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Abstract

:

This study aims to evaluate the antinociceptive effect of the C. rhamnifolioides leaf essential oil (OEFC) and the β-cyclodextrin inclusion complex (COEFC) and investigate the pain signaling pathways involved in the antinociceptive response. The effects of the OEFC and COEFC on the central nervous system (CNS) were determined by open field and rota-rod assays, and the antinociceptive effect was evaluated via the acetic acid-induced abdominal contortions, formalin, and hot plate models. Swiss (Mus musculus) male mice (20–30 g) were used in both trials. The OEFC (200 mg/kg/v.o-orally) and COEFC (83.5 mg/kg/v.o.) did not present alterations in the CNS. The OEFC (25, 50, 100, and 200 mg/kg/vo.) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) demonstrated antinociceptive effects in the abdominal contortions, formalin, and hot plate tests. The OEFC (25 mg/kg/v.o.) and COEFC (8.35 mg/kg/v.o.) doses showed that the antinociceptive effect involves the activation of the opioid, cholinergic, and vanilloid systems, as well as the L-arginine/NO and α-2 adrenergic receptor pathways. The antinociceptive potential the OEFC and COEFC demonstrate possible alternatives for the therapy of pain. However, the COEFC presented more significant effects at lower doses than the isolated OEFC, where this action may be justified by the properties and advantages of the complexation.
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1. Introduction


The Croton rhamnifolioides species belonging to the Croton genus and Euphorbiaceae family is known in popular medicine as “quebra-faca” or “caatinga-branca”, where the first name refers to the stiffness of its trunk, while the second refers to its aroma and stem color. This species is used for the treatment of stomachaches, gastric upset, vomiting, bloody diarrhea, and to reduce fever [1]. Chemically, terpenes predominate in the C. rhamnifolioides roots and leaves [2], with the monoterpene 1,8-cineole being the major constituent of the leaf essential oil [3]. Studies addressing the biological activities the C. rhamnifolioides essential oil are scarce [4]; however, some effects have already been described in the literature such as anti-inflammatory [3], gastroprotective [5], and larvicide [4].



Essential oils complexed with cyclodextrins are considered as important in medicinal chemistry due to changes in physicochemical properties, which allow the administration of lower doses and, consequently, a reduction in side effects [6]. Cyclodextrins possess unique physicochemical properties, including the ability to solubilize in aqueous media and simultaneously encapsulate hydrophobic molecules within their cavity [7], facilitating the transfer of hydrophobic guest molecules from a solution to lipophilic cell membranes, thus promoting absorption [8], in addition to having the ability to improve the bioavailability of some substances [9], which is associated with solubility, dissolution, and permeability that is promoted indirectly to the guest drug [10].



With respect to the antinociceptive effect of substances, the term nociception (in Latin, nocere, “to hurt”) refers to a stimulated sensory process, while pain refers to the perception of a describable sensation, which may range from irritative, painful, persistent, pulsatile, or intolerable sensations. Therefore, it is important to emphasize that nociception and pain are distinct in aspects, such that a person with tissue injuries may or may not exhibit the behavior of pain, whereas nociception may trigger pain, apparent or otherwise. In animal nociceptive experimental models, animals are exposed to a nociceptive stimulus developing behavioral, motor, and physiological responses, with which the nociceptive response is evaluated since animals do not have the ability to verbally express pain, which is a characteristic attributed only to humans [11].



Pain and inflammation are important in the body’s physiology, acting as a signal for the need to repair tissue damage, since changes associated with the inflammatory process usually result in peripheral sensitization [12]. Pain is a frequent manifestation in patients seeking different treatments. Thus, a variety of drugs are used for pain therapy, which may or may not be associated with the inflammatory process [13]. In this sense, several studies involving medicinal plants are becoming fundamental in the discovery of new molecules that may be associated with other pain signaling pathways with fewer adverse effects [14].



The present study suggests that essential oils complexed with cyclodextrins can be considered as a new therapeutic option in treatments involving painful processes and in the development of new antinociceptive agents, due to an improving bioavailability associated with solubility, dissolution, and permeability, as well as the reduction of doses and the side effects. Thus, in view of the advantages of complexing substances with cybclodextrins and their use in popular medicine, we take the perspective of evaluating the antinociceptive effect of the Croton rhamnifolioides Pax. & K. Hoffm leaf essential oil and the inclusion complex (OEFC/β-CD) in nociceptive animal models.




2. Materials and Methods


2.1. Chemical Substances


The essential oil was extracted from fresh Croton rhamnifolioides Pax. & K. Hoffm leaves (OEFC) using a hydrodistillation system [3], and the β-cyclodextrin OEFC inclusion complex (COEFC) was obtained using the coevaporation technique [15]. The physicochemical characterization the COEFC occurred through differential exploratory calorimetry, thermogravimetry/derived thermogravimetry, scanning electron microscopy, and Karl Fischer techniques [16]. Other substances such as β-cyclodextrin, acetic acid, phenylephrine, Prazosine, Yohimbine, Clonidine, Acetylcholine, PCPA, L-Arginine, L-NOARG, Caffeine, Glutamate, Capsaicin, Ruthenium Red, Diazepam, and Indomethacin were purchased from Sigma-Aldrich Corporation® (St. Louis, MO, USA), while atropine, ascorbic acid, formaldehyde, morphine, naloxone, and haloperidol were obtained from Fluka, Dinâmica, Vetec, Hypolabor, Hypolabor, and Crystal, respectively.




