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Ethnopharmacological relevance: In Moroccan traditional medicine, plants from the Apiaceae family are widely utilized in folk medicine to treat various diseases associated with the digestive system. Ammodaucus leucotrichus plays an important role as an antispasmodic that has been traditionally used, especially to treat digestive tract diseases in children.Aim of the study: The aim of this research was to verify the traditional use by assessing the relaxant and spasmolytic activities of A. leucotrichus essential oil (ALEO) and then comparing them to the effects and potency of the major constituent of ALEO, which is perillaldehyde.Materials and methods: The in vitro evaluation of ALEO’s relaxant and spasmolytic effects was carried out on isolated rats and rabbit jejunum in an organ bath setup. Intestinal contractility was recorded using an isotonic transducer connected to an amplifier. GC/MS analysis was conducted to identify components within ALEO. Subsequently, these compounds underwent in silico absorption, toxicity, and molecular docking studies.Results: GC/MS analysis of this essential oil studied revealed seven compounds, which account for 98.67% of the oil, with the dominance of two compounds, namely, perillaldehyde (91.12%) and limonene (6.33%). ALEO and its main compound, perillaldehyde, reversibly relaxed the basal tone of rabbit jejunum, with the IC50 values 158.68 ± 13.89 and 95.03 ± 0.93 μg/mL, respectively. Moreover, ALEO caused a dose-dependent spasmolytic effect on Carbachol (CCh) and KCl provoked jejunum contraction in rats. Furthermore, the decrease in contractions of pre-contracted jejunum by CCh was more pronounced for perillaldehyde compared to ALEO, with an IC50 value of 68.59 ± 6.57 μg/mL, which was half compared to that of ALEO. The pre-treatment of the tissue with concentrations ranging from 30 to 100 μg/mL caused a rightward and downward shift in the concentration–response curves for CaCl2 and CCh. These results suggest that the spasmolytic effect of ALEO is mediated possibly through a non-competitive antagonist of calcium channel or muscarinic receptors. Our results are confirmed by the fact that perillaldehyde exhibited the highest docking scores on muscarinic acetylcholine receptors (M2 and M3) and voltage-gated calcium channels, with D-limonene showing lower binding energies in comparison. These remarks confirm that the activity of ALEO is attributed to the presence of perillaldehyde. In addition, perillaldehyde exhibits a low degree of in silico acute toxicity and high percent of intestinal absorption.Conclusion: In summary, ALEO exhibits myorelaxant and antispasmodic effects by inhibiting muscarinic receptors and calcium channels, which can be attributed to the presence of perillaldehyde. This provides a scientific foundation for the traditional use of A. leucotrichus in treating gastrointestinal disorders and opens up possibilities for developing a more effective and less toxic drug-utilizing perillaldehyde.Keywords: Ammodaucus leucotrichus, antispasmodic, essential oil, jejunum, myorelaxant, perillaldehyde
1 INTRODUCTION
Wooly cumin, Ammodaucus leucotrichus Cosson et Durieu (formerly known as Cuminum maroccanum P.H. Davis and Hedge), is a small, annual plant from the family “Apiaceae.” It typically grows to 10–20 cm tall and has glabrous, erect, finely striated stems. The leaves are finely dissected and slightly fleshy. The fruit is diachene, 6–10 mm long, ovoid, and densely covered with yellowish-brown soft hair. This plant is found in the Saharan and sub-Saharan regions of North and Tropical Africa and the Canary Islands (Maberly, 1997). Ammodaucus leucotrichus Cosson et Durieu is the only species within the genus Ammodaucus (Ozenda, 1991), which is known as “Kammun Sofi” in Morocco (Bernard et al., 1997; Maberly, 1997). Fruits of A. leucotrichus are widely used as a condiment or spice, as well as in traditional medicine to treat symptoms of common cold, fever, and digestive complaints, particularly in children (Bellakhdar, 2020; Fakchich and Elachouri, 2014). In addition, it has been reported to be used for various biological effects, such as antibacterial, antifungal, and antitumor activities (Abu Zarga et al., 2013; Brahim et al., 2014; Manssouri et al., 2016). Furthermore, essential oil extracted from A. leucotrichus has demonstrated potential in treating Alzheimer’s disease. In addition, extracts from A. leucotrichus fruits exhibit antioxidant, antihemolytic, and anticoagulant potentials (Laroui et al., 2023). The plant has also been tested for its ability to prevent or cure urinary calculi by inhibiting calcium oxalate crystallization in vitro (Beghalia et al., 2009). The essential oil of A. leucotrichus exhibited a promising anti-butyrylcholinesterasic activity, with perillaldehyde and limonene having IC50 values of 42.7 μg/mL and 66.7 μg/mL, respectively (Sadaoui et al., 2018). This opens the possibility for developing a more effective and less toxic drug-utilizing plant molecules. Many of today’s valuable drugs, including atropine, ephedrine, and digoxin, were developed through the investigation of medicinal plant-based treatments (Aftab and Hakeem, 2021). However, no study on the antispasmodic effect of A. leucotrichus essential oil (ALEO) had been performed. Based on its folkloric use as an antispasmodic remedy, this work aims to evaluate the antispasmodic and myorelaxant activities of ALEO in the rodent jejunum. Moreover, an in silico predictive study was undertaken to assess the potential toxicity of perillaldehyde, the major compound in ALEO, and explore the correlation between the activities of ALEO obtained and this molecule.
