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Abstract

:

Preclinical data indicate that bergamot essential oil (BEO) can modulate the synaptic functions within the central nervous system (CNS). Particularly, several data shows that essential oil is endowed with reproducible analgesic and anxiolytic effects that may derived from the ability to modulate the excitatory and inhibitory neurotransmission in the CNS. Although there are differences in the functional complexity of the enteric nervous system (ENS), it is likely that the phytocomplex has biological properties in gut superimposable to those showed in the CNS. Accordingly, the aim of this study was to investigate ex-vivo the effect of bergamot essential oil and its main constituents on the contractile activity of rat isolated colon, jejunum and ileum induced by different muscle stimulants such as acetylcholine (10−6 M) and potassium chloride (80 mM). Our present data demonstrate that BEO inhibits cholinergically- and non cholinergically-mediated contractions in rat isolated gut and that linalool is the most active component. These results suggest that the phytocomplex might be useful in the treatment of spastic disorders in ENS mainly characterized by the presence of pain; incidentally, irritable bowel syndrome (IBS) is a painful condition in which a role for neurotransmitter dysfunction has been envisaged. More investigation is required for clinical translation of the present data.
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1. Introduction


Bergamot (Citrus bergamia Risso & et Poiteau, syn.: Citrus aurantium L. subsp. bergamia (Risso et Poiteau), an aromatic citrus fruit belonging to genus Citrus, family Rutaceae, is worldwide used to extract the essential oil from the peel by a cold-pressing procedure [1]. Bergamot essential oil (BEO) includes monoterpene and sesquiterpene hydrocarbons and their oxygenated derivatives in the volatile fraction and coumarins and psoralens in the non-volatile fraction [2,3]. In traditional and folk medicine BEO was used as antiseptic and anthelmintic while in aromatherapy it is used to improve mood, depression, anxiety [4] and behavioral and psychological symptoms of dementia [5]. Over the last decade, preclinical results from our laboratories, elucidated cellular mechanisms underlying rational basis for the therapeutic use of BEO. Particularly, the phytocomplex can produce neurobiological effects in animal models, which originated, partially, from modulation of fine mechanisms involved in synaptic plasticity [6,7,8,9] in the central nervous system (CNS). Briefly, systemic administration of BEO stimulates the release of discrete excitatory and inhibitory amino acids, as glutamate and γ-aminobutiric acid (GABA), respectively, in the hippocampus of rat. Particularly, the use of superfused hippocampal synaptosomes allowed to discriminate a Ca2+-dependent mechanism, when low concentrations of BEO were used, and a non-Ca2+-dependent carrier mechanism at high concentrations of phytocomplex [6]. An interference of the essential oil with different neurotransmissions was also shown in preclinical behavioural studies. In fact, systemic administration of GABAA [10] or 5-HT-1 [11] receptor antagonists, partially, reverted the anxiolytic-like/relaxant effects induced by BEO in different tasks in rodents [9], suggesting that it may modulate different pathways. Interestingly, BEO shows analgesic activity in acute nociceptive [12,13,14,15] and neuropathic pain models [16,17] originated, at least in part, through the involvement of opioid system [14,16,17].



In mammals, the enteric nervous system (ENS) and the CNS both contain integrative neural circuitry and similarities between them [18]. It is known that ENS regulates multitasking functions by a unique autonomic network of neurons that operates independently although it communicates with the CNS. For these abilities ENS is considered as a “second brain” [19]. Despite the diverse functional complexity of ENS, it is likely that essential oil may show in the gut biological properties superimposable to those observed in the CNS.



In this study, using isolated organ bath technique, the effects of BEO were characterized on cholinergically- and non-cholinergically-mediated contractions induced respectively by acetylcholine (ACh) and potassium chloride (KCl) on different tissues (colon, jejunum and ileum) of the enteric system of rat. It was also investigated the activity of single oxygenated components of the volatile fraction of BEO such as limonene, α-pinene, linalyl-acetate and linalool reported to contribute in the pharmacological properties of the essential oil [13,15,20,21].




2. Materials and Methods


2.1. Materials


Atropine (ATR), ACh, (R)-(+)-limonene, α-pinene, linalyl acetate and (-)-linalool were purchased from Sigma-Aldrich (Milan, Italy). The crude bergamot essential oil was kindly provided by “Capua Company1880 S.r.l.”, Campo Calabro (Reggio Calabria, Italy). Chromatographic analysis of BEO reports: (R)-(+)-limonene ~48.6%, α-pinene ~3.2%, linalyl acetate ~23.6%, (-)-linalool ~5.5% of the total volume (v/v). ACh and ATR (Sigma-Aldrich, Milan, Italy) were dissolved in distilled water. BEO and its constituents were dissolved in dimethylsulphoxide (DMSO) (Sigma-Aldrich, Milan, Italy) and its amount was less than 1% of the tissue bath volume.




