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The anti-nociceptive and
anti-inflammatory effects of
Pelargonium graveolens essential
oil nanoemulsion in mice
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Pain and inflammation are the severe problems of the world. Essential oils (EOs) have been considered
for treating pain and inflammation. As EOs are unstable and insoluble in water, nanoemulsions can
improve bioavailability and efficacy. This study formulated Pelargonium graveolens essential oil
nanoemulsion (PGEO-NE) using Tween 80 as a carrier. The activity of PGEO-NE (50 and 100 mg/kg)
and the involvement of the opioid pathway were investigated in different models of nociception and
inflammation in mice. The droplets in PGEO-NE are spherical, with a particle size of around 553 nm and
a polydispersity index of 0.113. GC/MS analysis of PGEO revealed citronellol (34.9%), geraniol (16.1%),
citronellyl formate (12.3%), and linalool (6.8%) as the main constituents. PGEO-NE significantly
reduced the duration of formalin-induced paw licking/biting in both phases and the number of acetic
acid-induced writhings, and increased the hot plate latency, compared to vehicle and PGEO (10 mg/
kg), equivalent to the PGEO-NE dose of 100 mg/kg. The anti-nociceptive potential of PGEO-NE

(100 mg/kg) in the hot plate and acetic acid tests was reversed by the opioid antagonist. After formalin
and carrageenan injections, PGEO-NE significantly inhibited paw edema, but PGEO (10 mg/kg) had no
effect. These results confirm that PGEO-NE inhibits pain and inflammation via the opioid pathway.
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TNF-a Tumor necrosis factor-a

IL Interleukin

EOs Essential oils

PGEO-NE  Pelargonium graveolens essential oil nanoemulsion
PGEO Pelargonium graveolens essential oil
GC-MS Gas chromatography-mass spectrometry
FTIR Fourier transform infrared spectroscopy
SEM Scanning electron microscopy

DLS Dynamic light scattering

PDI Polydispersity index

DIC Diclofenac sodium

NLX Naloxone

DEX Dexamethasone

RI Retention indices

COX-2 Cyclooxygenase-2

iNOS Inducible nitric oxide synthase

IFN-y Interferon-gamma

GABA Gamma-aminobutyric acid

SSRIs Serotonin reuptake inhibitors
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Pain and inflammation are serious problems with a high prevalence worldwide, adversely affecting animal and
human health!2. In many cases, pain and inflammation accompany each other. Pain is one of the symptoms of
inflammation and also modulates the immune system’s inflammatory response. The inflammatory mediators,
such as bradykinin®and prostaglandins, and pro-inflammatory mediators such as cytokines and chemokines
(tumor necrosis factor-a (TNF-a) and interleukin-1f (IL-1B)*, stimulate the nociceptive sensory neurons
and initiate the pain response®. On the other hand, the immune system is modulated by neuropeptides and
neurotransmitters released from nociceptors®. Although pain and inflammation are vital defense systems against
pathological situations, they can disturb the body’s function. Also, they are consequences of many acute and
chronic diseases. Therefore, the prevention and treatment of pain and inflammation are necessary. Despite the
large number of antinociceptive and anti-inflammatory drugs available, they have some limitations, such as the
high cost, side effects, and low efficacy. Thus, it is necessary to find alternative strategies to achieve more effective
and safe treatment. For thousands of years, herbal medicines have been valued for their ability to treat pain®and
inflammation” with low side effects and multi-target efficacy. The bioactive components in medicinal plants can
have diverse therapeutic effects and may even enhance each other’s effectiveness.

Essential oils (EOs) are one of the most important natural products of medicinal plants; some of their
bioactive constituents show anti-inflammatory®and antinociceptive’effects. However, EOs consist of volatile and
hydrophobic components, making them highly unstable and prone to rapid degradation by external factors
such as light, humidity, oxygen, and temperature. Nanoencapsulation is a well-known method to overcome
these limitations by coating bioactive substances. In this context, nanoemulsion is the biphasic drug delivery
system and forms the small droplet emulsion of oil and water with diameters of approximately 50 to 1000 nm'.
Nanoemulsion can improve the bioactivity and solubility of hydrophobic-based particles with low side effects by
reducing the effective dose.

Pelargonium graveolens is an aromatic medicinal plant belonging to the Geraniaceae family, which originated
in South Africa and is distributed worldwide. In folk medicine, P. graveolensand its bioactive constituents
have been reported to have several biological and therapeutic effects, such as antioxidant!!~!3, antifungal'l,
antimicrobial'!, antiviral'!, antidiabetic!!, anxiolytic, antidepressant'?, and anti-inflammatory!?. Several reports
indicate the anti-nociceptive and anti-inflammatory properties of geraniol'*-!¢, linalool'”!%, and citronellol'*?°,
the main components of Pelargonium graveolens essential oil (PGEO).

