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Abstract

The World Health Organization (WHO) implemented a strategy from 2014 to 2023 to promote health, well-
being, and people-centered healthcare through the use of traditional and complementary medicine (TCM)
with pharmacological and therapeutic potential. This strategy emphasizes the safe and effective use of TCM,
supported by regulation and research. In line with this vision, the present study evaluated the antinociceptive
activity of oregano essential oil (OEQO) sourced from Rodeo, Durango, Mexico, using an experimental rodent
pain model. Nociceptive responses were quantified in Wistar rats by counting paw flinches and paw shakes at
S-min intervals after administration of 5% formalin, 0.9% saline solution, reference drugs, and four OEO
samples (OEO-1 to OEO-4; 1200 ug/kg). For each treatment group (n = 6), the mean and standard error of
the mean (SEM) were computed. Normality was assessed using the Shapiro-Wilk test, followed by one-way
ANOVA and Tukey’s post-hoc test (p < 0.05). Antinociception percentages were calculated, with OEO
samples exhibiting values ranging from approximately 45% to 66% during Phase 1 and exceeding 60% during
Phase 2. The highest Phase 2 responses were observed in the OEO treatment groups (OEO-1 to OEO-4), with
values above 78.2%. These findings suggest possible antinociceptive and anti-inflammatory activity of OEO
under experimental conditions; however, further pharmacological, toxicological, mechanistic, and clinical

studies are required before any therapeutic relevance can be established.
Keywords: antinociception; Lippia graveolens; oregano essential oil; NSAIDs; opioids; pain

1 Introduction

Oregano is a non-timber forest resource that grows in arid and semi-arid areas of Mexico, in soils with
limited water availability, and is characterized by a highly branched morphology (Ruiz et al., 2009). In Mexico,
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the species commonly known as oregano is primarily Lippia graveolens, which belongs to the Verbenaceae

family. This species is particularly abundant in the Municipality of Rodeo, located in the state of Durango, in
the so-called Region of the Valleys at coordinates 25°10'48"N, 104°33'23"W (Martinez et al., 2018), with a
potential production capacity of 374 tons per year. These aromatic plants have glands or secretory vesicles
immersed in the tissues of their leaves, flowers, bark, and seeds (Henao et al., 2010; Torrenegra et al., 2019).
Essential oils are extracted from these glands, which are composed of a mixture of terpenes. The chemical
composition of these oils can vary among species or subspecies.

Owing to the increasing interest in natural therapeutic products, oregano essential oil (OEO) has
emerged as a bioactive substance with potential pharmacological activity (Cho et al., 2020). Scientific studies
have reported that OEO may have analgesic and anti-inflammatory properties relevant to experimental models
of pain, a condition that is one of the leading causes of medical consultation and social disability worldwide
(Moghrovyan et al., 2022).

On the other hand, several conventional allopathic treatments for pain relief, including non-steroidal
anti-inflammatory drugs (NSAIDs), such as diclofenac (DFC) and ketorolac, work by inhibiting
cyclooxygenases (COX) (Lugo-Lugo et al., 2019). Other analgesic agents, specifically opioids (e.g., tramadol;
TML), act on delta (delta), kappa (kappa), and mu () receptors. In contrast, paracetamol works through
central pathways that are different from traditional opioid receptor activation. Additionally, natural
molecules and their combinations with biomedical drugs (multimodal analgesia) have gained relevance as
alternatives for pain management (Gonzélez-Lugo et al., 2022).

Multimodal analgesia is a standard treatment for pain management, palliation, and antinociception.
This strategy combines two or more analgesic agents or adjuvant methods to enhance analgesic efficacy while
reducing adverse effects (Soto-Otero, 2020). In parallel, phytotherapy is a practice that uses secondary plant
metabolites to modulate pathological conditions, highlighting the importance of plants as a valuable source
of therapeutic molecules. For instance, antinociceptive effects have been reported for Larrea divaricata,
Lippia pedunculosa (Davicino et al., 2011), and the genus Lippia (Siqueira-Lima et al., 2019). The essential oil
of Lippia graveolens has demonstrated antinociceptive and analgesic effects in animal models, reducing pain
response through the action of its monoterpenes and phenolic compounds; these findings have been
supported by reviews of the Lippia genus (Shode et al., 2025).

