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Abstract: Inmunomodulation is a key factor in the homeostasis of organisms, both for physiological
and inflammatory conditions. In this context, great attention has been devoted to immunomodulant
agents, which can boost or modulate the immune system, thus favoring disease relief. The present
systematic review is focused on the immunomodulatory properties of plant-based caryophyllane
sesquiterpenes, which are unique natural compounds widely studied due to their multiple and
pleiotropic bioactivities. Despite lacking clinical evidence, the selected studies highlighted the
ability of these substances, especially 3-caryophyllene and a-humulene, to modulate the immune
system of both in vitro and in vivo models of disease, such as neurodegenerative and inflammatory-
based diseases, cancer, and allergies; moreover, some mechanistic hypotheses have been made
too. The present overview suggests a further interest in immunomodulation by caryophyllane
sesquiterpenes as a possible novel strategy for immune-based diseases or as an adjuvant treatment
and encourages further high-quality studies, using high-purity compounds, to better clarify the
mechanisms accounting for these properties and to support a further pharmaceutical development.

Keywords: immune system; immunomodulation; inflammation; 3-caryophyllene; 3-caryophyllene
oxide; microglia; a-humulene; sesquiterpenes; macrophages; lymphocytes; immune cells

1. Introduction

Caryophyllane sesquiterpenes are natural substances widely occurring in marine
species, fungi, and especially in plants, where mixtures of 3-caryophyllene, 3-caryophyllene
oxide, a-humulene, and isocaryophyllene with minor metabolites are usually found [1].
Essential oils from Eugenia caryophyllata L. (syn. Syzygium aromaticum (L.) Merr.),
Hypericum perforatum L., Mentha suaveolens L., and Cannabis sativa L., along with herbal
extracts from Piper nigrum L. and Harpagophytum procumbens DC are only some examples
of the natural sources of these compounds [1-6]. Over the years, great attention has been
devoted to their bioactivities, with -caryophyllene being especially studied due to its
analgesic, anti-inflammatory, antioxidant, neuroprotective, antidiabetic, and chemopre-
ventive properties; moreover, its ability to modulate cannabinoid CB2 receptors has been
highlighted too [1]. However, none of these sesquiterpenes is under clinical evaluation.
Some studies have also reported the ability of plant-derived caryophyllane sesquiterpenes
to affect the immune system, thus suggesting that their immunomodulation can represent
a mechanism that accounts for their bioactivities.

The immune system plays a central role in the maintenance of body homeostasis
as it is able to protect against damage by viruses, bacteria, and any other foreign agents
(e.g., xenobiotics and environmental pollutants) through the activation of both innate (or
native immunity) and adaptive functions [7]. The immunity functions involve different
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specialized immune cells, also known as leukocytes, among which granulocytes (e.g.,
neutrophils, basophils, and eosinophils), monocytes (e.g., macrophages and dendritic
cells) and lymphocytes (i.e., T- and B-lymphocytes), and natural killer (NK) cells [8]. Mast
cells, phagocytes, dendritic cells, and NK (natural killer) are the central actors of innate
immunity and provide the first physical and biochemical defense barrier, while adaptive
immunity involves specialized lymphocytes, which are responsible for the release of
protective molecules, such as cytokines, chemokines, and high-affinity antibodies, and for
immunological memory [9].

Under normal conditions, the immune system is highly specific and tightly regulated;
however, host protective immune responses can be disrupted by pathogens, to favor
the disease progression, creating a greater risk of health complications. For instance,
some viruses (e.g., HIV, the hepatitis B virus, or the hepatitis C virus) are able to block
immune checkpoints, thus limiting host-protective antigen-specific immune responses and
favoring disease progression [10]; moreover, most parasites and bacteria are not cleared by
the host due to pathogen-mediated immune subversion strategies which lead to chronic
infections [11]. An abnormal B-cell and T-cell recognition of self-antigens, which leads
to the release of self-reactive antibodies, can also occur in autoimmune diseases, such
as psoriasis, lupus erythematosus, and multiple sclerosis [12]. Likewise, aberrant innate
immune responses can cause episodic spontaneous inflammation, affecting multiple organ
systems [13].

Several studies have highlighted the immune system alterations in metabolic disorders,
such as diabetes and obesity, including neutrophil degranulation impairments [14], defects
in reactive oxygen species production [15], and decreased phagocytosis [16]; moreover, an
inflammatory immune response, due to adipocyte apoptosis and macrophage infiltration,
has been reported in hyperglycemia and diabetes [17,18]. Hyperglycemia may also alter the
macrophage function because of the reduced glycolytic capacity and long-term sensitization
to high glucose levels [19].

Various brain diseases are deemed to be linked to “low-grade immune activation”,
characterized by enhanced levels of circulating pro-inflammatory cytokines and migration
of myeloid immune cells [20]; moreover, the role of microglia, which represent the only
immune cells that permanently reside in the central nervous system, in maintaining normal
brain physiology and its implication in neuroinflammation and neurodegeneration has
been highlighted [21].

A crucial control by the immune system has been also found in cancer develop-
ment and progression; indeed, specific antigens on cancer cells can activate an anti-tumor
immune response, which can destroy the tumor; moreover, concomitant immunosup-
pressive responses can be mediated by regulatory T cells (Tregs) and the stromal mi-
croenvironment [22]. The interest in the cancer control by the immune system has led to
the development of cancer immunotherapies, characterized by high efficacy and speci-
ficity [23,24], though with undeniable limitations and challenges, which require future
research to be overcome.

Altogether, this evidence suggests an interest in studying the modulation of the
immune system by plant-based caryophyllane sesquiterpenes as a possible mechanism to
account for their protective and chemopreventive properties and which could be exploited
in combination with well-approved therapies.

2. Methodology

To understand the ability of plant-based caryophyllane sesquiterpenes (i.e.,
[3-caryophyllene, 3-caryophyllene oxide, x-humulene, and isocaryophyllene) to modulate
the immune system function, a systematic review of the existing literature in PubMed, Sco-
pus, and Web of Science databases was performed using the PRISMA (Preferred Reporting
Items for Systematic Reviews and Meta-Analysis) methodology [25].

The databases were searched in December 2021 to select journal articles over a 20-year
period (January 2001 to December 2021), focused on the effect of caryophyllane sesquiter-
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penes on the immune system and the mechanisms involved. English was chosen as the
preferred language. The keywords “caryophyllene”, “caryophyllene oxide”, “humulene”,
“isocaryophyllene”, “immune system”, “macrophage”, “lymphocyte”, and “microglia”
and their combinations through the Boolean logical operator “AND” were used. As
regards the research strategy, the studies highlighting the effects of 3-caryophyllene, 3-
caryophyllene oxide, a-humulene, and isocaryophyllene on the immune system function
have been included; conversely, those focused on herbal extracts or essential oils containing
caryophyllane sesquiterpenes, but not the pure compounds, were excluded. Other studies
in which the purity of caryophyllane sesquiterpenes was low (<90%) or not specified, and
those assessing other substances or diverse bioactivities or lacking data were excluded too.