Despite the beneficial effects of P. graveolens in animal models and traditional medicine, the poor water
solubility of its essential oil remains a major challenge in optimizing the bio-efficacy of its constituents. Therefore,
this study aimed to formulate Pelargonium graveolens essential oil nanoemulsion (PGEO-NE) and evaluate its
anti-nociceptive and anti-inflammatory activities using experimental nociception and inflammation models in
mice. Additionally, the role of the opioid pathway in the mechanism of action of PGEO-NE was investigated.

Results

Chemical analysis of essential oil

The chemical composition of PGEO was analyzed using Gas chromatography-mass spectrometry (GC-MS),
with its chromatogram shown in Fig. 1. GC-MS analysis identified 31 compounds in the PGEO profile, listed
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Fig. 1. GC-MS chromatogram of Pelargonium graveolens essential oil.
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in Table 1, in order of their retention indices. As presented in Table 1, the major constituents of PGEO were
citronellol (34.9%), geraniol (16.1%), citronellyl formate (12.3%), and linalool (6.8%). Additionally, neryl formate
(4.6%), 1-epi-y-eudesmol (4%), menthone (3.9%), and iso-menthone (3%) were detected at significant levels.
The PGEO is rich in oxygenated monoterpenes (90.1%), a characteristic of the Pelargoniumspecies*!~2*which
contribute to its potent biological activities, particularly antimicrobial, anti-inflammatory, and anti-nociceptive
properties”‘zo. The high concentrations of citronellol, citronellyl formate, geraniol, linalool, menthone, and
iso-menthone compounds known for their potent anti-inflammatory effects-suggest that PGEO has significant
potential for use in natural anti-inflammatory formulations®.

Physicochemical properties of PGEO-NE

Fourier transform infrared (FTIR) spectra of PGEO and PGEO-NE are shown in Fig. 2a. In the FTIR spectrum
of PGEO, the broad absorption band at 3375 cm™! is related to the O-H stretching vibration of the alcohol. The
peaks at 2964 and 2926 cm™! are attributed to aliphatic C-H stretching, and the peak at 2850 cm™ is associated
with aldehyde C-H (O =C-H) stretching. Besides, the peaks at 1730 cm™ and 1672 cm™ are related to C= O
stretching in carbonyl compounds and C= C stretching frequency, respectively. In addition, the absorption
bands observed at 1058, 1047 and 1008 cm™! are assigned to C-O or C-O-C stretching vibrations. The recorded
peaks at 1454 cm™ and 1378 cm™ are due to CH, and CH, bending vibrations. Weak absorption peaks in

Entry Retention time (min) | Compound?® Content (%) | Retention indices (RI)®
1 6.17 a-pinene 0.4 940
2 8.90 p-cymene 0.1 1030
3 9.04 Limonene* 0.3 1032
4 10.66 cis-linalool oxide 0.2 1075
5 11.26 trans-linalool oxide 0.1 1090
6 11.71 Linalool® 6.8 1102
7 12.11 cis-rose oxide 1.2 1110
8 12.78 trans-rose oxide 0.4 1127
9 13.88 Menthone® 3.9 1157
10 14.33 Iso-menthone 3.0 1165
11 15.45 a-terpineol 0.6 1190
12 17.04 Citronellol® 34.9 1232
13 17.53 Neral 0.5 1240
14 18.16 Geraniol® 16.1 1257
15 18.79 Geranial® 0.9 1272
16 19.00 Citronellyl formate 123 1278
17 20.15 Neryl formate 4.6 1280
18 2230 Citronellyl acetate 0.8 1356
19 23.23 a-copaene 0.3 1378
20 23.61 B-bourbonene 1.5 1385
21 25.03 (E)-caryophyllene 0.8 1425
22 25.99 Citronellyl propanoate | 1.4 1446
23 26.23 a-humulene 0.1 1461
24 27.28 Geranyl propanoate 0.5 1475
25 29.22 trans-calamenene 1.1 1526
26 29.38 Citronellyl butanoate 0.5 1534
27 30.08 a-agarofuran 0.2 1553
28 30.65 Geranyl butanoate 1.1 1570
29 31.63 2-Phenyl ethyl tiglate 0.5 1587
30 32.94 10-epi-y-eudesmol 4.0 1620
31 3591 Geranyl tiglate 0.3 1698

