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ARTICLE INFO ABSTRACT
Keywords: Background: The efficacy of cannabinoid-based medication as analgesic and neuroprotective in multiple sclerosis
Cannabinoid receptors (MS) has been described, but little is known on other cannabis active compounds, such as terpenes.
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Purpose: To investigate the therapeutic potential and molecular mechanism of non-psychotropic Cannabis sativa
L. essential oil (EO) in an animal model of MS.

Methods: Chemical composition of EO was analyzed using GC-MS and GC-FID. Mouse model of experimental
autoimmune encephalomyelitis (EAE) was employed to evaluate EO efficacy on pain (hot and cold plate test, von
Frey test), motor disability (clinical score, rotarod), emotional alterations (sucrose splash test, tail suspension
test, open field, light-dark box test) (n = 11). Tissues and LPS-stimulated BV2 cells were analyzed by Western
blot, immunofluorescence, Luxol Fast Blue (LFB), hematoxylin and eosin (H&E) staining, UHPLC—HRMS
analysis.

Results: p-caryophyllene, a-humulene, and caryophyllene oxide were the most abundant EO constituents.
Intranasal administration of EO attenuated thermal and mechanical hypersensitivity, promoted motor function
recovery, and induced antidepressant- and anxiolytic-like effects in EAE mice. EO increased LFB staining and
MBP content while reducing H&E staining. In spinal cord and hippocampal tissues, EO reduced proinflammatory
microglia (CD11b/IBA-1 ratio), restored the IL-17/IL-10 balance, and promoted a shift of microglia toward an
anti-inflammatory phenotype by increasing CD206 and FoxP3 expression. Mechanistically, EO markedly upre-
gulated CB2 receptor expression in both EAE mice and LPS-stimulated BV2 cells. The protective effect of EO was
abolished by a CB2 antagonist (AM630) but not by CB1 blockade (AM251).

Conclusion: Intranasal EO alleviates EAE symptoms and comorbidities through a CB2-mediated attenuation of
neuroinflammation and demyelination.

Abbreviations: 2-AG, 2-arachidonoylglycerol; AEA, anandamide; BCP, p-caryophyllene; CB1, cannabinoid receptor 1; CB2, cannabinoid receptor 2; CBD, can-
nabidiol; CFA, complete Freund's adjuvant; CNS, central nervous system; d.p.i., days post-immunization; EAE, experimental autoimmune encephalomyelitis; EO,
Cannabis sativa L. essential oil; FoxP3, forkhead box P3; H&E, hematoxylin and eosin; LDB, light-dark box test; LFB, Luxol Fast Blue; LPS, lipopolysaccharide;
MOGgss_ss, myelin oligodendrocyte glycoprotein; MS, multiple sclerosis; OEA, oleoylethanolamide; OF, open field test; PEA, palmitoylethanolamide; RRMS, rela-
psing-remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; SST, sucrose splash test; THC, A°-tetrahydrocannabinol; Treg, regulatory T cells;
TST, tail suspension test.
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Introduction

Multiple sclerosis (MS) is a chronic autoimmune disease that affects
the central nervous system (CNS), characterized by inflammation,
demyelination gliosis and concomitant axonal loss (Ramaglia et al.,
2021). Symptoms include fatigue, spasticity, alterations to vision,
speech impairments, urinary bladder dysfunction, and severe weight
loss (McGinley et al., 2021). Among MS symptoms, chronic pain is very
frequent, affecting up to 87% of patients, that manifests as nociceptive
or neuropathic pain, even at early disease stages. Neuropathic pain, that
arises from nervous system damage, is one of the most debilitating
symptoms with a prevalence among MS patients up to 58% (Rodrigues
et al.,, 2023). Neuropsychiatric comorbidities, such as anxiety and
depression, seriously affect the quality of life, disease progression, and
overall outcome of patients (Rodrigues et al., 2023). The onset and in-
tensity of clinical manifestations of MS depend on the site and severity of
the lesions in the brain and spinal cord . Approximately 8590% of pa-
tients with MS present with a relapsing-remitting course of the disease
(RRMS), and most of them advance to a progressive disease course,
known as secondary progressive MS (SPMS), characterized by a gradual
accumulation of disability (Jakimovski et al., 2024).

Remarkable progress has been made in the therapeutic development
in MS, especially for RRMS (Gonzalez-Lorenzo et al., 2024). However,
only one drug, ocrelizumab, is approved for primary progressive MS
with a demonstrated decrease in disability progression (Riederer, 2017).
Current therapies only partially protect against the continuous neuro-
degeneration that remains the major challenge. Recent advances suggest
a central role for glial cells in the progressive disease process (Healy
et al.,, 2022) and greater understanding of inflammation driven by
CNS-resident cells is required to identify novel potential therapeutic
opportunities. Evidence suggests that microglia play a pivotal role in
both inflammation and remyelination processes (Guerrero and Sicotte,
2020).

Studies on the use of medical cannabis in the treatment of MS suggest
a reduction in pain and spasticity and most clinical trials have shown
symptom improvement with cannabis-based drugs administration
(Longoria et al., 2022). Cannabis sativa L. is, however, classified as a
narcotic drug in many countries, mainly due to the presence of
Ag—tetrahydrocannabinol (A°-THC). In recent years, this view has been
progressively revised as evidence has shown that the plant produces
numerous phytochemicals with distinct pharmacological profiles,
including non-psychoactive constituents lacking abuse potential
(Odieka et al., 2022; Radwan et al., 2021). Consequently, efforts in the
development of cannabis-based therapeutics have primarily focused on
the major cannabinoids, A°-THC and the non-psychoactive cannabidiol
(CBD) (Jones and Vlachou, 2020). However, undesirable central effects
associated with cannabinoid receptor 1 (CB1) activation, including the
worsening of cognitive functions already impaired in a significant pro-
portion of MS patients, have limited the long-term use of CB1 agonists
(Landrigan et al., 2022). This has fostered growing interest in
non-cannabinoid components, such as terpenes.

Beyond phytocannabinoids (approximately 100 different com-
pounds) considered the primary active components, more than 150
terpenes have been identified, representing the largest group of phyto-
chemicals in C. sativa (Pieracci et al., 2021). Terpenes represent one of
the largest groups of plant derived secondary metabolites and many of
them are used as flavor ingredients and included in the Generally
Recognized As Safe list (Adams et al., 2011). In contrast to the
well-characterized cannabinoids, terpenes are primarily recognized for
their ability to modulate cannabinoid-mediated responses (LaVigne
et al.,, 2021). However, evidence has demonstrated that terpenes also
exert biological activities independently of cannabinoids.
Anti-inflammatory and antinociceptive effects have been described for
the main cannabis terpenes (Liktor-Busa et al., 2021). However, only
few studies have focused on the investigation of terpenes bioactivities,
and their pharmacological properties in MS is still not elucidated.
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The aim of the present study was to investigate the pharmacological
activity of a sesquiterpene-rich essential oil (EO) obtained from in-
florescences of a non-psychotropic C. sativa variety in relieving pain and
associated comorbidities in an animal model of MS.

Materials and methods
Solvents and chemicals

Chromatographic grade solvents, including n-hexane, dichloro-
methane (DCM), acetonitrile (ACN), methanol (MeOH) and anhydrous
sodium sulfate (NazSO4) were purchased from Sigma-Aldrich (Milan,
Italy). Reference standards of p-myrcene, limonene, linalool, f-car-
yophyllene, a-humulene, nerolidol and caryophyllene oxide (purity
>98%) were from Sigma-Aldrich (Milan, Italy). Analytical standards for
cannabinoids, namely cannabidiolic acid (CBDA), cannabigerolic acid
(CBGA), cannabidiol (CBD) and cannabigerol (CBG), were purchased
from Sigma Aldrich (Milan, Italy).

Water (H,0) was purified using a Milli-Q® Advantage 10 system
from Millipore (Milan, Italy).