2.2. Animals


The animal study protocol was approved by Italian Ministry of Health (Rome, Italy); (protocol code 700A2N.6TI, date of approval: 13 March 2018). Animal procedures were conducted under approved guidelines by the University Animal Welfare Committee (OPBA) of the Department of Pharmacy, Health and Nutritional Sciences of University of Calabria (Italy) (date of approval: 7 March 2018) and in accordance with the Council Directive (86/609/EEC) and D.Lgs 26/2014 in order to apply the principles of reduction and refinement. Experiments were performed on adult male rats (250–300 g), obtained from Charles River Laboratories (Calco-Lecco, Italy). Animals were housed in 36 × 18.5 × 24 cm clear polyethylene cages in a room with controlled temperature (22 ± 1 °C) and under a light-dark schedule (lights on 7 a.m. to 7 p.m.) for at least 7 days before being used. Food and water were freely available. The rats were sacrificed by exposure to 4% isoflurane air followed by cervical dislocation.




2.3. Experimental Protocol


Following the opening of the abdominal cavity, whole segments of jejunum, ileum and colon were excised and the content gently flushed out with Krebs solution consisting of (mM): NaCI 119; KCI 4.5; MgS04 2.5; NaHCO3 25; KH2P04 1.2; CaCl2 2.5; glucose 11.1 (Sigma-Aldrich, Milan, Italy). The segments, cleaned from adjacent and connective tissue were cut into full thickness strips along the longitudinal (15 mm long and 5 mm wide) and were vertically suspended in two channel organ bath containing 40 mL of oxygenated (95% O2 and 5% CO2) Krebs solution at 37 °C. Before use, the preparations were allowed to equilibrate for 45 min. Then, contractions were evoked by exogenously applied ACh (10−6 M) and KCl (80 mM); the latter substances were administrated and left in the tissue baths for 5 min to obtain reproducible responses to use as control. After obtaining of three reproducible contractions, BEO (2.5 × 10−5 to 2.5 × 10−3% v/v), linalool (2.5 × 10−6 M to 2.5 × 10−4 M), limonene (2.5 × 10−6 M to 2.5 × 10−3 M), linalyl acetate (2.5 × 10−6 M to 2.5 × 10−3 M) and α-pinene (2.5 × 10−6 M to 2.5 × 10−3 M) (Sigma-Aldrich, Milan, Italy) were added to the bath 5 min before ACh. The distal end of each segment was tied to an organ holder and the proximal end was secured with a silk thread to an isometric force transducer (Ugo Basile 7005, Gemonio, Varese, Italy). Mechanical activity was digitized on an A/D converter, visualized, recorded and analyzed on a personal computer using the Data Capsule-Evo system (Ugo Basile, Gemonio, Varese, Italy).




2.4. Statistics


Data are expressed as the mean ± S.E.M, n = 3–6 in all experiments. GraphPad PRISM 7.0 for Windows (Graph-Pad Software, La Jolla, CA, USA) was used for statistical analysis and graphics production. Effects were considered statistically significant if they had a null hypothesis probability lower than 5% (p ˂ 0.05). Statistical significance of any difference between unpaired data was determined using Student’s test (t-test).





3. Results


3.1. Effect of BEO on Acetylcholine-Evoked Contraction


Administration of ACh (10−6 M) elicited a contraction (indicated as 100%) in rat isolated colon, jejunum and ileum that was completely inhibited by pre-treatment with ATR (10−6 M) for 5 min (Figure 1) highlighting the involvement of muscarinic receptors.



Administration of BEO to the bath produced a concentration-dependent decrease of the cholinergic contraction in all gut tissues investigated (Figure 1). Particularly, in colon a reduction to 92.2 ± 4.1%, 70.5 ± 3.3% and 5.0 ± 5.0% was measured at the concentration of 2.5 × 10−5%, (v/v), 2.5 × 10−4%, (v/v) and 2.5 × 10−3%, (v/v), respectively. In jejunum, values of 96.4 ± 3.6%, 60.2 ± 5.5% and 1.0 ± 1.0% were measured with increased volumes of phytocomplex. Highest effects were observed in ileum where cholinergic contraction was reduced by BEO to 83.2 ± 6.2%, 58.9 ± 6.5% and 0.75 ± 0.7%, respectively (Figure 1).