2 MATERIALS AND METHODS
2.1 Plant material
The wooly cumin, A. leucotrichus (Apiaceae), which is known as “Kammun Sofi” in Morocco, was collected in Errachidia city, Morocco (31°55′53″N and −4°25′35″W). Professor Benyounes Haloui from the Faculty of Sciences at Mohammed First University in Morocco assisted in identifying the plant. The specimen labeled HUMPOM4 is stored in the Faculty of Sciences herbarium (Oujda, Morocco). The plant’s identity was verified and validated using http://www.theplantlist.org.
2.2 Hydro-distillation of plant material
The essential oil of A. leucotrichus (ALEO) was obtained via hydrodistillation; an aliquot of 100 g of A. leucotrichus fruits was introduced into a flask, to which 1,000 mL of distilled water was added and boiled for 3 h in the Dean–Stark hydro-distiller. The essential oil was stored at 4°C in amber glass vials until analysis; during the experiment, the essential oil was diluted in dimethyl sulfoxide (DMSO). The yield of the essential oil obtained was calculated as follows (Da Costa et al., 2014):
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2.3 Gas chromatography–mass spectrometry analysis of A. leucotrichus fruit essential oil
The essential oil was analyzed using gas chromatography coupled with mass spectrometry (GC/MS), following the methodology described by Beyi et al. (2023). The analysis was conducted in the Chemistry Department of the Faculty of Sciences, Oujda (Morocco).
2.4 Solutions and chemicals
The compositions of the solutions employed are as follows: normal Krebs–Henseleit buffer (KHB) solution consisted sodium chloride (118.0 mM), potassium chloride (4.7 mM), calcium chloride (2.5 mM), magnesium sulfate (1.2 mM), sodium bicarbonate (25.0 mM), potassium dihydrogen phosphate (1.2 mM), and glucose (10.0 mM). Calcium-free high K+ KHB consisted of sodium chloride (48.0 mM), potassium chloride (75.0 mM), calcium chloride (0.0 mM), magnesium sulfate (1.2 mM), sodium bicarbonate (25.0 mM), potassium dihydrogen phosphate (1.2 mM), and glucose (10.0 mM). Calcium-free KHB consisted of sodium chloride (121.7 mM), potassium chloride (4.7 mM), calcium chloride (0.0 mM) magnesium sulfate (1.2 mM), sodium bicarbonate (25.0 mM), potassium dihydrogen phosphate (1.2 mM), and glucose (10.0 mM).
All solutions were prepared using distilled water, and the pH was adjusted to 7.4. Drugs utilized in the study included atropine sulfate, verapamil hydrochloride, carbamylcholine chloride (carbachol; CCh), NaCl, H2PO4, MgSO4, CaCl2, NaHCO3, KCl, and glucose; all these drugs are obtained from Sigma Chemical Co. (Sigma-Aldrich, United States). Perillaldehyde was obtained from Thermo Scientific, and DMSO was purchased from Prolabo. All these chemicals used were of analytical quality.
2.5 Animals
The animals used in this study were as follows:
Wistar rats (150–300 g) and New Zealand rabbits (1.5–2 kg) of both sexes were accommodated in the animal facilities of the Faculty of Sciences, Oujda, Morocco. They had access to water and standard food and held on a light–dark cycle (12 h/12 h). Animals were allowed to fast for 18 h prior to the experiments. All animal-related procedures adhered to ethical standards outlined in the Guide for the Care and Use of Laboratory Animals by the National Research Council (NRC, 2011). The study protocol received approval from the Moroccan Ethics Committee for Animal Research (MECAR) under the reference number UCD-FSJ-06/2024.
