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Abstract: Ointments and lotions from natural extracts have a long tradition of being used in
folk medicines against pain conditions. Monoterpenoids are among the major constituents of
several natural topical remedies. The field of chronic pain is one of the most investigated for new
active molecular entities. This review will discuss several molecular mechanisms against which
monoterpenoids have been proven to be good candidates for the topical treatment of chronic pain.
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1. Introduction

Monoterpenoids are plant-derived or synthetic 10-carbon-containing compounds. Monoterpenoids
are unknowingly used in perfumes and other preparations by millions of people every day.
Many representatives from this class have been characterized from the extracts of several plants traditionally
used to relieve pain and treat minor diseases [1]. Their relatively low molecular weights as well as their
intrinsic lipophilicity make these molecules suitable for skin permeation and suggest a possible role
in topical treatments. The efficacy of the compounds in causing pain to subside mostly relies on their
ability to inhibit transient receptor potential cation channels in the skin (TRP) [1]. TRP channels are the
most abundant pain receptors in the body and are most plentiful in the skin [2]. Topical application of
medicines has been proven useful in the treatment of several conditions, ranging from minor injuries to
chronic pain [3-5].

The mechanisms of chronic pain make this condition particularly hard to treat. Brain neurons
may become sensitized to pain in chronic pain conditions. Several interconnected processes in
the skin cause a self-perpetuating pain chemokine cycle that results in chronic pain (Figure 1).
These interconnected processes involve TRP channels, cyclooxygenase 2, prostaglandins, macrophages,
chemokines, skin resident T cells, neutrophils, and interleukins [5]. Damage to a sensory neuron
or other cell in the skin releases chemokines that attract and activate macrophages and neutrophils.
Cyclooxygenase 2 becomes induced in macrophages by this process and releases prostaglandins into
the skin. Macrophages also release their own chemokines that transactivate TRP channels in sensory
neurons. Neutrophils release leukotrienes that activate TRP channels to cause pain [6]. This may
be the basis of increased pain sensitivity in some patients. Chemokines induce the production of
IL-17 by skin resident T cells (Figure 2). IL-17 induces chemokine production by sensory neurons
and macrophages. Prostaglandins cause pain by binding to prostaglandin receptors and enhance the
activation of TRP channels.
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Figure 1. Molecular mechanism of nociception and peripheral sensitization mediated by prostaglandins.
Prostaglandins (PGs) (purple circles) from induced COX-2 in macrophages and constitutive COX-1
activate PGs receptors (purple tetragons), triggering the pain stimulus (blue arrows). The activation
of the PG-receptor-dependent cascade (black arrow) also results in the activation of PKA and PKC,
which modulate (gray arrows) the permeability of ion channels (TRPV1: Red; TTX-R Na*: Green; K*:
Magenta) and the sensitivity of Bradykinin receptors (blue tetragons).
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Figure 2. Th17 cell (green)-macrophage (purple) proinflammatory loop.

Monoterpenoids are also known to deactivate TRP channels [1]. This review will also address
the ability of topically applied monoterpenoids to modulate skin cyclooxygenase 2, prostaglandin
production, chemokine release, and IL-17 actions. The current work will evaluate the evidence that
topical monoterpenoids can interfere with the chemokine cycle in the skin and provide relief in chronic
pain conditions.

2. The Topical Management of Chronic Pain

Topical preparations based on natural products have a long tradition of being applied in the
treatment of several conditions, especially pain, in many cultures [7-9]. It is very interesting how
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many of these traditional remedies against pain seem to contain an abundance of monoterpenoids in
their extracts. The Chumash Native Americans of California have traditional medicines containing
monoterpenoids that are used to cure chronic pain [7-9]. There are several mechanisms involved in
the actions of monoterpenoids in chronic pain.

Chronic pain involves a complex mechanism that includes several receptors and endogenous
compounds. Usually, pain is referred to an area on the body surface, even though it may originate in a
tissue fairly remote from that area. This is because branches of afferent nociceptors form synapses in
the spinal cord and receive pain signals from the skin.

Skin, in fact, can be considered as an immuno-endocrine organ that can influence a broad
range of physiological and pathophysiological functions, such as inflammation. The central nervous
system (CNS) is directly or indirectly connected to the skin thanks to primary afferent and autonomic
nerves, which release neuromodulators and activate specific receptors on many target cells in the skin.
These mediators are barely present in normal conditions, but a dramatic increase is registered upon the
actions of different stimuli, like trauma or inflammation [10].

In addition, an interactive network is likely to exist between sensory nerves and immune cells.
Mast cells, derivatives of mononuclear precursors, are usually concentrated in the dermal-epidermal
junction around blood vessels and nerves. In some conditions, they can migrate to the epidermis
as well, since chemokines attract them. The IgE-mediated immunological stimulation of mast cells
induces the liberation of arachidonic acid, which can trigger both the cyclooxygenase enzymes (COX)
or the 5-LOX pathways, with the production of prostaglandin D2 and leukotriene C4 [11]. All of
the accumulation of these mediators induces the activation of nociceptors, especially TRP channels.
The noxious input, then, reaches the spinal cord and, through the dorsal root ganglia, is transmitted to
specific areas in the CNS, resulting in the perception of pain, burning, or itching.

