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Abstract: Cannabis sativa L. is a medicinally versatile plant rich in phytochemicals, among which
terpenes are gaining recognition for their potential roles in modulating pain and inflammation.
Traditionally appreciated for their aromatic characteristics, terpenes such as myrcene, (-
caryophyllene (BCP), limonene, pinene, linalool and humulene have demonstrated diverse biological
effects relevant to chronic pain syndromes. While the analgesic effects of cannabinoids like A9-
tetrahydrocasnnabinol (THC) and cannabidiol (CBD) have been widely studied, growing evidence
suggests that specific terpenes can exert antinociceptive, anti-inflammatory, and anxiolytic effects
through distinct molecular mechanisms. These include activation of cannabinoid receptor 2 (CB,)
receptors, modulation of Transient receptor potential (TRP) and adenosine receptors, and inhibition
of pro-inflammatory pathways such as Nuclear factor kappa-light-chain-enhancer of activated B cells
(NFxB) and Cyclooxygenase-2 (COX-2). In addition, some terpenes influence glutamatergic,
GABAergic, and opioid signalling, contributing to central and peripheral analgesia. This review
synthesizes the current preclinical and emerging clinical data on terpene-mediated analgesia,
highlighting both monoterpenes and sesquiterpenes, and discusses their potential for synergistic
interaction with cannabinoids—the so-called entourage effect. Although preclinical findings are
promising, clinical translation is limited by methodological variability, lack of standardized
formulations, and insufficient pharmacokinetic characterization. Further human studies are essential
to clarify their therapeutic potential.

Keywords: medical cannabis; cannabis terpenes; chronic pain modulation; phytotherapeutics;
analgesic mechanism; neuroinflammation

1. Introduction

Chronic pain is a complex condition characterized by a dynamic interplay among neuronal,
immune, and vascular systems [1,2]. Affecting a substantial portion of the global population, its
prevalence is increasing in parallel with global aging, posing significant therapeutic challenges and
adversely impacting quality of life [3]. Beyond peripheral and central sensitization, chronic pain is
sustained by maladaptive synaptic remodelling, including long-term potentiation in the spinal dorsal
horn [4], structural reorganization of limbic circuits [5], and prolonged glial neuroinflammation
mediated by Interleukin 1 beta (IL-1{), Tumor Necrosis Factor alpha (TNF-a), and chemokines that
amplify nociceptive signalling [6].

Modern perspectives on chronic pain emphasize profound plastic reorganization at both
functional and structural levels within the peripheral and central nervous systems [7]. This
maladaptive plasticity underpins the shift from acute nociception—a protective physiological
mechanism —to chronic pain, a pathological condition [1]. Central sensitization, a form of synaptic
plasticity, drives this transition by enhancing excitability and response of nociceptive pathways in
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the spinal cord and supraspinal structures [8]. Clinically, this manifests as allodynia and
hyperalgesia, symptoms closely linked to neuroinflammation [8,9].

Neuroinflammation is orchestrated by glial cells—primarily microglia and astrocytes—which,
upon activation by persistent nociceptive input or injury, release pro-inflammatory mediators,
neurotransmitters, and neuromodulators [10]. These molecules influence synaptic transmission and
perpetuate the chronic pain state [9,11]. Notably, the emotional and cognitive dimensions of chronic
pain, such as anxiety and depression, are associated with maladaptive plasticity in areas like the
anterior cingulate cortex (ACC), amygdala, and bed nucleus of the stria terminalis (BNST) [9,12].
Mitochondrial dysfunction, oxidative stress, and epigenetic alterations in nociceptors further
sensitize pain pathways, while microvascular changes facilitate immune cell infiltration [8].

Conventional pharmacological strategies —including opioids, NSAIDs, and anticonvulsants—
often provide incomplete and unsustainable relief, and are burdened by adverse effects: opioids pose
a high risk of addiction, NSAIDs cause gastrointestinal toxicity with prolonged use, and
anticonvulsants may induce sedation and cognitive impairment [13,14].

In this context, phytochemicals—bioactive plant-derived compounds—are emerging as
promising modulators of pain signalling [15]. Belonging to diverse chemical classes such as
flavonoids, terpenoids, and alkaloids, these compounds, though non-essential for plant growth, play
key ecological roles and exhibit extensive pharmacological activity [16].

Preclinical studies demonstrate that various phytochemicals can modulate neuronal excitability
via interaction with ion channels critical to pain signalling (Nav, Cav, Kv, TRPV1) [17,18] and can
inhibit inflammatory pathways by targeting enzymes like COX-2, modulating glial responses, and
can influence transcription factors such as NF-kB [19]. Agents such as curcumin, resveratrol, and
capsaicin have shown analgesic potential through cytokine modulation, oxidative stress reduction,
and direct receptor interactions [15].

Among phytochemicals, those derived from Cannabis sativa are of growing relevance to pain
management. The plant contains over 500 compounds, notably cannabinoids (e.g., THC, CBD) and a
wide range of terpenes [20,21]. Cannabinoids, especially via CB1 and CB2 receptors, exert analgesic
effects, but THC-related side effects limit their use [22]. Terpenes, responsible for the plant’s aroma,
are increasingly recognized for their pharmacological activity and potential to enhance cannabinoid
effects through the so-called “entourage effect” [23,24].

