, 252]. These studies reveal the potential of BCP
in integrated pest management program for the protection of crops
as well as medicinal plants from worms and fungus by conferring
resistance or manipulating the behavior and the plant essential oils
containing high amount of BCP can potentially replace synthetic
fungicides in the management of postharvest fruit and vegetable
diseases [251].

6. SAFETY AND TOXICITY OF BCP

Terpenes are an active class of natural compounds and consid-
ered safe and effective. BCP, a bicyclic sesquiterpene is commonly
used in cosmetics, food & fragrances for the past several decades.
The FDA has classified BCP as a flavoring substances and adju-
vants which can be used in food at a minimum quantity either alone
or with flavoring substances. It is designated “generally recognized
as safe” by the USFDA and several other regulatory agencies
worldwide for human consumption [6]. Recently, European Union
(EU) has approved BCP for food preservation and adopted in EU
for food additive legislation. It also showed to be as a biomarker for
quality control and used widely for standardization and quality
control of cosmeceuticals and pharmaceuticals containing medici-
nal plants rich in BCP.

It has been shown that the BCP is a common component of
several thousand plants including vegetable, fruits and spices, thus
the consumption of BCP as flavor, food preservative or additive is
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obviously common through human diet [6, 11, 253]. However, BCP
is not generally consumed as a single entity rather it’s ingested
mostly as a component of diet through vegetables, spices, fruits and
food plants [253]. This is indicative of its time tested safety in hu-
mans and supported by several reports mentioning it a dietary can-
nabinoid of common occurrence. In addition, a cosmetic prepara-
tion of fragrance oil containing BCP found safe on topical use [7].

The safety profile of BCP has been shown by several in vitro
and in vivo studies revealing low toxicity for humans [83, 254-258].
Gertsch, 2008 [11] report it as a safe functional non-psychoactive
and a macrocyclic anti-inflammatory CB2 receptor ligand in food-
stuffs. The LD50 of acute oral doses of BCP in rats and the LD50
of acute dermal doses in rabbits found more than 5000 mg/kg [10].
BCP in intratracheal doses (12-48 mg/kg) was found non-toxic to
the respiratory system including lungs in rats. Also, BCP in oint-
ments upon dermal exposure did not found to cause skin irritation
or sensitization in humans at concentrations up to 4% [256].

Most of findings in literature have reported absence of geno-
toxic or mutagenic effects with BCP in preclinical studies
[83,255,257]. BCP did not cause mutagenic, genotoxic and bone
marrow cytotoxic effects demonstrated by no effect on nuclear
division index, frequency of micronuclei, proportions of polychro-
matic erythrocytes and reverse mutation assay in bacteria; Salmo-
nella typhimurium and chemically induced genotoxicity [83,254-
258]. Recently, the sesquiterpene compounds have attracted great
interest because of their antimutagenic activity against common
environmental pollutants [255,257]. The genotoxic potential and
antimutagenic activity of BCP against discharged cigarette butts
were investigated in the reverse mutation assay in bacteria [259].
The Salmonella typhimurium (TA98 and TA100 strains) and Es-
cherichia coli (WP2uvrA strain) and S9 exogenous metabolic acti-
vator were used for the evaluation exogenous metabolic activation
system S9 that mimics mammalian cytochrome P450 metabolism in
the bacteria. BCP has been found to inhibit the mutagenicity of
cigarette butts chemicals and reduced the revertant colonies induced
by cigarette butts. When tested against the cigarette butt toxicants,
BCP pre-, co- and post-treatment exhibited a strong antimutagenic
effect. BCP also showed a strong antimutagenic activity against 2-
nitrofluorene and thwarted the mutagenicity of sodium azide,
methyl methanesulfonate and 2-aminoanthracene. The an-
timutagenic activities of BCP further support its safety and efficacy
long term use and its benefits in chemoprevention.