2.6 Rodent intestinal smooth muscle preparation
Rats and rabbits were anesthetized with ethyl ether inhalation, and their jejunum were removed and incubated in oxygenated normal KHB for 60 min at 37°C with a pH of 7.4. A 2-cm jejunum segment was immersed in organ baths containing the normal KHB solution and changed every 15 min for equilibration. The impact of each dosage was documented for a minimum of 7 min. Effective jejunum contraction with a potassium-rich medium (KCl 75 mM) was ensured. Jejunum contractions were documented using an isotonic transducer connected to an amplifier and data acquisition software PROTOWIN Panlab.
2.7 Relaxant study of ALEO and perillaldehyde on the basic contraction of jejunum of rabbits
After stabilizing the basic contractions of jejunum of rabbits, ALEO and perillaldehyde (from 10 to 300 μg/mL) were added to the organ bath. Verapamil (0.1, 0.3, and 1 μM) served as the positive control.
2.8 Antispasmodic effect of ALEO and Perillaldehyde on the rat jejunum contracted using potassium chloride and carbachol
After stabilizing jejunal contractions, the smooth muscle was contracted using 25 mM potassium chloride (KCl) or CCh (10−6 M). Then, after the stabilization of the contractions, cumulative doses of ALEO or perillaldehyde were added to the organ bath (from 10 to 150 μg/mL).
2.9 Spasmolytic activity of ALEO on dose–response curves of carbachol
Dose–response curves for carbachol were generated for the jejunum using the van Rossum procedure (Rossum, 1963). Following the equilibration period of 30 min, CCh from 10−8 to 10−5 M was introduced into the isolated jejunum bath under two conditions: without any additions (control) and in the presence of atropine (10−6 M) or various doses of ALEO (30, 50, and 100 μg/mL).
2.10 Inhibition of dose–response of calcium chloride by ALEO
After 30 min of equilibration in the normal Krebs–Henseleit buffer (KHB) solution, this latter was replaced with calcium-free KHB for 15 min, followed calcium-free high K+ KHB. Cumulative dose–response curves to calcium chloride ranging from 0.1 to 10 mM were generated under two conditions: without any additions (control) and in the presence of varying doses of ALEO (30, 50, and 100 μg/mL) or verapamil (10−6 M).
2.11 Docking study
The docking calculations were carried out using the freely available “iGEMDOCK program” (Yang and Chen, 2004). The human M2 muscarinic acetylcholine receptor (3UON), the M3 muscarinic acetylcholine receptor (4DAJ), and the rabbit Cav1.1-verapamil complex complexed with verapamil (6JPA) were retrieved from the Protein Data Bank (http://www.rcsb.org./pdb). Perillaldehyde in the three-dimensional form was obtained from the National Library of Medicine (https://pubchem.ncbi.nlm.nih.gov/compound/Perillaldehyde). A 3D structure of D-limonene (ZINC968226) was obtained from the ZINC database (https://zinc.docking.org/substances/ZINC000000968226/). The drug screening parameter was employed during the calculations. Both 3D and 2D docked poses were obtained via RasMol 2.7.3 (www.rasmol.org) and BIOVIA Discovery Studio Visualizer 2021 v21.1.0.20298 (https://discover.3ds.com/discovery-studio-visualizer-download), respectively.
2.12 In silico prediction of absorption properties and toxicity of perillaldehyde
Absorption profiles were evaluated in silico using the computational tool pkCSM web server (http://biosig.unimelb.edu.au/pkcsm/, accessed on 31 December 2023) (Pires et al., 2015). The assessment of LD50 values, toxicity class, hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity, and cytotoxicity was conducted utilizing the ProTox II online tool (https://tox-new.charite.de/protox_II/, accessed on 31 December 2023) (Banerjee et al., 2018).
2.13 Statistical analyses
Normality was checked using the Shapiro–Wilk test, and the assumption of homogeneity of variance was evaluated using Levene’s test. The results of the tests carried out are expressed as the mean ± SEM. The difference between the results of essential oils and the controls was performed by a one-way analysis of variance (ANOVA), followed by Bonferroni’s multiple comparison tests. Concentration–response curves were graphed, and nonlinear regression analysis was performed using the Hill equation through an iterative least-squares method (GraphPad Prism 5.0 Software for Windows, San Diego, CA, United States). This approach aimed to derive estimates of effective concentration 50 (EC50), which is the concentration of the agonist that causes half-maximal contraction in the presence of the antagonist. Differences are considered statistically significant when the probability value p is less than 5% [(*): p < 0.05, (**): p < 0.01, and (***): p < 0.001].
3 RESULTS
3.1 Yield of ALEO
The yield of ALEO obtained following hydro-distillation was 2.17%.
3.2 Gas chromatography of ALEO
Perillaldehyde was the major component found in ALEO with the highest percentage equal to 91.12%, followed by D-limonene by 6.33% (Table 1; Figure 1). The molecular structure and mass spectrum of perillaldehyde, as determined through GC-MS analysis, are illustrated in Figures 2 and 3.