Notably, terpenes may also act independently of cannabinoids, targeting distinct molecular
pathways involved in nociception and neuroinflammation. Mounting evidence suggests they possess
pleiotropic mechanisms of action, potentially contributing autonomously or synergistically to
analgesia [21].

This review critically examines the scientific literature on the role of Cannabis sativa terpenes in
nociceptive modulation, with an emphasis on chronic pain syndromes. Its aims are to: identify the
most prevalent terpenes and their pharmacodynamics; evaluate preclinical efficacy in chronic pain
models; explore molecular mechanisms including cannabinoid-independent pathways; assess
therapeutic profiles, safety, and pharmacokinetics; highlight research gaps; and propose directions
for future investigation.

2. Phytochemical Modulation of Nociception: General Mechanisms

The use of phytochemicals as modulators of pain sensitivity rests on their ability to interfere
with the complex network of molecular components involved in nociceptive transmission and
neuroinflammation. These plant-derived compounds act concertedly on voltage-gated ion channels,
transient receptor potential (TRP) receptors, regulatory pathways of pro-inflammatory transcription
factors, and, not least, targets within the endocannabinoid system, outlining a multi-target profile
that transcends the conventional pharmacological approach [25].

Pre-clinical evidence in recent years has confirmed that flavonoids such as quercetin and
myricetin directly inhibit Nav1.7 and Nav1.8 sodium channels and L-type Cav channels. Quercetin
binds with high affinity to the voltage-sensor domains of Nav channels, dose-dependently reducing
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sodium currents while simultaneously suppressing COX-2 expression, thereby lowering
prostaglandin synthesis and attenuating peripheral sensitization [17]. Simultaneously, myricetin
inhibits p38 MAPK phosphorylation and PKC-dependent signalling, limiting glutamate release in
the spinal dorsal horn and normalising aberrant neuronal excitability levels, as demonstrated in
murine models of peripheral neuropathy [26].

Modulation of TRP receptors constitutes another mechanism through which phytochemicals
exert antinociceptive effects [27]. Limonene, a monoterpene commonly found in citrus fruits, acts as
an antagonist at TRPV1 [28] and TRPA1 [29], reducing sensitivity to thermal and mechanical stimuli.
In addition, limonene allosterically enhances the opening of GABAA channels [30,31], increasing
neuronal inhibition and helping to suppress allodynia and hyperalgesia in formalin and hot-plate
tests, with results comparable to some NSAIDs [32].

Regarding inflammation, phytochemicals focus on COX-2 inhibition and attenuation of NF-kB
signalling. These compounds hinder IxBa phosphorylation, preventing its degradation and the
subsequent nuclear translocation of NF-kB, resulting in decreased expression of pro-inflammatory
cytokines such as TNF-a, IL-1(3, and IL-6 [33]. In primary microglial and astrocyte cultures, flavonoid-
enriched extracts reduce the up-regulation of activation markers such as CD11b and Iba-1, suggesting
a protective effect against the chronic pro-inflammatory state typical of neuropathies [34].

The endocannabinoid system provides an additional axis of modulation: BCP acts as a selective
CB2 agonist and inhibits the enzyme MAGL, leading to increased 2-AG levels and reduced
inflammatory and neuropathic pain responses [35]. Complementary analyses have also shown that
other terpenes, such as linalool and 3-myrcene, modulate Aza receptors and interact with serotonin
transport, further expanding their analgesic potential [36,37].

Beyond their effects as monotherapies, co-administration of phytochemicals with standard
analgesics has revealed significant therapeutic synergies. For example, the combination ofBCP oxide
and paracetamol, tested in animal models, improves antinociceptive efficacy compared with either
compound alone and mitigates the gastrointestinal side effects typical of NSAIDs, outlining a more
favourable safety profile and opening avenues for combination-drug approaches [38]. Pre-clinical
and clinical studies on standardized mixtures of terpenes extracted from Cannabis sativa,
administered orally, have shown efficacy comparable to morphine in controlling neuropathic pain
and fibromyalgia, with good tolerability and low dependence potential [39]. These results justify the
initiation of randomized controlled clinical trials to validate therapeutic protocols based on highly
pure, high-concentration phytochemical extracts.

3. Cannabis Terpenes: Prevalence and Pharmacological Properties

Terpenes are volatile isoprenoid compounds found in many plants—including Cannabis sativa
L.—and are responsible for their distinctive aromas. Recent scientific interest has focused on their
possible role in cannabis’s medicinal properties, particularly their potential to modulate analgesia
and contribute to the “entourage effect” alongside THC and CBD [40]. Over 100 terpenes have been
identified in Cannabis, with profiles varying according to cultivar (chemovar), plant genetics,
environmental conditions, and curing processes [41]. Generally, monoterpenes predominate in
“sativa” varieties, while “indica” types are richer in earthy sesquiterpenes [42]. Terpene content in
dried female inflorescences averages around 1% by weight, though highly aromatic chemovars can
reach up to 3% [43].