One of the most widely used methods to evaluate nociception and analgesic-like activity at the
experimental level is the formalin test, which consists of a subcutaneous injection of diluted formalin into the
plantar surface of the paw to induce paw-flinching behavior associated with nociception. This validated
technique requires little or no restraint and produces a biphasic response that is useful for evaluating
neurogenic and inflammatory components of pain (Dubuisson and Dennis, 1977). The present study
evaluates the antinociceptive activity of oregano essential oil (OEO) from Rodeo, Durango, Mexico, using an
experimental rodent pain model, contributing to the study of natural sources of bioactive compounds.

2 Materials and Methods

2.1 Drugs and Reagents

The commercial formulations used for parenteral administration were diclofenac sodium (DFC, 75
mg/3 mL), sourced from PISA Laboratories S.A. de C.V., and formaldehyde (FMN) at 37%, obtained from
J. T. Baker. For the nociception model, essential oil solutions were prepared from the leaves of Lippia
graveolens. These leaf samples were collected from four distinct areas of Durango, Mexico, as described in
Table 1. The selection of these sites is important because environmental and growth conditions directly
influence the chemical composition of essential oils.
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Table 1. Characteristics of the cultivation sites used for OEO production.

] Latitude Longitude Altitude Soil ]
Site Habitat
™) (W) (m) ype
Michoacano
Mi hyll b-
Rodeo, Dgo 25.0233°  104.4758° 1,471 Phaeozem mro}:niy ri;cm
semia
(OEO 1)
Chonteco, Rodeo, Microphyll scrub-
25.1786° 104.5686° 1,44 h
Dgo. (OEO 2) 5.1786 5686 ,446 Chernozem semiarid
Cuesta, Rodeo . Microphyll scrub-
25.2386° 104.5675° 1,338 Fl 1
Dgo. (OEO 3) >23 3675 33 HvIse semiarid
Greenhouse
25. ° . ° ,342 iti
UTR" (OEO 4) 5.1650 104.5558 1,34 Chernozem  Controlled conditions

*Technological University of Rodeo, Durango, Dgo; Phacozem, Chernozem, and Fluvisol soils significantly affect
edaphic conditions that influence the biosynthesis of secondary metabolites in plants and differ markedly from those
found in controlled environments such as greenhouses.

2.2 Extraction of OEO

A total of 1 kg of oregano raw material was weighed, and the stems and roots were removed. The leaves
were dried in the shade for four days. For essential oil extraction, 350 g of dried plant material was mixed with
3000 mL of water and subjected to steam distillation using an Express® pressure cooker for approximately 3.5
h, following the method described by Garcia-Martinez et al. (2018). The resulting essential oils (20 mL) were
dried using anhydrous sodium sulfate in triplicate, and the final volume was measured. The extraction yield
was expressed as the volume of essential oil (mL) obtained per 100 g of dried material (% v/w).

2.3 Quantification of Refractive Index and OEO Density

The refractive index was measured using an Abbe refractometer (Model 320, Auxilab Carl Six,
Germany). For each measurement, 20 uL of OEO was placed on the prism of the refractometer (Henao et al.,
2010). The apparent density was determined with a 10 mL pycnometer.

2.4 Gas Chromatography-Mass Spectrometry (GC-MS) Analysis of OEO

The chemical profile of the OEO samples was evaluated using an Agilent 7890B-5977A-MSD GC-MS
system. Data acquisition was managed using the MassHunter GC-MS Acquisition software (version
B.07.02.1938). Separation was carried out on an HP-SMS capillary column (30.0 m x 0.25 mm i.d., 0.25 pm
film thickness) using helium as the carrier gas at a constant flow rate of 1.0 mL min™". The injector temperature
was set at 300 °C. The oven temperature program was initially set at 40 °C (held for 1 min), followed by a
ramp rate of 15 °C min" until reaching 300 °C, using a split ratio of 200:1. The ion source and quadrupole
temperatures were set at 230 °C and 150 °C, respectively, and the ionization energy was 70 V. Compounds
were identified by comparison with the National Institute of Standards and Technology (NIST), version 14.0
mass spectral library.