2.2. Animals


Swiss (Mus musculus) male mice with body mass (20–30 g) were used, kept in polypropylene cages, and maintained in an environment temperature of 23 ± 2 °C, using a light/dark cycle of 12 h and having free access to potable water and rodent-specific food (Presence, Purina®); the animals were fasted (8–10 h) of solids before testing. All the experimental procedures followed the norms of animal use, with the research being submitted and approved by the Animal Research Ethics Committee of the Regional University of Cariri (CEUA/URCA—n 43/2015.1).




2.3. Assays


The following protocols were performed to evaluate the antinociceptive effect: acetic acid-induced abdominal contortions, 2.5% formalin test, and hot plate. The animals were divided into groups (n = 6): negative control (H2O-0.1 mL/10 g/v.o.-orally), OEFC (25, 50, 100 and 200 mg/kg/v.o.), COEFC (8.35; 41.75 and 83.5 mg/kg/v.o.), the corresponding amount of the complex (oil + CD); and positive controls: indomethacin (10 mg/kg/s.c.) or morphine (5 mg/kg/s.c.). Pain signaling pathways (opioid, cholinergic, α1 and α2 adrenergic, serotonergic, nitric oxide, adenosinergic, dopaminergic, glutamatergic, and vanilloid) involved in the antinociceptive response of the OEFC (25 mg/kg/v.o.) and COEFC (8.35 mg/kg/v.o.) were investigated using the lowest effective dose defined in the previous protocols.




2.4. Effect of the OEFC and COEFC on the Central Nervous System


2.4.1. Open Field


Swiss mice (n = 6) were treated as follows: H2O control (0.1 mL/10 g/v.o.), diazepam (5 mg/kg/i.p-intraperitoneally), OEFC (200 mg/kg/v.o.), and COEFC (83.5 mg/kg/v.o.) diluted in water and Tween 80. After 1 h (v.o.) or 30 min (i.p.), the animals were placed individually in an open field for a period of 5 min, where their horizontal exploration (number of crossings), grooming, and rearing behaviors were recorded [17].




2.4.2. Rota-Rod


The animals (Swiss mice/n = 6) were selected and pre-trained with up to 3 sessions (1 min) 24 h before treatment. The selected animals were divided into groups and treated, respectively: H2O control (0.1 mL/10 g/v.o.), diazepam (5 mg/kg/i.p.), OEFC (200 mg/kg/v.o.), and COEFC (83.5 mg/kg/v.o.) diluted in water and Tween 80, where after 1 h (v.o.) or 30 min (i.p.), the animals were placed on the rota rod for 1 min (16 rpm), and the number of falls was recorded [18].





2.5. Antinociceptive Effect of the OEFC and COEFC


2.5.1. Acetic Acid-Induced Abdominal Contortions


The animals (Swiss mice/n = 6) were treated according to the groups: H2O control (0.1 mL/10 g/v.o.), indomethacin (10 mg/kg/s.c.), OEFC (25, 50, 100 and 200 mg/kg/v.o.), and COEFC (8.35; 41.75 and 83.5 mg/kg/v.o.) diluted in water and Tween 80. After 1 h (v.o.) or 30 min (s.c.) from the treatments, the animals received PA glacial acetic acid (0.6%/0.1 mL/10 g/i.p.) diluted in injection water. Following acetic acid administration, the animals were placed under individual transparent glass funnels for 30 min, and the number of abdominal contortions was quantified cumulatively and characterized by the contraction and rotation of the abdomen, followed by the extension of one or both hind paws [19].




2.5.2. Formalin Test (2.5%)


Swiss mice (n = 6) were treated: H2O control (0.1 mL/10 g/v.o.), morphine (5 mg/kg/s.c.), indomethacin (10 mg/kg/s.c.), OEFC (25, 50 100 and 200 mg/kg/v.o.), and COEFC (8.35, 41.75 and 83.5 mg/kg/v.o.) diluted in water and Tween 80. After 1 h (v.o.) or 30 min (s.c.), the animals were injected with 20 μL of formalin (2.5%) in the right paw (sub plantar space) and placed individually soon afterwards under an inverted glass funnel, next to a mirror for ease of observation. The time (seconds) in which the animal licked, continued licking, or bit the injected paw (“licking-time”) during the first phase, attributed to the neurogenic phase (0–5 min.), was recorded in addition to the second phase, which was characterized as the inflammatory phase (15–30 min) [20].




2.5.3. Hot Plate


Swiss mice (n = 6) were individually placed on a hot temperature plate (52–54 °C ± 0.5 °C). After two baseline values were obtained 24 h and 30 min before the test, the mice were treated according to the groups: H2O control (0.1 mL/10 g/v.o.), morphine (5 mg/kg/s.c.), OEFC (25, 50, 100, and 200 mg/kg/v.o.), and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) diluted in water and Tween 80. Then, their response was evaluated after 30, 60, 120, and 180 min following treatment administration with the maximum contact time of the animal with the hot plate being kept at 15 s (basal cut-off time) and 30 s (test cut-off time) to prevent foot injuries. The nociceptive response was characterized by agitation of their hind paws, licking their paws, raising their paw, or jumping from the plate [21]. To compare the effects over time, the percentage of each group was calculated using the average effect observed at all times.