Plant material

Cannabis sativa L. (hemp) inflorescences belonging to Kompolti va-
riety, with a certified A°-THC content below 0.3%, was kindly provided
by Materia Medica Processing (Siena, Italy). According to EU regulation,
cannabis plants with a A°-THC content below 0.3% are considered as a
non-narcotic and psychotropic (E.U. Regulation No 1307/2013 of the
European Parliament).

Extraction of the essential oil from hemp inflorescences by means of steam
distillation

Dried hemp inflorescences (120 g) were sieved to remove twigs and
seeds and placed above the H;O surface inside the steam-distillation
apparatus. Once the temperature of 100 °C was reached in the system,
the distillation was allowed to carry on for 2 h. The system was then let
to cool to room temperature and hemp EO produced was separated from
the scented Hy0 and collected. To remove any trace of HyO in the EO, it
was dried with anhydrous NaySO4, which was removed by filtration on a
paper filter. To reach the maximum yield of EO, the scented HoO was
washed three times with DCM in a separating funnel and the organic
phase was then collected. The organic phase was finally dried under
vacuum with a rotary evaporator and the residual oil was collected and
combined with the EO previously obtained by distillation, thus
providing a final yield of 0.12%.

Qualitative and semi-quantitative analysis of terpenes in the EO using
GC-MS

The GC-MS analysis of the volatile compounds in the EO was per-
formed on a 7820A gas chromatograph coupled with a 5975C network
mass spectrometer (GC-MS) (Agilent Technologies, Waldbronn, Ger-
many). Compounds were separated on an Agilent Technologies HP-5 MS
cross-linked poly-5% diphenyl-95% dimethyl polysiloxane (30 m x 0.32
mm inner diameter (i.d.), 0.25 um film thickness) capillary column. The
column temperature was initially set at 45 °C, then increased at a rate of
3 °C/min up to 170 °C, then raised to 200 °C at a rate of 6 °C/min, and
again raised up to 280 °C at a rate of 13 °C/min, and finally held for 10
min. The injection volume was 1.5 pl, with a split ratio of 1:10. Helium
was used as the carrier gas, at a flow rate of 1 ml/min. The injector,
transfer line and ion-source temperatures were 250, 280 and 230 °C,
respectively. MS detection was performed with electron ionization (EI)
at 70 eV, operating in the full-scan acquisition mode in the m/z range
40-400. The EO was diluted 1:2000 (v/v) with n-hexane before GC-MS
analysis.
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The relative amount of volatile components was determined and
expressed as percent relative peak area .

Quantitative analysis of main terpenes in the EO using GC-FID

The quantitative analysis of main volatile compounds in the EO was
performed on a Shimadzu GC-2010 system coupled with a flame ioni-
zation detector (FID). The chromatographic column and the tempera-
ture program set for the GC-FID analyses were the same as those
described in paragraph for the GC-MS analyses. The injector and de-
tector temperature were set at 250 and 300 °C, respectively. Injection
volume was 1.5 pl. Methyl octanoate was used as the internal standard
(IS) for quantitative determination of terpenes. Hemp EO was diluted
1:2000 (v/v) with n-hexane and added of the IS solution prior the GC-
FID analysis. Calibration curves for terpenes were constructed at five
calibration levels in the range 5-80 ug/ml by plotting the ratio between
the area of the analyte and that of the IS vs. their concentration ratio.

Analysis of cannabinoids in the EO using HPLC-UV

The analysis of cannabinoids in the EO was performed on an Agilent
Technologies (Waldbronn, Germany) modular model 1260 Infinity II
system, consisting of a quaternary pump, a manual injector and a UV
variable wavelength detector. An Ascentis Express C;g column (150 mm
x 3.0 mm LD., 2.7 pm, Supelco, Bellefonte, PA, USA) was used for the
separation of target compounds, with a mobile phase composed of 0.1%
HCOOH in both (A) H30 and (B) ACN. The gradient elution was as
follows: 0-13 min 60 % B, 13—-17 min from 60 to 80% B, 17-22 min from
80 to 90% B, which was kept for 8 min. The post-running time was 10
min. The flow rate was 0.4 ml/min. The sample injection volume was 3
pl. Chromatograms were acquired at 210 nm (for neutral cannabinoids)
and at 220 nm (for cannabinoic acids) (Brighenti et al., 2017). The EO
was diluted 1:2000 (v/v) with MeOH before HPLC-UV analysis. Cali-
bration curves for target compounds were constructed at five calibration
levels by plotting the peak areas of the analytes vs. their concentration.

Chromatograms were recorded by using an Agilent OpenLab
ChemStation (Rev. C.01.10).

Endocannabinoid analysis

Endocannabinoid analysis on BV2 cell culture medium was per-
formed by UHPLC—HRMS analysis. The detailed protocols used for
sample preparation and analysis are described in the Supplementary
Information.

Reagents and antibodies

The CB2 antagonist AM630 and the CB1 antagonist AM251 (Tocris,
Bristol, UK) were dissolved in dimethyl sulfoxide. MOG3s5_s5 peptide
(synthesized by EspiKem Srl, University of Florence, Italy). Complete
Freund's adjuvant (CFA), Luxol Fast Blue (LFB) (Sigma, Milan, Italy).
Lipopolysaccharide (LPS) (Merck, Darmstadt, Germany). Primary anti-
bodies: IBA-1 (#17198S), CD11b (#17800S), MBP (78896S), pERK1/2
(#4370S) pCREB (#9198S), CD206 (#24595S) (Cell Signaling Tech-
nology, Danvers, MA), CB2 (sc-293,188), IL-17 (sc-374,218), CD4 (sc-
19,641), FoxP3 (sc-166,212), pNFxB (sc-136,548) (SantaCruz Biotech-
nology, Dallas, Texas), IL-10 (GTX632359), (GeneTex, Irvine, CA).
Secondary antibodies labeled with Invitrogen Alexa 488
(#711-545-152) and 594 (#115-585-003) (Jackson ImmunoResearch
Labs, West Grove, PA).

Animals
The EAE model was induced on C57BL/6 female mice (18-20 g, 6-8

weeks of age, Envigo, Varese, Italy). The animals were housed in the Ce.
S.A.l. (Centro Stabulazione Animali da Laboratorio, University of
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Florence), maintained at 23 + 1 °C with a 12-hour light/dark cycle, light
on at 7 a.m., fed by a standard laboratory diet and tap water ad libitum.
Mice were left acclimatize for five days before testing. Cages were placed
in the experimental room for 24 h before behavioral tests for acclima-
tization, and all tests were conducted during the light phase.

At the end of the experimentation mice were sacrificed by cervical
dislocation for spinal cord and hippocampus removal for in vitro anal-
ysis. The number of animals for each experiment was based on a power
analysis, and all groups tested included eleven animals.

Intranasal administration

Mice received a total of 10 pl of a solution containing 3 ug/mouse of
EO, with 5 pl aliquots given into each nostril, as previously described
(Borgonetti and Galeotti, 2021). Treatment was administered once daily
starting from 14 days post-immunization (d.p.i.), when symptoms were
well established. The dose of EO was chosen on the bases of
dose-response curves (Fig. S1). Sham and MOG-EAE mice received
vehicle i.n. on the same days.

EAE induction

The EAE model was induced by MOGgss_ss5 peptide (Borgonetti and
Galeotti, 2023a). Control mice (sham) received CFA without antigen.
The general health, body weight, and disability score of all mice were
monitored daily, locomotor coordination and noxious threshold were
assessed before immunization and every three days thereafter until
completion of the study. Mice were randomly assigned to 3 experimental
groups: control (sham), immunized (MOG-EAE), immunized treated
with EO. Control mice (sham) received CFA without antigen. All groups
tested included eleven animals.