The terpenes most abundantly represented in Cannabis are myrcene, limonene, pinene (a and 3
isomers), linalool, BCP, humulene, and terpinolene. Chemical-analytical studies show that myrcene
can constitute up to 40-65% of a cultivar’s total terpene content, typically corresponding to
concentrations of about 0.3-0.8%, while BCP—also ubiquitous and abundant—is often present at 0.1-
0.5% [44]. Other monoterpenes such as limonene, pinene, and linalool, and the sesquiterpene a-
humulene, vary more widely according to the chemovar [45].

Several cannabis terpenes exhibit antinociceptive and anti-inflammatory activity in pre-clinical
models through heterogeneous yet complementary mechanisms. BCP stands out for its
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“cannabinoid-like” action, selectively activating CB, receptors. Monoterpenes such as myrcene,
linalool, and limonene act on central and peripheral targets—including opioid, a,-adrenergic, and
cholinergic receptors, TRP channels, and serotonergic pathways—thereby modulating pain
perception and inflammation [40]. Evidence from neuropathic animal models shows that cannabis-
like terpene mixtures can match the analgesic efficacy of standard doses of morphine or synthetic
cannabinoids without inducing typical side effects (i.e, no reward/addiction behaviour in
conditioned place preference tests) [46]. Figure 1 summarizes the principal mechanisms of action
through which major cannabis-derived terpenes modulate nociception.
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Figure 1. [llustration summarizing the main molecular targets and mechanisms of action of selected cannabis-
derived terpenes involved in analgesic and anti-inflammatory pathways. Each colored dot corresponds to a
specific terpene and its associated interaction or effect on cellular signaling pathways. Abbreviations: BCP: (3-
Caryophyllene, TRPV1: Transient Receptor Potential Vanilloid 1, CB: Cannabinoid, TLR4: Toll-Like Receptor 4,
Na*/Ca?: Sodium/Calcium channels, NMDA: N-Methyl-D-Aspartate receptor, AChE: Acetylcholinesterase,
PPAR-y: Peroxisome Proliferator-Activated Receptor gamma, GABA: Gamma-Aminobutyric Acid, AA:
Adenosine receptor subtype A2A.

3.1. Myrcene

Myrcene is an acyclic monoterpene (CioHis) and one of the most abundant terpenes in
cannabis —especially in indica-dominant chemovars. It lends an earthy, musky aroma (it is also found
in hops, lemongrass, and mangoes). In many modern cannabis varieties, myrcene accounts for > 20
% of the total terpene fraction. Typical dried-flower levels range from roughly 0.1 % to 0.5 % w/w,
although highly aromatic cultivars can reach ~1-2 %; in extreme cases, myrcene has been reported to
make up as much as ~65 % of the total terpene profile.

The analgesic mechanisms of myrcene are not fully clarified, but several hypotheses have been
proposed. A striking finding is that myrcene can act on TRP ion channels: Jansen et al. showed that
micromolar concentrations of myrcene activated the TRPV1 (vanilloid) channel in rat cells, causing a
Ca? influx—an effect blocked by the TRPV1 antagonist capsazepine [47]. However, a subsequent
study by Heblinski et al. failed to reproduce myrcene-induced TRPV1 activation in human TRPV1-
expressing cells [48], so the data on the TRP ion channels remain species or context-specific.

Beyond TRP channels, myrcene appears to engage opioid pathways: in several rodent studies,
naloxone partially reversed the antinociceptive effect of myrcene, implicating endogenous opioid
receptors. Early work noted that myrcene’s analgesia resembles that of peripheral opioids (without
central side effects) and might be mediated by endogenous opioid release or indirect modulation of
opioid receptors [49].

Myrcene also exerts anti-inflammatory effects, relieving pain indirectly, by inhibiting
inflammatory hyperalgesia driven by prostaglandin E, and other mediators. While myrcene seems
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to act chiefly through non-cannabinoid routes, [50] it has been shown to interact with local
cannabinoid receptors (likely CB,) in murine models of joint inflammation, reducing pain and
swelling, though without synergy with CBD [51]. Overall, myrcene’s analgesic action probably
involves a combination of peripheral opioid-receptor engagement, reduction of inflammatory
sensitization, and possibly TRPV1 modulation, although its precise molecular targets remain
undefined.

Clarifying these mechanisms is particularly important given the prevalence of myrcene in
cannabis chemovars and its potential to modulate multiple pain-related pathways. A deeper
understanding could support its rational use in therapeutic formulations for chronic pain, where
multifactorial modulation is often required.

Myrcene is popularly believed to produce sedative and anxiolytic effects (the so-called “couch-
lock” associated with high-myrcene cannabis [52]). Controlled studies are scarce, but one mouse
study found that myrcene produced anxiolysis with marked sexual dimorphism [53]. The putative
anxiolysis may stem from its sedative action or mild muscle-relaxant effect. To date there are no direct
human data on myrcene’s anxiolytic or antidepressant effects. Nevertheless, because chronic pain
often co-exists with anxiety and poor sleep, the sedative—anxiolytic properties observed in animals
could be clinically relevant for pain patients who are anxious and have difficulty sleeping.