3. Results

The literature search revealed the presence of a total of 504 published papers focused
on the effect of the caryophyllane sesquiterpenes (3-caryophyllene, 3-caryophyllene ox-
ide, a-humulene, and isocaryophyllene on the immune system (Figure 1). Among them,
49 records were removed, being publications other than journal articles, while 224 were
replicates in the searched databases.
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Figure 1. Study selection by PRISMA flow diagram for the immunomodulatory activity of caryophyl-
lane sesquiterpenes.

Out of the 231 records screened, none investigated the effects of isocaryophyllene on
the immune system, while 135 papers were focused on essential oils or herbal extracts
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containing (3-caryophyllene, 3-caryophyllene oxide and/or a-humulene and 28 were on
other substances: these latter papers were excluded as the selection criteria were not ac-
complished. Among the 67 eligible papers, 19 reports were excluded as other bioactivities
of caryophyllane sesquiterpenes were evaluated or their immunomodulating effects were
hypothesized (n = 2); moreover, 5 studies were excluded for lacking data, and 23 were
excluded as they used caryophyllane sesquiterpenes of low purity (<90% purity) or un-
specified purity. Based on the PRISMA analysis, a total of 20 studies was included in
this review.

The selected studies showed that the immunomodulatory properties of caryophyl-
lane sesquiterpenes have been investigated in different immune cells (i.e., microglia,
macrophages, lymphocytes, monocytes, and neutrophils) and in some animal models
of disease; 3-caryophyllene was the most studied compound, followed by x-humulene
and (-caryophyllene oxide (Figure 2). For instance, the modulation of microglia by f3-
caryophyllene in neurodegenerative diseases has been associated with its neuroprotective
properties, while attenuation of lymphocyte autoreactivity has been approached as a
possible strategy against autoimmune diseases. In line with this evidence, the ability of
caryophyllane sesquiterpenes to modulate the immune cell function has been described,
and possible future developments have been highlighted.
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Figure 2. Chemical structures of plant-based caryophyllane sesquiterpenes with immunomodulatory
properties.

3.1. Ability of Caryophyllane Sesquiterpenes to Modulate Macrophage Function

Macrophages are mononuclear phagocytes that compose a heterogeneous population
of immune cells, whose major functions are antigen presentation, cytokine production,
phagocytosis, and the processing of foreign materials, including pathogens [26]. Due to
their highly effective phagocytic capacity, they are deemed to be “professional” phagocytic
cells, along with monocytes, dendritic cells, neutrophils, and mast cells [27]. Specialized
macrophages can be identified in tissues and can be subdivided into two main classes,
including tissue resident and infiltrated macrophages [27]. The first ones, such as the mi-
croglia in the central nervous system (CNS), Langerhans cells in the skin, Kupffer cells in the
liver, osteoclasts in the bone, and alveolar macrophages in the lung, are present in tissues
under homeostatic conditions and regulate homeostasis, tissue development, remodelling,
and repair [27]. Infiltrated macrophages are pro-inflammatory cells, recruited from the
blood into inflamed tissues and arise from circulating monocyte differentiation [27,28].
Both resident and recruited macrophages can be polarized into different phenotypes in
response to the local tissue microenvironment and several stimuli and participate in the
homeostasis modulation and inflammation response. Indeed, they can switch from a
pro-inflammatory M1 phenotype to a M2 anti-inflammatory one: the first phenotype is
activated in response to lipopolysaccharide (LPS), y-interferon (IFN-y), tumor necrosis
factor alpha (TNF-«), and granulocyte/macrophage colony-stimulating factor (GM-CSF),
while the M2 phenotype is induced by interleukin-4 (IL-4), IL-10, IL-13, transforming
growth factor-f (TGF-f3), and macrophage colony-stimulating factor (M-CSF). The polar-
ization of macrophages depends on a complex regulation in which different pathways
are involved, including signal transducer and activator of transcription (STAT) and the
peroxisome proliferator-activated receptor-y (PPARY), and cytokines, released by both the
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M1 and the M2 macrophages with both pro-inflammatory and anti-inflammatory func-
tions [29]. The M1 macrophages have potent antimicrobial and anti-tumor activities and
the ability to release pro-inflammatory cytokines and chemokines, leading to the exacer-
bation of inflammation and tissue damage [28]. Conversely, the M2 macrophages possess
a potent phagocytic capacity and anti-inflammatory and immunosuppressive properties,
which contribute to the resolution of inflammation and tissue repair [26,28]. Macrophages
can also modulate painful conditions, acting as nociceptor activators or favouring pain
resolution, through the release of pro-inflammatory mediators (e.g., ROS, cytokines, and
chemokines such as prostaglandin E2 (PGE2), IL-13, and TNF-«) and analgesic factors (e.g.,
[-endorphin), respectively [26].

Modulation of macrophage function by caryophyllane sesquiterpenes has been evalu-
ated in both in vitro models, such as murine RAW 264.7 macrophages, primary splenocytes
from BALB/c mice, and M2-M®s BALB/c mice bone-marrow-derived M2 macrophage,
and in vivo (Table 1). Yamaguchi et al. [30] found that 3-caryophyllene was nontoxic in
RAW 264.7 macrophages at the concentrations of 10 and 50 uM after a 3-day exposure,
although the expression of the key proteins involved in cell proliferation was affected by
the treatment with 50 uM of the test substance (Table 1); indeed, a lowering in the mitogen-
activated protein kinases (MAPK) levels and an increase in Ras, protein kinase B(Akt), p21,
[3-catenin, and caspase-3, involved in apoptotic cell death, was found. A 3-day exposure to
10 uM -caryophyllene reduced the levels of proinflammatory cytokines, including TNF-«,
PGE-2, and IL-6 in RAW 264.7 cells; in particular, TNF-« was reduced both with and with-
out LPS, while a lowering in PGE-2 and IL-6 levels occurred in the absence and presence
of LPS, respectively [30]. In the same study, -caryophyllene improved the reduction of
the macrophage number induced by metaxalone [30]. Similarly, Yamaguchi et al. [31]
have found that a short 5 h exposure to a low concentration (5 uM) of 3-caryophyllene
counteracted the LPS-induced release of pro-inflammatory cytokines without affecting the
basal levels of IL-1 3, IL-6, and TNF-«, but lowered them after LPS stimulation. Similarly, a
48 h exposure to a-humulene, at concentrations of 755 and 1555 uM, inhibited the inflam-
matory response induced by LPS, by lowering the release of nitric oxide (NO), in murine
macrophages RAW 264.7 [32]. Ku and colleagues studied the modulation of cytokine
release induced by LPS in primary splenocytes from BALB/c mice by a 48 h exposure to
[-caryophyllene, 3-caryophyllene oxide, and o-humulene (0.25-25 uM) [33]. In particular,
[-caryophyllene was able to lower the levels of both IL-1 and IL-10, which are responsible
for pro-inflammatory and anti-inflammatory effects, respectively; moreover, an increase in
the T helper cell type 2/1 (Th2/Thl) ratio, associated with anti-inflammatory effects, was
found too. Similarly, 3-caryophyllene oxide counteracted the LPS-induced inflammation
by decreasing the IL-2 levels; by contrast, no effects were highlighted for a-humulene [33].