Given that the concentrations of thymol and carvacrol in OEO were of particular interest in this study,
a complementary chromatographic analysis was performed to quantify these compounds and support the
GC-MS characterization. This quantitative analysis was carried out using a YL Instruments YL6500 gas
chromatograph equipped with a flame ionization detector (FID). A MEGA-S capillary column (60 m x 0.25
mm i.d., 0.15 um film thickness) was used, with hydrogen as the carrier gas at a flow rate of 1.0 mL min™". The
injector and detector port temperatures were set at 250 °C and 300 °C, respectively, with a gas flow of 20 mL
min". The oven temperature was initially set at 40 °C and increased at a rate of 10 °C min™ for a total run
time of 16 min. For this determination, a 2 pL aliquot of each sample was injected, and a representative GC-
MS profile is presented in Table 2.
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Table 2. Representative GC-MS profile of oregano essential oil, showing the identified compounds,
match values, and relative area percentages.

Retention

“Time (min) Compound Match (%) Area (%)
2.89 3-Methyl-3-buten-1-ol, acetate 97.1 0.24
3.48 Bicyclo[3.1.0]hex-2-ene, 2-methyl-5-(1-methylethyl)- 98.2 0.70
3.56 alpha-Pinene 97.1 0.23
3.77 Camphene 97.5 0.15
4.22 beta-Phellandrene 94.2 0.13
4.53 beta-Myrcene 98.6 2.42
4.70 alpha-Phellandrene 96.2 0.14
4.80 3-Carene 95.5 0.18
4.92 Cyclohexene, 1-methyl-4-(1-methylethylidene)- 97.3 1.45
5.04 o-Cymene 98.8 7.23
5.13 Eucalyptol 98.2 2.19
5.35 trans-beta-Ocimene 95.4 0.08
5.52 beta-Ocimene 94.8 0.11
5.65 gamma-Terpinene 99.5 6.41

Bicyclo[3.1.0]hexan-2-ol, 2-methyl-5-(1-methylethyl)-,
5.77 96.9 1.93
(lalpha,2alpha,5alpha)-

6.16 (+)-4-Carene 97.8 0.27
Bicyclo[3.1.0]hexan-2-ol, 2-methyl-5-(1-methylethyl)-,
6.30 96.6 0.91
(Lalpha,2alpha,5alpha)-
6.40 Linalool 97.5 0.43
Bicyclo[3.1.0]hexan-2-ol, 2-methyl-5-(1-methylethyl)-,

6.71 93.0 0.11
(alpha,2alpha,5alpha)-

7.46 Endo-Borneol 95.0 0.25
7.68 Terpinen-4-ol 94.8 1.62
7.92 alpha-Terpineol 96.2 0.13
8.71 Benzene, 2-methoxy-4-methyl-1-(1-methylethyl)- 98.3 0.66
9.79 Thymol 94.7 59.45
9.90 Phenol, 2-methyl-5-(1-methylethyl)- 98.8 9.27
10.67 Phenol, 5-methyl-2-(1-methylethyl)-, acetate 97.9 0.71
11.67 Caryophyllene 99.2 1.16
11.98 cis-alpha-Bergamotene 94.3 0.10
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12.19 Humulene 97.8 0.67
13.09 beta-Bisabolene 88.6 0.09
Total 100.00
2.5 Experimental Unit

Wistar rats weighing 250-350 g were housed at room temperature (25 °C) under a 12-hour light-dark
cycle, with free access to food and water. For the antinociceptive experiments, the rats were distributed into
nine groups (n = 6 per group) and subjected to the formalin test. After completion of the experimental
procedures, all animals were humanely euthanized in accordance with the approved protocol and with the
ethical guidelines for pain research in experimental animals established by the International Association for

the Study of Pain (IASP).

2.6 Formalin Test

Nociceptive behavior was assessed using the formalin test, which consisted of the subcutaneous
administration of 50 wL of 5% FMN into the plantar surface of the forepaw of each experimental animal.
Following injection, the rats were placed in an acrylic observation chamber equipped with a mirror positioned
at a 45° angle to facilitate observation of nociceptive behavior (Dubuisson and Dennis, 1977). Before the
experiment, the rats underwent an acclimatization period in the chamber for 1 hour on three consecutive days,
and for 1 hour immediately before the test.