- MH 0.8 -
Class of compounds? oM 201 -

- SH 3.8 -

- (6N 4.2 -

Table 1. Chemical composition of the essential oil of Pelargonium graveolens. *Compounds were listed in
order of elution on a DB-5 column; ®The retention indices (RI) of the compounds were determined by co-
injection of a homologous series of n-alkanes C,—C,, on the DB-5 column; “The authentic standards available
were used for co-injection/comparison analysis; Class of compounds, MH: Monoterpene Hydrocarbons, OM:
Oxygenated Monoterpenes, SH: Sesquiterpene Hydrocarbons, OS: Oxygenated Sesquiterpenes.
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Fig. 2. Instrumental techniques for structure identification of nanoemulsion: (a) FTIR spectra of PGEO and
PGEO-NE; (b) Scanning electron microscopy (SEM) images of PGEO-NE; ¢) DLS analysis of synthesized
nanoemulsion.

the range of 400-1000 cm™are related to C-H out-of-plane bending vibrations. Also, similar absorption bands
appeared in FTIR spectrum of PGEO-NE, with a slight shift in the frequency, indicating the interaction of PGEO
compounds with the emulsifier Tween 80 in the formulated nanoemulsion®!~23.

Scanning electron microscopy (SEM) was used to determine the morphology of the nanoemulsion droplets.
in the SEM image (Fig. 2b), the droplets are spherical, either free or clustered. In addition, dynamic light
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scattering (DLS) technique revealed a particle size distribution of 553 nm (Fig. 2¢), a polydispersity index (PDI)
of 0.11, and a zeta potential of + 28 mV for PGEO-NE. The DLS and PDI results indicate that the formulation is
nano-sized and the particles are monodispersed!°.

Nociception

Formalin-induced paw-licking test

Compared to the vehicle-treated group, both doses of PGEO-NE reduced the licking time in both phases of
formalin-induced nociception 1 (P< 0.001) and 2 (P< 0.01). This effect was comparable to that of the standard
antinociceptive drugs; morphine and diclofenac sodium (P< 0.001). PGEO (10 mg/kg), an equivalent dose to
the PGEO-NE (100 mg/kg), did not significantly diminish licking time in both phases of nociception compared
to the vehicle-treated group. The anti-nociceptive effects of morphine were abolished by naloxone in both phases
1 and 2 (P< 0.05) (Fig. 3). However, naloxone could not prevent the anti-nociceptive activity of PGEO-NE in
phases 1 and 2 (Fig. 3).

Acetic acid-induced writhing test

PGEO-NE (50 and 100 mg/kg) significantly inhibited the number of writings induced by acetic acid (P< 0.001)
as well as standard drugs (Fig. 4), but PGEO (10 mg/kg) had no significant effect. However, compared to vehicle,
the co-administration of naloxone and PGEO-NE exerts anti-nociceptive effects (P< 0.01). However, compared
with the PGEO-NE (100 mg/kg) group, pretreatment of naloxone was able to abolish the anti-nociceptive effects
of PGEO-NE in a significant manner (P< 0.01) (Fig. 4).

Hot plate test

PGEO-NE significantly increased the latency of the physiological nociception threshold in response to a
hot stimulus compared to the vehicle (P< 0.001) and morphine (Fig. 5). PGEO (10 mg/kg) did not exhibit a
significant anti-nociceptive effect. Notably, the anti-nociceptive effect of PGEO-NE was comparable to that of
morphine and was reversed by naloxone (P< 0.001) (Fig. 5).
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Fig. 3. Effects of PGEO-NE on formalin-induced nociception behavior in mice. The graph shows the duration
of biting/licking after the formalin injection in phase-1 (neurogenic, 0-10 min) and phase-2 (inflammatory,
11-45 min) and the involvement of opioid receptor antagonist, Naloxone, on PGEO-induced anti-nociception
in the formalin-induced nociception. DIC: diclofenac sodium, PGEO-NE: Pelargonium graveolens essential

oil nanoemulsion, NLX: Naloxone. The data are presented as means + SEM. **P< 0.01, ***P < 0.001 versus