Macrophages and monocytes take part in the tumor microenvironment and favor
tumor progression through the release of pro-inflammatory cytokines and pro-angiogenic
factors; indeed, both tissue-resident macrophages and infiltrated monocytes can give rise
to TAM (tumor-associated macrophages), involved in tumor progression [34]. TAM im-
pairs immune the anti-tumor defense and anti-inflammatory response by suppressing
the T cells [34] and M2 macrophages [27], while monocyte-derived TAM promotes angio-
genesis [34]. Moreover, both the M1 and the M2 macrophages can contribute to cancer
development and progression [27]. In this context, Jung et al. [35] evaluated the ability of (3-
caryophyllene to block the progression of melanoma by affecting macrophage accumulation
in tumor tissue (Table 1). To this end, a co-culture model of activated macrophages (M2-
M®s), obtained by murine bone-marrow monocytes exposed to IL-4, mature adipocytes
(Mas), and melanoma B16F10s cells was used. Including adipocytes in the cell model is due
to the known role of adipose tissue in melanoma progression [35]; indeed, being near the
skin, it influences crosstalk between the macrophages and the tumor cells and contributes
to tissue inflammation by the release of pro-inflammatory cytokines, as often found in obe-
sity. This disease is also characterized by a chronic and low-grade inflammatory condition,
which is supported by a switch to the M1 macrophage phenotype and a recruitment of B and
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T cells, induced by several factors released by adipose tissue, such as C-C motif chemokine
ligand 2 (CCL2) and Toll-like receptor 4 (TLR4) [27,29]. Jung et al. [35] found thata 24 h
exposure to 5 uM p-caryophyllene decreased MCP-1 (monocyte chemoattractant protein-1)
and M-CSF (macrophage-colony stimulating factor) levels in the medium of M2-M®s, Mas,
and B16F10s, thus suggesting the ability of the compound to lower the macrophage accu-
mulation in tumor tissue and thus limiting the inflammatory conditions that support tumor
progression. A reduction in macrophage recruitment by (3-caryophyllene was confirmed
by the inhibition of their migration when the medium of MAs and B16F10s cells was used
as a chemoattractant [35].

Similar results were obtained in an in vivo model of melanoma induced in high-fat
diet mice (Table 2) [35]. 3-Caryophyllene was administered to mice as 0.15 or 0.3% of
a 60 kcal% fat diet; the B16F10 melanoma cells were injected. The fat diet increased the
number of macrophage (M®) and macrophage mannose receptors (MMR) in the tumor
tissues and adipose tissues surrounding the lymph nodes, with respect to a control 10 kcal%
fat diet. Conversely, the 3-caryophyllene was able to suppress macrophage infiltration
both in tumor and in adipose tissues; these effects were associated with a lowering in the
lymphocyte population in the tumor tissue and in the levels of CCL19 and CCL21 cytokines,
which represent critical regulators in T-cell activation, immune tolerance, and inflammatory
responses. These results highlight the ability of 3-caryophyllene to inhibit tumor growth
and lymph node metastasis, probably through suppressing the immune response induced
by lipid accumulation.

A lowering in the macrophage infiltration by (3-caryophyllene was also highlighted in
other in vivo models of disease, such as atherosclerosis, nephropathy, and colitis (Table 2).
In particular, Zhang et al. [36] showed that 3-caryophyllene (10 mg/kg) was able to inhibit
macrophage infiltration in the aortic surface by blocking the induction of vascular cell
adhesion molecule-1 (VCAM-1). Moreover, Horvath and colleagues [37] found that (3-
caryophyllene (10 mg/kg i.p.) lowered macrophage and neutrophil infiltration, along with
leucocyte levels, in a murine model of nephropathy induced by cisplatin. This effect was
likely due to a cannabinoid receptor 2 (CB2) modulation by the sesquiterpene; indeed,
the response was completely abolished in CB2 receptor knockout mice. 3-Caryophyllene
(50 mg/kg by gavage) was also reported able to reduce the colon infiltration of macrophages
and neutrophiles in dextran sulfate sodium (DSS)-induced CD1 mice colitis, probably by
inhibiting inflammation through the activation of the CB2 and PPAR-gamma receptors [38].
[-Caryophyllene has been also studied for its ability to affect the function of microglial
cells; by contrast, lower or null evidence is available for 3-caryophyllene oxide and «-
humulene. Microglial cells are specialized macrophages which reside in the central nervous
system and play a crucial protective role in nervous tissue [39]. Microglia are also involved
in neurodegenerative processes, such as Alzheimer’s disease, Parkinson’s disease, and
multiple sclerosis, being able to support tissue inflammation by switching to the M1
inflammatory phenotype; indeed, over-activation of the M1 phenotype markedly increases
the release of inflammatory mediators, such as the nuclear factor kB (Nf-kB), and oxidative
stress, leading to neuronal injury [39]. Usually, the M2 polarization of microglia occurs
initially as a consequence of a neuronal injury, such as an ischemic stroke, and promotes
tissue repair through the release of anti-inflammatory mediators, such as IL-10 and IL-
4 [40]. Thereafter, it switches to the M1 pro-inflammatory phenotype, which induces
neuroinflammation and tissue damage [41].
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Table 1. Effects of caryophyllane sesquiterpenes in in vitro models of immune cells.