In chronic inflammation and pain, prolonged skin nociceptor activation may lead to their
sensitization, with a reduction in the threshold for action potentials, an increase in response to a
stimulus, and an apparent spontaneous activity of nociceptors, especially TRP channels. The two
main manifestations are hyperalgesia (exaggerated response to a noxious stimulus) and allodynia
(perception of pain without a noxious stimulus). This is the result of a pathological neural plasticity in
response to the injury [12].

Prostanoids are strong sensitizing agents, both peripherally and centrally. The peripheral mechanisms
include an activation of TTX-R (tetrodotoxin-resistant) Na* channels and an inhibition of voltage-gated
potassium currents. The indirect effects are the enhancement of the sensitivity of sensory neurons to
bradykinin, which acts on B2-receptors, and to capsaicin, which acts on TRPV1-receptors (vanilloid
receptors, Figure 1).

COX-2 is the main source of prostanoids in injured tissues, even though the role of COX-1
should not be underestimated (Figure 3). In the CNS, both isoenzymes are present. However, during
inflammation, there is a great up-regulation of COX-2 in the skin and spinal cord, meaning that COX-2
is responsible for the increase in prostaglandin E-2 (PGE-2) levels in the skin, which produces central
sensitivity [12]. During chronic pain, the induction of COX-2 can last for years, thus making the skin a
pain-producing organ.

Although the pathophysiology of pain is nowadays clear, chronic pain is often difficult to treat.
Primarily, the etiology of chronic pain is only partially recognized for nociceptive conditions (such as
osteoarthritis) or neuropathic conditions (such as post-herpetic neuralgia). Chronic pain conditions are
usually treated with oral non-steroidal anti-inflammatory drugs (NSAIDs) or opioids, with obvious
consequences in terms of adverse effects, especially for elderly patients (>65 years), who are the most
affected by these diseases.

Data suggest that topical therapies may offer a safer, well-tolerated, and effective alternative to
systemic therapies in the treatment of patients with chronic, localized musculoskeletal and neuropathic
pain. A topical administration allows a lower daily dose and a site-specific drug delivery, avoiding
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first-pass metabolism, drug interactions, and systemic side effects [13]. The majority of topical
monoterpenoids evaporate from the skin.
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Figure 3. Schematic representation of cyclooxygenase involvement in physiological and inflammatory
pathways. Inflammatory stimuli induce the up-regulation of COX-2 via the NF-«B pathway in injured
tissues. The increase of prostaglandins above their constitutive level produces inflammation and pain.

Topical administration is particularly suitable for patients with musculoskeletal pain because the
drug can penetrate muscle, synovium, and joint tissue below the site of application. Concentrations
achieved here are at least equivalent to those obtained with oral administration, although very
variable [14]. In fact, penetration depth changes on account of several factors; for example, variability
in subcutaneous vasculature.

The primary barrier to drug delivery through the skin is provided by the stratum corneum, located
on the outer surface. The epidermis below is a viable tissue devoid of blood vessels. Just below the
dermal-epidermal junction, the dermis contains capillary loops that can take up administered drugs
for systemic distribution [15].

So, subcutaneous concentrations with topical administration exceed the ones achieved by oral
administration, but synovial concentrations are equivalent [14]. This is because trans-synovial transport
is a slow process that depends on the pharmacological characteristics of the drug and on the properties
of the joint and joint space [12].

Several NSAIDs are available as topical formulations. In patients with osteoarthritis, topical
diclofenac, ibuprofen, or ketoprofen have shown efficacy similar to that of oral preparations. In addition,
in neuropathic pain, including post-herpetic neuralgia (PHN), complex regional pain syndrome
(CRPS), and diabetic peripheral neuropathic pain (DPNP), topical capsaicin or lidocaine are effective
treatments [16]. A micro-emulsion for the topical delivery of celecoxib has also been described [17].
In addition, many topical monoterpenoid preparations are available to treat pain, such as Tiger Balm
and Salon Pas.

The use of topical analgesics could be advantageous in palliative care, where the main goal is
relief from chronic pain in patients with cancer. In this condition, the non-oral route of administration
avoids side effects and interactions with other drugs. Although some adverse effects—mainly cutaneous
(hopefully minimal, like rashes, pruritus, etc.)—can occur with topical formulations, they are undoubtedly
superior in terms of systemic side effects and offer a safer, more effective way to treat chronic pain.

3. Terpenes Are Suitable Candidates for Skin-Permeation Enhancement

For a successful transdermal drug delivery, compounds need to reversibly interact with the
stratum corneum, altering its highly ordered structure [18]. Terpenes have been classified as a safe
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and potent class of penetration enhancers to help transdermal drug delivery for both lipophilic and
hydrophilic compounds [19]. Their mechanism of action exploits the interaction with the lipids in the
stratum corneum, leading to their extraction and/or fluidization or interaction with keratin.

From this perspective, oxygenated terpenes are more suitable because of their functional groups
that may help with H-bond interactions in the lipid bilayer [19]. Another mechanism may be the
improvement of the solubility of a drug in the stratum corneum [20]. The capability of a terpene to
enhance skin permeation depends on its chemical structure (a chain terpene will move more easily
into the bilayer than a ring-shaped one [20]) and on other physicochemical properties [21].