The nociceptive response was measured by counting the number of paw flinches for 1 minute at 5-
minute intervals, over a total period of 1 hour. The temporal course of nociceptive behavior was constructed
by plotting the number of flinches as a function of time. Dose-response data were obtained by plotting the
percentage reduction in flinches relative to the formalin control group for each phase. Phase 1 corresponds to
physiological pain (0-15 min), while Phase 2 corresponds to inflammatory pain (15-60 min) during the
formalin test. The antinociceptive effect was evaluated using the formalin-induced nociception model.

The percentage of antinociception was calculated relative to the formalin control group using equation

. . . Control response —Treated response
Antinociception (%) = ( P ponse) » 100 (1)

Control response

where control response represents the number of flinches or nociceptive events recorded in the
formalin control group without treatment, while treated response indicates the number of nociceptive events
recorded in the group that received the drug or extract. The result is expressed as the percentage reduction in
nociceptive behavior produced by the treatment compared with the control group. This calculation allows
researchers to quantify the decrease in pain-related behavior induced by the treatment relative to the formalin
control group, separately for the neurogenic and inflammatory phases.

The treatments were administered by intraplantar injection at the concentrations shown in Table 3.
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Table 3. Experimental groups and treatment administration in the formalin-induced nociception test.

Treatment Formalin 5%

Group (wL) (wL) n

Saline (0.9%) 50 - 6
FMN! (5%) - 50 6
NPX? (400 ug/kg) 25 50 6
DFC® (250 ug/kg) 25 50 6
TML* (500 pg/kg) 25 50 6
OEO-1° (1200 ug/kg) 25 50 6
OEO-2¢ (1200 ug/kg) 25 50 6
OEO-37 (1200 ug/kg) 25 50 6
OEO-4® (1200 pg/kg) 25 50 6

'FMN: Formalin; 2NPX: Naproxen; *DFC: Diclofenac; “TML: Tramadol; S-80EO-1 to OEO-4, respectively.

The amount (ug) of each essential oil dose was calculated using the density data shown in Table 4, and
the concentrations used in this work were selected based on previous studies reported by Lugo-Lugo et al.
(2019).

2.7 Statistical Analysis

The number of paw flinches (nociceptive response) and the percentage of antinociception were
expressed as mean * standard error of the mean (SEM; n = 6). Data normality was assessed using the Shapiro-
Wilk test. Differences among experimental groups were evaluated using one-way analysis of variance
(ANOVA), followed by Tukey’s post-hoc test for multiple comparisons when significant differences were
detected. Statistical comparisons were performed for the formalin-test phases and/or time points presented in
the corresponding figures. A p-value < 0.05 was considered statistically significant. Statistical analyses were
performed using OriginPro 2018, version 9.5 (SR1) (OriginLab Corporation).

The extraction yield (v, %) was calculated as the ratio of the mass of the obtained residue to the initial
plant material, according to the following equation 2:

n% = () x 100 (2)

where:
1 = Extraction yield (%), W1= Mass of the residue or obtained extract after complete solvent removal

(g), and W2= Initial Mass of the dry plant material used for extraction (g).

3 Results

3.1 Evaluation of Extraction Methods Based on Process Efficiency and Oregano Characterization

The oregano specimen was taxonomically identified at the Herbarium of the Interdisciplinary Research
Center for Integral Regional Development of the National Polytechnic Institute (CIIDIR-IPN) as Lippia
graveolens Kunth S.L., with curatorial number 61850.

Using a modified vapor-entrainment method, OEO was obtained with an extraction yield of 3.1%
(v/w). Among the four OEO samples, refractive index values ranged from 1.494 + 0.0 to 1.503 £ 0.0 nD,
while density values ranged from 0.9094 + 0.01 to 0.9173 + 0.00 g/mL (Table 4).
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Table 4. Refractive index and density of OEO samples from the four collection sites.

Acronym Altitude (m) Refractive index (nD) Density (g/mL)
OEO1 1,471 1.500 £ 0.0 0.9153 £ 0.01
OEO2 1,446 1.503 £ 0.0 0.9094 + 0.01
OEO 3 1,338 1.503£ 0.0 0.9173 £ 0.00
OEO 4 1,342 1.494+ 0.0 0.9170 + 0.00

3.2 Chemical Composition of OEO

The representative GC-MS profile showed that thymol and carvacrol-related phenolic monoterpenes
were among the main compounds detected in the analysed OEO extract. These compounds may contribute
to the antinociceptive activity observed in the formalin test, although the pharmacological mechanism
requires further investigation (Figure 1; Table 2).
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Figure 1. Chromatogram of extract 1 (STE 10325 E1).