TABLE 1 | Chemical composition of the ALEO fruit.
[image: Table 1][image: Figure 1]FIGURE 1 | Chromatogram from GC/MS analysis of ALEO: 1: alpha-pinene; 2: beta-pinene; 3: 3-carene; 4: D-limonene; 5: 3-isopropylbenzaldehyde; 6: perillaldehyde; 7: methyl (2E)-(2isopropenylcyclopentylidene)ethanoate; 8: eudesma-4 (14), 11-diene.
[image: Figure 2]FIGURE 2 | Chemical structure of perillaldehyde.
[image: Figure 3]FIGURE 3 | Mass spectrum obtained from GC/MS analysis of perillaldehyde.
3.3 Myorelaxant study of ALEO and perillaldehyde on the spontaneous contraction of the rabbit jejunum
Cumulative doses ranging from 10 to 300 µg ALEO/mL resulted in a dose-dependent relaxation of rabbit jejunum basal contractions (Figure 4A), with an IC50 value of 158.68 ± 13.89 μg/mL (Table 2). The maximum effect of ALEO was observed at 300 μg/mL, and the contractions resume after washing with physiological liquid (Figure 5A). Perillaldehyde, the primary component of the ALEO, exhibited a similar inhibitory effect on baseline contractions in the rabbit jejunum, with a maximum inhibitory effect at 250 μg/mL, as shown in Figure 5B, and a lesser IC50 value (95.03 ± 0.93 μg/mL) compared to whole ALEO (Table 2). These results were compared to those of verapamil, serving as a positive control and employed as a calcium channel antagonist (Figure 4B), with an IC50 value of 44.19 ± 0.001 μg/mL (Table 2).
[image: Figure 4]FIGURE 4 | Effect of A. leucotrichus essential oil (ALEO), perillaldehyde (A), and verapamil (B) on the basal tone of the rabbit jejunum. **, p < 0.01 and ***, p < 0.001. The disparity exhibits statistical significance within the control group (the zero line). Mean ± S.E.M; n = 5.
TABLE 2 | IC50 values for relaxant effects of A. leucotrichus essential oil (ALEO), perillaldehyde, and verapamil on rabbit basic contractions of jejunal smooth muscle.
[image: Table 2][image: Figure 5]FIGURE 5 | Original records of the myorelaxant impact of the A. leucotrichus essential oil (ALEO) (A) and perillaldehyde (B) on the basic jejunum rabbit contractions.
3.4 Spasmolytic activity of ALEO and perillaldehyde on the rat jejunum contracted by CCh and KCl
The effect of ALEO on the rat jejunum contracted by carbachol was observed (Figure 6). The IC50 value for ALEO was 172.63 ± 14.8 μg/mL (Table 3). ALEO caused a dose-dependent spasmolytic effect on CCh-induced rat jejunal contraction (Figure 6B). The decrease in contractions of the pre-contracted jejunum by CCh was more pronounced for perillaldehyde compared to ALEO (Figure 6B), with an IC50 value of 68.59 ± 6.57 μg/mL, which was half of the IC50 value for ALEO (Table 3).
[image: Figure 6]FIGURE 6 | A. leucotrichus essential oil (ALEO) and perillaldehyde effects on the jejunum contracted by KCl (25 mM) (A) and CCh (10−6 M) (B). **, p < 0.01 and ***, p < 0.001. The disparity exhibits statistical significance within the control group (the zero line). Mean ± S.E.M; n = 5.
TABLE 3 | IC50 values for the antispasmodic activity of A. leucotrichus essential oil (ALEO) and perillaldehyde on the rat jejunum pre-contracted by CCh or KCl.
[image: Table 3]The impact of ALEO on the rat jejunum contracted by potassium chloride is depicted in Figure 6A. The obtained IC50 value for ALEO is 87.63 ± 6.65 μg/mL, as detailed in Table 3. Notably, ALEO demonstrated a dose-dependent antispasmodic effect on KCl-induced contractions in the rat jejunum (Figure 6A). In addition, the reduction in contractions of the pre-contracted jejunum by KCl was comparable to perillaldehyde and ALEO (Figure 6A), with an IC50 value of 89.48 ± 9.30 μg/mL (Table 3).
3.5 Spasmolytic activity of ALEO on dose–response curves of carbachol on the rat jejunum
The findings of the investigation, reveal that varying concentrations of ALEO (30, 50, and 100 μg/mL) effectively mitigated the heightened tone induced by cumulative CCh doses (Figure 7). This mitigation was evident in the downward and rightward shifts of dose–response curves. Atropine served as a positive control. The effective concentration of the agonist (CCh) that inhibited 50% of maximal contraction in the absence of the antagonist was 1.58 × 10−7 M. Conversely, exposure to 100 μg of ALEO/mL had an EC50 value of 2.16 × 10−6 M. This suggests that the concentration needed for a 50% contraction was greater in the presence of ALEO (Table 4).