Concentration of

cs;:;}c;?lli)tl; }1";)1:1111: 3211111;}1(1:1:115 I{I/?(t)iiﬁ Stimulation Test Compound Outcome References
[uM]
) 10,50 Lacking effects on cell
viability
T Ras, Akt, p21, 3-catenin,
- 50 caspase-3
} MAPK [30]
} 10 1 TNF-a and PGE2
Macrophages/ Lacking effect on IL-6
RAW 264.7 Lpsa 0 | TNF-o and 1L-6
[100 ng/mL] Lacking effect on PGE2
: 5 Lacking effect on IL-1f3,
IL-6, TNF-«
LPS? 511
(100 ng/mL] 5 J IL-1B, IL-6, TNF-ox
Macrophages/primary b
splenocytes from LPS 0.25-25 %}112‘}112}?1“'12 [33]
BALB/c mice [2.5 ug/mL] T ratio
B 4 MCP-1, M-CSF
Maﬁé)ﬁ%%es/ 5 and migration [35]
(co-cultured) i }]Ig?r;L] 0.2-50 Cytoprotection
| TNF-o, IL-B, PGE2, NO
Microglia/C57BL/6 LPS© 0.205 ad iNOS [40]
p-Caryophyllene mice cells [1 ug/mL] al 1IL-10, Arg-1, urea
and GSH
i) } IL-B, IL-6, TNF-a, NO,
Microglia AB1_a PGE2, TLR4, LDH, Nf-kB
BV2 cells [20 1M] 10,25,50 iNOS and [42]
COX-2 inhibition
Monocytes/ d J VCAM-1, adhesion on
THP TNF-oc > HUVECs (361
JTNF-o and IL-13
Lacking effects on IL-6
. d IL-10 levels
Monocytes/primary LPS? an
monocytes CD14+ [313ng/mL] 0.5 | Erk 1/2.and INK1/2 [43]
activation
Lacking effects on MAPK
P38 activation
lcellular proliferation
MOGss_55 L IFN, IL-17, IEN'y /1L-4
_ Lymphocytes/ [30 ug/mL] 02,1 ratio, IL17/TL10 ratio [44]
isolated cells from T 1L-4, IL-10
EAE mice 4
MOG35_55 _ T IL-lO, \L IFNY,
[10 pg/mL] 1-100 Lacking effects on IL-4 [45]
Lymphocytes/
isolated cells from - 0.5-500 Genoprotective effects [46]
healthy donors
Macrophages/ b
primary splenocytes LPS 0.25-25 LIL2 [33]
¢ BALB,/c mi [2.5 pg/mL]
B-Caryophyllene rom ¢ mice
oxide Lymphocytes/ - 1-100 Lacking genotoxic effects
isolated from N . [47]
healthy donors 250 and 500 Cytotoxic effects
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Table 1. Cont.
Caryophyllane Immune System Stimulati %011tcEntrati0n ?if Outcome Ref
Sesquiterpene Cells/Cell Model tmulation s [‘:&ﬁ"““ ererences
Macrophages/ LPS®
RAW 2647 [1 ug/mL] 755, 1555 I NO [32]
Macrophages/primary b
o-Humulene splenocytes from 2 5LPS /mL] 0.25-25 J IL-10 [33]
BALB/c mice 2 g/ m
Lymphocytes/MINs 5 ngmL] 1,10 LIL5 [48]

1 increase; | reduction; RAW 264.7 murine monocyte/macrophage cell line; Akt protein kinase B; p21 protein 21;
MAPK mitogen-activated protein kinases; TNF Tumor necrosis factor; PGE2 prostaglandin E2; IL interleukin;
LPS lipopolysaccharide; BALB/c mice albino, immunodeficient laboratory-bred strain of the house mouse; Th
T helper; M2-M®s BALB/c mice bone marrow-derived M2 macrophage; MCP-1 monocyte chemoattractant
protein-1; M-CSF macrophage-colony stimulating factor; C57BL/6 inbred mouse strain; NO nitric oxide; iNOS
inducible nitric oxide synthase; Arg-1 arginase-1; GSH glutathione; BV2 murine microglial cell line; AB1_4
beta amyloid peptide; TLR4 Toll-like receptor 4; LDH lactate dehydrogenase; Nf-kB nuclear factor kappa B;
COX-2 cyclooxygenase-2; THP-1 human leukemic monocyte cell line; VCAM-1 vascular cell adhesion molecule-1;
HUVECs primary human umbilical vein endothelial cells; Erk 1/2 extracellular receptor kinases % ;JNK 1/2
c-Jun N-terminal kinase; MAPK p38 mitogen-activated protein kinases p38; EAE experimental autoimmune
encephalomyelitis; MOG35_55 Myelin oligodendrocyte glycoprotein 35-55; IFNy interferon-y; MLNs draining
lymph nodes (mediastinal) derived cultures, isolated from OVA-immunized BALB/c mice; OVA ovalbumin.
a 1 PS undefined source; ® LPS from E. coli 026:B6; ¢ LPS E. coli 055:B5; ¢ TNF-« concentration not reported.

The activation of M1 microglia has been associated with the dopaminergic neurode-
generation occurring in Parkinson’s disease [39]; similarly, in Alzheimer’s disease, the
M1 microglia are recruited around senile plaques, due to beta-amyloid (Af3) stimulation,
leading to the release of pro-inflammatory cytokines and to neurotoxicity and neuronal
death [42]. These cells surrounding senile plaques were found to express high levels of CB2
receptors, suggesting a potential interest in CB2 agonists in the treatment of Alzheimer’s
disease [42]. Both in vitro and in vivo evidence suggests the ability of 3-caryophyllene to
block the microglia activation of the pro-inflammatory phenotype; this effect was mainly
ascribed to a modulation of the CB2 receptors, widely expressed in immune system cells,
and of several pathways and factors, such as TLRs, PPAR-y, and Nf-kB [40].

-Caryophyllene showed a positive modulation of the microglia M1/M2 imbalance
induced by several agents, such as LPS and (3-amyloid, thus suggesting its possible ability to
ameliorate neuroinflammation in Alzheimer’s disease and multiple sclerosis. In particular,
when assessed in microglial cells isolated from mouse brains, the sesquiterpene (0.2-50 pM)
showed a counteraction of the effects of LPS (1 ug/mL) by enhancing cell proliferation via
activation of the CB2 and PPARy receptors [40]. These effects were confirmed by the loss of
protective effects in the presence of selective CB2 and PPARY receptor antagonists (AM630
and GW9662, respectively); conversely, a co-treatment with imipramine, which is a known
inhibitor of sphingomyelinase (SMase), potentiated the increased proliferation of microglial
cells, thus suggesting a role of this enzyme in the LPS-induced damage [40]. Under
the same experimental model, 3-caryophyllene (0.2-25 uM) produced anti-inflammatory
effects via CB2 and PPARYy receptor activation by counteracting the LPS-induced increase
in TNF-«, IL-1f3, PGE2, inducible nitric oxide synthase (iNOS), and NO and increased
the levels of anti-inflammatory mediators, such as IL-10, urea, and Arginase-1 (Arg-1),
which was negatively affected by LPS; antioxidant effects, with decreased ROS levels
and enhanced glutathione (GSH) ones, were found too [40]. The authors highlighted
that the beneficial anti-inflammatory and antioxidant effects of 3-caryophyllene can be
improved by inhibiting the SMase enzyme; moreover, the activation of the nuclear factor
erythroid 2-related factor/heme oxygenase-1 (Nrf2/HO-1) signaling is hypothesized. On
the basis of these findings, an involvement of ceramides in the protective properties of
the sesquiterpene has been suggested. Indeed, ceramides, which are PPAR~y receptor
activators [49], arise from sphingomyelinase (SMase) activity, which is stimulated by CB2-
activated By-subunit [50]. An overproduction of ceramides, due to the CB2 activation
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induced by middle and higher concentrations of 3-caryophyllene, can stimulate the PPAR-y
pathway and thus further contribute to the protective activity of 3-caryophyllene [40].
[-caryophyllene also showed modulatory effects on microglial activity in in vitro mod-
els of Alzheimer’s disease by counteracting the toxic effects of A31_4» soluble oligomers,
known to be responsible for direct neurotoxicity and for indirect neuroinflammation. Hu
and colleagues [42] showed that 3-caryophyllene (10, 25, and 50 uM) was able to protect
BV2 microglial cells from Af314, (20 uM) injury by lowering the release of LDH and inflam-
mation, through the impairment of TLR4/Nf-kB signaling, involved in brain inflammatory
response. Indeed, it inhibited the iNOS and cyclooxygenase-2 (COX-2) enzymes and their
products and the gene expression of pro-inflammatory cytokines (TNF-«, IL-6, and IL-13);
moreover, a decreased expression of TLR4, involved in the progression of Alzheimer’s
disease, and M1 polarization [40], along with a reduced Nf-kB activity, due to the inhibition