2.6. Pain Signaling Pathways Involved in the OEFC and COEFC Antinociceptive Response (Opioid, Cholinergic, α1 and α2 Adrenergic, Serotonergic, Nitric Oxide, Adenosinergic, Dopaminergic, Glutamatergic, and Vanilloid)


2.6.1. Opioid System Participation


The animals (Swiss mice/n = 6) were divided into 8 groups, such that the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), morphine–opioid agonist (5 mg/kg/s.c.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.) diluted in water and Tween 80, respectively, while the remaining 4 groups were given naloxone–opioid antagonist (4 mg/kg i.p.) 15 min prior to treatment. After 1 h (v.o.) or 30 min (s.c.) of treatments, the animals were evaluated with the 2.5% formalin-induced nociception test (first phase: 0–5 min.) [19].




2.6.2. Cholinergic System Participation


The animals (Swiss mice/n = 6) were divided into 8 groups, where the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), acetylcholine (cholinergic agonist; 1 mg/kg/i.p.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.) diluted in water and Tween 80, while the other 4 groups were treated with atropine (non-selective cholinergic antagonist; 1 mg/kg/i.p.) 15 min before treatment with the OEFC or COEFC. Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min) [22].




2.6.3. α-1. Adrenergic Receptor Participation


Swiss mice (n = 6) were divided into 8 groups, where the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), phenylephrine (α1 agonist; 10 mg/kg/i.p.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.) diluted with water and Tween 80, while the other 4 groups were treated with Prazosin (α1 antagonist; 0.15mg/kg/i.p.) 15 min before treatment with the OEFC or COEFC. Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min.) [23].




2.6.4. α-2. Adrenergic Receptor Participation


The animals (Swiss mice/n = 6) were divided into 8 groups, where the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), clonidine (α2 agonist, 0.1 mg/kg/i.p.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.), while the other 4 groups were treated with yohimbine (α2 antagonist; 0.15 mg/kg/i.p.) 15 min before treatment with the OEFC or COEFC. Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min.) [23].




2.6.5. L-arginine/Nitric Oxide/cGMP Pathway Participation


Swiss mice (n = 6) were divided into 8 groups, where the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), L-NOARG (nitric oxide synthase-NOS inhibitor; 75 mg/kg, i.p.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.), while the other 4 groups were treated with L-Arginine (NOS substrate; 600 mg/kg/i.p.), 15 min before treatment with the OEFC or COEFC. Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min) [24].




2.6.6. Participation of the Vanilloid System


The animals (Swiss mice/n = 6) were divided into 4 groups that were treated with H2O control (0.1 mL/10 g/v.o.), Ruthenium red (non-selective TRP antagonist; 3 mg/kg, i.p.) [25], OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o). Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were analyzed for 5 min with respect to the nociception induced by the intraplantar injection of 20 µL of capsaicin (TRPV1 receptor agonist) at 5.2 nmol/paw [26], where the time(s) in which the animal spent licking its paw was considered to suggest pain.




2.6.7. Participation of Serotonergic Pathways


The animals were divided into 6 groups (Swiss mice/n = 6), where the first 3 were treated with p-chlorophenylalanine–serotonin receptor antagonist (PCPA-100 mg/kg i.p., once daily/4 consecutive days), while the other 3 were treated with H2O control (0.1 mL/10 g/v.o./1 time per day/4 consecutive days). Then, 30 min after the last PCPA and control treatment, the animals received H2O control (0.1 mL/10 g/v.o.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.). Then, 1 h after the groups were treated, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min.) [27].




2.6.8. Participation of the Dopaminergic System


The animals (Swiss mice/n = 6) were divided into 6 groups: the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), haloperidol (non-selective dopamine receptor antagonist; 2 mg/kg i.p.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.), while the other 2 groups were treated with haloperidol 15 min before treatment with the OEFC or COEFC. Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min) [28].




2.6.9. Participation of the Adenosinergic System


Swiss mice (n = 6) were divided into 6 groups; the first 4 groups were treated with H2O control (0.1 mL/10 g/v.o.), caffeine (10 mg/kg/i.p.), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.), while the other 2 groups were treated with caffeine 15 min prior to treatment with the OEFC or COEFC. Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were evaluated with respect to the 2.5% formalin test (first phase: 0–5 min) [29].




2.6.10. Participation of the Glutamatergic System


The animals (Swiss mice/n = 6) were divided into 4 groups treated with H2O control (0.1 mL/10 g/v.o.), ascorbic acid (NMDA receptor antagonist, 100 mg/kg ip), OEFC (25 mg/kg/v.o.), and COEFC (8.35 mg/kg/v.o.). Then, 1 h (v.o.) or 30 min (i.p.) after treatment, the animals were analyzed for 15 min with respect to the nociception induced by the intraplantar injection of 20 μL of buffered glutamate at 20 μmoL/paw, where the time(s) the animal spent licking its paw was considered as a parameter suggestive of pain [30].