[image: Figure 7]FIGURE 7 | Dose–response curves of carbachol on the rat jejunum in the absence and presence of various concentrations of A. leucotrichus essential oil (ALEO) or atropine (10−6 M). *, p < 0.05 and ***, p < 0.001. The disparity exhibits statistical significance within the control group. Mean ± SEM, n = 6.
TABLE 4 | Half-maximal effective concentration value (EC50) determined from CCh dose–response curves on the rat jejunum in the absence and presence of various doses of A. leucotrichus essential oil (ALEO) or atropine (10−6 M).
[image: Table 4]3.6 Dose–response for the inhibition of calcium chloride by ALEO on the rat jejunum
ALEO inhibited cumulative doses of CaCl2 (Figure 8). This inhibition is evident through the downward and rightward shifts observed in the dose–response curves. Notably, the dose of 100 μg/mL demonstrated particularly effective inhibition. Verapamil served as the positive control in the study. The log of EC50 for CaCl2 in the control group was 0.114 ± 0.016 mM. Conversely, 100 μg of ALEO/mL increased the log of EC50 value significantly to 4.7 ± 0.001 mM. This substantial increase indicates that the concentration required to trigger a 50% contraction by CaCl2 was greater in the presence of ALEO (Table 5).
[image: Figure 8]FIGURE 8 | Dose–response curves of CaCl2 on the rat jejunum in the addition or the absence of various doses of A. leucotrichus essential oil (ALEO) or verapamil (10−6 M). *, p < 0.05; **, p < 0.01; and ***, p < 0.001. The disparity exhibits statistical significance within the control group. Mean ± SEM; n = 6.
TABLE 5 | Log half-maximal effective concentration values obtained from calcium chloride dose–response curves on the rat jejunum in the presence or absence of various doses of A. leucotrichus essential oil (ALEO) or verapamil (10−6 M).
[image: Table 5]3.7 Docking study
The principal component of ALEO was perillaldehyde, which constituted 91.12% of the mass. To compare with the experimental findings, this compound was docked with the L-type voltage-gated calcium (Cav1.1) channel active sites (6JPA), as well as the human M2 muscarinic acetylcholine receptor (3UON) and the M3 muscarinic acetylcholine receptor (4DAJ). The validation technique used during the calculation was established in our previous study (Marghich et al., 2023), and the results displayed in Figure 9 evidenced that the docked ligands (verapamil, 3-quinuclidinyl benzilate, and tiotropium) and ligands in the corresponding complexes occupied the same confirmations via the same interactions.
[image: Figure 9]FIGURE 9 | Position of verapamil (A), 3-quinuclidinyl benzilate (B), and tiotropium (C) on the active site of L-type voltage-gated calcium (Cav1.1) channels, human M2 muscarinic acetylcholine receptor, and the M3 muscarinic acetylcholine receptor, respectively: (green color); (pink color) the predicted docking poses.
Perillaldehyde was subjected to the docking calculations under the same docking protocol. Both two- and three-dimensional binding configurations of the studied substances are presented in Figure 10. For the Cav1.1 channel, perillaldehyde forms a conventional hydrogen bond with the oxygen atom and the residue MET1057. Moreover, other residues such as ALA1053 and PHE1063 participate in the stabilization of the complex via alkyl interactions with the cyclohexene moiety. In the case of the human M2 muscarinic acetylcholine receptor, the oxygen atom of perillaldehyde is also attached to the active site of the receptor via two conventional hydrogen bonds with TYR104 and TYR403. Furthermore, we observe the existence of two van der Waals interactions, with ASP103 and SER107. By contrast, no conventional hydrogen bonds were observed in the case of the M3 muscarinic acetylcholine receptor. Only, van der Waals and π–alkyl interactions were remarked. Finally, the binding energy of perillaldehyde with the active site of these three receptors increases in this order: Cav1.1 channel < M3 muscarinic acetylcholine receptor ≈ human M2 muscarinic acetylcholine receptor (Tables 6, 7).
[image: Figure 10]FIGURE 10 | 3D and 2D interactions of perillaldehyde with L-type voltage-gated calcium (Cav1.1) channel active site (A, B), human M2 muscarinic acetylcholine receptor (C, D), and M3 muscarinic acetylcholine receptor (E, F).