3.2. p-Caryophyllene

BCP is a bicyclic sesquiterpene (CisHzs) with a spicy, peppery aroma, found in high
concentrations in black pepper and cloves. In cannabis, BCP is often one of the dominant
sesquiterpenes. It is detected in most sampled chemovars, although—compared with
monoterpenes—it generally makes up a smaller share of the total terpene content [54]. Many
medicinal cannabis varieties contain 0.1-0.5 % BCP by weight, and in some (especially certain CBD-
rich chemovars) it can be the primary terpene.

BCP engages numerous molecular targets and receptors, but it is best known as a selective
agonist of the CB, cannabinoid receptor [55]. BCP can also inhibit the TLR4 pathway and reduce the
release of IL-1p, IL-6, and TNF-a from activated microglia [21,56]. These immunomodulatory actions
contribute to analgesia by dampening inflammation and neuro-inflammation along pain pathways.

Additional targets have been reported: BCP activates kinases (ERK1/2, JNK) and the nuclear
receptor PPAR-y, which is involved in metabolic and anti-inflammatory signalling [57]. BCP-induced
analgesia is likewise sensitive to opioid antagonists in some peripheral-pain assays, suggesting
crosstalk with the opioid system. In one study, locally injected BCP attenuated capsaicin-evoked pain
through combined CB, and peripheral-opioid mechanisms [58].

Pre-clinical evidence for BCP as an analgesic and anti-inflammatory agent is robust, particularly
in chronic-pain models. Rodent studies consistently show that systemic or local BCP reduces pain
behaviours in diverse paradigms: inflammatory pain (formalin test, acetic-acid writhing),
neuropathic pain (nerve injury or chemotherapy-induced), and visceral pain [21]. Prophylactic BCP
even prevented neuropathic-pain development in an antiviral-induced model [59].

Beyond pain and inflammation, BCP has shown benefits in models of anxiety, spasms, seizures,
depression, alcohol dependence, and Alzheimer’s disease [60]. In an experimental study on mice,
BCP produced anxiolytic, antidepressant, and anticonvulsant effects by modulating
benzodiazepine/GABAA receptors, serotonergic pathways, and the L-arginine/nitric-oxide pathway;
its anxiolysis was abolished by flumazenil and bicuculline, while co-administration of L-arginine
blunted all three effects, confirming a mechanism dependent on reduced nitric-oxide synthesis [61].

These data broaden BCP’s pharmacological profile, suggesting clinical potential as a
multisystem modulator of anxiety disorders, mood disorders, and epilepsy.

Human data, though still limited, are encouraging. In the musculoskeletal field, Fari et al.
reported that 45 days of supplementation with hemp-seed oil enriched in BCP, myrcene, and ginger
extract significantly reduced pain and improved functional scores in 38 patients with knee
osteoarthritis versus an isocaloric terpene-free control [62]. In gynaecology, Ou et al. (2012) showed
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that daily abdominal massage with an aromatherapy cream containing 2.7 % BCP shortened the
duration and intensity of primary dysmenorrhoea in 48 women, outperforming a synthetic-fragrance
placebo [63]. In a placebo-controlled crossover study of 125 insomnia patients, Wang et al. found that
a THC-free oral formulation composed of 300 mg CBD plus micro-doses (1 mg each) of eight terpenes,
including BCP, increased deep-sleep proportion by an average of 1.3%, with gains of up to 48 minutes
per night in participants with low baseline values and no adverse effects. These preliminary studies—
coupled with BCP’s favourable safety profile—suggest that adding BCP to phytotherapeutic
formulations may be a promising strategy for improving sleep quality and alleviating various forms
of pain and anxiety, warranting larger-scale clinical trials.

3.3. Limonene

Limonene is a cyclic monoterpene (CioHje) with a strong citrus aroma, abundantly present in the
peels of citrus fruits. In cannabis it is a common monoterpene, although its levels vary widely by
cultivar. In a survey of North American cannabis, limonene ranked among the eight most prevalent
terpenes and is often dominant in sativa-type chemovars [64]. Typical limonene content in dried
flowers is 0.1-0.3 %, but it can exceed 0.5% in lemon-scented varieties [65].

Limonene is known for centrally mediated anxiolytic and anti-stress effects, yet its direct
antinociceptive targets are less well characterised. It binds neither cannabinoid nor opioid receptors
with high affinity. Its analgesic actions appear to derive from anti-inflammatory and
neuromodulatory effects. Limonene has been shown to lower pro-inflammatory cytokines such as
TNF-a and IL-1p in animal models [66]. A 2024 pre-clinical study found that d-limonene dramatically
reduced post-operative peritoneal adhesion formation in rats by suppressing TGF-p1, TNF-a, and
VEGEF, restoring antioxidant enzymes, indicating marked anti-fibrotic and anti-angiogenic activity
[67].

Aratjo-Filho et al. (2020) demonstrated in a mouse sciatic-nerve-injury model that 28 days of
daily limonene administration accelerated nerve regeneration, lessened mechanical hyperalgesia,
and reduced spinal astrogliosis; these effects were linked to suppression of IL-13/TNF-a and
increased GAP-43, NGF, and p-ERK in the spinal cord [68]. Limonene also modulates the
adenosinergic system: a recent study showed its anxiolytic effect in mice is mediated by Aja
adenosine receptors [30], notable because Aa signalling also influences pain processing [46].