Lipophilicity: Expressed as the partition coefficient (octanol/water), LogP, this is the most important
feature, given that the stratum corneum offers a more polar environment than octanol [18]. Therefore,
non-polar terpenes like limonene are more suitable for the enhancement of the permeation of lipophilic
drugs than the related oxygenated compounds and vice versa. Usually, amphiphilic terpenes are the
perfect compromise to enter the highly packed bilayer [19].

Size and chirality: It has been observed that smaller and (-) isomers perform better.

Boiling point and energy of vaporization: They are inversely related to the enhancement capability;
the lower the values of these parameters, the higher the permeation rate.

Degree of unsaturation: This factor depends on the individual terpenes.

Nevertheless, very often, permeation studies may be misleading when just the stratum corneum
is considered. When the latter is removed, in fact, permeation through epidermal and dermal tissue is
the real rate-limiting step. The Enhancement Index (EI) takes this peculiarity into consideration, and it
may hence be used to get a better idea of the maximum achievable drug permeation [18].

Furthermore, according to the apparent permeability coefficient (p (app)) values, selected
substances are ranked in the following order: Monoterpene hydrocarbons < monoterpene alcohols <
monoterpene ketones < phenylpropanoids [22].

As far as concentrations are concerned, it has been shown that the accepted range should be
1%-5% in transdermal drug delivery systems [19]. Of course, other compounds (e.g., ethanol [23]) may
synergistically act to improve the permeation, allowing a decrease in single terpene concentrations in
the future.

Another important feature to consider is the type of vehicle in which monoterpenes are provided:
Cutaneous accumulation of terpenes is higher when they are applied in pure essential oils than in
topical vehicles, leaving no doubt about the cooperation of the terpenes in skin permeation [22,24].

It should be mentioned that human skin models are considered superior to animal models, such as
hairless pigs or rats [25]. Availability of human skin is limited. Animal models are used for preliminary
studies and are followed up by human models as necessary [25].

Overall, terpenes are non-toxic, safe, and non-irritant, and are very effective permeation enhancers;
they hence provide an extremely powerful tool in the harsh field of transdermal and transmucosal
drug delivery.

4. Monoterpenoids Have Great Potential in the Treatment of Chronic Pain

Monoterpenoids (Figure 4) are widely occurring natural compounds found in higher plants,
algae, and fungi, and they generally show typical odor and taste. Structurally, they are the
result of the head-to-tail condensation of two isoprene units; then, starting from this 10-carbon
backbone, several enzymatic reactions, such as hydroxylations, dehydrogenations, double bonds
and/or carbonyl reductions, isomerizations, and conjugations lead to extensive biodiversity [26],
with about 20,000 different terpene metabolites known. To sum up, they can be divided into three
main subgroups: Acyclic, monocyclic, and bicyclic, depending on their arrangement open chains,
closed chains, or two joined rings, respectively.
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Figure 4. Structures of the described monoterpenoids.

They are widely known for their numerous biological activities, which include antimicrobial,
hypotensive, antipruritic, antigerminative, antiplasmodial, antiesophageal cancer, anticandidal, and,
especially interesting concerning this review, anti-inflammatory activities [27].

As for their anti-inflammatory activities, more than one mechanism of action has been suggested,
and up to ten different systems seem to be modulated by linalool, the most studied monoterpene.
Extensive reviews have already explored the available literature for the analgesic and anti-inflammatory
properties of these compounds [28-30].
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Here, we propose an innovative approach: The most important pain-related pathways in which
monoterpenes have showed efficacy will be briefly discussed. Afterward, the IL-17 pathway and the
chemokine axis will be described as poorly explored but very promising future targets for more research
involving the monoterpene activity spectrum. Similarly, the inhibitory potential of monoterpenes
against COX-2- and TRP-mediated stimuli will be discussed.

The opioid system is an important inhibitory system in nociception, which acts through two main
pathways: Central and peripheral. At a central level, opioid agonists activate pain-control descending
pathways as well as potassium channels and inhibit voltage-dependent calcium channels [31]. These are
generally modulated by acyclic monoterpenes, including myrcene, linalool, citronellal, and citronellol.
Exceptions are represented by a-terpineol, paeoniflorin, f-pinene, thymoquinone, p-cymene, and
rotundifolone. Opioids also induce chemokine formation, which can make chronic pain worse and can
cause opioid-induced hyperalgesia [5].

The inhibition of the signaling cascade starting with the NF-kB transcription factor is a common
feature of the majority of the monoterpenes that exert both anti-inflammatory and anticancer activity [32].
Consequences include, obviously, the reduction in inducible Nitric Oxide Synthase (iNOS) and
COX-2 expression.

a-Pinene and linalool showed efficacy in inhibiting COX-2 expression [33]. Citral (geranial) and
carvacrol act by inhibiting COX-2 expression and activating the peroxisome proliferator-activated
receptors (PPAR) a and y. The latter are ligand-dependent transcription factors that are also known to
modulate COX-2 expression, and vice versa [25]. Other important molecules involved in this pathway
are (+)-pulegone, a-terpineol, tymoquinone, and 1,8-cineole (eucalyptol) [27].