2.7. Data Expression and Statistical Analysis


The results are presented as the mean ± standard error of the mean (S.E.M), evaluated by a one-way and/or two-way analysis of variance (ANOVA), using Dunnett’s and Tukey’s multiple comparison tests (when necessary). The calculations were performed using the GraphPad Prism statistical software (version 6.0), according to the values obtained in the tests. For all analyzes, p < 0.05 was considered significant.





3. Results


The chemical fingerprint of the essential oil [5] and physicochemical characterization of the complex [16] were previously published. The essential oil was analyzed by gas-phase chromatography coupled to mass spectrometry (GC/MS) and the complexations were characterized by different physical methods as differential scanning calorimetry (DSC), TG/DTG (thermogravimetry/derivative thermogravimetry), Karl Fischer method, and electronic microscope.



3.1. Effect of the OEFC and COEFC on the Central Nervous System (CNS)


3.1.1. Open Field


Oral treatment with the OEFC (200 mg/kg) and COEFC (83.5 mg/kg) did not change the number of crossings (horizontal explorations) with percentages of 97.39% and 87.33%, respectively (Figure 1A). With respect to grooming (self-cleaning behavior), the percentages observed were 85% and 95.14% (Figure 1B), and for rearing (vertical exploratory behavior), these were 96.52% and 99.19% (Figure 1C), respectively, when compared to the control group. However, diazepam (5 mg/kg/i.p.) showed a significant reduction of 43.95% in the number of crossings, a 95.42% reduction in grooming and 98.19% reduction in rearing when compared to the control group.




3.1.2. Rota-Rod


Oral treatment with the OEFC (200 mg/kg) and COEFC (83.5 mg/kg) did not present significant differences regarding the number of falls when compared to the control (Figure 2). Moreover, the slight myorelaxant effect of the OEFC and COEFC (8%) probably did not interfere with the motor capacity of the animals.





3.2. Antinociceptive Effect of the OEFC and COEFC


3.2.1. Acetic Acid-Induced Abdominal Contortions


The OEFC at 25, 50, 100, and 200 mg/kg doses significantly reduced the number of abdominal contortions by 72.33, 68.13, 74.43, and 60.3%, respectively (Figure 3A), and the COEFC (8.35, 41.75, and 83.5 mg/kg) reduced the number of abdominal contortions by 90.1, 81.2, and 77.03% (Figure 3B) when compared to the control group. Indomethacin (10 mg/kg) (anti-inflammatory) presented a significant reduction of 85.40% (Figure 3A,B).




3.2.2. Formalin Test (2.5%)


In the first phase (neurogenic/0–5 min), the OEFC (25, 50, 100, and 200 mg/kg/v.o.) significantly reduced the licking time of the formalin-injected paw by 59.1, 66.55, 69.55, and 66.86%, respectively (Figure 4A), when compared to the control, while the COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) reduced this by 67.45, 63.28, and 54.02%, respectively (Figure 4C). Indomethacin (10 mg/kg) and morphine (5 mg/kg), both administered subcutaneously, significantly reduced paw licking time by 43.57 and 91.34%, respectively (Figure 4A,C).



With respect to the second phase (inflammatory/15–30 min), the OEFC (25, 50, 100, and 200 mg/kg/v.o.) produced a considerable reduction in licking time of 66.86, 73.68, 84.79, and 85.96%, respectively (Figure 4B), while the COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) reduced this by 78.16, 79.91, and 68.03%, respectively (Figure 4D). The positive controls, morphine (5 mg/kg) and indomethacin (10 mg/kg), both administered subcutaneously, were able to significantly decrease paw licking time by 100 and 93.96%, respectively (Figure 4B,D), when compared to the control.




3.2.3. Hot Plate


Treatment with the OEFC with the 25, 50, 100, and 200 mg/kg (v.o.) doses increased plate permanence time by 88.51, 47.65, 58.51, and 88.25%, respectively (Figure 5A), while the COEFC at 8.35, 41.75, and 83.5 mg/kg doses increased permanence time by 92.16, 68.27, and 79.5%, respectively (Figure 5B) when compared to the control group at the 30 to 180-min time intervals. Morphine (5 mg/kg/s.c.), used as a positive control, increased plate permanence time by 92.16% (Figure 5A,B).





3.3. Pain Signaling Pathways Involved in the OEFC and COEFC Antinociceptive Response (Opioid, Cholinergic, α1 and α2 Adrenergic, Serotonergic, Nitric Oxide, Adenosinergic, Dopaminergic, Glutamatergic and Vanilloid)


With respect to the participation of the opioid system, treatment with the OEFC (25 mg/kg/v.o.), COEFC (25 mg/kg/v.o.), and morphine (opioid agonist) significantly reduced the licking time of the formalin-injected paw compared to control by 60.3, 67.69, and 91.08%, respectively, demonstrating an antinociceptive action; moreover, when the animals were previously (15 min) treated with naloxone (opioid antagonist), the antinociceptive effects of the OEFC, COEFC, and morphine were reversed, proving this action involves the opioid system (Figure 6A).