of IkBa phosphorylation and degradation, were found too [42].

Table 2. Inmunomodulatory effects of caryophyllane sesquiterpenes in animal models of disease.

Caryophyllane Animal Model/ Test Compound Dose
Sesquiterpene Immune Cells (Administration Route) Outcome References
High-fat diet and J macrophages in tumor tissue
B16F10 bearing 0.15-0.3% of diet (per os) J macrophages in the [35]
C57BL/6 mice/macrophages lymphnode
LPS-fat-induced atherosclerosis . | macrophage infiltration to
C57BL/6 mice/macrophages 10mg/kg (i.p.) the aortic surface (361
Alcoholic steatohepatitis .
C57BL/6] mice/macrophages 10mg/ks (i.p.) + CXCL2, TNF-o (511
Cisplatin-induced nephrotoxicity . s .
C57BL/6] mice/macrophages 10 mg/kg (i.p.) J macrophage infiltration [37]
DSS-induced colitis 12-50 mg/kg (per os; e L
CD1 mice/macrophages gavage) ] infiltration in colon [38]
J} TNF-«, PGE2, iNOS, NO,
EAE C57BL/6 mice/microglia 5 mg/kg (per 0s) iNOS/Argl, NO/urea [44]
11L-10, Arg-1, urea
EAE C57BL/6 mice/microglia 50 mg/kg (per os; gavage) | Activation microglia [45]
Rotenone-induced Parkinson’s . | Activation microglia
disease in Wistar rats/microglia 50 mg/kg (i.p.) 1 Tba-1 [52]
B-Caryophyllene EAE C57BL/6 mice/leucocytes 5 mg/kg (per os) 1 leucocytes in spinal cord [44]
Cisplatin-induced nephrotoxicity . o .
C57BL/6] mice/leucocytes 10 mg/kg (i.p.) J leucocytes infiltration [37]
High-fat diet and B16F10-bearing a0 . . .
C57BL/6 mice/leucocytes 0.15-0.3% of diet (per os) J lymphocytes in tumor tissue [35]
| cell proliferation
11L-4, IL-10, TGF-B, GATA-3
EAE C57BL/6 mice/lymphocytes 5 mg/kg (per os) J} TNF-«, IL-6, IFNY, IL-17, [44]
T-bet, T-bet/ GATA3
(Th1/Th2)
J} CD4+ and CD8+ T cells
} CD4+ and CD8+ T cells in
EAE C57BL/6 mice/lymphocytes 50 mg/kg (per os; gavage) peripheral lymphoid tissue [45]
Inhibition of Th1
myelin-specific cells in CNS
OVA-induced airway allergic Lacki foct
infl tion BALB 50 mg/kg (per os acing erects on 48
mmeil?:/l};rlr?;hocy tes/ ¢ 8/ks (p ) lymphocytes infiltration 48]
Alcoholic steatohepatitis . J ICAM-1, E-selectin,
C57BL/6] mice/neutrophils 10mg/kg (ip) P-selectin [51]
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Table 2. Cont.

Caryophyllane Animal Model/ Test Compound Dose
Sesquiterpene Immune Cells (Administration Route) Outcome References
Ehrlich ascites . Restoration of NK cell activity
BALB/c mice/natural killer cells 20mg/kg (i-p.) (less potent than «-HUM) [(52]
DSS-induced colitis 12-50 mg/kg (per os; e L
CD1 mice/neutrophils gavage) | infiltration in colon [38]
LPS-induced paw inflammation in e . .
Wistar rats/neutrophils 50 mg/kg (per os) | infiltration of neutrophiles [53]
OVA-induced airway allergic Lacking effects on number of
inflammation BALB/c 50 mg/kg (per os; gavage) eosinophils in BALF and on [48]
mice/eosinophils eosinophil peroxidase activity
OVA-induced airway allergic
inflammation BALB/c 1 mg/mL (aerosol) J leucocyte counts in BALF [48]
mice/leucocytes
LPS-induced paw inflammation in e e
Wistar rgts /neutrophils 50 mg/kg (per os) J neutrophils infiltration [53]
a-Humulene | eosinophils infiltration
| eosinophils, | peroxidase
OVA-induced airway allergic 50 mg/ks (gavage) activity,li CCL1}1), LIL-5in
inflammation BALB/c BALF 48
mice/eosinophils [48]

|} eosinophils, | peroxidase
activity, | CCL11, | IL-5 and 1
IFNy in BALF

1 mg/mL (aerosol)

1 increase; | reduction; BI6F10 melanoma cells; C57BL/6 inbred mouse strain; LPS lipopolysaccharide; C57BL/6]
inbred mouse strain; CXCL2 C-X-C Motif Chemokine Ligand 2; TNF tumor necrosis factor; DSS dextran sulfate
sodium; CD1 outbred mice strain ; EAE experimental autoimmune encephalomyelitis; PGE2 prostaglandin E2;
iNOS inducible nitric oxide synthase; NO nitric oxide; IL interleukin; Arg-1 arginase-1; Wistar Rats outbred
albino rat; Iba-1 ionized calcium binding adaptor molecule-1; TGF transforming growth factor; GATA-3 GATA
transcription factor 3; IFNy interferon-y; T-bet T-box transcription factor TBX21; Th T helper; CNS central nervous
system; OVA ovalbumin; BALB/c mice albino, immunodeficient laboratory-bred strain of the house mouse; NK
natural killer; ICAM-1 intercellular adhesion molecule 1; BALF bronchoalveolar lavage fluid; CCL11 C-C Motif
Chemokine Ligand 11.