Clinically, a double-blind, randomised, placebo-controlled trial found that a topical terpene
formulation containing 1% limonene as a skin-permeation enhancer produced = 85% pain reduction
in over 78% of plantar-fasciitis patients within ten days, whereas placebo yielded no significant
improvement [69]. Additional data reinforce this profile: a double-blind, placebo-controlled trial in
56 patients with irritable-bowel syndrome showed that 30 days of supplementation with menthol,
limonene, and gingerol (1.5% limonene) lowered the symptom score from “moderately ill” to
“borderline” with no adverse events and no significant microbiota changes, suggesting low oral
doses of limonene can enhance Irritable Bowel Syndrome therapy [70]. Neuro-behaviourally, a
crossover study in 20 healthy volunteers found that co-vaporising limonene with THC, selectively
blunted the cannabinoid’s anxiogenic and paranoid effects, while leaving other pharmacodynamic
and pharmacokinetic parameters unchanged [71].

Taken together, the evidence indicates that limonene confers analgesic efficacy chiefly in
inflammatory and neuropathic pain models—likely by damping cytokine-driven hyperalgesia—
while it is ineffective for acute nociceptive pain and can be irritant at high local doses. Its greatest
clinical promise may lie in adjuvant use, improving mood and the immune milieu in chronic-pain
patients rather than serving as a stand-alone analgesic.

3.4. Pinene

Pinene is a bicyclic monoterpene (CioHie) with the characteristic resinous scent of pine, found in
pine resin, rosemary, and many other evergreen conifers. Cannabis often contains both a-pinene and
[-pinene isomers. Pinene is common across cannabis chemovars—a survey detected a-pinene in
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nearly every sample, albeit usually as a minor constituent (often < 0.1-0.5%) [72]. Certain cultivars—
particularly some “sativa” types or hybrids—reach higher pinene levels and display a distinct pine
aroma (e.g., Jack Herer, which can contain ~1 % total pinene). Pinene has attracted interest for
potential cognitive benefits: it may counteract THC-induced memory deficits by inhibiting
acetylcholinesterase [40].

Pinene is a bronchodilator; both a- and p-isomers may improve airflow to the lungs [73]. These
compounds can cross the blood-brain barrier and, at high doses, exhibit mild sedative or anxiolytic
effects, possibly through GABAa modulation [74].

The analgesic mechanisms of pinene are not fully elucidated. The incomplete known of its
mechanism of action partly due to the limited number of studies employing pure pinene; many utilize
essential oils rich in pinene. [75]

a-Pinene has demonstrated significant anti-inflammatory properties in various preclinical
models [76]. It is believed to inhibit the NF-kB pathway and the production of pro-inflammatory
cytokines such as TNF-at and IL-6. The study conducted by Fakhri et al. indicated that a-pinene may
exert antinociceptive effects through interaction with the opioid system, as its effects were partially
blocked by naloxone [77]. Additionally, a possible modulation of TRPV1 channels has been
suggested, although evidence is less direct compared to other terpenes [78].

[-Pinene, although less studied than its a-isomer for analgesia, shares anti-inflammatory
properties and has been shown to inhibit PGE, production [79].

Studies on animal models of inflammatory pain have shown that essential oils containing pinene
as a major component can reduce edema and leukocyte migration [80]. The anti-inflammatory
activity of pinene has also been associated with its ability to reduce oxidative stress [81]. Despite
promising preclinical activities, robust clinical studies on the analgesic efficacy of isolated pinene in
humans are lacking. Its role in the “entourage effect” is often cited, particularly for its ability to
mitigate some adverse effects of THC, such as short-term memory impairment, due to its inhibitory
activity on acetylcholinesterase [82]. Inhibition of acetylcholinesterase can enhance cholinergic
neurotransmission, but its contribution to analgesia is uncertain [83].

3.5. Linalool

Linalool is a linear monoterpenic alcohol (C;0H150) with a delicate floral fragrance. It is a minor
terpene in most cannabis strains, typically present at 0.01-0.5%. Only some specialized strains (often
indica-dominant) feature linalool as the dominant terpene (1); in most chemovars, it contributes only
marginally to the terpene profile [72]. Despite low concentrations, linalool’s aroma is easily
perceptible and pharmacologically potent. Linalool is notably found in lavender and is a key
component of lavender essential oil, used for centuries as a calming agent [84,85].

Linalool acts on various neurochemical targets, and for this reason it is among the terpenes with
the broadest spectrum of action. It has been shown to modulate glutamatergic transmission by non-
competitively inhibiting the MK-801 site of the NMDA receptor and competitively reducing
glutamate binding, without interfering with direct GABAergic activity [86]. This action contributes
to the reduction of neuronal hyperexcitability associated with central sensitization. Additionally, it
inhibits specific voltage-dependent sodium and calcium channels, further limiting nociceptive
transmission [87]. This means that linalool can reduce excitatory neurotransmission, crucial in the
central sensitization of pain. Batista et al. demonstrated that the antinociceptive effect of linalool in a
glutamate-induced pain model was due to interference with ionotropic glutamate receptors (NMDA,
AMPA, kainate) [88].

Some studies suggest involvement of adenosine A;/Asa receptors, likely through an increase in
extracellular levels induced by inhibition of nitric oxide production and activation of the NO-cGMP
pathway [36]. At high concentrations, it may act as a GABAx antagonist in vitro, but in vivo it shows
enhancement of inhibitory tone, probably through indirect mechanisms [89,90].