In the cholinergic system investigation, pretreatment with atropine (non-selective antagonist) 15 min before administration of the OEFC (25 mg/kg/v.o.), COEFC (25 mg/kg/v.o.), and acetylcholine (cholinergic agonist) reversed the antinociceptive action of the treated groups. The OEFC (25 mg/kg/v.o.), COEFC (25 mg/kg/v.o.), and acetylcholine presented a significant reduction of 49.75, 64.6, and 48.6%, respectively, in the formalin-injected paw licking time when compared to the control group (Figure 6B). The data presented suggest that the OEFC and COEFC may also act through a potential Gq/Gi protein-coupled muscarinic receptor agonist, since their antinociceptive action reverses in the presence of the antagonist.



Regarding the α-2 adrenergic receptor, pretreatment with yohimbine (α-2 antagonist) 15 min before administration of the OEFC (25 mg/kg/v.o.), COEFC (8.35 mg/kg/v.o.), and clonidine (α2 agonist) reversed their antinociceptive action. The OEFC, COEFC, and clonidine presented a significant reduction in formalin-induced paw licking time by 55.22, 65.07, and 90.14%, respectively, when compared to the control group (Figure 6C). Reversal of the antinociceptive action of the OEFC and COEFC promoted by their association with yohimbine demonstrates a similar action when yohimbine was associated with the α-2 adrenergic receptor agonist (clonidine), which suggests a possible OEFC and COEFC agonistic action on α2-adrenergic receptors.



In Figure 6D, the participation of the L-arginine/Nitric Oxide/cGMP pathway can be observed where pretreatment with L-arginine (NOS substrate) 15 min before OEFC (25 mg/kg/v.o.), COEFC (25 mg/kg/v.o.), and L-NOARG (nitric oxide synthase inhibitor, NOS) reversed the antinociceptive effect. The OEFC, COEFC, and L-NOARG reduced the formalin-induced paw licking time by 47.72, 60.22, and 64.77%, respectively, when compared to the control group. The antinociceptive effect of the OEFC and COEFC involves the participation of the L-arginine/nitric oxide/cGMP pathway, since the OEFC and COEFC had their antinociceptive activity reversed by the action of L-arginine, which is a substrate that promotes the release and production of nitric oxide and, consequently, the painful stimulus. In Figure 6E, treatment with the OEFC (25 mg/kg/v.o.), COEFC (25 mg/kg/v.o.), and ruthenium red (non-selective TRP antagonist) significantly reduced the capsaicin-induced paw licking time by 42.61, 49.83, and 98.70%, when compared to the control group, certifying their participation in the vanilloid system.



Regarding the participation of α-1 adrenergic receptors, treatment with the OEFC (25 mg/kg/v.o.), COEFC (25 mg/kg/v.o.), and phenylephrine (α1 agonist) promoted antinociceptive effects by significantly reducing the licking time of paws injected with 2.5% formalin in the first phase by 51.94, 66.48, and 98.65%, respectively, when compared to the control group. However, previous treatment with the α1-adrenergic receptor antagonist (Prazosine) did not reverse the antinociceptive effect of the OEFC and COEFC; however, this was effective against the action of phenylephrine. Thus, the antinociceptive effect of the OEFC and COEFC does not involve α-1 adrenergic receptors.



When investigating the involvement of serotonergic pathways, treatment with the OEFC (25 mg/kg/v.o.) and COEFC (25 mg/kg/v.o.) demonstrated an antinociceptive effect of 46.35 and 58.06%. However, their antinociceptive action was not reversed when associated with the serotonin synthesis inhibitor, PCPA (p-chlorophenylalanine), i.e., the antinociceptive effect of the OEFC and COEFC did not show participation of the serotonergic pathway.



As for the dopaminergic system, treatment with the OEFC (25 mg/kg/v.o.) and the COEFC (25 mg/kg/v.o.) significantly reduced the licking time of formalin-injected paws by 58.38 and 66.13%, respectively, compared to the control. However, haloperidol (a non-selective dopamine receptor antagonist) did not modify the antinociceptive effect of the OEFC and COEFC, suggesting that the antinociceptive action of both the OEFC and COEFC did not involve the dopaminergic system.



In the adenosinergic system investigation, treatment with the OEFC (25 mg/kg/v.o.) and COEFC (25 mg/kg/v.o.) significantly reduced the formalin-induced licking time, both by 67.69%, when compared to the control group. However, caffeine pretreatment did not reverse the antinociceptive activity exerted by the OEFC and COEFC, demonstrating that their antinociceptive effect does not involve the adenosinergic system. While for the glutamatergic system, treatment with the OEFC (25 mg/kg/v.o.) and COEFC (25 mg/kg/v.o.) did not significantly reduce the licking time of the glutamate-injected paw when compared to the control group, demonstrating there was no participation of this system. However, ascorbic acid (NMDA receptor antagonist) significantly decreased paw licking time by 58.78%, demonstrating an effective action.





4. Discussion


This study describes for the first time the antinociceptive effect of the Croton rhamnifolioides Pax. & K. Hoffm leaf essential oil and the inclusion complex (OEFC/β-CD), as well as the pain signaling pathways involved in their antinociceptive effect using animal models. The physical–chemical analysis showed effective complexation using the coevaporation method; these results corroborate with data just published [16].