the vehicle-treated group, ## P < 0.01, ### P< 0.001 versus the naloxone group, and §§$ P< 0.001 versus the
morphine group in ANOVA test.
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Fig. 4. Effects of PGEO-NE on acetic acid induced nociception in mice. The graph shows total number of
abdominal writhings in 30 min after acetic acid injection and the involvement of opioid receptor antagonist,
Naloxone, in the acetic acid test. DIC: diclofenac sodium, PGEO-NE: Pelargonium graveolens essential oil
nanoemulsion, NLX; Naloxone. The data are presented as means + SEM. *P< 0.05, **P< 0.01, *** P< 0.001
versus the vehicle-treated group, ## P< 0.01 versus the PGEO-NE (100 mg/kg) group, and §§$ P < 0.001 versus
the morphine group, in ANOVA test.
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Fig. 5. Effects of PGEO-NE on hot plate induced nociception in mice. The graph shows the latency time to
lick the paw or jump on 55 °C Hot Plate and the involvement of opioid receptor antagonist, naloxone, in the
hot plate test. DIC: diclofenac sodium, PGEO-NE: Pelargonium graveolens essential oil nanoemulsion, NLX;
Naloxone. The data are presented as means + SEM. *P< 0.05, **P< 0.01, *** P< 0.001 versus the vehicle-treated
group, ## P< 0.01 versus the PGEO-NE (100 mg/kg) group, and §$$ P< 0.001 versus the morphine group, in
ANOVA test.
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Paw edema thickness (A) in mm (Mean + SEM)

Treatment 1h 2h 3h 4h 24h

Vehicle 1.167 £0.056 1.25+0.05 1.3 £0.036 1.33 £0.033 1.4 £0.036
DIC (20 mg/kg) 0.517 £0.08*** | 0.516 £0.08*** | 0.366 £0.088*** | 0.466 £0.061*** | 0.433 £0.09***
Morphine (10 mg/kg) 0.75 £0.047** | 0.85£0.043** | 0.8 £0.036*** 0.85 £0.043** | 0.88 £0.1***
PGEO 10 (mg/kg) 1.22 £0.048 1.25 £0.056 1.316 £0.047 1.233 £0.066 1.25 £0.056
PGEO-NE 50 (mg/kg) | 0.917 +0.017 1.033 £0.061 1.05 £0.056 1.05 £0.076* 1.133 £0.05*
PGEO-NE 100 (mg/kg) | 0.883 £0.06* 0.9 +£0.1** 0.983 £0.087* 1.05 +£0.067* 1.016 £0.2*

Table 2. Effects of PGEO-NE on formalin-induced paw edema. Data represents the difference in paw
thickness at the beginning of the procedure, *P< 0.05, **P< 0.01 and *** P< 0.001 versus vehicle.

Paw edema thickness (A) in mm (Mean + SEM)
Treatment 1h 2h 3h 4h 5h
Vehicle 0.12 £0.01 0.103 £0.004 0.098 £0.005 0.091 £0.006 0.095 £0.004
DEX (5 mg/kg) 0.06 £0.005*** | 0.046 £0.009*** | 0.033 +0.01** 0.033 £0.01** | 0.034 £0.011**
DIC (10 mg/kg) 0.064 £0.006*** | 0.066 £0.007** | 0.065 +0.005** | 0.058 £0.0054 | 0.0516 £0.002**
PGEO 10 (mg/kg) 0.096 £ 0.0085 0.095 £0.005 0.105+0.014 0.098 £0.016 0.08 £0.0086
PGEO-NE 50 (mg/kg) | 0.053 £0.007*** | 0.063 +0.008*** | 0.047 + 0.008* | 0.03 + 0.009** | 0.014 £ 0.008***
PGEO-NE 100 (mg/kg) 0.056 £ 0.005*** | 0.058 £0.005*** | 0.038 £ 0.011** | 0.02 £ 0.008*** | 0.005 + 0.003***

Table 3. Effects of PGEO-NE on carrageenan-induced paw edema. Data represents the difference in paw
thickness at the beginning of the procedure, * P< 0.05, ** P< 0.01 and *** P< 0.001 versus vehicle.

Inflammation

Formalin-induced paw edema

PGEO-NE at the higher dose (100 mg/kg) decreased the paw edema starting 1 h after formalin injection and
continuing until 24 h compared to vehicle (P< 0.05). The inhibitory effect of PGEO-NE 50 mg/kg on the
induction of paw edema started 4 h after formalin injection and continued until 24 h (P< 0.05) (Table 2). PGEO
(10 mg/kg) had no anti-inflammatory effect against formalin paw injection (Table 2).

Carrageenan-induced paw edema test

Doses of PGEO-NE 50 and 100 mg/kg exhibited significant inhibition of paw edema from 1 h to 5 h after
carrageenan injection (p < 0.05) compared to vehicle (Table 3), but PGEO (10 mg/kg) had no significant anti-
inflammatory effect.

Discussion

In the present study, we have shown for the first time that PGEO-NE exerts significant central and peripheral
anti-nociceptive effects in several models of nociception. Furthermore, PGEO-NE exhibited potent anti-
inflammatory activity in the early and second phases of chemically induced inflammation. These results clearly
showed that PGEO-NE was more effective than pure PGEO at the same dose as PGEO-NE against nociception
and inflammation in animal models.