Behavioral testing

To assess the onset and progression of pain hypersensitivity and
motor disability, the mice were monitored the day before immunization
for baseline values and every 3 days thereafter until the end of the
experimental model (Fig. 2A). All tests were performed under blinded
conditions, with measurements collected by the same experimenter
throughout the study.

von Frey's test

Mechanical threshold was measured by using von Frey mono-
filaments (Borgonetti and Galeotti, 2023b). Response was defined by
paw withdrawal twice out of five completed stimuli.

Hot plate test

Thermal threshold was measured by using the hot-plate test (set at
52.0 °C). Licking or shaking of the paw or even jumping of the animal
indicates reaction to the thermal stimulus; as soon as this response oc-
curs, the counting of seconds to measure the reaction latency is stopped
and the mouse is removed from the plate.

Rotarod test

The mouse locomotor coordination was measure by performing the
rotarod test (Ugo Basile, Varese, Italy). Animals were placed on the
rotating rod at the exact moment the stopwatch is operated. The
integrity of the animal's motor coordination was assessed on the latency
time from accelerating rotarod. The speed rotation progressively in-
creases from 4 to 40 revolutions in 180 s.
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Clinical disease score

A clinical disease score was assigned to each EAE and control mouse
(sham) once daily in a blinded manner to assess the severity and extent
of motor deficits. A disability scale ranging from 0 (no disability) to 5
(severe disability preceding the death of the animal) with half-point
gradations was used (Borgonetti and Galeotti, 2023a). In any case,
mice that reached a score of 3.5 were excluded from the study.

Open field test

Animals were positioned in the center of a box (78 x 60 x 39 cm) and
the time each animal remained in the internal portion is measured, over
a total duration of 5 min. The longer the animal stays in the center of the
arena, the less anxious-like it is (Borgonetti and Galeotti, 2023b).

Light dark box test

Each mouse was allowed to move freely for 5 min in a box with two
different compartments, the dark, and the light chamber, separated by a
small door (10 cm x 3.2 c¢cm), as previously described (Borgonetti and
Galeotti, 2023b). The time spent in the light was used as a sign of the
anxiety state of each animal.

Sucrose splash test

A 10% sucrose solution in HyO was prepared and a small amount of
this was placed on the animal back. The mouse was placed inside a box
and the time spent cleaning in 5 min was measured (Borgonetti and
Galeotti, 2023b).

Tail suspension test

Mice were suspended from a pole mounted 50 cm above the floor and
the time during which the mice remained immobile was measured with
a stopwatch (Borgonetti and Galeotti, 2023b). Immobility was consid-
ered a depression-like behavior (behavioral despair) and was measured
in the first 2 min of the test, when the animals are reacting to un-
avoidable stress, and in the last 4 min, when behavioral despair is
established

Histopathology

Lumbar spinal cord sections (10 pm) were stained with Luxol Fast
Blue (LFB) and with hematoxylin and eosin (H&E). The detailed pro-
tocols used is described in the Supplementary information.

BV2 cell culture and treatments

BV2 murine immortalized microglial cells (Tema Ricerca, Genova,
Italy; 16-20 passages) were cultured in a medium containing RPMI with
the addition of 10% of heat-inactivated (56 °C, 30 min) fetal bovine
serum (FBS, Gibco, Milan, Italy) 1% glutamine, and a 1% pen-
icillin-streptomycin solution at 37 °C in a 5% CO humidified incubator.
Cells were pretreated with AM630 or AM251 (1 pM) for 1 h and then
treated with EO (0.01 - 0.1 - 1 pg/ml). After 4 h, to induce neuro-
inflammation, BV2 cells were stimulated for 24 h with LPS 250 ng/ml.

Sulforhodamine B (SRB) assay

Cells (2 x 10* in 200 ml) were seeded in 96-well plates incubated
with EO (0.01 - 0.1 - 1 pg/ml), fixed in 50% trichloroacetic acid at 4 °C
for 1 h, treated with a solution of SRB 4 mg/ml in 1% acetic acid and
incubated for 30 min at RT. Wells were washed four times with 1%
acetic acid, added with 200 ml of TRIS HCl solution (pH=10) and
incubated for 5 min with shaking. Absorbance was determined using a
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microplate reader at 570 nm. Cell viability was calculated by normal-
izing the values to the mean of the control.

Cell counting and morphology

Cell counting and morphological analysis (quantification of total cell
number, soma area and diameter) were performed by experimenter’s
blind to the cell culture conditions on images taken by Leica DM IL LED
FLUO optical microscope and analyzed through the ImageJ program.
Cells were counted per mm? microscopic area in at least ten randomly
selected fields.

Western blot analysis

The lumbar spinal cord, hippocampus and BV2 cells lysates (20 pg)
were separated on 10% SDS-PAGE and then blotted onto Midi Nitro-
cellulose membranes using a Trans-Blot Turbo Transfer Starter System
(Biorad Laboratories, Milan, Italy). Blots were incubated overnight at 4
°C with specific antibodies, then, with horseradish peroxidase-
conjugated secondary antisera (1:3000, Jackson ImmunoResearch
Labs, West Grove, PA) for 2 h at RT. After washing, blots were developed
using an enhanced chemiluminescence detection system (ChemiDoc
Imaging Systems, Bio-Rad, Milan, Italy) and signal intensity (pixels/
mm?) quantified (ImageJ 2.14, NIH, Bethesda, MD). Signal intensity was
normalized against GAPDH.

Immunofluorescence

Lumbar spinal cord samples were fixed in formalin at 4% for 24 h,
dehydrated in ethanol (EtOH), included in paraffin, and finally cut into
10 pm sections. BV2 cells were fixed with 4% PFA for 30 min at RT and
cell membranes were permeabilized 0.1% PBS-tryton for up to five min.
Membranes were blocked with BSA 5% in PBST and incubated with
primary antibodies of interest overnight at +4 °C. After rinsing, the
secondary antibodies were used at RT for 2 h. Sections were cover
slipped using a Mounting Medium with DAPI. A Leica DM6000B fluo-
rescence microscope equipped with a DFC350FX digital camera with
appropriate excitation and emission filters for each fluorophore was
used to acquire representative images. Images were acquired with 35 to
340 objectives using a digital camera. The immunofluorescence in-
tensity was calculated using Image J 2.14.

Statistical analysis

Results are expressed as mean + SEM. Repeated measures of two-
way analysis of variance (ANOVA), followed by the Bonferroni test,
were used to compare locomotor and nociceptive behaviors and mood
parameters between immunized and sham mice. For biochemical and
histological experiments, sample sizes subjected to statistical analysis
had five samples per group (n = 5), where n is equal to the number of
independent values. The level of significance was set to p < 0.05. Out-
liers were identified and excluded from each experimental set using the
ROUT method (Motulsky and Brown, 2006). The computer program
GraphPad Prism, version 10.3 (GraphPad Software Inc., San Diego, CA),
was used.

Results
Chemical characterization of the EO

Volatile compounds in hemp EO were analyzed by both GC-MS and
GC-FID. The identification of the compounds was achieved by
comparing their MS spectral data and linear retention indexes (LRI) with
those available in the literature and in the National Institute of Stan-
dards and Technology (NIST 14) mass spectral library. The results from
the qualitative and semi-quantitative analysis of hemp essential oil are
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shown in Table 1. GC-MS analysis allowed us to identify 44 compounds
in hemp EO, encompassing monoterpenes, sesquiterpenes and
cannabinoids.

The qualitative composition of hemp EO agreed with that described
in the available literature (Iseppi et al., 2019; Janatova et al., 2022; Jin
etal., 2021; Marini et al., 2018; Micalizzi et al., 2021; Pellati et al., 2018;
Zheljazkov et al., 2025). Nevertheless, is it possible to observe that
monoterpenes, which normally represent the major class of volatiles in
the EO from C. sativa, together with sesquiterpenes, were poorly present
in the sample analyzed (Iseppi et al., 2019; Janatova et al., 2022; Jin
et al., 2021; Marini et al., 2018; Pellati et al., 2018). This fact could be
attributable to the distillation process, in which a loss of monoterpenes,
which are the most volatile compounds, may have occurred. According
to the literature, p-myrcene is generally present in a relative percentage
around 15-35% in this type of EO (Iseppi et al., 2019; Pellati et al., 2018;
Vuerich et al., 2019), though in some cases the relative amount of
B-myrcene was found to be lower than 5% (Iseppi et al., 2019; Janatova
et al., 2022; Pellati et al., 2018; Pieracci et al., 2021; Xu et al., 2024).