Nitric oxide (NO) is considered a pro-inflammatory mediator. Rather than on the release of NO
itself, many monoterpenes act on the reduction of the expression levels of the inducible Nitric Oxide
Synthase (iNOS) mostly through the NF-«B pathway. Examples are citral, limonene, geraniol, and
linalool [30].

Activated macrophages release inflammatory cytokines that bind to the receptors maintaining
the inflammatory response. Numerous monoterpenes show a significant capability to inhibit, for
example, the expression of TNF-a, among which are linaool, catalpol, carvacrol, citronellol, geniposide,
paeoniflorin, 1,8-cineole (eucalyptol), borneol, a-terpineol, etc. [28-30]. The same compounds very
often show a great ability to decrease other cytokines like I1-15, IL-6, IL-4, and IL-8.

Glutamate is an excitatory amino acid, and glutamate-mediated events may also contribute to the
peripheral nociception and inflammation [34]. Diverse monoterpenes act on this neurotransmission,
such as linalool (N-methyl-d-aspartate (NMDA) receptors), myrcene, carvacrol, a-phellandrene,
paeoniflorin, and citronellal [28]; moreover, gentiopicroside shows a peculiar capability to
down-regulate GluN2B receptors [30].

Many other neurotransmission systems that are involved and interwoven often appear as the
targets of monoterpenoid action. These include the serotoninergic system (citral acts on 5HT2A and
S5HT3 receptors [30]), the adrenergic system (myrcene and paeoniflorin, which act on a2 receptors [30]),
the cholinergic system, since painful stimuli are known to increase acetylcholine in the spinal
cord (y-terpinene [35], a-phellandrene, linaool [28], and geraniol have the capability to reduce
acetylcholinesterase activity [30]), the GABA-ergic system (borneol, carvacrol, menthol, linalool, and
a-terpineol act on GABA-A receptors [28,30]), and the adenosinergic and dopaminergic systems as
well [28,30]. Most of these receptors occur in the skin and are involved in pain sensation in the skin [3].

5. Pro-Inflammatory Cytokine IL-17 and Chemokines as New Targets against the Mechanisms of
Pain and Chronic Pain

Interleukin-17 (IL-17) is a Th1 cytokine secreted from activated CD4 cells; therefore, it is one of the
molecules that may serve as a mediator of the T cell response to pathogens [36]. This subset of T-Helper
cells was identified because of its capability to produce IL-17A, IL-17F, and IL-22 [37]. The IL-17
polypeptide consists of a 19 amino acid signal sequence followed by a 136 amino acid mature segment.
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It contains at least one N-glycosylation site and six cysteine residues that form intermolecular bonds
during dimerization [38]. Apart from IL-17(A), five additional IL-17 members have been described
(termed IL-17B to IL-17F), which all have conservations in their C-terminal region.

They are a family of pro-inflammatory cytokines, and are so called because of their capability to
promote the production of CXC chemokines, Matrix Metalloprotineases (MMPs), Granulocyte-colony
stimulating factor (G-CSF), and increased intracellular adhesion molecule 1 (ICAM-1) from tissues,
regulating neutrophil homeostasis as well [39]. They promote a great variety of inflammation processes,
like the induction of nitric oxide (NO) production, with an increase in the inducible nitric oxide
synthase (iNOS) [39-41]. They also induce COX-2, and one of the novel signaling pathways suggests
the involvement of both DNA-binding and RNA-binding proteins [40,42]. Moreover, the autocrine
IL-17A production by Th17 cells is critical to sustain the proinflammatory loop, and key elements
involved in Th17 cell differentiation and function are prostaglandins themselves [43-45].

Among the numerous target genes of I-17-dependent stimulation, there are the genes of IL-1f, IL-6,
IL-8, and, especially, TNF-a. In fact, IL-17 is able to induce NF-«B transcription factors in fibroblasts,
macrophages, chondrocytes, intestinal epithelial cells, and colonic and pancreatic myofibroblasts [46].
All of the above-mentioned biological activities and signaling pathways have been widely shown to be
augmented by the synergistic action of TNF-o [36,47,48].

The receptor for IL-17A (IL-17R) is a single-pass transmembrane protein of approximately 130 kDa.
Five members of this receptor family have been identified so far: IL-17R, IL-17RH1, IL-17RL (receptor
like), IL-17RD, and IL-17RE, and they show a widespread distribution in disparate tissues, such as in
articular cartilage, bone, meniscus, brain, hematopoietic tissue, kidneys, lungs, skin, and intestines [49].
Recent studies analyzing the IL-17RA cytoplasmic tail have uncovered motifs that share features with
a signaling moiety found in Toll-Like Receptors and IL-1R [39], but signal transduction pathways have
not been clearly established yet.

Resident cells in the skin that contribute to innate responses include keratinocytes, epidermal
Langerhans cells, and dermal dendritic cells (DDCs). The latter promote the development of specialized
effector T cells, like CD4+ T helper type 1 (Th1) and CD4+ T helper type 2 (Th2) cells, as well as the
novel aforementioned subset called Th17 cells [50]. In addition, in mucosal and epithelial surfaces
like the skin, another significant source of IL-17 is the gamma-delta T cell population, which may be
important in the early neutrophil response [39]. Th17 cells should be able to enter the skin by their
preferential expression of chemokine receptors CCR4 and CCR6 [51], regulating chemotaxis by the
chemokines CCL17 (cutaneous venules) and CCL20 (keratinocytes, dermal fibroblasts, and endothelial
cells) [50].