3.3 Antinociceptive Bebavior

Several animal models are used in pain research. Depending on the study objectives, different
nociceptive models may be used, including the tail-flick, carrageenan, and hot-plate tests. Among these, the
formalin test is considered one of the most informative models because it provides information on both
neurogenic and inflammatory components of nociception.

The formalin test has remained a feasible and reliable model for evaluating compounds with
antinociceptive and anti-inflammatory activity since its original description by Dubuisson and Dennis (1977).
The protocol involves an intraplantar injection of formalin into the paw of the experimental animal. The
resulting biphasic response is readily observable: Phase 1 occurs from 0 to 15 minutes, followed by Phase 2,
from 15 to 60 minutes.

Validation of the formalin test is crucial for making reliable comparisons across different treatments.
The negative pain control (0.9% saline solution) consists of a highly soluble substance that serves as a dilution
vehicle and produces low or no nociceptive response when administered to the organism. In contrast, the
positive nociception control contains an irritating solution (5% FMN) that activates the nociceptive process.

Figure 2 shows the validation data of the formalin test according to Dubuisson and Dennis (1977),
illustrating the typical biphasic response associated with this assay. During Phase 1, the 5% FMN group
recorded a maximum of 35.33 * 8.47 flinches, compared with 16.33 £ 5.12 flinches in the 0.9% saline group.
Similarly, during Phase 2, the 5% FMN group recorded 38.33 * 4.82 flinches, whereas the 0.9% saline group
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registered 20.33 * 4.52 flinches (*p < 0.05). This behavior was consistent with previous reports by Siahposht-
Khachaki et al. (2017) and by Dubuisson and Dennis (1977).

After validating the method, the effects of NSAIDs and the opioid tramadol (TML) were evaluated.
During Phase 1, NPX (400 ug/kg), DFC (250 pg/kg), and TML (500 ug/kg) showed maximum responses of
9.4%0.97,32.33 £ 3.95, and 12.4 * 4.36 flinches, respectively. During Phase 2, the corresponding values were
14.62 * 2.80, 12.83 £ 1.88, and 10.2 * 3.81 flinches (Figure 3). All treatments showed lower flinch values
compared with the group that received 5% formalin (Figure 2).

—@— Saline 0.9%
S0 3 Phase1 | Phase2 —8—FMN 5%

45 '

5 *,

0 L] 1 L] 1 L 1 L} 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50 55 60 65
Time (min)

Figure 2. Validation of the formalin test in rodents: time course of nociceptive behavior in the FMN (5%)
and saline solution (0.9%) groups. Results are expressed as mean * standard error of the mean (SEM), with
n=6.%*p <0.05 versus FMN (5%).

The results indicate that OEO-1 to OEO-4 (1200 pg/kg) produced antinociceptive effects in the
formalin test when compared with the FMN (5%) group and with the reference treatments DFC (250 pg/kg),
NPX (400 ug/kg), and TML (500 pg/kg).

During Phase 1, OEO-1 to OEO-4 reduced the number of flinches compared with the FMN (5%)
group, with antinociception percentages of 44.74 * 8.16%, 65.54 + 9.25%, 57.49 + 4.08%, and 57.94 * 7.04%,
respectively. These values were significantly lower than those observed for NPX (71.81 + 4.40%) and TML
(74.49 % 6.62%), but higher than DFC (23.26 + 8.70%), *p < 0.05 vs FMN (5%).

In terms of flinch behavior, OEO-2, OEO-3, and OEO-4 reached maximum values of 12 * 3.2 flinches
during Phase 1, lower than those observed in the 5% FMN, DFC (250 ug/kg), and NPX (400 pg/kg) groups.
Only OEO-1 exhibited a higher response, reaching 20.33 * 5.74 flinches at 15 minutes. In Phase 2, the
maximum responses were 27.83 * 3.49 flinches for OEO-1 at minute 20, OEO-2 showed 25.16 + 3.04 flinches
at minute 25, OEQO-3 exhibited 21.83 + 3.57 flinches at minute 30, and OEQO-4 reached 25.33 + 2.20 flinches
at minute 25 (*p < 0.05), as illustrated in Figure 3.