Table 1

Semi-quantitative data of terpenes and cannabinoids in hemp EO, as determined
by GC-MS. Data are expressed as percentage relative peak area (mean, n = 3) +
SD.

Peak Compound LRI MW % Peak

number area

1 Heptanal 903 11419 <0.1

2 B-Myrcene 994 136.23  0.1°

3 Limonene 1028 136.23 0.1°

4 1,8-Cineole (Eucalyptol) 1030 154.25 0.1°

5 trans-Sabinene hydrate 1060 154.25 0.17

6 cis-Linalool oxide 1062 170.25 0.1°

7 cis-Sabinene hydrate 1070 15425 <0.1

8 Linalool 1101 154.25 1.4+0.1

9 Fenchol 1113 154.25 0.2°

10 cis-p-Mentha-2,8-dien-1-ol 1134 152.23 0.2°

11 trans-Sabinol 1136 152.23 0.2°

12 Camphor 1144 152.23 0.3"

13 Borneol 1164 15425 0.8°

14 Terpinen-4-ol 1177 154.25 0.4"

15 p-Cymen-8-ol 1190 150.22 0.2°

16 a-Terpineol 1191 154.25 0.6 +0.1

17 Verbenone* 1204 150.22 < 0.1

18 Linalool formate* 1215 18226 1.4+0.1

19 Geranyl acetate 1388  204.35 <0.1

20 Ylangene 1389 20435 0.4°

21 Isocaryophyllene 1418 204.35 0.7°

22 p-Caryophyllene 1425 20435 31.5+0.6

23 a-Bergamotene 1439 204.35 0.8°

24 o-Humulene 1459 204.35 10.6 + 0.1

25 Alloaromadendrene 1466  204.35 1.3%

26 4,5-di-epi-Aristolochene* 1469 204.35 0.1°

27 B-Selinene 1489  204.35  4.0°

28 Valencene 1495  204.35 0.4°

29 a-Selinene 1492 204.35 4.0°

30 B-Bisabolene 1500 204.35 0.2°

31 y -Cadinene” 1525  204.35 1.7°

32 §-Cadinene 1527 204.35 0.4"

33 y-Selinene 1532 204.35 1.3"

34 §-Selinene 1545  204.35 2.9°

35 Selina-3,7(11)-diene 1549 204.35 2.4"

36 trans-Nerolidol 1567 22237 2.6+0.1

37 Caryophyllene oxide 1591 220.35 7.3+0.2

38 Humulene-1,2-epoxide 1621  220.35  2.2°7

39 Selina-6-en-4-o0l* 1624 22237 15+0.1

40 Caryophylla-4(12),8(13)-dien-5- 1627 220.35 0.8 +0.1
ol

41 Germacra-4(15),5,10(14)-trien- 1680 220.35 0.6
la-ol*

42 Juniper camphor 1709 222.37 0.5"

43 Cannabicyclol (CBL) 2373 3145 0.2°

44 Cannabidiol (CBD) 2779 314.5 3.2+0.2

2 SD < 0.05.

" Tentatively identified with the NIST library.
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Limonene and linalool were found in accordance with what is normally
described in the literature, where they usually reach a percentage be-
tween 0-11% and 0-4%, respectively (Iseppi et al., 2019; Pellati et al.,
2018; Pieracci et al., 2021) For what concern sesquiterpenes, f3-car-
yophyllene (BCP) represents the most abundant compound in this EO,
with a relative peak area slightly higher than what is described in the
literature, where it normally ranges from 9 to 21% of the total peak area
(Iseppi et al., 2019; Pellati et al., 2018; Pieracci et al., 2021; Zheljazkov
et al., 2025). a-Humulene data were in accordance with the available
literature, while caryophyllene oxide is present in a higher percentage in
comparison to most samples described in the literature (Iseppi et al.,
2019; Janatova et al., 2022; Jin et al., 2021; Marini et al., 2018; Pellati
et al., 2018; Pieracci et al., 2021; Zheljazkov et al., 2025). The per-
centage peak area of CBD in hemp EO was much higher than what
determined (Iseppi et al., 2019), but lower than what reported in a study
by Pieracci et al. (2021). For what concerns cannabinoids, interestingly
cannabicyclol (CBL) was detected in hemp EO. The presence of CBL in
the EO can be an considered as an artefact resulting from the degrada-
tion of other cannabinoids present in the plant material, such as can-
nabichromene (CBC) or cannabigerol (CBG), caused by long exposure to
high temperature, both during the distillation process and the injection
into the GC-MS injector port (250 °C) (Appendino et al., 2011; Gar-
cia-Valverde et al., 2022).

The main mono- and sesquiterpenes were quantified in hemp OE by
means of GC-FID analysis. A representative GC-FID chromatogram is
shown in Fig. 1, while Table 2 shows quantitative data.

The quantitative analysis of terpenes confirmed that sesquiterpenes
were the predominant compounds in the EO, with BCP being the most
abundant one, followed by a-humulene and caryophyllene oxide. Both
BCP and a-humulene were found to be in a lower amount with respect to
those determined by Joy et al. (2025), while nerolidol and p-car-
yophyllene oxide quantitative data were found to be comparable (Joy
et al., 2025). As previously observed, monoterpenes were poorly rep-
resented in this EO: p-myrcene content was only 4.5 mg/ml detected in
the EO, corresponding to 0.006 mg/g dry weight plant material, which is
lower if compared to the available literature for hemp EO (5.9-8.6 mg of
B-myrcene per g dry weight plant material) (Joy et al., 2025). Limonene
content was under the limit of quantification (LOQ) value, while its
content is described around 1.0 mg/g dry weight plant material (Joy
et al. 2025), while linalool content agreed with the available literature
(Joy et al., 2025).

To comprehensively characterize the content of secondary metabo-
lites in hemp EO, the analysis of cannabinoids was carried out using
HPLC-UV/Vis. A remarkable high amount of CBD was determined in the
EO, when compared to the data available in the literature. Indeed, CBD
content in hemp EO was found to be 60.9 + 0.3 mg/ml, against an
average value in literature in the range 0.1-2.9 mg/ml (Iseppi et al.,
2019).

Intranasal EO reduces nociceptive hypersensitivity in EAE mice

Hot thermal nociceptive hypersensitivity was produced in EAE mice
from 3 dp.i. that progressively worsened peaking on day 21 pi. and
remaining unaltered up to 28 dp.i. (Fig. 2B). Acute intranasal treatment
with EO (14 dp.i.; Fig. 2C) as well as repeated treatment for 7 days
(Fig. 2D) was ineffective. After 10-days treatment an increase of thermal
threshold was observed (Fig. 2E) that was further increased after 14-
days administration (Fig. 2F).

MOG35_55 immunization induced a drastic drop of cold thermal
threshold from 7 dp.i. that persisted up to 28 dp.i. (Fig. 2G). No signif-
icant differences between untreated and EO-treated EAE animals were
detected after acute (14 dp.i.; Fig. 2H) and 7-days repeated treatment
(Fig. 2I). Ten-days administration showed a trend to an increase in the
cold threshold (Fig. 2J) that become significant after a two-week treat-
ment (Fig. 2K).

EAE showed mechanical allodynia from 3 dp.i. that peaked 18 dp.i.
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Fig. 1. GC-FID chromatogram of hemp EO. For peak identification, see Table 1.

Table 2
Quantification of main terpenes in hemp EO. Data are expressed as mg/ml
(mean, n = 3) + SD.