There is no evidence of IL-17 expression in normal skin, but there is in skin lesions, allergic
contact dermatitis, and psoriasis [46]. Both Thl and Th17 cytokines have been found in psoriatic
skin with unregulated expression of 3-defensin-2 (BD-2), psoriasin, cathelicidin, and calprotectin [52].
In keratinocytes, IL-17 induces IL-6, IL-8, GRO«a, GM-CSF, and ICAM-1 by acting either directly or
amplifying the actions of IFN-y, IL-4, and TNFa [46].

High levels of IL-17 were found in the rheumatoid synovia of patients with rheumatoid arthritis
(RA), but not with osteoarthritis, causing inflammation and bone degradation due to the stimulated
expression of several chemokines, such as CXCL8 (IL-8), CXCL1 (KC/GRO-a), CXCL2 (MIP2a/GRO-p),
CCL20 (MIP-3a), CCL2 (MCP1), and CCL7 (MCP3) [52,53]. Moreover, in synoviocytes, IL-17 synergizes
with IL-18- and TNFa-induced production of cytokines, including IL-6, IL-8, growth-related oncogene
a (GROa), leukemia inhibitory factor (LIF), and MIP-3a [46]. Increased NO level, as well as the release
of cartilage proteoglycans, glycosaminoglycans (GAGs) and collagen fragments, contribute to matrix
degradation [49]. In conclusion, T cells with inflammatory effects on epithelial, endothelial, and
fibroblast cells express IL-17.

IL-17 has what it takes to be a potential therapeutic target [54]; hence, the effect of monoterpenoids
on the regulation of proinflammatory cytokines could be an interesting topic for further research.
To date, only poor data is available that revolve around the mechanisms of monoterpenoid activity on



72020, 3 204

cytokine expression pathways or against their receptors. Likely, some of the most effective compounds
might be able to interact at different stages of the inflammatory pathways.

p-Cymene, carvacrol, and thymol are all monoterpenoids isolated from the leaves of Lippia sidoides
Cham., a plant endowed with anti-microbial activity [55]. Their application in the treatment of
emphysema in mice showed positive outcomes and resulted in the reduction of expressed IL-17 along
with other cytokines [56].

Oleuropein can be retrieved from the leaves of olive trees [57]. It is a phenolic seco-iridoid recently
patented for the treatment of type 2 diabetes [58]. The anti-oxidant and anti-inflammatory effects of
oleuropein have been demonstrated [59]. The compound was proven to suppress IL-17 expression in
bowel cells from ulcerative colitis patients [60].

Amarogentin is a seco-iridoid glycoside found in the root of Gentiana lutea L. [61]. The compound is
an inhibitor of Topoisomerase I and has anti-leishmanial properties in animal models [62]. Recent studies
demonstrated the ability of amarogentin to inhibit histamine and TNF« synergetic stimulation of
CXCLS8 expression in keratinocytes [63]. However, these results highlight how the inhibition of
the expression and activity of the mediators of inflammation consists of an intricate network of
inter-dependent pathways that cannot be considered separately.

Geniposide, an iridoid glycoside, and its aglycone, genipin, derived from the fruits of Gardenia jasminoides
J.Ellis, both seem to be good candidates as inhibitors of inflammation [64]. As a matter of fact, genipin is
able to significantly reduce the expression of CXCL1 and inhibits autophagy-dependent inflammasome
activation [65], whilst geniposide affects CXCL8 production by blocking p38 MAPK and the ERK 1/2
pathway [66]. Geniposide was also able to inhibit IL-17 expression in rats with adjuvant arthritis [67].

Paeoniflorin was reported as an inhibitor of the secretion of CXCL1 and CCL2 chemokines from
microglia [68] as well as for its ability to regulate CXCR3 expression in macrophages and to interfere
with CXCL11 and CXCR3 interactions [69]. The inhibition of CXCLS8 release was also documented [70].
One of the suggested mechanisms for the suppression of chemokine release after an inflammatory
stimulus is the blockade of TNFa-induced NF-kB and ERK 1/2 activation by phosphorylation [71].
The anti-inflammatory effect might be also mediated by the inhibitory potential of the compound
against abnormal IL-17 production, as reported by Dai et al. in 2015 [72]. In addition, albiflorin,
an isomer of paeoniflorin, showed efficacy in inhibiting CXCL1 expression [73]. Paeoniflorin and
albiflorin are monoterpene glycosides extracted from the roots of Paeonia lactiflora. The plant is known
in traditional Chinese medicine as bai shao yao, and has been widely used for the treatment of several
forms of pain and menstrual disorders [74].