The EOs of medicinal plants are a mixture of natural volatile molecules with various biological activities. The
nanoencapsulation technique is recommended to improve the solubility of EOs in the aqueous environment
and to increase their stability'°. So, this study investigated the possible anti-nociceptive effect of PGEO-NE on
central and peripheral pain pathways in three different nociception models, including the formalin-induced
biphasic pain test, the acetic acid-induced abdominal writhing test, and the hot plate test.

The formalin test assesses two types of pain: neurogenic pain (the first phase) indicates centrally mediated
pain, and inflammatory pain (the second phase) reflects peripherally mediated pain?!. Neurogenic pain
arises from the direct action of formalin on pain receptors and inflammatory pain induced by the release of
inflammatory mediators, such as histamine, prostaglandins, and bradykinins*>?°. The results revealed that
PGEO-NE significantly reduced the duration of licking behavior during both phase 1 and 2 of the formalin
assessment. Moreover, PGEO-NE demonstrated superior inhibition of acute pain in both phases compared to
PGEO at the same dose.

To further explain the antinociceptive effects of PGEO-NE, an acetic acid test was performed.

Acetic Acid directly and indirectly stimulates the central and peripheral nociceptors, causing the release of
pain mediators?”?®and endogenous pro-inflammatory mediators, which collectively stimulate nociceptors®. In
this study, PGEO-NE decreased abdominal writhing, while the same dose of PGEO had no significant effect.
Besides, the hot plate model evokes the central nociceptors, and substances that increase the latency time to
jump or lick in this test can reduce pain via a supraspinal mechanism*’. PGEO-NE significantly reduced the
latency time in the hot plate test, whereas PGEO, at the same dose as the PGEO-NE, did not produce significant
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changes compared to the vehicle. Therefore, these results suggest that PGEO-NE may reduce the release of pain
mediators and nociceptor activation.

To our knowledge, no studies have investigated the anti-nociceptive impact of PGEO-NE in the nociceptive
models used in this research. However, some studies have demonstrated the antinociceptive activity of the
bioactive constituents of PGEO. In this context, geraniol', linalool'”"'%, and citronellol®’, the main constituents
of PGEO, exerted significant antinociceptive activity in these animal models of nociception. Geraniol dose-
dependently inhibited the paw-licking time of the formalin test only in the second phase!. Pretreatment with
citronellol resulted in anti-nociceptive effects in the first and second phases of the formalin-induced nociceptive
behavior'. Linalool decreased the licking time in both phases of nociception induced by paw injection of
formalin!'”!3. Linalool has been shown to reduce writhing and licking time in acetic acid and hot plate tests>!.
Additionally, citronellol*’and linalool'® prolonged the latency of response when mice were exposed to a hot
plate.

It is generally accepted that centrally acting antinociceptive agents, including opioids, inhibit both the non-
inflammatory (early) and inflammatory (late) phases of nociception®?. Opioid receptors are found on primary
afferent neurons®****and reduce pain by lowering nociceptor excitability and reducing pain mediators like
substance P3. In the present study, naloxone (a non-selective opioid receptor antagonist) effectively inhibited
the anti-nociceptive effects of morphine.

Pretreatment with naloxone reversed the anti-nociceptive effects of PGEO-NE in the hot plate and acetic
acid tests, but not in the formalin test. This shows that the antinociceptive action of PGEO-NE is mainly related
to the central opioid system, with some involvement of peripheral opioid receptors. The central antinociceptive
effect of citronellol?’and linalool!’was blocked by naloxone in the hot plate and formalin tests, respectively. In
the acetic acid test, the inhibitory effect of linalool was reversed by both naloxone (opioid receptor antagonist)
and atropine (muscarinic receptor antagonist)*!. Additionally, linalool odor exerted anti-nociceptive activity
through the TRPV1 pathway'®. However, the antinociceptive effect of geraniol was not altered by naloxone
pretreatment in the acetic acid test!”. It can be suggested that the linalool and citronellol in PGEO-NE bind
to the opioid receptors on the peripheral terminals of primary afferent (sensory) neurons, contributing to the
anti-nociceptive effect. In addition, the result of the formalin test suggests that PGEO-NE may induce anti-
nociception by a mechanism other than the opioid system.