BCP acts as potent antimutagen compound by preventing DNA
damage caused by the mutagens, while acted as desmutagens and
bioantimutagens by interfering with fixation and progression of
DNA damage in the intracellular compartment, enhancing the DNA
repair and/or reversion systems. BCP elicits desmutagenic mecha-
nisms by affecting the metabolic bioactivation of the pro-
carcinogenic compounds such as heterocyclic aromatic amines
contained in cigarette butt wherein the major chemicals are respon-
sible for the mutagenicity of cigarette smoke. These chemical com-
pounds during metabolism get activated by the enzymes of CYP450
family mainly CYP1A1, CYP1A2 and CYP1BI1 into DNA reactive
N-hydroxylamine which in turn cause genotoxicity [260]. BCP
being lipophilic in nature interacts with the membrane of cells and
amend the phospholipid structure, so interfere with the uptake of
cigarette butt compounds into the cells. This was further supported
by experiments employing permeation kinetics using multilamellar
vesicles of dimyristoyl phosphatidylcholine wherein BCP binds to
the phospholipid bilayer and diffuses across the biomembrane
model [261]. The lipid peroxidation inhibiting activity further sug-
gested the potential protective effect of BCP on the membrane
phospholipids. Mechanistically, similar to vitamin E, BCP is be-
lieved to insert into membrane matrix due to its affinity to phos-
pholipids, so stalling the initiation and progression of lipid peroxi-
dation. Consequent to diminished lipid peroxidation, the membrane
fragility is reduced and integrity is preserved by BCP treatment
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[262]. The uptake of cigarette butt chemicals and toxicity reduced
due to reduced permeability to toxicants. Additionally, BCP has
also been found protective against environmental toxins in experi-
mental models [15,16]. Several other studies have also shown that
BCP is protective against environmental toxins in experimental
models and that may contribute in inducing phase II detoxifying
enzymes in particular Nrf2 enzymes.

Gertsch and colleagues [6,11] suggested that on average dietary
intake of 10 to 200 mg of BCP may potentially modulate inflamma-
tory and other pathophysiological processes where ECS plays a
major role. BCP did not affect reproductive function such as con-
ception, gestation, ovulation and different stages of pregnancy as
well as delivery in rats [177]. BCP is broadly used in a number of
cosmetic and pharmaceutical products which are applied topically
to the skin intended for human use owing to its antipruritic, anti-
inflammatory, antiseptic and cooling properties. A vaginal cream of
copaiba oleoresin containing high fractions of BCP found devoid of
maternal toxicity, foetotoxicity and embryotoxicity at the doses
applied which corresponds to ten times the recommended dose for
use in humans [263]. This is suggestive of the safety of BCP on
pregnancy and offspring’s and indicates its safety during gestation.
Upon oral ingestion, BCP has been detected in plasma and milk of
the animals [264]. This reveals that BCP may reach into the
mother’s milk and therefore could expose infants nurtured on
mother’s milk in lactating mothers. Thus, the use of BCP in lactat-
ing woman may be cautioned.

In the pathological conditions, where BCP has been shown
significant therapeutic and preventive potential, it has also been
endowed with a relatively low toxicity in those animal studies and
appears a very well-tolerated agent. In several experimental studies,
the microscopic examination of the major organs and tissues appar-
ently reveals absence of signs of toxicity, abnormal behavior, histo-
pathological changes or any incidences of tumors compared to con-
trols. Several preclinical studies have suggested that BCP selec-
tively targets tumorigenic cells as opposed to non-tumorigenic cells
and appears safe and tolerable in the experimental animals. In a
preliminary study, BCP has been found to inhibit the ion channels
particularly, Ca®" channels [206]. However, its physiological con-
sequences and pharmacological benefits are still less understood
and need to be investigated more in depth.

A majority of the pharmacological studies evaluated their po-
tential either by oral or intraperitoneal route in the dose ranges from
5 to 500 mg/kg, body weight [67,79,93, 113,166]. The oral doses
were reported readily bioavailable and showed response within an
hour of administration [11]. The oral as well as intraperitoneal ad-
ministration both were reported devoid of toxicity even at high
doses from 5 mg/kg to 3000 mg/kg from days to months in different
animal studies involving rats and mice [84,128,203]. Following
exposure, BCP is reported to possess sensitization effect and may
cause allergy [9,265]. It has been shown to oxidize quickly in air
and forms caryophyllene oxide, which has been shown to cause
photosensitivity or weak sensitizing capacity in the local lymph
node assay [9].