Peak number Compound Content (mg/ml)
2 f-Myrcene 4.5°

3 Limonene < LOQ

8 Linalool 24.0"

22 p-Caryophyllene 279.5 + 8.7

24 a-Humulene 145.6 + 1.9

36 Nerolidol 27.7 £1.9

37 Caryophyllene oxide 84.2 + 4.7

2 SD < 0.05.

and remained unaltered up to 28 dp.i (Fig. 21). Single (Fig. 2M) and 7-
days repeated administration (Fig. 2N) of EO was ineffective. A trend
towards an increase of mechanical threshold was observed 24 dp.i
(Fig. 20) while a significant effect was detected 28 dp.i. (Fig. 2P).

EO ameliorates motor symptoms in EAE mice

During the first week p.i., no significant differences in EAE clinical
score and locomotor activity were observed between EAE and sham
groups. At 10 dp.i. an increase of clinical score values was found in EAE
mice that progressive worsened up to 28 dp.i. (Fig. 3B). A more detailed
analysis of motor disability showed that EO repeated treatment signifi-
cantly prolonged the time to onset (Fig. 3C) and the time to peak of
disability (Fig. 3D), reduced the peak score values (Fig. 3E) and the
cumulative score values (Fig. 3F).

A rotarod test was performed to investigate the locomotor coordi-
nation of EAE mice. Results showed a reduced endurance time on the
rotating rod from 14 dp.i. that persisted up to 28 dp.i. (Fig. 3G). Acute
(Fig. 3H) and repeated (Fig. 3H-K) intranasal administration of EO
ameliorated the locomotor impairment by increasing the endurance
time at all time points.

Lack of effect of EO on EAE-induced body weight loss

Control mice progressively increased their body weight over the 28-

day period of the study. Conversely, EAE mice starting from 14 dp.i.
showed a lack of any body weight gain up to the end of experimentation
(Fig. 3L). Although a trend toward some progressive weight gain by
treatment over time, statistical significance was not reached (Fig. 3M-P).

EO protects EAE mice from depression-like and anxiety-like symptoms

The grooming time values in the sucrose splash test (SST) showed no
difference between sham and EAE mice 14 (Fig. 4B) and 21 dp.i.
(Fig. 4C), while 28 dp.i a significant reduction of grooming time was
detected in the EAE group (Fig. 4D). This effect was abolished by EO. To
further investigate the antidepressant-like activity of the treatment, the
Tail Suspension Test (TST) was performed 28 dp.i.; while not significant,
EAE mice showed a trend towards an increase of the immobility time in
the first 2 min of the test (Fig. 4E) and, to a lesser extent, in the last 4 min
of the test when the behavioral despair is established (Fig. 4F). EO
reduced the immobility time in the first 2 min (Fig. 4E), in the last 4 min
(Fig. 4F) and the overall 6 min duration of the test (Fig. 4G).

The open field (OF) test showed a reduction of the time spent in the
center 14 (Fig. 4H), 21 (Fig. 4I) and 28 dp.i. (Fig. 4J). EO administration
at 14 (Fig. 4H) and 21 dp.i. (Fig. 4I) was ineffective, while, after a 2-
week administration, there was a trend towards an increase of the
time spent in the center (Fig. 4J). To verify the induction of an
anxiolytic-like effect by EO, the light-dark box (LDB) test was performed
28 dp.i. EAE mice showed values for the time spent in the light chamber
(Fig. 4K), number of transitions between the light and dark chambers
(Fig. 4L) and latency values to the first step into the dark chamber (Fig. 4
N) comparable to sham mice. However, EO increased the time spent in
the light and the number of transitions, and reduced the latency to the
fist transition, showing an anxiolytic-like behavior.

EO protects EAE mice from spinal demyelination and inflammatory cell
infiltration

Consistent with motor disability and nociceptive behavior, lumbar
sections of spinal cords from EAE mice showed significant myelin loss, as
indicated by a reduced LFB staining. In contrast, the frequency of
demyelinating lesions was reduced in mice that received EO for 2 weeks
(Fig. 5A,E). EAE mice also showed a trend towards a reduction of MBP
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Fig. 2. EO attenuation of pain hypersensitivity in EAE mice.
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(A) Schematic representation of the experimental protocol. (B) Time course evaluation of thermal hyperalgesia (hot stimulus, 52 °C) in EAE mice showing a pro-
gressive increase in pain hypersensitivity that peaked on 21 dp.i. Intranasal EO was not effective on 14 (C) and 21 dp.i. (D), whereas progressively alleviated thermal
hypersensitivity on day 24 (E) and 28 dp.i. (F). (G) Determination of thermal threshold to a cold stimulus (4 °C) showed a drop in thermal sensitivity 7 dp.i. that
remained unaltered up to the end of experimentation. Repeated intranasal administration of EO did not modify cold hyperalgesia 14 (H), 21 (I), and 24 (J) d.p.i. (K) A
significant reduction of cold hypersensitivity was obtained 28 dp.i. . (L) Time course study of mechanical allodynia in EAE mice showed a progressive decrease of
mechanical threshold over time. EO was unable to attenuate mechanical hypersensitivity 14 (M), 21 (N) and 24 (O) d.p.i. while a significant effect was observed 28
dp.i. (P). EO was administered intranasally (3 ug/mouse i.n.) every day for two weeks starting from 14 dp.i.; Sham and MOG-EAE mice received vehicle i.n. on the
same days. All groups tested included eleven animals. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

protein levels that were robustly increased by EO (Fig. 5B).

Hematoxylin and Eosin (H&E) staining demonstrated pronounced
lymphocytic infiltration (Fig. 5C) and elevated inflammatory scores
(Fig. 5D) in the EAE group relative to sham controls, both of which were
significantly mitigated by EO (Fig. 5C,D).

Attenuation of spinal neuroinflammation and microglia shift towards anti-
inflammatory phenotype by EO

Immunofluorescence analysis (Fig. 5F) and protein quantification
(Fig. 5G) revealed increased expression of IBA-1, a microglia marker, in
the spinal cord of EAE mice compared with sham controls. Consistently,
assessment of CD11b protein expression, a marker of activated micro-
glia, showed a marked increase in the EAE group (Fig. 5H). EO further
enhanced IBA-1 expression, while reduced CD11b levels. However,
calculation of the CD11b/IBA-1 ratio demonstrated a clear increase in
the EAE group, which was restored to basal levels by EO (Fig. 5I),
indicating a counteracting effect on neuroinflammation. To investigate a

potential shift toward an anti-inflammatory microglia phenotype, the
expression of IL-10, an anti-inflammatory cytokine, and IL-17, a proin-
flammatory cytokine, was examined. A trend toward increased IL-10
protein levels was observed in EAE mice, which was markedly potenti-
ated by EO (Fig. 5J). Conversely, IL-17 protein levels were elevated in
the EAE group and were not reduced by EO (Fig. 5K). Interestingly,
calculation of the IL-17/IL-10 ratio showed a significant increase in EAE
mice, which was normalized to basal levels by EO (Fig. 5L).

Following activation, CD4+ T cells can differentiate into either
proinflammatory, mainly represented by Th17 which secret IL-17
(Moser et al., 2020) or anti-inflammatory phenotypes, mainly repre-
sented by the immunosuppressive Treg (Knochelmann et al., 2018). An
overall rise in CD4™" (Fig. 5M) and FoxP3™T cells (Fig. 5N) was observed
in EAE mice, which was further enhanced by EO, suggesting a differ-
entiation of CD4" cells toward the Treg phenotype.

Finally, to assess the induction of a shift toward a microglia anti-
inflammatory phenotype, the cellular localization and expression of
the CB2 receptors was investigated. Immunofluorescence micrographs
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***%p < 0.0001.

showed a very low level of CB2 protein in sham animals, while EAE mice
showed an increased fluorescent staining prominently in the external
laminae of the dorsal horn spinal cord, consistent with the observation
of a CB2 overexpression in neuroinflammatory conditions (Grabon et al.,
2023; Komorowska-Miiller and Schmole, 2021). CB2 immunostaining
(Fig. 50) and protein expression (Fig. 5P) were further increased by EO.