Some studies suggest that several neurotransmitters play a vital role in processing pain behaviors during
the first and second phases of the formalin-induced nociceptive response®. The administration of 5-HT>¢and
serotonin reuptake inhibitors (SSRIs)*” reduced pain behaviors in the formalin model. The EO of Pelargonium
roseumhas been shown to exert anxiolytic effects via the serotoninergic system in the elevated plus maze test'%.
Moreover, the glutamatergic’®and gabaergic**systems are also involved in formalin-induced nociception®’.
The antagonists of glutamatergic receptors attenuated the formalin-induced nociceptive-like behavior.
Furthermore, gamma-aminobutyric acid (GABA) receptor agonists exert antinociceptive effects via central and
peripheral pathways in the formalin test®*4!.

Previous studies have reported that PGEO has potent anti-inflammatory activity in experimental models'>2.
PGEO attenuated the edema induced by carrageenan and croton oil*?and suppressed the inflammatory cell
infiltration in the colon of rats with acetic acid-induced colitis!?. In addition, several data from the literature
describe the anti-inflammatory properties of the main components of PGEQ!>161%20:42 PGEO and PGEO-NE
inhibited the expression level of inflammatory mediators like cytokines in macrophage cells against Candida
albicans®.

PGEO-NE reduced the paw edema formalin over 24 and 5 h after local injection of formalin and carrageenan,
respectively. But PGEO at the same nanoemulsion dose had no anti-inflammatory effect. The anti-inflammatory
effect of PGEO-NE on the paw edema induced by formalin corroborates the peripheral anti-nociceptive effect
of PGEO-NE. The paw edema response to carrageenan is biphasic; the first phase (0-2 h) is partly related to the
injection-induced tissue damage response, including neurotransmitter (serotonin and histamine) release. The
late phase (2-5 h) is associated with prostaglandin and cytokines activation®’. Thus, these results indicate the
possible involvement of central or peripheral pathways in the anti-inflammatory effect of PGEO-NE.

The present study indicated that the inhibitory effect of PGEO-NE on the paw edema induced by formalin
and carrageenan corroborates the central and peripheral anti-nociceptive effects. In this line, citronellol, the
main component of Pelargonium graveolens, downregulated the inflammatory markers such as IL-6, and TNFa,
while upregulated the anti-inflammatory marker, IL-10". Citronellol also abolished the leukocyte migration
and high levels of TNFa induced by carrageenan in the peritoneal cavity?’. Treatment with geraniol diminished
the release of inflammatory markers such as IL-6, IL-1pB, and TNFa!>!6. Linalool reduced the inflammatory cell
infiltration and secretion of inflammatory markers including Cytokines***°, Cyclooxygenase-2 (COX-2), and
inducible nitric oxide synthase (iNOS)*.

Conclusion

It can be concluded that Pelargonium graveolens essential oil nanoemulsion is an effective antinociceptive and
anti-inflammatory formulation in experimental models of pain and inflammation. In addition, our results suggest
that the specific components of PGEQ, citronellol, geraniol and linalool, as well as the synergistic interaction
between the different components, may be responsible for the beneficial effects on pain and inflammation. It
is also worth mentioning that the anti-nociceptive action of PGEO-NE interacts with the opioidergic pathway.
Further investigations are needed to comprehend the precise mechanisms of action of PGEO-NE in nociception
and inflammation.
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Materials and methods

Animals

256 adult male NMRI mice weighing 25-35 g were acquired from the Pasteur Institute of Iran, Amol. Animals
were maintained at a regulated temperature (22 +2 °C), humidity (50-55%), a 12-hour light/dark cycle, and ad
libitumaccess to water and food. All experiments were conducted with the ethical approval of the Animal Ethics
Committee of Amol University of Special Modern Technologies (authorization code IR ASMT.REC.1403.003)
to reduce the number of animals utilized and minimize their distress. All procedures were performed according
to the relevant guidelines and regulations, and in accordance with the ARRIVE (Animal Research: Reporting of
in Vivo Experiments) guidelines for the care and use of laboratory animals. Mice were randomly assigned into
groups (8 in each group). Finally, animals were euthanized by i.p. ketamine/xylazine combination (10:1, doses of
100 mg/kg ketamine and 10 mg/kg xylazine). The calculation of the animal sample size was performed according
to Arifin and Zahiruddin*®. Following the acceptable range for the degrees of freedom (DF), with a minimum of
10 and a maximum of 20, the minimum and maximum quantities of animals per group are defined as minimum
n=10/k +1 and maximum n= 20/k +1, where k and n represent the number of groups and the number of
subjects allocated to each group, respectively. In this study, the effects of PGEO-NE were statistically analyzed in
two steps in different models of antinociception and inflammation induction, as follows:

1. Evaluation of the antinociceptive and anti-inflammatory effects of PGEO-NE (by comparing the results of
the groups: vehicle, two standard drugs, PGEO (10 mg/kg), PGEO-NE (50 mg/kg), and PGEO-NE (100 mg/
kg).