Linalool (Figure 4) is a mixture of two isomers of a monoterpene alcohol mostly found in the plant
families of Lamiaceae, Lauraceae, and Rutaceae. The raceme mixture is commonly used as a scent in
the perfume industry. A recent study led by Ma et al. demonstrated that linalool inhibits CXCL8 and
CCL2 release in tissues by affecting the NF-B pathway [75]. Interestingly, a computational approach
attempted in 2015, aimed at the discovery of new targets and lead compounds for the treatment of oral
cancer, actually resulted in the selection of linalool, along with its isomer -linalool, as potential lead
compounds for the inhibition of CXCR4 [76].

6. COX-2: Will a Target Ever Be Obsolete

The synthesis of prostaglandins G and H is the second step of a biosynthetic path known as the
prostanoid synthetic pathway, which starts with the synthesis of prostaglandin G from arachidonic acid,
dihomo-y-linolenicacid, or EPA, performed by the cyclooxygenase enzymes (COX) [77]. The production
of prostanoids must not be labeled as an exclusive pathologic condition even if it is involved in some
mechanisms of inflammation. Cells produce these compounds as a physiological activity, such as
platelet aggregation, regulation of gastric and intestinal secretion, broncho-dilation, and constriction
and maintenance of vascular tone.

The role of PGE; is particularly relevant, for it has a key role in the genesis of pain [78]. It is widely
accepted that COX-1 production of prostanoids is aimed at “housekeeping functions”, while COX-2
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expression and enzymatic activity would be induced, in several tissues, under stress conditions to
synthesize prostanoids as intermediates in inflammation and cancer processes [79].

Traditional NSAIDs inhibit both COX-1 and -2, even if they may show some differences concerning
binding affinity [77]. Due to the inhibition of constitutive COX-1, which is expressed in the epithelium
of the stomach, the synthesis of prostanoids decreases, thus triggering a fall in the production of gastric
mucus secretion as well as an increased acid and pepsin secretion [77,79].

Selective COX-2 inhibitors have been thoroughly researched through the years. Many compounds
are available on the market, and the class of drugs known as Coxibs holds a certain importance [80,81].
Heart attacks and other cardiac problems have resulted from these agents.

The significant side effects associated with traditional NSAIDs and some COX-2-selective inhibitor
consumption is still prompting researchers to investigate new classes of molecules that may be good
candidates as COX-2-selective inhibitors [82]. As a matter of fact, COX-2 remains one of the most
investigated molecular targets.

The tertiary structure of COX-2 features three different domains [83]. The N-terminal region
consists of the Epidermal Growth Factor (EGF) domain, the central section was identified as the
Membrane Binding Domain (MBD), whilst the catalytic domain, which contains the two active sites
(peroxidase (POX) and cyclooxygenase (COX)), folds into the globular shape comprising the C-terminal
region [83-85].

The COX-1 active site is an L-shaped, 25 A long, hydrophobic channel. The COX-2 channel is 20%
larger than that of COX-1, since I1e523 in the COX-1 active site is replaced by the smaller Val523 in
COX-2. The lack of a methyl group on the amino acid 523 opens a sort of pocket on the side of the
L-shaped channel, therefore making it a Y-shaped channel. This is why bulkier ligands can fit into the
active site of COX-2 better than into that of COX-1. In both isoforms’ active sites, amino acids Tyr385
and Ser530 have a central role in binding the ligand [83-85].

Carvacrol is a phenolic monoterpene that can be retrieved from the extracts of several plants,
such as Nigella sativa L. [86], Origanum vulgare L. [87], and Thymus vulgaris L. [88]. Several remedies in
traditional medicines feature one of these plants for their activity in the treatment of inflammatory
states and pain. Carvacrol was active in the inhibition of both COX-1 and COX-2 activity. Its efficacy
in vitro was comparable to that of indomethacin. Nonetheless, the compound would be still ranked
among the traditional NSAIDs. The small phenolic structure is obviously not a good choice for selective
inhibition [89].

Similar studies about thymol and thymoquinones from Nigella sativa L. were reported by Marsik
et al. According to the obtained data, thymol showed a better affinity for COX-1 despite being an
excellent inhibitor of COX-2. The thymoquinones, on the other hand, inhibited COX-2 with a certain
selectivity; dithymoquinone in particular showed very poor efficacy against COX-1. The scaffold of
dithymoquinone is quite a bit bulkier than the other compounds, and this explains why it would hardly
fit into the COX-1 channel [90]. Nigella sativa L. is quite known for its uses as an anti-inflammatory
traditional remedy [86].

The aforementioned amarogentin was also the focus of an in silico evaluation as a possible
ligand/inhibitor of both of the cyclooxygenase isoforms. In the study, the binding affinity of
amarogentin against the enzymes was predicted along with the stability of the ligand—protein
complex and the binding free energy. In all three experiments, amarogentin was a good candidate
for the selective inhibition of COX-2; in fact, the COX-2-amarogentin complex demonstrated higher
stability over time, and the gap in the comparison of the binding free energies (—52.35 Kcal/mol for
COX-2 versus —8.57 Kcal/mol for COX-1) suggested an important potential in selectivity. After all,
amarogentin is a secoiridoid glycoside with a large scaffold composed of an iridoid subunit joined to a
trihydroxy-biphenyl carboxylic acid moiety by a glucose molecule, which allows amarogentin to bind
in the cavity of COX-2 in a similar way to that of selective inhibitors [91].