In the open field model, treatment with the OEFC and COEFC did not cause changes in the number of crossings, self-grooming, and vertical exploratory behaviors, demonstrating that OEFC and COEFC do not promote a CNS depressant activity, since this action could directly influence the antinociceptive effect. In the rota-rod model, the OEFC and COEFC did not alter the motor coordination of the animals, with these results corroborating with the OEFC and COEFC action in the open field test, where neither of these altered the number of crossings, grooming, or rearing. Thus, the data suggest that the OEFC and COEFC do present a sedative effect, which could mask the nociceptive response. Diazepam significantly increased the number of falls when compared to the control group, demonstrating its effectiveness in altering the motor coordination of animals [31].



Regarding the central nervous system evaluation, the open field test allows the stimulating or depressing effect of a given substance to be evaluated. The natural tendency of the animal is to explore the new environment, despite the confrontation hypothesis of the fear provoked when facing a different environment [11,17]. The rota-rod test allows the specificity of nociceptive action to be evaluated, verifying if drug treatments cause motor incoordination, either by sedation or muscle relaxation, by recording the number of falls in an established period [11,19]. With respect to the Croton genus, the species Croton cordiifolius Bail.l and Croton urucurana complement the results of this study for not altering motor mobility and behavior in the open field test.



Regarding the antinociceptive effect, treatment with the OEFC and COEFC significantly reduced the number of abdominal contortions. However, the COEFC presented a more significant action than the isolated OEFC when evaluated with respect to the number of contortions. These data suggest that lower inclusion complex doses present more significant results [32], which affirm the more robust antinociceptive effect of inclusion complexes with respect to isolated essential oils and monoterpenes. The literature data show that β-CD increases the bioavailability of analgesic and anti-inflammatory drugs used in human therapy, thereby improving their efficacy [9], which corroborates our data, since lower doses of COEFC compared to OEFC showed more significant results concerning the parameters evaluated.



The abdominal contortions model is used as a parameter to evaluate central and peripheral effects, since acetic acid induces pain sensitivity through the release of substances derived from mast cells and macrophages, as well as the sensitization of peripheral afferent sensory nerve endings [33].



Treatment with the OEFC and COEFC at all doses in the formalin test presented an antinociceptive effect in the first and second phases. However, no significant differences were observed between the tested doses. This effect may possibly be associated with the presence of 1,8-cineol, which has proven antinociceptive activity in the literature. Importantly, the antinociceptive effect of the OEFC and COEFC in the formalin test corroborates with the abdominal contortions test, where a more significant effect was observed with the COEFC at its lowest dose compared to the isolated OEFC. The antinociceptive effect of the OEFC and COEFC between the abdominal contortion and formalin tests differ only by local and chemical stimuli.



The formalin-induced nociception test is considered an efficient, reliable, and sensitive method to investigate various analgesic substances, presenting two distinct nociception mechanistic phases. The first phase (0–5 min), characterized by neurogenic pain and associated with the direct chemical stimulation of type C and Aδ (in part) afferent fibers, is associated with the release of excitatory amino acids, substance P, nitric oxide, and others. The second phase (15–30 min) is characterized by inflammatory pain, during which the release of various pro-inflammatory mediators, including prostaglandins (PGs), bradykinin, histamine, and serotonin, occurs [34].



The centrally acting antinociceptive effect of the OEFC and COEFC in the hot plate test with all tested doses corroborates with the effect of the OEFC and COEFC on abdominal contortions and the formalin test, especially during the first formalin phase, suggesting that the OEFC and COEFC present centrally acting antinociceptive activity.



The hot plate test aims to evaluate the analgesic effect of substances mediated by central mechanisms, being used in the evaluation of opioid drugs, including others, with central effects such as sedatives and hypnotics [35].



The major constituent of the studied species, 1,8-cineol, presented antinociceptive activity by significantly inhibiting the response time (paw licking) in both phases [36] and by its action in the hot plate and tail flick models [37]. Recent studies with species belonging to the Croton genus presenting an antinociceptive action include Croton urucurana [38], Croton guatemalensis Lotsy [39], and Croton cordiifolius Baill. [40].



However, despite a proven antinociceptive action of the OEFC and COEFC, investigating the pain signaling pathways involved in both antinociceptive responses using the following systems was necessary: opioid, cholinergic, glutamatergic, adenosinergic, vanilloid, dopaminergic, α1 and α2 adrenergic receptors, serotoninergic pathways, and nitric oxide pathways, from which both the OEFC and COEFC demonstrated participation in the systems: opioid, cholinergic, vanilloid, α2 adrenergic receptors, and nitric oxide pathways.



In the opioid system, the reversal of the OEFC and COEFC antinociceptive effects promoted by the opioid receptor antagonist affirms their possible participation in this system. The opioid system presents analgesic action through mu, delta, and kappa receptors [41] coupled to G proteins, which act by inhibiting Ca2+ channels, blocking protein phosphorylation, reducing the release of excitatory neurotransmitters, activating K+ channels, and thereby decreasing nociceptive stimulation [42]. Morphine is a µ opioid receptor agonist which inhibits painful stimuli [42]. Additionally, naloxone (antagonist) promotes the blockade of opioid receptors [42], favoring the painful response.



With respect to the cholinergic system, the reversal of the OEFC and COEFC antinociceptive action suggests that both potentially act on Gq/Gi protein-coupled muscarinic receptors. According to recent studies, acetylcholine (agonist) acts on M1, M3, and M5 muscarinic receptors coupled to Gq proteins, as well as on M2 and M4 receptors coupled to Gi proteins, decreasing Ca2+ influx and the release of excitatory mediators, favoring K+ channel activation, inducing hyperpolarization and, consequently, favoring the antinociceptive effect [42].