2. Evaluation of the role of the opioid pathway in the mechanism of action of PGEO-NE (by comparing the
results of the groups: vehicle, Morphine, PGEO-NE (100 mg/kg), NLX, NLX + Morphine, NLX + PGEO-NE
(100 mg/kg).

The number of groups in each test of each step, except for the hot plate test, was 6, and in the hot plate test, it
was 5.

Additionally, with an anticipated attrition rate of 10% (the possibility of death), the adjusted range of the
sample size per group was determined to be 4 to 6. Furthermore, it is essential to acknowledge that the biological
variability present in the animal subjects utilized in experimental investigations, particularly in behavioral
assessments, arises from genotypic and phenotypic variations, as well as environmental factors. Therefore, to
gather sufficient experimental data and ensure the robustness of the results, consistent with preceding studies?’,
the sample size for each group was established to be 8. Mice were randomly assigned to groups. Finally, animals
were euthanized by i.p. ketamine/xylazine combination (10:1, doses of 100 mg/kg ketamine and 10 mg/kg
xylazine).

Drugs and chemicals

The chemicals used in the study were acquired from various suppliers: PGEO (Barij Essence Pharmaceutical
Company); Tween 80 (Sigma-Aldrich, product number: 655207), diclofenac sodium (DIC, Exir Pharmaceutical
Company, Iran); morphine (Daroupakhsh Pharmaceutical Company, Iran); dexamethasone (DEX, Zahravi
Pharmaceutical Company, Iran), naloxone (NLX, Caspian Tamin Pharmaceutical Company, Iran); formaldehyde
solution (Sigma-Aldrich, product no. 252549); acetic acid (Sigma-Aldrich, product number: 695092),
carrageenan formaldehyde solution (Sigma-Aldrich, product code: 22048).

PGEO-NE and all standard drugs (morphine, DEX, and DIC) were diluted with normal saline as a vehicle
and administered intraperitoneally (i.p.). The control group received the vehicle. Naloxone was used as an opioid
receptor antagonist. The selected concentrations of PGEO-NE (50 and 100 mg/kg) were based on the EO used
in the previous study*2. As the nanoemulsion was prepared at a concentration of 10%, 10 mg/kg of PGEO, the
equivalent dose of PGEO-NE 100 mg/kg, was also tested in all models. Since dose 10 mg/kg of PGEO did not
show anti-nociceptive and anti-inflammatory effects in this study, dose 5 mg/kg of PGEO, the equivalent dose of
PGEO-NE 50 mg/kg, was not tested based on the recommendation of the Animal Ethics Committee to reduce
the number of animals used.

The control groups received Tween 80 (10%) as vehicle??. Carrageenan and formalin were injected into the
right hind paw of the mice and acetic acid was administered i.p.

GC-MS analysis and identification of EO components

The analysis of EO was performed on an Agilent 7890 A gas chromatograph connected to an Agilent 5975
C quadrupole mass spectrometer (Agilent Technologies, USA) equipped with a DB-5 column (length 30 m,
internal diameter 0.25 mm and stationary phase thickness 0.25 pm). The column temperature program included
an initial temperature increase from 60 °C to 220 °C at a rate of 3 °C/min, followed by an increase to 260 °C at a
rate of 20 °C/min, and a final hold at 260 °C for 3 min. The injector and transfer line temperatures were set at 260
°C and 280 °C, respectively. Helium was used as the carrier gas at a flow rate of 30.6 cm/s. The mass spectrometer
operated in electron ionization mode at 70 eV, with a scan range of m/z 30-400 at 1 s scan*3->C.

The EO was diluted 1:10 with dichloromethane and 1 pL of the diluted sample was injected into the GC-MS.
The components of the EO were characterized by comparing their mass spectra with those stored in the GC-
MS library (Adams, 2017)*0r with authentic compounds, and then confirmed by comparing their retention
indices (RI) with published data in the literature and by the co-injection of authentic standards available in our
laboratory. The relative amount of each component in EO was determined based on the peak area without an
internal standard or considering response factor*34.
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Formulation of P. graveolens essential oil nanoemulsion (PGEO-NE)

The process for formulating PGEO-NE was executed according to the method documented by Hein et al.,
(2021)°%. In summary, a mixture comprising 10 g of PGEO and 20 g of Tween 80 as surfactant was stirred at 800
rpm for 15 min. Subsequently, the mixture of oil and surfactant was slowly added dropwise to a volume of 70 mL
of distilled water. Following the titration, the system was stirred continuously on a magnetic stirrer for 30 min.
The resultant sample was then subjected to fixation at —15 °C for 24 h, followed by complete thawing at ambient
temperature. Finally, PGEO-NE was stored at room temperature and prepared for evaluation of anti-nociceptive
effects.