Another computational approach was attempted on the outcome of a test performed on a subset
of 16 iridoids isolated from Penstemon barbatus (Cav.) Roth, Castilleja tenuiflora Benth, Cresentia alata
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Kunth, and Vitex mollis Kunth. The four plants occur in the ancient tradition of Mexican folk medicine.
The compounds’ subset was previously subjected to an in vitro screening against the enzymes.
Among the tested compounds, loganic acid was the one to show an important efficacy in inhibiting
COX-2 and only a mild effect against COX-1. Subsequently, the molecule was subjected to an in silico
evaluation of its theoretical affinity that basically confirmed the biological assay outcomes. The same
results provided an interesting prospect on how some factors seem to be relevant in the binding of
monoterpenoids to COX-2, such as the presence and orientation of a methyl and a hydroxyl group and
the presence of a carboxylic acid moiety [92].

A similar protocol was applied to evaluate the activity of H-harpagide, an iridoid monoterpene
that is actually a metabolite obtained by the hydrolysis of Harpagide and Harpagoside in plants such as
Scrophularia ningpoensis Hemsl. [93], Scrophularia buergeriana Miq. [94], and Harpagophytum procumbens
(Burch.) DC. ex Meisn. [95] and catalyzed by $-glucosidase. The parent compounds did not show any
anti-inflammatory activity. H-harpagide, on the other hand, was able to selectively inhibit COX-2 over
COX-1, suggesting that the anti-inflammatory activity associated with the mentioned plants may be
due to the presence of the active metabolite [96].

An innovative approach was attempted by Sun et al. in 2016. The team designed several
compounds by merging NSAID scaffolds with methylated genipin. The obtained data showed how
the conjugation of aspirin with genipin (to obtain a compound labeled as AGE) was likely the most
promising approach to obtain selectivity. The inhibitory activity of AGE was hence tested against the
enzymes, and the results confirmed the computational prediction (the IC50 against COX-2 was 0.36 M,
whilst that against COX-1 was 9 M) [97].

7. Monoterpenoids Show a Wide Activity Spectrum in Modulating Several Receptor Subtypes of
the TRPCC Family

There is always more evidence about the involvement of transient receptor potential cation channels
(TRPCC) in the modulation of immediate and delayed inflammation and immune responses [98].

TRP channels are cation channels composed of four subunits gathered together around a central
pore (Figure 5). Each subunit consists of six transmembrane domains [99]. Six sub-families of TRP
channels have been discovered in mammals: Canonical TRP (TRPC), vanilloid TRP (TRPV), melastatin
TRP (TRPM), ankyrin TRPA1, polycystic TRP (TRPP), and mucolipin TRP (TRPML) [100].

Generally, TRP channels are ubiquitous, as they are involved in the perception of either external
or internal stimuli (thermosensation, mechanosensation, and perception of osmotic pressure, as well as
nociception and other kinds of modifications of the surrounding environment), and they also respond
to the stimulation induced by endogenous chemical mediators (G-proteins, diacylglycerol (DAG), etc.).
Recently, several receptors of the TRP family have been identified as potential targets for the treatment
of pain.

TRPV1 belongs to a family of non-selective cation channels. They are thermosensitive channels
involved in the perception of “hot” stimuli and acidic pH. These channels are very responsive to
activation by capsaicin, and they are distributed in both the central and peripherical nervous systems,
as well as in keratinocytes [101]. TRPV1 seems to be involved in several pain states and is strictly
associated with skin inflammatory disease [102,103]. A study performed in 2014 suggested that citral,
which is a mixture of the monoterpenes geranial and neral, acts as a partial agonist on TRPV1 channels,
and it is hence able to reduce noxious stimuli caused by other agonists [104].

TRPV3, on the other hand, is sensitive to warm temperatures and to a certain amount of chemicals,
such as camphor and eugenol. The presence of these receptors in keratinocytes in addition to neuronal
tissues was reported. This subtype of channel is subjected to a peculiar phenomenon known as
sensitization. After a protracted stimulus, the receptor becomes more sensitive and the related
responses are amplified. Camphor is a monoterpenoid found in the wood of Cinnamomum camphora
(L.) J.Presl [105]. Its effects as a topical analgesic have been known for centuries. Camphor is an agonist
of TRPV3 channels. The prolonged exposition of TRPV3 to camphor results in the desensitization of
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the receptor and in a diminished calcium influx. A study demonstrated that the TRPV1 receptors
hold more than one site where agonists can bind. In the case of camphor, it seems that the molecule’s
property of inducing desensitization is actually related to its site of interaction with the receptor [106].

TRPA1l TRPMS8 TRPV3 TRPV1
pH<7 (-)-Menthol Camphor Eugenol pH<7
(-)-Menthol Eucaliptol Carvacrol Thymol Capsaicin
Limonene Rotundifolone Cinnamaldehyde Citral
Camphor Citral

ML

-

W

40°C

Figure 5. Schematic summary of the discussed substances and temperature spectrum effective in

the activation/desensitization of transient receptor potential (TRP) cation channels involved in the

mechanisms of nociception and pain.