Additionally, further studies should consider evaluating highly
characterized extracts of medicinal plants standardized to contain
BCP as one of the key components. This strategy has been em-
ployed for studying epigallocatechin-3-gallate (EGCG) in clinical
trials through the use of a highly characterized green tea extract
standardized to EGCG and other green tea polyphenols. This ap-
proach has also been recognized by the FDA as stated in their
guideline entitled “guidance for industry-botanical drug products”
and by the botanical drug products which receive investigational
new drug status such as polyphenon E. The benefit of using a
highly characterized and standardized extract would be cost effec-
tive and reasonable to procure BCP because of less purification.
The other benefit will be that additional constituents found in ex-
tract which may confer synergistic action with BCP.
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A majority of the plant extracts containing one third ingredient
as BCP (represented in Table 1) were found well-tolerated and
devoid of significant toxicity in animal studies. Though, there is
lack of preclinical studies with BCP reporting the maximum toler-
ated dose, which is defined as the highest dose which is safe to
administer in the absence of intolerable side effects. It could be
regarded as a constraint in using BCP and determining the first dose
size in humans for clinical trials. Further researches at both, the
clinical and preclinical level are needed in order to determine the
therapeutic effective dose of BCP in various diseases. In particular,
the chronic safety and toxicity of BCP is still uncertain and should
be investigated in future. Based on the time tested safety and dem-
onstrated efficacy in different animal models of diseases, human
studies with BCP are needed to translate the findings of animal
studies in to humans.

7. PHARMACEUTICAL ANALYSES AND DEVELOPMENT
OF BCP

BCP is relatively water-insoluble and sensitive to light, oxygen,
humidity and high temperature and on air exposure auto-oxidize to
caryophyllene oxide and it has been shown that 50% of the original
compound get consumed after five weeks [9,266]. It gets epoxi-
dized by molecular oxygen in the absence of any catalyst and also
selectively isomerizes to isocaryophyllene under nitrogen atmos-
phere in the presence of a one-electron acceptor. The stereo selec-
tivity of BCP and four conformations of BCP (oo, off, fa and BB)
solvent effect (either chloroform or water) on the stability of the
different conformers of BCP was studied and the oo conformer was
predicted to be the most stable geometry [267]. The quantification
methods for BCP in different plants mainly in Copaiba have been
reported by several investigators [1,54,67,268-270].

BCP often exists in plants and plant based formulations in the
enantiomeric composition and needs to be quantified and can be
used a biomarker for the quality standards [52,55,270]. Patra et al.
2010 [270] developed a high performance thin layer chromatogra-
phy method for the quantification of BCP in amukkara choornam, a
polyherbal Siddha formulation. The solvent consists of toluene-
ethyl acetate and BCP was detected at 260 nm. The developed
method showed desired favorable linearity (R? = 0.9996 + 0.0034),
limit of detection (0.101 ng), limit of quantification (0.639 ng),
accuracy (percentage recovery = 97.19 + 1.204) and intraday and
interday precisions (CV < 5%). The levels of BCP were reported
3.5-4.10 pg/gm in the herbal formulation.

The retention time for BCP standard is reported 18.87+0.01 min
and for the BCP isolated from plant extract is 18.94+0.03 min. The
tailing factor for BCP standard was 1.05+0.01 and BCP isolated
from Copaiba was 0.99+0.01 with the peak purity for the BCP was
1.00+0.00. Taken together, the methods demonstrate its specificity,
linearity, precision and accuracy and considered an effective tool
for assuring quality control of the essential oils containing BCP and
appear a valid alternative to gas chromatography [56].

Although the percutaneous route of drug delivery has many
advantages over other modes of delivery such as intravenous and
oral administration, the architecture of the stratum corneum pro-
vides a formidable barrier to the topical and transdermal administra-
tion of some therapeutic agents [271]. To increase the permeability
of the stratum corneum, several permeation enhancers are often
used and continually tested for better agents. Being mostly non-
irritant and non-toxic to the skin, they are commonly used to en-
hance the transdermal permeation of drugs such as 5-fluorouracil
[272], propranolol [273], indomethacin and ketoprofen [274] as
well as estradiol [275]. A recent study has shown that BCP could be
developed as an effective penetration enhancer [54]. Recently, the
essential oil of Rosemary containing BCP (3.8%) blended with
topical diclofenac exhibited more pronounced analgesic effect due
to enhanced transdermal percutaneous absorption of diclofenac in
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Fig. (7). Yearly number of publication reports characterization, isolation or activity of B-caryophyllene in PUBMED.

the early as well as late phases as demonstrated by tail flick test and
formalin tests [276].