Javed et al. [52] highlighted a modulation of microglial activation by -caryophyllene
in a rotenone (ROT)-induced animal model of Parkinson’s disease. Indeed, while rotenone
injections induced a significant loss of dopaminergic neurons in substantia nigra, as a result
of glial cell activation, administration of 3-caryophyllene (50 mg/kg i.p.) decreased the
microglia activity, attenuated oxidative/nitrosative stress and neuroinflammation, and
inhibited gliosis and pro-inflammatory cytokine release; these effects have been associated
with the down-expression of Iba-1 antibody, upregulated in activated macrophages and
responsible for oxidative injury.

Similarly, Askari et al. [44] found that the protective effects of low-dose 3-caryophyllene
(5 mg/kg) in an experimental autoimmune encephalomyelitis (EAE) mouse model of
chronic multiple sclerosis was associated with a modulation of microglia and systemic
lymphocyte immunity. Indeed, the treatment induced a decrease in the microglia activation
as well as in the levels of TNFx, PGE2, iNOS, and NO/urea pro-inflammatory factors
and an increase in anti-inflammatory cytokines, such as interleukin IL-10 [44]. Along with
microglia, $-caryophyllene induced a marked lowering of the leucocyte population in the
spinal cord and a decrease in the CD4+ and CD8+ T lymphocytes in the peripheral lym-
phoid tissues and in the axonal demyelination by modulating the T helper-1/T regulatory
cell (Thl/Treg) immune balance [45].

3.2. Effects of Caryophyllane Sesquiterpenes on Other Monocytic Cells

Monocytes are both circulating and tissue-resident blood cells, which take part in
the “mononuclear phagocyte system”, along with macrophages and dendritic cells, but
differ due to their rapid recruitment towards inflamed sites [34]. Circulating and tissue-
resident monocytes are also known as “Ly6C1°"“and “Ly6CMigh” cells [29]. The first ones
are patrolling monocytes and play a key role in the maintenance of endothelial integrity
by removing damaged cells and debris from the vasculature, leading to a resolution of the
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inflammation in the damaged tissues [54]. Moreover, they interact with metastatic tumor
cells and counteract their viability by recruiting and activating natural killer (NK) cells [34].
By contrast, Ly6C"8" monocytes express chemokine receptor 2 (CCR2), whose activation by
CC-chemokine ligand 2 (CCL2) leads to their rapid mobilization [27]. Once recruited in the
peripheral tissues, the Ly6CN8" monocytes can not only act as precursors of tissue-resident
macrophages but can also differentiate into functionally distinct monocyte-derived cells,
acquiring inflammatory effector functions and regulatory properties in order to promote
tissue repair [27,29,34]. The plastic capacity of monocytes is helpful in the restoration of
tissue integrity and function by favouring the process of cell debris, the degradation of the
extracellular matrix, cytokine catabolism, the release of regulatory mediators (such as the
IL-10, anti-inflammatory cytokine that can counteract the activity of resident microglia),
the suppression of resident activated macrophages, and the clearance of neutrophils from
the damaged tissue [34].

Gertsch and colleagues investigated the ability of 3-caryophyllene to counteract the
LPS-induced activation of the mitogen-activated protein kinase 12 (p38), extracellular
signal-regulated kinase 2 (Erk1/2), and Jun Nuclear Kinase 1 (J]NK) pathways in primary
CD14+ monocytes. In particular, a 1 h pre-treatment with 0.5 uM (3-caryophyllene before
LPS stimulation significantly decreased the activation of the Erk1/2, JNK1/2, and MAPK
signaling, thus lowering the levels of proinflammatory IL-1f3 and TNF-« cytokines; con-
versely, LPS-induced p38 activation was not significantly affected by (3-caryophyllene [43].

B-Caryophyllene has been also studied for its ability to modulate monocyte function
in endothelial disfunction and inflammation [36]. Monocytes are known to be involved
in the generation of atherosclerotic plaques and endothelial dysfunction as a consequence
of their accumulation in growing lesions, lipid uptake, and enhanced expression of pro-
inflammatory cytokines, such as IL-6, IL-1 and TNF-«, vascular cell adhesion molecule-
1 (VCAM-1), and monocyte chemoattractant protein 1 (MCP-1), that lead to a further
recruitment of monocytes and to inflammation development [34].

Zhang et al. [36] found that 3-caryophyllene was able to attenuate the TNF-o-induced
attachment of THP-1 monocytes on HUVEC cells and to lower the expression of VCAM-1
and Interferon Regulatory Transcription Factor 1 (IRF-1), probably as a consequence of
JAK2/STAT1 pathway inhibition and a CB2 receptor modulation. In addition, the de-
creased expression of IRF-1 can be responsible for the lowered recruitment of monocytes
and macrophages and for the decreased expression of iNOS, which can contribute to the
anti-inflammatory effects of 3-caryophyllene. A down regulation of VCAM-1 expres-
sion by p-caryophyllene was also confirmed in a mouse model of LPS-induced aortic
inflammation [36].

3.3. Modulation of Lymphocyte Function

Lymphocytes are white blood cells grouped in B cells, T cells, and natural killer (NK)
cells [55]; B cells are involved in humoral immunity and counteract pathogens through
the release of antibodies and also promote clearance of cellular debris; T cells are involved
in immune memory, host defence, and inflammatory response, thanks to their differen-
tiation in cell subtypes, including memory and effector T cells [55]. Effector T cells are
distinguished in CD8+ T cells, characterized by antigen-specific cytotoxicity and TNF-o
and IFN-y production, and in CD4+ T cells, which are further subdivided into helper T
cells, such as the Th1, Th17, and Th2 subsets [55]. The Th1 subset activates macrophages,
produces IFN-y, and is responsible for pathogen clearance; moreover, it plays a crucial
role in autoimmune diseases and in chronic inflammatory disorders, along with the Th17
subset, which is responsible for the recruitment of neutrophils [56]. By contrast, Th2 cells
release anti-inflammatory cytokines, such as IL-4, stimulate B cell proliferation and are
involved in allergic response. CD4+ T cells can be also differentiated in T-regulatory cells
(Tregs), which have regulatory properties to avoid autoimmunity response [55]. Different
studies highlighted a possible modulation by caryophyllane sesquiterpenes of lymphocyte
function; in particular, Di Sotto and colleagues [46,47] showed that both 3-caryophyllene
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and f-caryophyllene oxide were nonmutagenic in human isolated primary lymphocytes,
thus suggesting their safe use. Moreover, 3-caryophyllene (0.5-100 uM) resulted in being
able to protect lymphocytes from the clastogenic damage of ethyl methane sulfonate, likely
acting through desmutagenic mechanisms [46].