EO protects from hippocampal neuroinflammation and promotes microglia
shift towards anti-inflammatory phenotype

The observation of spinal microglia shifts toward an anti-
inflammatory phenotype by EO encouraged us to extend the investiga-
tion to the supraspinal areas to correlate the attenuation of neuro-
inflammation to the antidepressant-like and anxiolytic-like effect of the
treatment. Hippocampal samples from EAE mice showed increased
levels of IBA-1 (Fig. 6A) and CD11b (Fig. 6B) compared to sham mice,
that were not significantly reduced by EO treatment. The calculation of
the CD11b/IBA-1 ratio highlighted an increased value in EAE mice that

returned to basal sham levels after EO treatment (Fig. 6C). The expres-
sion of IL-10 (Fig. 6D) and IL-17 (Fig. 6E) were quantified indicating
high levels of both cytokines in EAE hippocampal samples compared to
sham. EO drastically increased IL-10 contents, while did not alter IL-17
levels. IL-17/IL-10 ratio values showed no differences between sham
and EAE groups while a reduction of ratio value was produced by EO
(Fig. 6F). Consistent with spinal results, the levels of CD4 (Fig. 6G) and
FoxP3 (Fig. 6H) were increased, along with an increase of CD206, a
marker of anti-inflammatory microglia (Fig. 6I), and CB2 receptors
(Fig. 6J) in EAE. Levels of all markers were further potentiated by EO.
Finally, the expression of p-ERK (Fig. 6K) and p-CREB (Fig. 6L),
involved both in neuroinflammation and in the modulation of memory
and emotional processes (Albert-Gasco et al., 2020), were detected. Both
markers were increased in the EAE hippocampal samples and EO
returned protein expression to basal sham levels, further supporting a
correlation between behavioral and biochemical evaluations.
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Fig. 4. Antidepressant-like and anxiolytic-like activity of intranasal EO.

(A) Schematic representation of the experimental protocol. In the sucrose splash test (SST) EAE mice showed grooming times comparable to sham on 14 (B) and 21
(C) d.p.i., while it was reduced 28 dp.i. (D). Repeated administration of EO increased the grooming time 28 dp.i. In the tail suspension test (TST) EAE mice showed a
trend toward increased immobility time in the first 2 min (E) and last 4 min (F) period of the test. EO decreased the immobility time values. The same effect was
detected over the total 6-min period of the test (G). A reduction of the time spent in the center in the arena by EAE mice was observed during the open field (OF) test
14 (H), 21 (I) and 28 (J) d.p.i. No significant effect was produced by EO treatment. In the light-dark box (LDB) test EAE mice showed no variation in the time spent in
the light chamber (K), in the number of transitions between the two chambers (L), and in the latency to the first transition (M) compared to sham mice. EO repeated
administration increased the time in the light, the number of transitions and reduced the latency to the first transition. All groups tested included eleven animals. *p <

0.05; **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 5. EO protects EAE mice from spinal demyelination and neuroinflammatory cell infiltration.

(A) Quantification analysis of Luxol Fast Blue (LFB) staining of spinal cord samples from sham, EAE and EO-treated EAE mice. (B) Increase of MBP expression by EO
administration. EO reduced the lymphocyte infiltration (C) and the proinflammatory score (DE) compared to EAE mice. (EF) Representative images of LFB staining
and Eosine & Hematoxylin (E&H) staining of spinal cord sections from sham, EAE and EO-treated EAE mice. Scale bar. 200 ym (low magnification), 50 um (high
magnification). *p < 0.05; **p < 0.01, ****p < 0.0001. EO attenuation of neuroinflammation and microglia shift towards anti-inflammatory phenotype in the spinal
cord. (F) Representative images of spinal cord section labeled with DAPI, Ibal and merged from sham, EAE mice and EO-treated mice (Scale bar = 50 um). Expression
of Ibal (GA), CD11b (HB) and CD11b/Ibal ratio (IC) in spinal cord samples from sham, EAE and EAE-treated mice showing a reduction of the proinflammatory
microglia following EO administration. (JE) (EAE mice showed a trend towards an increase of IL-10 protein expression that was robustly increased by EO. (F) In-
crease of FoxP3 expression in EAE mice that was further augmented by EO. (KG) EAE m ice showed high levels of IL17 that wereas unmodified by EO administration.
(LH) Increase of the IL17/IL10 ratio that was drastically reduced by EO. (F) Increase of CD4 (M) and FoxP3 (N) expression in EAE mice that was further augmented by
EO. (O) Representative immunofluorescence micrographs of spinal cord section labeled with DAPI, CB2 and merged from sham, EAE mice and EO-treated mice (Scale

bar = 50 pm). (PI) CB2 was significantly overexpressed by MOG35-55 immunization. EO treatment further increased CB2 protein levels. *p < 0.05; **p < 0.01, ***p
< 0.001, ****p < 0.0001.
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Fig. 6. Hippocampal neuroinflammation attenuation and microglia shift towards anti-inflammatory phenotype by EO. EAE hippocampal samples showed increased
expression of Ibal(A) and CD11b (B) that remained unmodified following EO administration. (C) CD11b/Ibal ratio showed an increased value in EAE that return to
control levels in EO-treated mice. (D) EAE mice showed a trend towards an increase of IL-10 protein expression that was robustly increased by EO. (E) EAE mice
showed high levels of IL17 that were unmodified by EO administration. (F) Increase of the IL17/IL10 ratio that was drastically reduced by EO. Increase of CD4 (G)
and FoxP3 (H) expression in EAE mice that was further augmented by EO. (I) Protein expression of CD206, marker of anti-inflammatory microglia, was increased in
both EAE and EO-treated mice. (JC) Overexpression of CB2 receptors in immunized mice that was further increased in the EO group. EO treatment further increased
CB2 protein levels. EAE hippocampal samples showed increased phosphorylation of ERK (KA) and CREB (LB) proteins that returned to basal levels by EO treatment.
(C) Overexpression of CB2 receptors in immunized mice that was further increased in the EO group. (D) Ibal expression was increased in EAE mice and remained
unmodified following EO administration. (D) Protein expression of CD206, marker of anti-inflammatory microglia, was increased in both EAE and EO-treated mice.
(C) in spinal cord samples from sham, EAE and EAE-treated mice showing a reduction of the proinflammatory microglia following EO administration. (E) (EAE mice
showed a trend towards an increase of IL-10 protein expression that was robustly increased by EO. (F) Increase of FoxP3 expression in EAE mice that was further
augmented by EO. (G) EAE m ice showed high levels of IL17 that was unmodified by EO administration. (H) Increase of the IL17/IL10 ratio that was drastically

reduced by EO. (I) CB2 was significantly overexpressed by MOG35-55 immunization. EO treatment further increased CB2 protein levels. *p < 0.05; **p < 0.01, ***p
< 0.001, ****p < 0.0001.