Characterization of the PGEO-NE

The morphology of the prepared PGEO-NE was determined by scanning electron microscopy (SEM, TESCAN
model Vega3, Netherlands). Dynamic light scattering (DLS) was used to measure the droplet size distribution,
zeta potential, and polydispersity index (PDI) of the nanoemulsion using a nanoparticle size analyzer (Microtrac
Nanotrac Wave II, USA). To avoid multiple scattering effects, the PGEO-NE was diluted to 1:20 with deionized
(DI) water before evaluation.

Nociception tests

Formalin-induced paw-licking test

Mice were habituated to the laboratory conditions in the observation chamber for 30 min. Then, 20 pl of 2.5%
formalin solution was injected subcutaneously into the plantar surface of the left paw of the mice?*. After the
formalin injection, the animals were randomly divided into 6 groups (n= 8 in each): vehicle, PGEO-NE (50
and 100 mg/kg), PGEO (10 mg/kg), morphine (10 mg/kg)?, and diclofenac sodium (20 mg/kg)*’. The vehicle,
PGEO-NE, and morphine were injected 15 min, and diclofenac sodium was administered 30 min before the
formalin injection. The mice were then individually placed in an observation chamber, and the time that the
animals spent biting/licking the injected paw was recorded and considered as an indication of nociception for
both the early neurogenic phase (0-5 min) and the late inflammatory phase (10-45 min) of this model***’.

Acetic acid-induced writhing test

This test was performed in 6 groups (n= 8 in each) which received vehicle, PGEO-NE (50 and 100 mg/kg),
PGEO (10 mg/kg) or morphine (1 mg/kg) 15 min and diclofenac sodium (10 mg/kg) 30 min before 1% acetic
acid injection (10 ml/kg). Each mouse was then individually placed in an observation chamber and the number
of writhes was counted every 5 min for 30 min after acetic acid administration®”.

Hot plate test

In the hot plate test, mice were randomly divided into 5 groups (n= 8 in each), including PGEO-NE (50 and 100
mg/kg), PGEO (10 mg/kg), morphine (10 mg/kg)®?, and vehicle (0.9% saline). The hot plate temperature was set
at 55°C. The latency to lick a hind paw or jump out of the apparatus was recorded 30 min after administration
of the test drugs or vehicles.

To verify the possible involvement of the opioid system, we evaluated the effects of naloxone, a non-selective
opioid receptor antagonist, on the effects of PGEO-NE in all nociception tests. This was performed in three
groups (n= 8 in each); NLX, NLX + morphine, and NLX + PGEO-NE. Naloxone (i.p.) at a dose of 2 mg/kg was
employed 15 min before the administration of morphine or PGEO-NE (100 mg/kg).

Inflammation test

Formalin-induced paw edema test

The peripheral anti-inflammatory property of PGEO-NE was assessed by measuring the formalin-induced paw
edema following the mentioned method?*. Paw edema was induced by subcutaneous injection formalin into the
right hind paw, resulting in edema at the injection site. The vehicle, PGEO-NE, and morphine were injected 15
min, and diclofenac sodium was administered 30 min before the formalin injection. The thickness of the paw
was measured using a plethysmometer to assess the extent of edema before 1, 2, 3, 4, and 24 h after the formalin
injection. The inhibition of edema was determined according to the following equation.

A =edemav21—v(2)
v1: The paw thickness before formalin injection, v2: The paw thickness after formalin injection.

Carrageenan-induced paw edema test

Animals were divided into six groups (n= 8 in each). They were pretreated with vehicle, PGEO-NE (50, 100 mg/
kg), PGEO (10 mg/kg), diclofenac (10 mg/kg)>?, or dexamethasone (5 mg/kg)*'30 min before carrageenan (3.0%
A-carrageenan) injection at a volume of 40 uL/animal. As previously outlined, the volume of the mice’s paws up
to the ankle joint was also measured at time points 0, 1, 2, 3, 4, and 5 h after carrageenan administration. The
degree of inhibition of paw edema was calculated using the following formula: edema = (volume of the foot at
the time of measurement - volume of the foot at the initial time)/volume of the foot at the initial time*’.

Statistical analysis

The data obtained were analyzed using SPSS for Windows software version 22.0 and expressed as the mean
+ standard error of the mean (SEM). Statistical analysis was done using one-way analysis of variance (ANOVA)
followed by Tukey’s test. In all experiments, P< 0.05 was considered statistically significant. All graphs were
generated using Graph Pad Prism version 10 for Windows.
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