Askari et al. [44] studied the ability of 3-caryophyllene to modulate the balance of Th1l
and Th2 cells in an in vitro model of multiple sclerosis. To this end, spleen lymphocytes
isolated from experimental autoimmune encephalomyelitis (EAE) mice, a murine multiple
sclerosis model, were exposed to myelin oligodendrocyte glycoprotein (MOGg5_55) and
-caryophyllene 0.2 and 1 uM. Treatment with 3-caryophyllene affected cell proliferation
and decreased the MOGg3s_s5-induced expression of the pro-inflammatory cytokines IFN-y
and IL-17 (produced by Th1 and Th17, respectively), while enhancing the release of the anti-
inflammatory IL-4 and IL-10 (produced by Th2); as a result, the ratios between IFN-y/IL-4
and IL-17/IL-10 were decreased [44]. These results suggested that 3-caryophyllene can
protect against multiple sclerosis by attenuating lymphocyte autoreactivity and limiting the
inflammatory response through stimulating the activation of Th2 anti-inflammatory cells.

Similarly, a 1 h exposure to 3-caryophyllene 1-100 pM enhanced the IL-10 levels
and decreased the release of IFN-y, without affecting IL-4 levels, in MOGgs_s5-treated
T-lymphocytes isolated from EAE mice; this effect was found to be associated with the
activation of CB2 receptors, as confirmed by the disappeared effects in the presence of
the selective AM630 CB2 antagonist [45]. Indeed, the activation of CB2 receptors has
been reported to inhibit lymphocyte T migration, to modulate the immune system, and to
counteract the inflammatory response [45]. These protective effects seem to be related to
the activation of the PI3K/ Akt signaling pathway [44], as displayed by Yamaguchi et al.
for B-caryophyllene [30].

As mentioned above, Th2 cells also play a central role in allergic disease and airway
hyperreactivity; indeed, they promote eosinophils recruitment, mast cell growth, mucus
hypersecretion, and IgE synthesis through the release of cytokines such as IL-4, IL-5, IL-
9, and IL-13 [56]. Therefore, their modulation can be approached as a possible strategy
against allergy and asthma. In line with this evidence, the ability of 3-caryophyllene and
a-humulene (1 and 10 uM) to counteract the ovalbumin-induced airway inflammation,
in a mediastinal lymph node cell culture, has been studied [48]. Despite a null activity
of B-caryophyllene, x-humulene was able to reduce IL-5 levels and Th2 cytokine release,
thus suggesting a possible interest in this sesquiterpene as an attractive molecule for the
treatment of asthma and related inflammatory and allergic diseases [48].

-Caryophyllene has also shown to be able to modulate natural killer (NK) cell func-
tion in an Ehrlich ascites tumor-bearing mouse model [57]. These cells act as natural
sentinels and are widespread in lymphoid and nonlymphoid tissues, where they represent
a minor fraction of the total lymphocytes [58]. They can discriminate target cells from
other “self-cells “ through cell surface activating and inhibitory receptors, among which
are human ULBP and MIC molecules and TLR ligands [59]. The capability of NK cells to
act in the immune system response depends on the cytokine microenvironment and on
interactions with other cells, such as T cells, dendritic cells (DCs), and macrophages [60]. Da
Silva et al. [57] found that treatment of Ehrlich ascites tumor-bearing mice with 20 mg/kg
[3-caryophyllene significantly increased levels of splenic NK cells and improved their cyto-
toxicity against YAC-1, a Moloney virus-induced mouse T-cell lymphoma of A/SN origin,
and Ehrlich ascites cells, despite a lower effect of a-humulene. Considering that during the
Ehrlich ascites tumor growth, the level of NK cell activity in spleen cells has been found to
be decreased, the results obtained by Da Silva et al. [57] suggest that the anti-tumor effect of
-caryophyllene in the Ehrlich ascites tumor is mediated by an increase in NK cell activity.

3.4. Effects of Caryophyllane Sesquiterpenes on Neutrophiles and Eosinophils

Neutrophiles are the first line of innate immune defense against infectious diseases and
are deemed to be potent inflammatory mediators, causing inflammatory tissue damage [61].
Moreover, neutrophils provide signals to other innate immune cells (NK cells and dendritic
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cells) in response to invading foreign danger [62]. In acute infections, they are charged with
cytotoxic granules, containing antimicrobial molecules (such as proteases, lactoferrin, and
myeloperoxidase), and possess a strong capability for exocytosis during the infection or
inflammatory process [63]. Interaction of neutrophils with dendritic cells (DCs) induces
production of interleukin-12 (IL-12) by DCs and helps in their maturation and in the
activation of T cells [64]. Infiltration of neutrophiles is an also important process in hepatic
diseases; indeed, recent evidence has revealed a strong circulating flux in chronically
ethanol-fed mice, such as alcoholic hepatitis (AH), characterized by acute neutrophilic
infiltration associated with chronic liver failure and high mortality [65].

Varga et al. [51] evaluated the possible protective role of -caryophyllene in a steato-
hepatitis mouse model, induced by a liquid diet containing 5% ethanol for 10 days. Ad-
ministration of 3-caryophyllene (10 mg/kg i.p.) produced hepatoprotective effects and
lowered the neutrophil inflammatory infiltrates associated with a lowering in the expres-
sion of the vascular adhesion molecules of ICAM-1, E-selectin, and P-selectin and in the
inflammatory cytokines CXCL1/KC and TNFo. Medeiros et al. [53] also showed that both
-caryophyllene and «-humulene (50 mg/kg per os) reduced neutrophile recruitment and
migration in rat models of LPS-induced acute inflammation. A modulation of eosinophil
infiltration in bronchoalveolar lavage fluid (BALF) from BALB/c mice model carrying
ovalbumin-induced airway allergic inflammation by a-humulene (50 mg/kg) was found
too [48].

4. Discussion

The present systematic review highlights that caryophyllane sesquiterpenes possess
immunomodulatory properties which can contribute to their beneficial effects in vari-
ous pathological conditions. Among the caryophyllane sesquiterpenes, 3-caryophyllene
is the most studied compound in both in vitro and in vivo models; the modulation of
macrophage function in inflammatory conditions has been mainly characterized, although
the changes in the recruitment of other immune cells, including lymphocytes, neutrophiles,
and eosinophiles in other pathologies, such as tumors and allergic diseases, have been high-
lighted too. Similar effects on macrophage function have been found for 3-caryophyllene
oxide, albeit highlighted in just one study [33]. Considering the structural similarity with
-caryophyllene and the recently highlighted ability to modulate CB2 receptor expres-
sion [2], it is conceivable that it can act like the lead compound, thus suggesting the need
for further investigation.

As regards oa-humulene, though it is poorly studied, the available evidence highlighted
its ability to counteract the LPS-induced inflammatory response of macrophages in vitro at
high concentration [32], suggesting a weaker potency compared to 3-caryophyllene and
[3-caryophyllene oxide. Conversely, it was able to modulate immune response related to
allergic diseases (e.g., decreased immune cell infiltration, inhibition of the Nf-kB and AP-1
pathways, and the release of asthma-related modulators, such as CCL11, LTB4 and IL-5) in
mice, as displayed in Figure 3, despite a null effect of 3-caryophyllene [48]. This evidence
suggests a possible role of x-humulene as a novel strategy to treat asthma and allergic
diseases and deserves to be further investigated.