Centrally, linalool exerts sedative, anxiolytic, and hypnotic effects, with modulation also
mediated by the olfactory pathway [91]. Inhalation in rodents induces analgesia and sedation
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dependent on the integrity of the olfactory bulb and the hypothalamic orexinergic system, suggesting
an interaction between sensory inputs and limbic circuits [92]. This supports the hypothesis of an
olfactory-limbic mechanism justifying the efficacy of aromatherapy in certain pain syndromes.

Numerous animal models support the antinociceptive efficacy of linalool. In acute thermal
nociception, Peana et al. demonstrated a significant increase in pain threshold in mice with systemic
doses of 50-100 mg/kg, comparable or superior to those of morphine [36]. It has been proved that
linalool may even reduce behavioural responses to irritating chemical stimuli (acetic acid, capsaicin,
glutamate) [93].

In models of chronic inflammatory hyperalgesia and neuropathic pain (e.g., spinal nerve
ligation), linalool has shown robust analgesic effects, with significant reduction of mechanical
allodynia [94].

Linalool exhibits marked anxiolytic activity, potentially useful in clinical contexts where pain is
accompanied by psycho-emotional distress. Clinical studies on lavender oil, containing about 30%
linalool, have documented anxiety reduction comparable to lorazepam [95]. These results are
particularly relevant for conditions like fibromyalgia, where anxiety and insomnia coexist with
chronic pain. Proposed mechanisms include modulation of dopaminergic D, and muscarinic M,
receptors, as well as involvement of the orexinergic system [75].

Controlled studies on patients with knee osteoarthritis demonstrated significant pain reduction
after massages with lavender oil [96]. This effect has also been reported for dysmenorrhea and
postherpetic pain [63,97]. Although large-scale randomized controlled clinical trials are lacking,
preliminary evidence justifies further investigation into its use in chronic pain treatment, particularly
in disorders with high affective or central components.

3.2. Humulene

Humulene, or a-caryophyllene, is a monocyclic sesquiterpene with the molecular formula
CisHzs, a structural isomer of the better-known BCP. Its presence is documented in various aromatic
and medicinal plants, including hops, sage, and ginseng, where it contributes to characteristic
aromatic profiles, such as the hoppy note of beer [98]. In Cannabis sativa chemovars, a-humulene is
frequently co-expressed with BCP, sharing part of its biosynthesis, and its concentration in dried
flowers generally ranges between 0.01% and 0.3%. Some varieties with high BCP content also show
significant co-expression of humulene, contributing to a more complex terpene profile with woody
and earthy nuances [72].

From a pharmacological standpoint, a-humulene is less characterized than its isomer, especially
regarding its role in pain mechanisms. Its anti-inflammatory activity is well documented, particularly
in essential oil preparations containing this sesquiterpene [99]. Proposed mechanisms include
inhibition of the NF-kB-mediated inflammatory cascade and reduction of pro-inflammatory
cytokines such as interleukin-1(3, despite the absence of direct interaction with CB1 and CB2
cannabinoid receptors [100]. A pharmacologically relevant action, distinct from that of BCP, involves
inhibition of the cyclooxygenase-2 (COX-2) enzyme, responsible for the biosynthesis of inflammatory
prostaglandins, as demonstrated by Fernandes et al., who observed reduced PGE2 levels in animal
models treated with humulene-containing extracts [99]. These findings suggest an activity like that
of non-steroidal anti-inflammatory drugs (NSAIDs) but mediated by a terpene with a profoundly
different chemical structure.

Although systematic studies on isolated a-humulene in pain management are not available,
numerous works on oils and plant extracts containing it provide indirect data on its analgesic
potential. The essential oil extracted from Peperomia serpens, containing approximately 11.5%
humulene, has demonstrated efficacy in reducing pain and inflammation in murine models, with
effects only partially antagonized by naloxone, suggesting the involvement of non-opioid analgesic
pathways [101]. Studies conducted on extracts from Cordia verbenacea and Pterodon pubescens, rich in
humulene and BCP, have reported significant antinociceptive and anti-inflammatory activity, likely
synergistic, with reductions in edema and hyperalgesia in models of acute inflammation, primarily
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through inhibition of prostaglandin synthesis [102,103]. Furthermore, hop extracts with substantial
humulene concentrations (approximately 15%) have been associated with reduced adjuvant-induced
arthritis in rats, along with decreased expression of TNF-a and COX-2, further supporting the
compound’s anti-inflammatory role [104]. The topical use of humulene in analgesic creams—
although currently supported more by anecdotal evidence than by robust clinical data—suggests
potential utility in the treatment of localized pain, particularly when formulated in combination with
other anti-inflammatory compounds such as BCP [23].

Centrally, humulene is not commonly associated with anxiolytic or sedative effects, in contrast
to other terpenes such as linalool or myrcene. Its action appears to be primarily focused on the
peripheral inflammatory component of pain.