The antinociceptive effects were further examined by comparing the responses of the OEO with those
produced by TML (500 pg/kg). TML exhibited a strong effect throughout both Phase 1 and Phase 2 of the
formalin test, reaching a minimum of 3.20 *+ 1.21 flinches at minute 10, and a maximum of 10.20 £ 3.81
flinches at minute 45. These values remained 15 flinches lower than the counts observed for OEO-1 to OEO-
4 (1200 pg/kg) between 10 and 40 minutes.

Similarly, at minute 45 (Phase 2), the flinch counts of the four OEOs ranged from 9.00 £ 1.69 to 13.16
t 1.70 flinches, compared with 10.20 + 3.81 flinches for TML. No significant statistical differences were
observed between TML and OEO-1 to OEO-4 during 45-60 minutes (*p < 0.05) as shown in Figure 4.
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—@—FMN (5%)
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Phasel 1 Phase2 —@—NPX (400 pg/Kg)
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Figure 3. Comparison of the antinociceptive effects of OEOs obtained from four different collection
sites in relation to NSAIDs and FMN (5%) during the two phases of the formalin test. Results are
expressed as mean + standard error of the mean (SEM), with n = 6. *p < 0.05 versus FMN (5%).

—@—Saline (0.9%)

—@—FMN (5%)
50 - —C=TML (500 pg/Kg)
Phase 1| Phase 2 @—0F0-1 (1200 pg/Ks)
45 | —8—0F0-2 (1200 pg/Kg)

—8—0E0-3 (1200 pg/Kg)
—8—0FE0-4 (1200 pg/Kg)

W W
o O

Number Flinches
8 &

- - N

o g o O,

0 5 1015 20 25 30 35 40 45 50 55 60 65 70
Time (min)

Figure 4. Comparison of the antinociceptive effects of OEOs obtained from four different collection
sites in relation to TML and FMN (5%) during the two phases of the formalin test. Results are expressed
as mean * standard error of the mean (SEM), with n = 6. *p < 0.05 versus FMN (5%).

3.4 Antinociceptive Percentage

The antinociceptive percentages obtained for experimental treatments were high during Phase 1. NPX
(400 pg/kg) produced 71.81 + 4.40%, TML (500 pg/kg) 74.49 £ 6.62%, OEO-1 (1200 ug/kg) 44.74 * 8.16%,
OEO-2 (1200 pg/kg) 65.54 + 9.25%, OEO-3 (1200 pg/kg) 57.49 + 4.08%, and OEO-4 (1200 pg/kg) 57.94 +
7.04% (*p < 0.05 vs FMN (5%). In contrast, the DFC group (250 pg/kg) showed an antinociceptive percentage
of 23.26 £ 8.70%. All treatments showed a statistically significant increase in their antinociceptive activity
compared with the FMN (5%) group (*p < 0.05) (Figure 5).
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Figure 5. Total percentage of antinociceptive activity during Phase 1 of OEOs obtained from four
different collection sites in relation to the effects of NSAIDs and FMN (5%). Results are expressed as
mean * standard error of the mean (SEM), with n = 6. *p < 0.05 versus FMN (5%).

Regarding Phase 2, it was observed that the antinociceptive percentage exceeded 60% in all treatment
groups (OEO-1 to OEO-4, DFC, NPX, and TML) (*p < 0.05 vs FMN (5%). The observed trend indicates
that in OEO groups (1 to 4), the percentage of antinociception remained above 78.65% (ranging from 78.65
+ 2.91% to 87.01 + 2.27%), even surpassing that of TML (78.20 £ 2.39% (500 ug/kg), although these
differences were not statistically significant (Figure 6).
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Figure 6. Total percentage of antinociceptive activity during Phase 2 of OEOs from four different
collection sites in relation to the effects of TML and FMN (5%). Results are expressed as mean + standard
error of the mean (SEM), with n = 6. *p < 0.05 versus FMN (5%).