TABLE 6 | Binding energies of perillaldehyde, D-limonene, and atropine with the active sites of the M3 muscarinic acetylcholine receptor and the human M2 muscarinic acetylcholine receptor.
[image: Table 6]TABLE 7 | Binding energies of perillaldehyde, D-limonene, and verapamil with the active sites of the L-type voltage-gated Ca2+ (Cav1) channel.
[image: Table 7]Docking calculations were also performed for D-limonene as it is present in the chemical composition of ALEO with the percentage of 6.33%. The 3D and 2D binding configurations are displayed in Figure 11, while the binding energies are represented in Tables 6, 7. We note that the D-limonene performs some interactions with the active sites of the three targets. However, its binding energies were found less than those of perillaldehyde. In addition, the percentage of perillaldehyde (91.2%) is higher than that of D-limonene (6.33%). These remarks confirm that the activity of ALEO is associated with the presence of perillaldehyde more than D-limonene.
[image: Figure 11]FIGURE 11 | 3D and 2D interactions of D-limonene with the L-type voltage-gated Ca2+ (Cav1) channel active site (A, B), the human M2 muscarinic acetylcholine receptor (C, D), and the M3 muscarinic acetylcholine receptor (E, F).
3.8 In silico prediction of absorption properties and toxicity of perillaldehyde
Perillaldehyde exhibits several unique pharmacokinetic properties associated with absorption (Table 8). These include, among others, low water solubility with a logarithmic value of −2.482 mol/L. This suggests that perillaldehyde is more likely to dissolve in lipids than in aqueous solutions. Relative to absorption by the human intestine, a large percentage (97.2%) of perillaldehyde is absorbed in the human intestinal tract, which suggests efficient absorption from the gut. In addition, the Caco-2 permeability assay, which measures the ability of a substance to pass through the intestinal epithelium (Hubatsch et al., 2007), indicates that perillaldehyde has a log Papp value higher than 0.9. This suggests that they have the greatest likelihood of being absorbed through the intestinal wall. In addition, perillaldehyde has low permeability through the skin. In addition, it can bind to the P-glycoprotein transporter.
TABLE 8 | In silico absorption prediction of perillaldehyde.
[image: Table 8]Table 9 shows that perillaldehyde has an LD50 value of 1720 mg/kg of body weight, indicating a low level of acute toxicity. This compound is classified as a class 4 toxicant, signifying a moderate degree of acute toxicity, whereas a higher-class number generally correlates with reduced toxicity severity. Notably, Perilladehyde is not expected to induce hepatotoxicity, carcinogenicity, immunotoxicity, mutagenicity, or cytotoxicity.
TABLE 9 | In Silico toxicity prediction of perillaldehyde.
[image: Table 9]4 DISCUSSION
In Morocco, plants from the Apiaceae family are widely utilized in folk medicine to treat various diseases associated with the digestive system (Es-Safi et al., 2020; Redouan et al., 2020). A. leucotrichus Coss. and Dur. (hairy cumin) holds significance in traditional medicine across North African countries, with a particular emphasis on its use in Morocco. Fruits of this plant are employed in the treatment of various ailments, including gastralgia, indigestion, and gastrointestinal pain. In addition, they are commonly utilized to address digestive tract issues in infants, including dysentery, nausea, vomiting, and regurgitation (Hajib et al., 2023; Ziani et al., 2019). Several studies have investigated the essential oils of A. leucotrichus for their antimicrobial and antioxidant properties, while additional research has focused on their anti-inflammatory, anti-tumor, and anticholinesterase (Alzheimer’s disease) activities (Abu Zarga et al., 2013; Naima et al., 2019; Rani et al., 2022; Sadaoui et al., 2018). These wide pharmacological effects are probably due to the specific molecular profile of A. leucotrichus essential oil (ALEO), which are characterized by the dominance of perillaldehyde as the primary component, with limonene following as a significant constituent with a varying percentage. In the study by Louail et al. (2016), the content was reported as 59.13% for perillaldehyde and 23.89% for limonene. Conversely, Brahim et al. (2014) observed a composition of 88.78% for perillaldehyde and 8.26% for limonene. In addition, Halla et al., 2018 found that ALEO is composed of 85.6% of perillaldehyde, with limonene accounting for 7.8%. In our results, we also found that perillaldehyde is the major component in ALEO with the highest percentage equal to 91.12%, followed by D-limonene by 6.33%. The quantitative difference in chemicals may be ascribed to factors such as harvest time, plant origin, climatic conditions, seasonal variations, and the stage of the vegetative cycle.