Given the results presented in the present study, the OEFC and COEFC may act on α2-adrenergic receptors, given the reversal of their antinociceptive effect when these were associated with the selective antagonist; however, when the OEFC and COEFC were evaluated with respect to α1-adrenergic receptors, neither one presented an effect.



The activation of α-1 adrenergic receptors stimulates antinociceptive effects [43] acting especially on adrenergic analgesia in the formalin test [43], whereas the antagonist—prazosine—reduces these effects [44], promoting painful stimuli. The α2-adrenergic pathway acts on α2 receptors coupled to a G protein (Gi), which when activated, inhibits adenylate cyclase, reducing the level of intracellular cAMP [42] and blocking Ca2+ influx, promoting K+ channel activation and thereby inhibiting pain transmission [45].



As for the L-arginine/nitric oxide/cGMP pathway, the OEFC and COEFC had their antinociceptive effect reversed when associated with the antagonist (L-arginine/NOS substrate), demonstrating their possible participation in the pathway. Recent research states that nitric oxide is an indirect mediator of the inflammatory response, which aids in vascular and cellular events. Therefore, when iNOS (inductive nitric oxide synthase) inhibition occurs, the production of this mediator is reduced, possibly minimizing inflammatory effects, consequently also decreasing the indirect response to pain [46].



Regarding the vanilloid system, the OEFC and COEFC demonstrated an antinociceptive action by reducing the capsaicin-induced paw licking time, which suggests participation in the vanilloid system, which corroborates with the data obtained in the hot plate test since both models activate vanilloid receptors.



The data obtained in this study do not support participation of the serotoninergic pathway, the dopaminergic, adenosinergic, and glutamatergic systems, nor of α1-adrenergic receptors in the OEFC and COEFC antinociceptive effect. Serotoninergic pathways in the central nervous system are regulated by the release of 5-HT (serotonin) [47], which possesses an inhibitory effect on nociceptive neuron transmission via 5-HT1, 5-HT2, and 5-HT3 receptors [48], which when activated increase serotonin levels and promote an antinociceptive response [49]. In the dopaminergic system, dopamine promotes pain suppression through dopaminergic receptors [50], especially through D2 receptors, but also through Gi protein-coupled D3 and D4 receptors, inhibiting Ca2+ channels and increasing intracellular K+ levels [51]. However, its antinociceptive effect may be inhibited following the administration of its antagonist haloperidol [52].



In the adenosinergic system, it is noteworthy that adenosinergic receptors are coupled to Gi proteins and act by reducing intracellular cAMP, promoting the opening of potassium channels, which promotes hyperpolarization, inhibiting the opening of calcium channels, thus reducing the release of neurotransmitters and, consequently, the painful stimulus. Caffeine acts on the central nervous system by non-selectively antagonizing the adenosine receptors A1, A2a, and A3 [53], promoting the increase of 3,5-cyclic-AMP through phosphodiesterase inhibition and intracellular calcium release [54].



As for the glutamatergic system, glutamate is an excitatory neurotransmitter that stimulates nociception by activating AMPA (α-amino-3-hidorxy-5-methyl-4-isoxazole propionic acid) and NMDA (N-methyl-D-aspartic acid) receptors, allowing the passage of Na+ and Ca2+, promoting the action potential and, thereafter, a nociceptive response [42].



The major constituent of the species under study, 1,8-cineol, is considered a rare natural TRPA1 receptor antagonist since its mechanism of action involves activating TRPM8 receptors and inhibiting TRPA1 [55], where TRPM8 is considered a mediator that promotes analgesia in acute and inflammatory pain [56]. The aforementioned study corroborates the present study and suggests the action of the OEFC and COEFC, which involves the participation of the vanilloid system, is influenced by the action of its major constituent 1,8-cineol.



In a previous study conducted with the Croton rhamnifolioides species, this was shown to possess gastroprotective effects involving the opioid system and the nitric oxide pathway [5], which are results that corroborate with our study. Some studies investigating the possible mechanisms of action involved in the antinociceptive response with species from the Croton genus, such as those using the Croton conduplicatus [57] and Croton argyrophyllus Kunth [58] essential oils, also support our research. Moreover, a previous study described the anti-inflammatory effect of the OEFC [3] and COEFC [16], which are results that corroborate with the antinociceptive action observed in the present study, since pain is a classic sign of the inflammatory process.