EO attenuation of BV2 microglia cells proinflammatory phenotype and, under LPS stimulation, the number of cells in the elongated
phenotype significantly raised. A morphological analysis showed that

To assess to pivotal role of microglia in the mechanism of action of LPS increased cell surface area (Fig. 7C) and diameter (Fig. 7D). Overall,
EO, a morphological analysis was conducted on BV2 cells exposed to LPS the percentage of cells in the proinflammatory state was increased of

(250 ng/ml) for 24 h. The cell viability (Fig. 7A) and number (Fig. 7B) about 3 times compared to control group (Fig. 7E). EO (0.01-100 pg/
were drastically reduced (about 50-60% of control group) by LPS along ml), produced a dose-dependent recover of reduced cell viability
with a progressive shift toward a microglia proinflammatory phenotype. (Fig. 7A) and number (Fig. 7B) with a peak effect at 1 pg/ml. At higher
The unstimulated BV2 cells are mainly found in the round phenotype doses the activity progressively reduced showing a bell-shaped trend.
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Fig. 7. Effect of EO on neuroinflammation in LPS-stimulated BV2 cells. (A) Dose-response improvement by EO (0.01-100 pg/ml) of cell viability reduction induced
by LPS stimulation (250 ng/ml for 24 h). (B) Protection by EO (0.01-1 pg/ml) of LPS-induced cell number decrease. Dose-dependent reduction by EO treatment of
cell surface area (C), cell length (D) and number of BV2 cells in the proinflammatory state (E) after LPS exposure. Pretreatment with the CB2 antagonist AM630 (1
uM) prevented the EO effect on cell viability (F), total cell number (G), cell soma area (H), cell diameter (I) and percentage of cells in the proinflammatory state (J),
while treatment with the CB1 antagonist AM251 (1 uM) was ineffective. (K) Representative images of CTRL, LPS-treated and EO-treated BV2 cells. Scale bar: 50 um.
(L) Dose-dependent increase of CB2 expression by EO (0.01, 0.1, 1 ug/ml). (M) Restoration to CTRL values (EO 0.01, 0.1 pg/ml) and increase (EO 1 pug/ml) of IL-10
protein levels reduced by LPS stimulation. (N) AM630 prevented the increase of CB2 receptors induced by EO 1 pg/ml. (O) Exposure to LPS increased the expression
of p-NF«B, that was reduced to CTRL levels by EO (1 ug/ml). AM630 prevented the EO effect. (P) A reduction of CD206 content was detected in LPS-exposed cells that
was largely increased by EO (1 pg/ml) through a CB2-mediated mechanism. LPS-stimulation reduced the extracellular levels of PEA (R) and 2-AG (S) that were not
modified by EO. AM630 or AM251 treatment were ineffective. (Q) Low and high magnification representative images from immunofluorescence experiments from
CTRL and LPS-stimulated BV2 cells in the absence (LPS) or in the presence of EO (LPS+EO) or EO and AM630 (LPS+EO+AM630) for CB2, CD206 and p-NF-kB
i‘mmunostaining. Scale bar: 50 um. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Morphological analysis showed a dose-dependent reduction of neither AM630 nor AM251 modified the endocannabinoid levels
morphological parameters by EO with a peak effect at 1 pg/ml, indi- (Fig. 7R,S).
cating a shift towards a resting phenotype.

Discussion
EO promotes the shift of proinflammatory microglia cell phenotype through
a CB2-mediated mechanism The present study shows the efficacy of an essential oil from non-
psychoactive Cannabis sativa L. to improve the overall symptom-
To evaluate the involvement of the endocannabinoid system in the atology of EAE mice, including motor and algic symptoms and main
mechanism of action of EO, BV2 cells were pretreated with AM630, a comorbidities by promoting an anti-neuroinflammatory response
CB2 antagonist, or AM251, a CB1 antagonist. AM630 selectively pre- through a CB2-mediated mechanism.
vented the positive effect of EO on cell viability (Fig. 7F) and cell Repeated intranasal administration of EO attenuated cold allodynia,
number (Fig. 7G) reduction. Consistently, AM630 attenuated the EO- hot hyperalgesia, mechanical allodynia and motor disability, which
induced reduction of proinflammatory cell morphology, as indicated represents the main symptoms of EAE mice, mirroring the main clinical
by the increased cell surface area (Fig. 7H) and diameter (Fig. 7I) values, symptoms in MS patients. Preclinical and clinical studies have demon-
and by the higher percentage of cells in the proinflammatory state strated the efficacy and safety of medical cannabis and cannabis-based
(Fig. 7J). Conversely, no effect was produced by AM251 (Fig. 7F-J). medications to alleviate spasticity and pain in MS or EAE, under-
To further assess the contribution of CB2-mediated effects in the EO scoring the therapeutic value of cannabinoids (Sirbu et al., 2023). From
activity, the correlation between a proinflammatory phenotype and the a pharmacological perspective, essential oils have traditionally been
expression of CB2 receptors was investigated. Consistently with spinal regarded mainly as modulators of cannabinoid-related effects through
and hippocampal tissue analysis, LPS-stimulated BV2 cells showed an the so-called “entourage effect” (Koltai and Namdar, 2020) and remain
increase in the CB2 (Fig. 7L) and IL-10 (Fig. 7M) protein expression that less extensively characterized than cannabinoids. Nevertheless, antimi-

was dose-dependently increased by EO with a peak effect at 1 pg/ml crobial properties have been descibed (Iseppi et al., 2019; Nissen et al.,
(Fig. 7L). Furthermore, EO returned to basal levels the LPS-induced 2010; Zheljazkov et al., 2025), along with evidence of insecticidal and

increased expression of p-NFkB (Fig. 70) and largely restored the anti-inflammatory activities (Barbalace et al., 2023; Rossi et al., 2020)
reduced expression of CD206 (Fig. 7P). These effects were prevented by and emerging data suggest potential benefits in neurological disorders
AM630 (Fig. 7N,0,P). Immunofluorescence experiments further (Purushothaman and Krishnan, 2025). A recent study showed the effi-
confirmed microglia shift toward an anti-inflammatory phenotype cacy of a Moroccan EO in a mouse model of trauma-induced peripheral
through a CB2-mediated mechanism (Fig. 7Q). Images showed a neuropathy (Kabdy et al., 2025) and similar results were reported for a
stretched and elongated morphology of microglia cells and a reduced Chinese EO in the paclitaxel-induced peripheral neuropathic pain model
cell number following LPS exposure and an increased CB2 receptor (Xu et al., 2024). In the context of MS, beneficial effects of hemp seed oil,
staining mainly located at cell prolongations. Following EO treatment, a vegetable oil rich in fatty acids and devoid of terpenes, have been
the cell number raised and a morphological shift toward a short-round hypothesized (Al-Nageb et al., 2023) However, to the best of our
phenotype was produced. A further increase in the CB2 immunostain- knowledge, no studies have yet reported analgesic or
ing and restoration of CD206 levels was detected in EO-exposed cells. disability-improving effects in EAE models.

AM630 treatment prevented the EO effects. Finally, LPS-stimulated cells Anxiety and depression are the most common psychiatric comor-
showed an increase immunostaining in the p-NFxB that was attenuated bidities in MS patients (Rodrigues et al., 2023). Emotional alterations
by EO. AM630 prevented the EO activity as illustrated by a p-NF«B are also observed in EAE mice and, interestingly, the investigated EO
immunostaining comparable to LPS-treated cells. The CB2-mediated attenuated these symptoms showing an antidepressant-like and
mechanism was further supported by the selective antagonism of EO- anxiolytic-like activity. The effects of medical cannabis on mood disor-
induced antiallodynic activity of AM630 while AM251 was ineffective ders are complex, with conflicting efficacy reports (Sharpe et al., 2020).
(Fig. $2). Research has focused on cannabinoids, while terpenes, the largest

phytochemical class beyond cannabinoids, are poorly studied and their
impact on mood alterations has not been investigated. Thus, our study
represents the first evidence that a sesquiterpene-rich EO mitigates pain,
motor symptoms and mood-related comorbidities in EAE.