In recent years, controlled drug delivery has been emerged as
an active area of research and it has many potential technological
applications. BCP could be an attractive candidate in drug delivery
systems and nanoscience being used as rigid molecular framework
for the drug delivery modes of controlled drug release [277]. Vari-
ous strategies have been developed to achieve better transdermal
delivery of certain compounds such as nicardipine and propanolol
(for treatment of hypertension and angina) and ketoprofen and in-
domethacin (anti-inflammatory and analgesic drug) [278, 279].
Hence, BCP could be investigated to be utilized for transdermal
drug delivery of above mentioned drugs.

Recently, Dias Dde et al. [56] have developed a nanoemulsion
and showed that BCP penetrates through the skin due to the small
droplet size and the high contact surface. The authors also devel-
oped a novel, sensitive, practical and solvent free method that uses
gas chromatography in headspace mode coupled with mass spec-
trometry to evaluate the skin permeation/retention of BCP from the
crude copaiba oil and its nanoemulsion. The method was fully vali-
dated, demonstrate linearity (r2 > 0.99), specificity (no peaks co-
eluting with BCP retention time), precision (RSD < 15%) and accu-
racy (recovery > 90%) within the accepted parameters and that the
copaiba oil nanoemulsion presented a better skin penetration com-
pared to the crude oil, with BCP achieving the most profound layer
of the skin, the dermis. The mechanism by which BCP enhances
drug permeation through the skin is not well-elucidated, but it could
be presumed to be mediated by the disruption of the highly ordered
lipid structure of the stratum corneum; the increase in drug diffusiv-
ity in the stratum corneum or increased drug partitioning into the
stratum; and the increase in electrical conductivity of tissues
thereby opening polar pathways within the stratum [280,281]. The
evidences indicate that BCP could be one of the useful terpenes to
achieve skin penetration enhancement.

CONCLUDING REMARKS & FUTURE PROSPECTS

This review illustrate that BCP possess polypharmacological
properties and its therapeutic potential has been revealed for several
diseases including neuropathic pain, ulcerative colitis, liver dis-

eases, cerebral ischemia, cancer, neurodegenerative and neuropsy-
chiatric diseases including Alzheimer’s, Parkinson’s, Huntington’s,
Schizophrenia, epilepsy, mood disorders and alcohol addiction etc.

BCP being an important component of essential oils of many
plants has been used since antiquity in traditional medicine to treat
several ailments. Its application in diverse fields has been found
ranging from the pharmaceutical and cosmetic industries to the food
industries where it is used as an additive, flavor enhancer and pre-
servative. It has received tremendous attention for commercial in-
terest worldwide to be used in foods, cosmetics and fragrances in-
tended for human use. Taking into account the low toxicity of this
compound, it is not unexpected that it has a potential to garner in-
terest and will sustain its popularity for pharmacological and phar-
maceutical research. The available data indicate its inclusion either
as prophylactic or adjuvant into the dietary management of chronic
lifestyle diseases.

Molecular pharmacology data from several studies depict that
BCP activates CB2 receptors, transcription factors; PPAR-y and
PPAR-a isoforms, toll like receptor complex, p-opioid receptors
and antagonizes a7-nicotinic acetylcholine receptors. In addition to
modulate receptor function, BCP also modulates enzymatic, apop-
totic and cell signaling pathways which play critical role in differ-
ent therapeutic domains with significant therapeutic advantages.
The multifunctional and polypharmacological properties also syn-
ergize the action of other drugs as demonstrated by activation of
opioid receptors providing relief in neuropathic pain.