A study led in 2007 revealed several monoterpenoids as more potent agonists of TRPV3 than
camphor. The obtained results allowed the authors to draw a structure—activity relationship pattern
concerning the binding of monoterpenoids to TRPV3 channels. Accordingly, the presence of ketone
moieties on the test molecules diminished the activation profile when compared to hydroxyl-bearing
compounds. Similarly, the lack of hydroxyl functions dramatically decreased the activation potential.
The position of the hydroxyl moieties was also crucial, especially when it came to non-aromatic
compounds [107].

TRPMS channels are sodium- and calcium-permeable, and are activated by an ample range of
cold temperatures. They are mainly expressed in the peripheral nervous system. Cool-inducing
chemicals, such as menthol, are known agonists of these receptors. Their involvement in the inhibition
of inflammatory pain is likely due to the cold sensation that they trigger that would hence simply soothe
the pain as cold temperatures do. Nevertheless, some pain conditions such as cold hypersensitivity are
likely associated with the induced hyperexpression or hyperstimulation of these receptors.

Eucalyptol is a monoterpenoid found in many species of the genus Eucalyptus. The compound is
active in triggering ion currents mediated by TRPMS channels, hence inducing the “cold sensation”
typically mediated by this kind of receptor. As a result, eucalyptol seems to be able to reduce painful
states induced by inflammatory conditions [108].

(-)-Menthol is a cool-inducing monoterpenoid mainly found in the leaves of Mentha arvensis
L. [109]. The compound is probably the most acknowledged agonist of TRPMS8. The analgesic
potential related to menthol is strictly limited to “heat” pain, such as pain-inducing inflammatory
states or burning and itching sensations. In the case of neuropathic pain or other kinds of cold-related
painful states, the application of menthol did not show any improving effect, but rather worsened the
conditions [110].

Rotundifolone is a monoterpenoid component from the extract of Mentha x villosa Huds. [111]
whose activity on TRPMS receptors was comparable to that of (-)-menthol. Interestingly, rotundifolone
also showed a strict selectivity for this subtype of receptor [112].
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In a study led in 2010, several synthetic derivatives of menthol were tested for their activation of
TRPMS channels. As a result, bulkier derivatives, particularly featuring large moieties built on the
hydroxyl function, showed higher potency and selectivity in the activation of TRPMS8 channels [113].

TRPA1 channels are mostly expressed in the nervous system and in keratinocytes [99]. They are
voltage-dependent Ca?* channels. Human channels are responsive to acidic pH and to obnoxious cold
temperatures. The involvement of TRPA1 in several inflammatory pain conditions, such as neuropathic
pain, headache, and osteoarthritis, has been reported [114]. Moreover, recent findings asserted that
lipopolysaccharides (LPS) stimulates “irritation” via the activation of TRPA1 channels [115].

(-)-Menthol, (-)-limonene, and camphor have a peculiar effect on TRPA1 channels. (-)-Limonene
is the S enantiomer of limonene, which is less common and occurs in plants from the Mentha
genus [116]. At lower dosages, they activate the channel, hence inducing or enhancing a painful
sensation. Interestingly, at higher concentrations, or after systemic administration in the case of
limonene, they show anti-nociceptive activity, which is also mediated by the inhibition of TRPA1
channels [117-119]. Several mechanisms have been proposed, but the most accepted explanation is
that, after an initial activation, the channels would shift into an “inactive” state that would be reversed
into “active” after the wash-out of the agonist compounds.

Most of the aforementioned monoterpenoids have low selectivity for the several subtypes of the
TRP family. Their antinociceptive and anti-inflammatory effects are likely triggered by a synergistic
activity mediated by the activation/desensitization of several channels or by the induction/inhibition of
multiple pathways [120].

8. Conclusions

The importance of chemokines in chronic pain is beginning to be recognized. Chemokines are
produced in the skin during an initial painful event. Chemokines are involved in the enhancement
of pain and inflammation in the skin. They increase prostaglandin production and IL-17 production
and transactivate TRP channels. Prostaglandins and IL-17 increase chemokine production in the skin.
This is the basis of the pain chemokine cycle that produces chronic pain.

Skin sensory neurons send signals to the brain that induce chemokine production in the brain [121].
Brain chemokines modulate the activities of descending neurons that release chemokines in the skin.
Therefore, the brain is involved in perpetuating the pain chemokine cycle.

Monoterpenoids can inhibit the pain chemokine cycle at several points, as discussed above, and
are clearly good candidates for the development of new drugs that are able to target TRP channels.
At least four subtypes of TRP cation channels are involved in nociception. Skin TRP channels are
critical to pain sensation. However, inhibition of spinal TRP channels by monoterpenoids such as
thymol, carvacrol, and cineole may be important as well [122].

Inflammation can be involved in some chronic pain conditions, such as fibromyalgia [123].
Skin mast cells can be stimulated by cytokines released from macrophages in the skin. Mast cells then
release inflammatory factors. It is not known if monoterpenoids can interrupt this macrophage mast
cell inflammation in the skin.

As a general perspective, monoterpenoids have the ability to treat pain and produce long-term
benefits with respect to chronic pain. Future research may lead to the development of more effective
therapies, likely formulated as mixtures of different compounds, for the treatment of pain and
chronic pain.
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