From a clinical standpoint, documentation on a-humulene remains extremely limited. No
published clinical studies currently explore its analgesic or anti-inflammatory efficacy in human
subjects. Therefore, future investigations should aim to isolate a-humulene and evaluate its effects in
well-designed human trials, particularly in chronic pain syndromes. Such studies would help clarify
its individual therapeutic potential and determine whether it offers clinically meaningful advantages
either as a stand-alone agent or in synergistic phytocomplexes. Table 1 summarizes the terpenes
discussed in this review, highlighting their main characteristics, mechanisms of action, and potential
therapeutic applications.

Table 1. Comparative Summary of Cannabis Terpenes.

Terpenes Chemotype Concentrati

(Class) Prevalence on (%) Clinical Effects Mechanisms Potential Uses Ref
. N . Opioid receptor modulation, Chronic and neuropathic
Indica Antinociceptive, sedative, . . K . . .
Myrcene (M) . 0.1-2 . . CB receptor interaction, pain, anxiety, inflammation, 47-53
dominant anxiolytic . . .. .
TRPV1 interaction, anti-inflammatory sleep disorders
CB2 agonist, TLR4 pathway inhibition, .
Infl t thi
BCP (3) CBD-rich 01-05 Analgesic, anxiolytic IL-1B, IL-6, and TNF-a inhibition, Z_nar:;:? fry/nteuraor%?ritic ,
strains o anti-inflammatory ~ kinases and PPAR-y activation, GABAa painl, anxiety, osteo % 55-63
. sleep disorder
and serotonergic pathways
. . . . Neuropathic pain,
Anxiolytic, anti- Aga ad tor, ) 30,
Limonene (M) Sativa-type 0.1-0.5 DAOTYHC, antt 24 8CENOSINE recepror mood modulation,
inflammatory cytokine suppression . 6-71
irritable bowel syndrome
Common in all Anti-inflammatory, NF-«B, TNF-q, IL-6 and PGE, Inflammatory pain. coenitive
Pinene (M) <0.1-1  bronchodilator, cognitive inhibition, AChE inhibition, GABAA atory paif, COBIINVE 7, g5
chemovars . . . protection, respiratory aid
support modulation, TRPV1 interaction
. R X . NMDA antagonism, A1/A;a adenosine . R .
Ind Anal . lytic, ; Fib Igia, ) 36,
Linalool (M) " .1ca 0.01-1 nalgesic a.n XOyHe modulation, Na+/Ca2+ channel . ! rom'ya ga anx1efy.
dominant sedative L insomnia, osteoarthritis 84-96
inhibition
With high BCP Anti-infl tory, NI . Topical pain relief, arthritis,
Humulene (S) g 0.01-0.3 nH-ntammatory COX-2 inhibition, NF-«xB suppression opiea’ pain Teuel, artiriis, gg 14
strains analgesic localized inflammation

Abbreviations: Ref: References, BCP: $-Caryophyllene, M: Monoterpene, S: Sesquiterpene, CB: Cannabinoids,
TRPV1: Transient Receptor Potential Vanilloid 1, TLR4: Toll-like Receptor 4, IL-1f: Interleukin-1 beta, IL-6:
Interleukin 6, TNF-a: Tumor necrosis factor, PPAR-y: Peroxisome proliferator-activated receptor gamma, NF-
«B: Nuclear factor kappa-light-chain-enhancer of activated B cells PGE2: Prostaglandin E2, NMDA: N-methyl-
D-aspartate, COX-2: Cyclooxygenase-2.

4. Discussion

Authors This review highlights the therapeutic potential of cannabis-derived terpenes in pain
management, while also pointing out significant gaps in the scientific literature—particularly
concerning the translation of preclinical findings to the clinical context. The overwhelming majority
of evidence arises from animal models or in vitro studies, with a marked scarcity of rigorously
conducted randomized controlled trials in humans. A major concern is the discrepancy between the
doses used in preclinical research and those realistically achievable in humans. Indeed, doses
administered to rodents (50-100 mg/kg) are substantially higher than those attainable through
cannabis flower consumption (<20 mg total), potentially leading to an overestimation of
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antinociceptive effects. Moreover, the pharmacokinetic profile of terpenes is characterized by low
bioavailability, high lipophilicity, rapid hepatic metabolism, and short half-life, complicating the
identification of effective concentrations at target sites. The lack of systematic and comparative
pharmacokinetic studies further limits the development of a reliable therapeutic rationale.

The analgesic effects reported for individual terpenes are highly dependent on the experimental
model employed. For example, limonene exhibits efficacy in inflammatory pain models [91], whereas
BCP appears more effective against mechanical allodynia. However, the absence of meta-analyses
and the prevalence of studies reporting positive outcomes raise concerns about publication bias. The
limited number of direct comparisons with conventional analgesics (NSAIDs, opioids) restricts
comparative evaluation of efficacy, although some estimates suggest that myrcene may reach up to
60% of morphine’s effect and that BCP may exhibit potency comparable to acetylsalicylic acid [99].
Nonetheless, these estimates lack independent validation.