Tissue analysis suggests that EO improved EAE symptomatology by
attenuating CNS neuroinflammation and myelin damage by promoting a
microglia-mediated anti-inflammatory response. Microglia play a crit-
ical role in all stages of MS by promoting neuroinflammatory and
neurodegenerative processes (Hammond et al., 2024). EO restored the
imbalanced CD11b/IBA-1 ratio to control values, indicating an attenu-
ation of the microglia-mediated proinflammatory response. Given the
central role of microglia and lymphocyte infiltration in the EAE/MS

Quantitative analysis of PEA and 2-AG released by microglia cells

The analytical method employed allowed for the selective and reli-
able quantification of both palmitoylethanolamide (PEA) and 2-arachi-
donoylglycerol (2-AG) in the cell culture medium. Despite attempts to
measure other related endocannabinoids, such as oleoylethanolamide
(OEA) and anandamide (AEA), their concentrations were consistently
found to be below the limit of detection

(LOD). Quantification analysis showed that PEA (Fig. 7R) and to a
lesser extent 2-AG (Fig. 7S) were markedly reduced by LPS stimulation.
Treatment with EO (1 pug/ml) was devoid of any effect. Furthermore,
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onset and progression, modulating these cells is considered an essential
target to control disease progression. MS immunopathology is primarily
associated to myelin-reactive CD4+ Th, with a prominent role played by
Th17 (producing IL-17) (Moser et al, 2020). In contrast, the
anti-inflammatory population of T cells, such as Treg, results in
inflammation resolution. Indeed, CD4+, FoxP3+ Tregs have an
immune-modulating function by the release of the anti-inflammatory
mediators IL-10 and TGF-8 (Bar-Or and Li, 2021). EO restored the
imbalanced IL-17/IL-10 ratio to levels detected in the sham group and,
consistently, increased levels of FoxP3, allowing to hypothesize a po-
larization towards an inflammation resolving phenotype. Imbalance of
Th and Treg has been hypothesized to play an essential role in the
pathogenesis of MS through the expansion of auto-aggressive lympho-
cytes that finally leads to the myelin and axon damage (Lee, 2018).
Several studies on EAE mice showed positive outcome by targeting Treg
(Afzali et al., 2007; Jia et al., 2022), suggesting that down-regulation of
pro-inflammatory Th17 cells and promotion of Treg responses might
represent potential strategies to protect against the development of MS.
Support for this hypothesis is found in approved disease-modifying
drugs (i.e., IFN-B), which increased Treg cell count and this effect
could explain the mechanism of their therapeutic efficacy (Duffy et al.,
2019).

The endocannabinoid system modulates microglial activation in
neuroinflammatory and neurodegenerative disease conditions mainly
through CB2 receptor signaling, shifting gene expression from neuro-
inflammatory to neuroprotective/homeostatic (Komorowska-Miiller
and Schmole, 2021). Reversal of EO effects by the CB2 antagonist
AMG630 let hypothesized a CB2-mediated activity. These findings are
consistent with previous observation reporting the involvement of CB2
receptors in the antiallodynic activity of a Moroccan EO in a peripheral
neuropathy mouse model (Xu et al., 2024). At physiological conditions
CB2 receptors have a very low level of expression. Conversely, during
brain inflammatory processes, microglia become activated inducing
upregulation of CB2 receptors as part of the immune response to
maintain homeostasis (Grabon et al., 2024). EAE mice showed higher
CB2 expression than sham mice. Interestingly, EO drastically elevated
CB2 levels further supporting the hypothesis of a promotion of an
anti-inflammatory response.

Mood disorders have been associated to microglia activation (Wang
et al., 2022). Investigations into hippocampal samples from EAE mice
showed an imbalanced CD11b/IBA-1 ratio that was restored by EO
treatment at antidepressant-like and anxiolytic-like doses. Treatment
also increased the expression of CD206, indicating a shift towards a
microglia anti-inflammatory phenotype. Neuroinflammation and
microglia activation in mood-related brain regions of MS patients play a
key role in the development of anxiety and depression (Duffy et al.,
2021). Consistently with findings from spinal cord tissue analysis, EO
attenuated neuroinflammation, as indicated by the reduction of the
IL-17/IL-10 ratio, and the raise of FoxP3 supported the hypothesis of a
polarization toward a Treg-mediated response.

The anti-inflammatory properties of CB2 receptors are one of the
main ways in which they affect mood (Bala et al., 2024). EAE increased
the hippocampal expression of CB2 that was drastically elevated by EO.
Experiments on LPS-stimulated BV2 microglia cells further defined the
induction of a CB2-mediated microglia polarization by EO. In addition, a
dose-dependent shift towards an anti-inflammatory morphology, the
elevated levels of CD206 and IL-10 and the reduction of p-NFkB sug-
gested a polarization toward a microglia anti-inflammatory phenotype.
All these events followed a selective AM630-sensitive mechanism. An
indirect mechanism mediated by an increased release of antinociceptive
and anti-inflammatory endocannabinoids, such as 2-AG and PEA, seems
unlike, as EO did not alter endocannabinoid levels. CB2 agonists are
reported to be promising interventions for mood disorders (Hashiesh
et al.,, 2021), indicating a CB2-mediated microglia polarization as a
possible mechanism for the anxiolytic-like and antidepressant-like ef-
fects of EO.
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The quantitative analysis of terpenes from EO identified BCP,
a-humulene, and caryophyllene oxide as major constituents of the EO.
Accumulating evidence has supported the intrinsic pharmacological
activity of from C. sativa EO. Terpenes, in addition to the “entourage
effect”, can exert biological activities independently of cannabinoids by
acting on distinct molecular targets involved in nociceptive signalling
and neuroinflammatory processes. Preclinical studies indicate that
several terpenes display pleiotropic mechanisms of action, which may
contribute to analgesic effects either autonomously or in combination
with other bioactive constituents (Liktor-Busa et al., 2021). BCP is a CB2
agonist endowed with anti-inflammatory, analgesic and neuroprotective
activities. Although efficacy of purified a-humulene in pain modulation
has not been investigated, numerous studies on EOs and plant extracts
containing this terpene provide evidence for an anti-inflammatory ac-
tivity in the absence of direct interaction with the CB1 and CB2 receptors
(Alfieri et al., 2025). The observed analgesic effects of EO may be mainly
attributed to the CB2 stimulating properties of BCP, even though a
contribution to the overall efficacy of EO by the anti-inflammatory ac-
tivity of a-humulene cannot be excluded. C. sativa constituents in com-
bination are well known to produce superior bioactivities than single
molecules, producing the “entourage effect” (Koltai and Namdar, 2020).
Thus, BCP, a-humulene and other terpenes present in EO may amplify
their individual effects, leading to enhanced attenuation of pain hy-
persensitivity and to a more efficient neuroprotection. It cannot be
excluded that the neuroprotective activity of EO, could depend, albeit
partially, on the relatively high CBD content in the EO from this plant
material.

Mono- and sesquiterpenes found in C. sativa EO have poor water
solubility, high volatility and extensive first-pass metabolism that
limited bioavailability (Alfieri et al., 2025), hindering their clinical use.
Interestingly, we administered EO intranasally to foster brain penetra-
tion and limit metabolic systemic degradation. Intranasal administra-
tion offers a non-invasive route for drug delivery to the central nervous
system that leads to rapid drug absorption and high bioavailability with
an efficacy comparable to drugs delivered intrathecally (Borgonetti and
Galeotti, 2021).

Conclusions

Present findings provide the first evidence that a sesquiterpene-rich
EO obtained from non-psychoactive C. sativa mitigates EAE neurological
symptoms, alleviating pain hypersensitivity, motor disability and mood-
related comorbidities through a CB2-mediated anti-neuroinflammatory
mechanism. The efficacy of EO appears to rely on the modulation of
microglial activation and the restoration of immune balance, promoting
a shift toward a neuroprotective, Treg-associated anti-inflammatory
phenotype both at spinal and supraspinal levels. These findings expand
the current pharmacological landscape of cannabis-derived products
beyond cannabinoids, highlighting terpenes as active contributors in the
EAE model. From a translational perspective, the intranasal delivery of
EO represents a promising strategy to overcome the pharmacokinetic
limitations of volatile terpenes and to selectively target central neuro-
inflammatory processes. Future studies should aim to dissect the
contribution of individual terpenes and their synergistic interactions, to
evaluate EO effects in combination with approved disease-modifying
therapies, and to explore efficacy as remyelinating agent. Moreover,
investigation of EO activity in additional models of neuroinflammation
and mood disorders, as well as pharmacokinetic and formulation
studies, will be essential to support its development as a novel, non-
psychoactive, multi-target therapeutic approach for MS and related
neuroinflammatory conditions.
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