The in vitro immunomodulatory effects of 3-caryophyllene were usually studied in
the concentration range of 0.25-50 uM, while at higher concentrations the substance seemed
to affect cell viability, which was probably due to a stimulation of the pro-apoptotic path-
ways [30]. Interestingly, 3-caryophyllene exhibited cytoprotective and anti-inflammatory
properties against different stressors, including LPS and Af31_4, peptide, and in different
in vitro models of macrophages, microglial cells, monocytes, and lymphocytes, likely as-
cribed to the activation of CB2 receptors. In particular, blocking the microglia activation
into the M1 inflammatory phenotype has been associated with the neuroprotective effects
of 3-caryophyllene, which have been further confirmed in animal models of Parkinson’s
disease and multiple sclerosis.
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Figure 3. Proposed mechanisms accounting for the modulation of immune response related to allergic
diseases by a-humulene. The substance was found to be able to block the Th2-mediated activation of
eosinophils, thus reducing the inflammatory response. | reduction.

Askari et al. [40] hypothesized that the cytoprotective effects of 3-caryophyllene in
microglial cells occurred via activation of the CB2 and PPARY receptors and through the
involvement of ceramides. Indeed, after activation of the CB2 receptor by the sesquiterpene,
the CB2-activated 3y-subunit can stimulate sphingomyelinase (SMase) activity, responsible
for producing ceramides, which in turn activate the PPAR-y receptor [49], leading to
anti-inflammatory and antioxidant effects [40]. As a consequence, PPARYy can control the
inflammatory response through the inhibition of Nf-kB and other inflammatory pathways
and the activation of antioxidant defences, such as Nrf2/HO-1 signaling [40]. Accordingly,
decreased levels of pro-inflammatory factors, such as TNF-«, IL-13, IL-10, NO and PGE2,
and oxidative stress parameters (e.g., ROS level reduction), along with an inhibition of
iNOS and COX-2 enzymes and a restoring of antioxidant defenses (i.e., GSH) has been
found in microglial cells after treatment with 3-caryophyllene [40,42,44,45]. The proposed
mechanism underlying the immune-mediated neuroprotective effects of 3-caryophyllene
is summarized in Figure 4.

p-Caryophyllene was also found to be able to modulate lymphocyte function in a
mouse model of multiple sclerosis, promoting the anti-inflammatory Th2 response and
attenuating Th1 activity [44,45]. Similarly, a switch to the anti-inflammatory macrophage
phenotype, along with a reduced infiltration of leukocytes (i.e., macrophages and neu-
trophiles) by the sesquiterpene has been highlighted in animal models of alcoholic steato-
hepatitis, colitis, atherosclerosis, and nephropathy [36-38,51]. The immunomodulatory
properties of 3-caryophyllene have been also highlighted in cancer diseases, in which the
substance reduced macrophage recruitment and tumor growth [35] and restored natural
killer cell activity in a mouse model of Ehrlich ascites [57]. The chemopreventive effects
of B-caryophyllene against environmental pollutants, which can lead to immune cell de-
generation, have been also highlighted in lymphocytes [46]. This evidence strengthens
the previously highlighted interest in these compounds as possible adjuvant treatments in
cancer chemotherapy and as cancer immunomodulators [7]; moreover, immunomodulation
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can be deemed as novel possible chemopreventive mechanisms of caryophyllane sesquiter-
pene to be further investigated. However, more studies clarifying the complex mechanisms
involved, among which is the modulation of different targets in the endocannabinoidome,
are expected and essential to address further the therapeutical applications of these sub-
stances. Along with the interest in the immunomodulant properties of caryophyllane
sesquiterpenes and the multiple and pleiotropic mechanisms involved, the present system-
atic review highlights some issues to be considered for improving the available knowledge
and their possible developments. A major issue is the purity of the caryophyllane sesquiter-
penes used in the reviewed studies; according to the selection criteria, some records have
been excluded as the purity of the tested substances was not specified or was poor (i.e.,
lower than 90%); sometimes, essential oils containing 80% (-caryophyllene along with 20%
other compounds have been used instead of the pure compound.

B-Caryophyllene
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Figure 4. Proposed mechanism underlying the immune-mediated neuroprotective effects of 3-
caryophyllene via activation of CB2 and PPARY receptors through the involvement of ceramides.
1 increase; | reduction.

This is a critical methodologic feature as high impurity levels can dramatically affect
the activity of the tested compounds, leading to unreliable results. Indeed, in our previous
study, we highlighted that very low concentrations of caryophyllane sesquiterpenes were
able to synergize cannabidiol cytotoxicity [2]; therefore, considering the possible modulat-
ing effects of minor compounds, the true mechanism of the tested substance is not ensured.
As suggested by the best practices to be applied in phytopharmacological research, details
about compound purity should be reported; in particular, the use of high purity (95-99%)
compounds is recommended [66]. Moreover, the selected studies are mostly focused on
macrophages modulation by caryophyllane sesquiterpenes, while otherwise the effect on
immune function is measured as a secondary effect. More specific and high-quality studies,
which evaluate the effect of these sesquiterpenes on multiple immune system processes
and in specific diseases, such as tumor, metabolic, and allergic-related inflammation, along
with neuroinflammation are required. Promising preclinical results, based on high-quality
studies and standardized methodologies, can support a further pharmaceutical interest,
leading to clinical evaluation and practical application. To this end, pharmacokinetic and
bioavailability evaluation should be performed, due to the limited solubility of these sub-
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stances in aqueous fluids, which can lead to inconstant biological responses. Moreover, in
the development of suitable pharmaceutical formulations, such as liposomes, inclusion
complexes, or oil/water microemulsions [67-69], overcoming this limit remains a major
challenge in the achievement of a pharmaceutical development of these compounds.

5. Conclusions

Caryophyllane sesquiterpenes are unique natural compounds widely occurring in
nature, especially in plant essential oils, that have attracted a great attention over the years
due to their multiple and pleiotropic bioactivities. The present systematic review highlights
the ability of these substances, especially 3-caryophyllene and a-humulene, to modulate
immune function, and this effect seems to be positively involved in the beneficial properties
of these substances, especially in neuroprotection, inflammatory-based disease, cancer,
and allergies.

Despite lacking clinical evidence, the available studies suggest a further interest in
these properties, which can be approached not only as novel strategies for the treatment
of immune-based diseases but also as adjuvant treatments in support of standard phar-
macotherapies. The present overview encourages further high-quality studies to better
characterize these properties and to support a further pharmaceutical development.
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