The so-called “entourage effect” —whereby terpenes are thought to synergize with
phytocannabinoids to enhance analgesic outcomes—remains insufficiently supported by
experimental data. In vitro studies have failed to demonstrate direct modulation of CB1 or CB2
receptors by terpenes, and clinical trials suggest that the antinociceptive activity of cannabis is
primarily attributable to THC. Nevertheless, certain combinations of terpenes with each other or with
cannabinoids such as CBD have shown additive or synergistic effects on alternative targets, including
inflammatory pathways, oxidative stress, and non-cannabinoid neurotransmitter systems [23]. A
more comprehensive evaluation would require the inclusion of affective, functional, and
biomolecular endpoints to capture the nuances of such interactions.

Another issue concerns the generalization of data obtained using synthetic terpenes or extracts
from non-cannabis plant sources, which may contain co-active constituents or impurities absent from
cannabis phytocomplexes. Cannabis terpene profiles are highly heterogeneous and shaped by
complex interactions among multiple bioactive molecules. Preclinical studies, however, tend to
evaluate isolated terpenes under conditions that do not reflect real-world exposure. Furthermore,
terpene interactions with metabolic pathways may significantly affect the pharmacodynamics and
pharmacokinetics of co-administered phytocompounds.

Many studies focus exclusively on reflexive responses to mechanical or thermal stimuli [94],
overlooking core aspects of chronic pain, including spontaneous pain, affective and cognitive
components, and functional impact. The use of advanced animal models incorporating affective-
motivational behavioural scales could yield a more realistic assessment of therapeutic efficacy [23].
Additionally, the possibility that observed antinociceptive effects are due to sedation or motor
impairment rather than true analgesia necessitates the systematic application of motor control assays
and pain biomarkers.

The increasing commercial interest in the production and promotion of cannabis-based
preparations exposes the scientific literature to potential conflicts of interest. Ensuring rigorous
transparency in research funding and author disclosures is essential to prevent the enthusiasm
surrounding the entourage effect or the “natural” use of terpenes from overshadowing an objective
appraisal of the available evidence.

In summary, while biological data support a potential analgesic role for terpenes, the current
body of clinical evidence is insufficient to warrant their systematic integration into therapeutic
practice. Future research must advance toward robust experimental protocols, active comparators,
and in-depth exploration of specific mechanisms of action for each terpene. Only through well-
designed, randomized clinical trials will it be possible to definitively establish the role of cannabis
terpenes in the treatment of chronic pain.

5. Conclusions

In conclusion, a thorough analysis of the current literature reveals that, despite their structural
and functional heterogeneity, cannabis-derived terpenes represent a promising frontier in analgesic
research. Compounds such as BCP, myrcene, limonene, linalool, and a-humulene have demonstrated
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significant antinociceptive activity in preclinical models, mediated by multiple mechanisms of action
often distinct from those of classical cannabinoids. Their effects span both peripheral and central
levels, encompassing the modulation of inflammatory pathways (COX, NF-«kB), neurotransmitter
receptors (adenosinergic, opioid, GABAergic), and neurotrophic signalling cascades (ERK, NGF),
with possible synergistic effects when administered in combination or within complex phytochemical
matrices.

However, the enthusiasm generated by the pharmacological activity observed in animal models
must be tempered by an awareness of the numerous methodological limitations that still affect the
field. The lack of controlled clinical trials, the scarcity of terpene-specific pharmacokinetic data, the
use of non-translatable dosing regimens, and the absence of direct comparisons with standard
analgesics all restrict the generalizability of current findings. Moreover, while the “entourage effect”
remains an appealing hypothesis, it requires rigorous validation through multifactorial experimental
designs and the identification of clinically meaningful endpoints that extend beyond basic
nociceptive behavioural metrics.

Looking ahead, the path toward genuine clinical applicability of analgesic terpenes will
necessarily depend on randomized trials, the development of optimized-bioavailability formulations,
pharmacological interaction studies with cannabinoids and conventional drugs, and a refinement of
preclinical models to incorporate affective and functional dimensions of pain. Only through an
integrated, methodologically robust, and clinically oriented approach will it be possible to determine
whether terpenes can evolve from promising bioactive molecules into validated therapeutic agents
for the management of chronic pain.

6. Future Perspectives

In the coming decade, it will be essential to systematically translate preclinical evidence on
terpenes into clinical applications through the development and implementation of advanced phase
randomized clinical trials. These studies should employ standardized terpene formulations delivered
via optimized bioavailability systems—such as pressurized inhalers or titratable oral matrices. Such
trials must integrate pharmacokinetic and pharmacodynamic analyses, including validated pain
assessment scales, quantification of inflammatory and neurochemical biomarkers, and evaluations of
functional outcomes.

Concurrently, it will be critical to initiate mechanistic investigations at both the molecular and
systemic levels, leveraging state-of-the-art technologies such as CRISPR/Cas9 gene editing,
integrated omics analyses (transcriptomics and proteomics), and advanced functional neuroimaging.
These tools will enable precise mapping of terpene targets —including non-canonical pathways—and
inform the rational design of novel terpene analogues with optimized pharmacological profiles in
terms of efficacy, selectivity, and metabolic stability.

Moreover, terpenes must be incorporated into personalized and multimodal therapeutic
strategies, tailored to the phenotypic profile of pain and the patient’s pharmacogenetic background.
The objective is to maximize clinical benefit, reduce adverse events, and solidify the foundation of an
innovative therapeutic paradigm—one grounded in replicable evidence and methodologically
rigorous research—for the management of chronic pain.
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