5. Conclusions


The present study showed that with respect to an activity over the central nervous system, the C. rhamnifolioides essential oil (OEFC) and β-cyclodextrin complex (COEFC) did not alter exploratory activity or motor coordination, suggesting these do not present a depressant or excitatory action on the CNS. As for the antinociceptive effect, the OEFC and COEFC demonstrated central and peripheral antinociceptive activity in the acetic acid-induced abdominal contortions model, the 2.5% formalin and hot plate tests, the actions of which involved the participation of the opioid, cholinergic, and vanilloid systems, the L-arginine/NO pathway, and α-2 adrenergic receptors. Importantly, the COEFC presented more significant effects at lower doses than the isolated OEFC, where this action may be justified by the properties and advantages of the complexation of substances with cyclodextrin. The data herein suggest that the OEFC and COEFC may be considered as new therapeutic options for treatments involving painful processes and in the development of new antinociceptive agents.
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Figure 1. Effect of the C. rhamnifolioides leaf essential oil (OEFC, 200 mg/kg/v.o.) and β-cyclodextrin inclusion complex (COEFC, 83.5 mg/kg/v.o.) on the number of crossings (A), grooming (B), and rearing (C) in the open field test. The effects of the OEFC (200 mg/kg/v.o.) and COEFC (83.5 mg/kg/v.o.) on the number of crossings (A), grooming (B), and rearing (C) in the open field test are outlined below. Groups: control-C (0.1 mL/10g/v.o.), Diazepam-D (5 mg/kg/v.o.), OEFC (200 mg/kg/v.o.) and COEFC (83.5 mg/kg/v.o). Values represent the mean ± S.E.M. (standard error of the mean) for groups of 6 animals with: ** p < 0.01; *** p < 0.001 when compared to the control group; statistical analysis: ANOVA followed by Dunnett’s Test with multiple comparisons. 
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Figure 2. Effect of the OEFC (200 mg/kg/v.o) and COEFC (83.5 mg/kg/v.o.) on the number of falls on the Rota-rod test. Effect of the OEFC (200 mg/kg/v.o) and COEFC (83.5 mg/kg/v.o.) on the number of falls on the Rota-rod test. Groups: control-C (0.1 mL/10 g/v.o.), diazepam-D (5 mg/kg/v.o.), OEFC (200 mg/kg/v.o.), and COEFC (83.5 mg/kg/v.o.). Values represent the mean ± S.E.M. (standard error of the mean) for groups of 6 animals, where **** p < 0.0001 when compared to the control group. Statistical analysis: ANOVA followed by Dunnett’s test with multiple comparisons. 
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Figure 3. Effect of the OEFC (25, 50, 100, and 200 mg/kg/v.o.) (A) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) (B) on the number of acetic acid-induced abdominal contortions. Effect of the OEFC (25, 50, 100, and 200 mg/kg/v.o.) (A) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) (B) on the number of acetic acid-induced abdominal contortions. Groups: control-C (0.1 mL/10 g/v.o.), indomethacin-I (10 mg/kg/s.c.), OEFC (25, 50, 100, and 200 mg/kg/v.o.) (A) and COEFC (8, 35, 41.75, and 83.5 mg/kg/v.o.) (B). Values represent the mean ± S.E.M. (standard error of the mean) for groups of 6 animals, where: *** p < 0.001; **** p < 0.0001 when compared to the control group; Statistical analysis: ANOVA followed by Dunnett’s Test with multiple comparisons. 
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Figure 4. Effect of the OEFC (25, 50, 100, and 200 mg/kg/v.o.) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) on paw licking time in the formalin test in mice. First phase (A,C); second phase (B,D). The effects of the OEFC (25, 50, 100, and 200 mg/kg/v.o.) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) on paw licking time in the formalin test in mice are outlined below. First phase (A,C); second phase (B,D). Groups: control-C (0.1 mL/10 g/v.o.), indomethacin-I (10 mg/kg/s.c.), morphine-M (5 mg/kg/s.c.), OEFC (25, 50, 100, and 200 mg/kg/v.o.) (A,B), and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) (C/D). Values represent the mean ± S.E.M. (standard error of the mean) for groups of 6 animals, where **** p < 0.0001 when compared to the control group; Statistical analysis: ANOVA followed by Dunnett’s Test with multiple comparisons. 
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Figure 5. Effect of the OEFC (25, 50, 100, and 200 mg/kg/v.o.) (A) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) (B) on hot plate permanence time. The effects of the OEFC (25, 50, 100 and 200 mg/kg/v.o.) (A) and COEFC (8.35, 41.75 and 83.5 mg/kg/v.o.) (B) on Hot plate permanence time are outlined below. Groups: control-C (10 mg/kg/v.o.), morphine-M (6 mg/kg/s.c.), OEFC (25, 50, 100, and 200 mg/kg/v.o.) (A) and COEFC (8.35, 41.75, and 83.5 mg/kg/v.o.) (B). Values represent the mean ± S.E.M. (n = 6/group), where: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001 when compared to the control group; Statistical analysis: ANOVA followed by Dunnett’s test with multiple comparisons. 
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Figure 6. Pain signaling pathways involved in the antinociceptive response of OEFC (25 mg/kg) and COEFC (8.35 mg/kg) (opioid, cholinergic, α2 adrenergic, nitric oxide, and vanilloid) (A–E). Involvement of the opioid, cholinergic, vanilloid, α-2 adrenergic receptor, and L-arginine/nitric oxide/cGMP pathway in the OEFC (25 mg/kg/v.o.) and COEFC (8.35 mg/kg/v.o.) antinociceptive activity in the formalin-induced paw nociception in mice. Values represent the mean ± S.E.M. (standard error of the mean) for groups of 6 animals, where * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 when compared to the control group; # p < 0.05, ## p < 0.01, ### p < 0.001, and #### p < 0.0001 when comparing the antagonist and agonist vs. agonist. Statistical analysis: ANOVA followed by Tukey´s test with multiple comparisons. 
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