The antispasmodic activity of this essential oil has not yet been studied. Therefore, the aims of this investigation were to assess the myorelaxant and antispasmodic effects of ALEO and compare them with the major constituents of ALEO which is perillaldehyde. The results demonstrated a significant dose-dependent relaxation of contractions of the basal jejunum in rabbits that was reversible, with the IC50 values of 158.68 ± 13.89 and 95.03 ± 0.93 μg/mL for ALEO and perillaldehyde, respectively. This means that perillaldehyde, the primary contributor to the myorelaxant effect obtained by ALEO, demonstrates higher potency against basal jejunum rabbit contractions than ALEO itself. The IC50 value of ALEO is extremely lower than that of LD50 (520–570 mg/kg). Mohammedi et al. (2018) affirmed that the doses chosen are non-toxic and effective for antispasmodic activity. Other essential oil herbal medicines like Origanum majorana (Makrane et al., 2019), Thymus algeriensis (Beyi et al., 2023), and Warionia saharae (Amrani et al., 2022) were also more potent than ALEO on spontaneous contraction. These rhythmic and spontaneous contractions of smooth muscle cells (SMCs) are generated by interstitial Cajal cells (ICCs) that create slow waves, conducting them into adjacent SMCs to initiate a depolarization/repolarization cycle (Sanders et al., 1999; Takaki, 2003). ICCs are distinctive cells responsible for generating electrical pacemaker activity in gastrointestinal smooth muscles (Xu, 2011). Therefore, the observed myorelaxant effect serves as evidence that the essential oil or perillaldehyde influences the intrinsic nervous system of the jejunum, specifically targeting the region characterized by inherent automaticity. This finding highlights the fact that the effects of either ALEO or perillaldehyde on the autonomous regulation of contractions of the jejunum, which provides insights into potential interactions with the intricate neural pathways responsible for coordinating rhythmic and spontaneous movements within this particular segment of the intestine. It can therefore be concluded that ALEO and its major component induced relaxation of the jejunum muscle by directly affecting the SMCs and/or on the ICCs. This hypothesis is consistent with the mechanism proposed previously for the essential oil of Artemisia campestris as the myorelaxant agent (Marghich et al., 2023).
The mechanisms of contractions of SMCs are closely linked to Ca2+ ions. The main source of Ca2+ ions responsible for initiating contractions is derived from the external solution and is facilitated by voltage-dependent calcium channels. These latter are primarily influenced by K+ and non-selective cation conductances on the electrical potential of the cell membrane and excitability. Additionally, the entry of Ca2+ is complemented by the release of Ca2+ from inositol 1,4,5-trisphosphate (IP3) receptor-operated stores, along with mechanisms that modify the sensitivity of the contractile apparatus to fluctuations in cytoplasmic calcium (Sanders, 2008). To better understand the inhibitory effect of ALEO and perillaldehyde on the contraction of the jejunum via the calcic pathways, the rat jejunum was pre-contracted using potassium chloride (KCl). This causes a depolarization of SMC membranes, inducing the opening of voltage-gated calcium channels and thus increasing intracellular Ca2+, ultimately leading to the contraction of intestinal SMCs (Karaki et al., 1984). ALEO exhibited a dose-dependent spasmolytic activity effect on potassium chloride (KCl)-induced contractions on the jejunum in the rat. Additionally, the reduction in contractions of the pre-contracted jejunum by KCl was comparable for perillaldehyde to ALEO. ALEO and perillaldehyde can, therefore, have a blocking action on the opening of voltage-gated calcium channels. This hypothesis was confirmed by the fact that various doses of ALEO effectively inhibited the increase in tone induced by cumulative doses of CaCl2; this inhibition was observed by the downward and rightward shifts of the dose–response curves. In addition, when exposed to ALEO, the concentration needed to elicit a 50% contraction by CaCl2 was greater. Other essential oils, like Anthemis mauritiana, also work by blocking voltage-gated Ca2+ channels (Karim et al., 2010). Similarly, the essential oil of Artemisia herba-alba (Aziz et al., 2012) blocked Ca2+ channels. In addition, the in silico prediction of binding of perillaldehyde to the active site of Cav1.1 supports the hypothesis. Moreover, limonene, also present in ALEO, has also been shown to have an antispasmodic property and relax muscle via blocking of voltage-gated calcium channel openings (Carvalho et al., 2018). Furthermore, α-pinene present in ALEO formed stable associations with the Cav1.1 channel via various van der Waals forces involving amino acids ILE1049, ILE1050, and PHE608 (Marghich et al., 2023).