Though the available experimental evidences are promising, but
there is still lack of information regarding translational aspects of
BCP. The exact molecular mechanism by which this compound
exerts its activity is also poorly understood. Furthermore, since
BCP exists in various forms and pharmacophore appear modifiable,
the structure-activity relationships need to be investigated in detail.
The unique pharmacophore may also have potential to be developed
as a blueprint for synthetically modified drugs. Medicinal products
however are not yet available in market having only BCP. Huge
amounts of BCP are produced annually in metric tons and it is clear
that interest in this compound is not waning if one has to judge the
number of publications related to BCP represented by Fig. (7).
Apart from therapeutic potential, its potential as fumigants, larv-
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icidal, mosquitocidal and insect repellents also attracted the investi-
gators hence it would be of interest to investigate extensively the
potential effect of BCP against mosquito bite caused vector borne
diseases such as malaria and dengue fever, the major killer diseases
in many developing countries.

A significant number of CB2 receptor agonists such as JBT-
101, KHK6188, ABT521, GRC10693, LY2828360, AZD1940,
CR701, APD37D and S777469) progressed from Phase 1 to Phase
2 of clinical trials, mostly for the treatment of neuropathic pain,
atopic dermatitis, postoperative neuralgia and osteoarthritis. Given
the activity of BCP on interconnected multiple pharmacological and
molecular signaling pathways, it can be reasonably speculated that
BCP has the potential to be a polypharmacological multitargeted
therapeutic agent. Moreover, investigating its interaction with other
modern drugs could also advance the possibility of its synergistic
combination with currently used drugs and may maximize the effi-
cacy and minimize potential for the adverse effects.

Briefly, such an extended potent multi pharmacological actions
and therapeutic application is rarely noted with a phytochemical.
Knowing the pharmacological properties, favorable pharmacokinet-
ics, high lipophilicity, wide therapeutic index along with high safety
and relatively low toxicity profile provide substantial evidence for
its future pharmaceutical development. Based on these favorable
features, BCP appears a promising candidate for drug development.
An impressive number of clinical trials are currently in progress to
test the efficacy of CB2 receptors agonists of synthetic origin in
various diseases. However, despite the potential tremendous benefit
of this multifaceted dietary phytocannabinoid compound of natural
origin, clinical trials are yet to be conducted for the translation of
the animal findings in to humans.

LIST OF ABBREVIATIONS

ACOX = acyl-CoA oxidase

ACS = acyl-CoA synthetase

AST = Aspartate transaminase

AMPK = AMP-activated protein kinase

AUC = area under the curve

CREB = cAMP responsive element-binding protein
AD = Alzheimer’s disease

AEDs = antiepileptic drugs

BDNF = brain-derived neurotrophic factor
BChE =  butyrylcholinesterase

BCP = Beta-caryophyllene

Cmax = maximum concentration

COX-2 = cyclooxygenase-2

CPT1 = carnitine palmitoyl transferase

CD = Crohn's disease

CB1 = cannabinoid receptor type 1

CB2 = cannabinoid receptor type 2
DMARDs =  Disease-modifying antirheumatic drugs
ECS = endocannabinoid system

EGCG =  epigallocatechin-3-gallate

ERK =  Extracellular Signal-Related Kinase
EFSA = European Food Safety Authority
FATP4 = fatty acid transport protein 4

FAS = fatty acid synthase

FAAH = fatty acid amide hydrolase

IBD = Inflammatory bowel disease

TPSs = terpene synthases
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B-CD = P-cyclodextrin

GC-MS/SIM = gas chromatography coupled mass spec-
trometry with selected ion monitoring mode

Tmax =  time to peak plasma concentration

MRT = mean residence time

NSAIDS = Non-steroidal anti-inflammatory drugs

OA = osteoarthritis

PPARs = peroxisome proliferator-activated receptor

PPAR-y = peroxisome proliferator-activated receptor
gamma

a7-nAChRs = nicotinic acetylcholine receptors

TLR = toll-like receptor

T2DM = type 2 diabetes mellitus

TZDs = Thiazolidinediones

GSIC = glucose stimulated insulin secretion

SCD1 =  stearoyl-CoA desaturase

HSC = hepatic stellate cell

TRP1 =  tyrosinase-related protein 1

MITF = microphthalmia-associated transcription
factor

PGE2 =  prostaglandin E2

iNOS = inducible nitric oxide synthase

NF-kB =  NF-kappaB

MAP kinases =  Mitogen-activated protein kinases

INK = c-Jun N-terminal kinases

VSMCs = vascular smooth muscle cells

ucC = ulcerative colitis
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