In this experiment, OEO-1 to OEO-4 demonstrated a strong effect on inflammatory-type pain (= 60%,
Phase 2) and a lower effect in physiological-type pain (= 40%, Phase 1).

The antinociceptive effect observed during Phase 2 for OEO-1 to OEO-4 was comparable in
magnitude to that produced by TML (500 pg/kg) under experimental conditions. However, while tramadol
achieves its analgesic effects through well-established central opioid and monoaminergic mechanisms, the
pharmacological pathways involved in the activity of OEOs are yet to be fully understood.
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These findings suggest possible antinociceptive and anti-inflammatory activity under experimental

conditions and support the need for further pharmacological, toxicological, mechanistic, and clinical studies.

4 Discussion

The chemical composition of essential oils obtained from plants of the same species shows significant
differences, mainly because of the environmental conditions (Marin-Tinoco et al., 2023).

Previous studies have reported positive results using aqueous extracts (Haghpanah et al., 2011;
Afarinesh-Khaki et al., 2013; Arzi et al., 2009) and ethanol extracts (Chuang et al., 2018). In the present study,
we evaluated four different OEO samples obtained from different regions of Rodeo, Durango, Mexico.

In this context, Arroyo-Lira et al. (2017) and Brogden et al. (1979) demonstrated that NSAIDs,
specifically NPX, are effective medications for treating both acute and chronic pain. Ortiz et al. (2010)
reported administering doses of 423 mg/kg and 359 mg/kg of NPX combined with citral (lemongrass essential
oil); at the systemic level, NPX was able to reduce the nociceptive effect induced by formalin, which aligns
with the observations from our animal model experiments. Similarly, Yin et al. (2016) compared DFC (10
mg/kg) with different doses of dehydrocorydaline (DHC), confirming that DFC produced a significant
antinociceptive effect, although DHC proved to be even more potent. Likewise, De Paz-Campos et al. (2014)
reported a reduction in formalin-induced paw flinching using DFC, which is consistent with our findings.

Chuang et al. (2018) conducted an ear edema test in rats and found a similar trend, reporting a 40%
reduction in inflammation attributed to constituents of oregano extract. Haghpanah et al. (2011) also
reported an excellent antinociceptive effect using an aqueous extract of Origanum vulgare at doses of 1, 3,
and 6 ug/rat. Similar findings were reported by Afarinesh-Khaki et al. (2013), who administered the extract
intracerebroventricularly to the experimental units.

Hassanzadeh-Kiabi and Negahdari (2018) found a synergistic antinociceptive interaction between
Achillea millefolium and Origanum vulgare extracts in the formalin test, demonstrating a 57% synergistic
antinociceptive effect during Phase 2 of the test. The analgesic activity of Origanum vulgare has been mainly
attributed to carvacrol and thymol, consistent with previous reports involving Origanum vulgare essential oils
(Guimaries et al., 2014; Silva et al., 2016).

The present findings are generally consistent with literature reporting antinociceptive effects of opioids
(TML) and NSAIDs (DFC and NPX) in inflammatory and acute pain models in rodents (Fletcher et al., 1997;
Jiménez-Andrade et al., 2003; Poveda et al., 2003; Chen et al., 2002; Diirsteler et al., 2007). The magnitude of
the antinociceptive response observed for OEO-1 to OEO-4 in Phase 2 was comparable to that observed for
TML under the experimental conditions of this study. However, this comparison should be interpreted
cautiously because OEOs and tramadol may involve different mechanisms of action and the present study was
conducted in a preclinical rodent model.

S Conclusions

The results of this study indicate that the Lippia graveolens essential oils (OEOs) evaluated here
exhibited antinociceptive and anti-inflammatory activity in the formalin-induced nociception model. Under
the experimental conditions used, their effects during the inflammatory phase were comparable in magnitude
to those observed for some reference analgesic treatments, whereas their effects during Phase 1 were more
moderate. These comparisons should be interpreted with caution, as they are based on a preclinical rodent
model and do not imply direct therapeutic equivalence with conventional drugs in clinical settings. Overall,
Lippia graveolens OEOs may represent a natural source of compounds with potential complementary
pharmacological relevance, although further studies are required to establish their mechanisms of action,
toxicity, safety, efficacy, and possible clinical relevance.
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