Anticholinergic substances play a crucial role in antispasmodic effects. Therefore, carbachol was utilized for this purpose. Carbachol is a structural analog of acetylcholine that has the same contracting effect on intestinal smooth muscle by binding to M2 muscarinic receptors and then inhibiting adenylate cyclase or M3 receptors coupled to G proteins by degrading phosphatidylinositol 4,5-bisphosphate with the subsequent formation of diacylglycerol and IP3 (Goyal, 1988). Therefore, CCh was used to increase the basic tone of the smooth muscle of the jejunum in the rat. Exposure to ALEO caused dose-dependent spasmolytic effects on the carbachol-induced contraction of the jejunum in rats. The decrease in the contractions tonus was more pronounced for perillaldehyde compared to ALEO, with an IC50 value (68.59 ± 6.57 μg/mL), which was lesser by half compared to ALEO. This result allows us to assume that their antispasmodic activity might involve an action inhibiting muscarinic receptors. This hypothesis was substantiated by the observation that exposure to ALEO resulted in the dose–response curves of carbachol to be shifted down and to the right. Consequently, this inhibitory effect closely resembles to that of a noncompetitive antagonist of muscarinic receptors. These findings are consistent with the previous results, which demonstrated that Plectranthus barbatus exhibits non-competitive antagonism against carbachol in the smooth muscles of the ileum (Câmara et al., 2003). The in silico prediction of perillaldehyde interacting with muscarinic acetylcholine (M2 and M3) receptor active sites rather than Cav1.1 channels is consistent with the experimental findings and confirms that ALEO and perillaldehyde act via muscarinic receptors. Although our research primarily highlights perillaldehyde’s efficacy, we acknowledge the importance of considering the minor molecules present in ALEO. To this end, we included D-limonene in our docking calculations, given its presence in ALEO at a concentration of 6.33%. Our findings indicate that D-limonene interacts with the active sites of the three targets, although its binding energies were notably lower than those of perillaldehyde. Additionally, perillaldehyde’s percentage in ALEO (91.2%) is significantly greater than that of D-limonene. These results confirm that ALEO’s activity is largely driven by perillaldehyde rather than D-limonene. Prior study has suggested that limonene contributes to reducing gastrointestinal motility (Sadraei et al., 2015), which supports its potential complementary effects in ALEO. Conversely, β-pinene and α-pinene are reported to interact less effectively with muscarinic receptors compared to atropine and other compounds (Marghich et al., 2023). Therefore, it is plausible that these minor components in ALEO may attenuate the pronounced effects observed with perillaldehyde alone. Furthermore, perillaldehyde exhibited an antibacterial effect and decreased the bacterial count by 53% (Sato et al., 2006). In addition, ALEO exhibited antioxidant and antimicrobial effects (Dahmane et al., 2017; Louail et al., 2016). All compounds exhibit absorption rates greater than 30%, with significant potential for efficient oral absorption (Pires et al. 2015). Among these, perillaldehyde stands out with a high absorption rate of 97.185% in the human intestinal tract, indicating its high potential for oral bioavailability. All those results are consistent with the strong effect of ALEO on the dysfunction of motility of the intestine. Alternatively, oils abundant in perillaldehyde could serve as flavor enhancers in food and as aromatic ingredients in perfumes, imparting a spicy essence (El-Haci et al., 2014). Perillaldehyde, which has a subtle minty scent, is derived from essential oils and declared “generally recognized safe” by the U.S. Food and Drug Administration (Tolouee et al., 2010). This classification was confirmed by results of the in silico toxicity assessment of perillaldehyde, which indicated a minimal acute toxic potency. This approach serves as an efficient alternative, gaining significant attention from drug developers for assessing toxicity profiles of candidate molecules (Sahota et al., 2016). Furthermore, perillaldehyde is not anticipated to cause hepatotoxicity, cancer, immunotoxicity, mutagenicity, or cytotoxicity. In addition, oral administration of mice to ALEO at dosages up to 200 mg/kg resulted in no adverse effects and no mortality. However, higher dosages of ALEO resulted in mortality, with all animals succumbing within 24 h of being given doses higher than 1,250 mg/kg, bm. The lethal dose for 50% of the population (LD50) of ALEO was 520–570 mg/kg, body mass (bm), ranking it in the category of slightly toxic according to the Hodge and Sterner scale. For humans, the LD50 value suggests that potentially risky doses could vary by approximately ±10% of this range (Mohammedi et al., 2018).
5 CONCLUSION
In summary, essential oil of A. leucotrichus and perillaldehyde have both relaxing and spasmolytic activities due to their ability to block muscarinic receptors and L-type voltage-gated calcium channels, with perillaldehyde preferentially binding to M2 and M3 muscarinic receptors. The present findings are consistent with those predicted by in silico simulations, providing a scientific basis for the traditional use of A. leucotrichus for digestive problems. They also open possibilities for developing a more effective and less toxic drug-utilizing perillaldehyde or synthetic molecules based on perillaldehyde.
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