3.2. Effect of BEO Constituents on Acetylcholine-Evoked Contraction


In colon, concentration of 2.5 × 10−3 M of limonene, α-pinene and linalyl acetate reduced the contraction elicited by ACh (10−6 M) to 74.2 ± 13.2%, 93.3 ± 3.5% and 93.5 ± 1%, respectively. Lower concentrations of the compounds failed to affect muscarinic contraction (Figure 2). Interestingly, concentrations of 2.5 × 10−5 M and 2.5 × 10−4 M of linalool reduced in a concentration-dependent manner muscarinic contraction to 77.28 ± 1.53% and 2.5 ± 2.1%, respectively. Linalool did not show effect on muscarinic contraction at concentrations of 2.5 × 10−6 M.



In jejunum, limonene did not affect cholinergic contraction, while α-pinene was able to induce a statistical significant inhibitory effect (92.3 ± 3.5%) only at the highest concentration (2.5 × 10−3 M). On the other hand, linalyl acetate induced a concentration-dependent (2.5 × 10−5–2.5 × 10−3 M) decrease of ACh contraction to 94.6 ± 2.9%, 81.8 ± 9.1% and 5.0 ± 2.9% respectively. Similarly, linalool reduced, in a concentration-dependent manner (2.5 × 10−6–2.5 × 10−4 M), the contraction induced by ACh to 93.5 ± 5.9%, 67.7 ± 6.4% and 0.17 ± 0.17%, respectively (Figure 2).



In ileum, limonene and α-pinene were able to elicit a statistical significant inhibitory effect on muscarinic contraction only at the highest concentration used (2.5 × 10−3 M) reaching the values of 93.5 ± 3.4% and 92.8 ± 3.6%, respectively. Conversely, linalyl acetate (2.5 × 10−5–2.5 × 10−3 M) and linalool (2.5 × 10−6–2.5 × 10−4 M) induced a concentration-dependent decrease of cholinergic contraction. Particularly, linalyl acetate induced a reduction to 88.4 ± 3.2%, 75.4 ± 6.4% and 67.7 ± 8.0% and linalool to 84.7 ± 2.3%, 52.1 ± 3.4% and 0.6 ± 0.6%, respectively (Figure 2). The spasmolytic effects of linalool were obtained at concentrations ten times less than linalyl acetate.




3.3. Effect of BEO and Linalool on KCl-Evoked Contraction


Administration of KCl (80 mM) to the bath elicited a contraction (indicated as 100%) in rat isolated colon, jejunum and ileum that was not modified by pre-treatment with ATR (10−6 M) for 5 min suggesting that muscarinic receptors were not involved (Figure 3).



Overall, increased concentration of BEO (2.5 × 10−5–2.5 × 10−3%, (v/v)) induced a concentration-dependent decrease of KCl contraction and, similarly to what was observed with cholinergic contractions, its most active constituent was linalool. For the sake of brevity, we only report the effect of linalool (Figure 3).



Particularly, in colon, the phytocomplex induced a statistically significant decrease of KCl contraction to 75.67 ± 3.5% and 11.33 ± 6.6% with the volumes of 2.5 × 10−4–2.5 × 10−3%, (v/v) while linalool induced a reduction to 64.3 ± 8.5% and 2.94 ± 2.8% at the concentrations of 2.5 × 10−5–2.5 × 10−4 M, respectively (Figure 3). In jejunum, the essential oil induced a statistically significant reduction to 74.6 ± 2.4% and 24.83 ± 8.4% with the medium or high volume used. Linalool reached a statistically significant inhibitory effect (19.84 ± 13.6%) only at the concentration of 2.5 × 10−4 M (Figure 3).



BEO elicited similar results also in ileum and decreased KCl contraction to 54.4 ± 7.9% or 13.8 ± 8.6% at medium and high volumes used. In ileum, linalool induced a statistically significant reduction of KCl contraction at medium and high concentrations used (65.6 ± 9.4% or 15.0 ± 2.2%, respectively) (Figure 3).





4. Discussion


The results obtained show that contractions induced by ACh in colon, jejunum or ileum of rat are inhibited by BEO in a concentration-dependent manner and abolished by the highest volume tested. Similarly, BEO decreased KCl contractions in gut tissues, suggesting that phytocomplex counteracts both cholinergically- and non cholinergically-mediated contractions. The ability of BEO to inhibit non cholinergically-mediated contractions in isolated gut supports recent data by Straface and colleagues (2020) [21] and is further confirmed by some preliminary results obtained on atropine-insensitive contractions evoked by substance P in rat intestine (Morrone et al., unpublished observations).



Incidentally, our results indicate that some of the compounds included in the volatile fraction contribute to spasmolytic effect of phytocomplex and that linalool is the most efficacious and potent constituent of BEO to counteract gut contractions elicited by the different spasmogenic agents. Particularly, linalool induces a dose-dependent reduction of the cholinergic contraction in all gut tissues investigated, while limonene and α-pinene elicit a relaxant effect only at the highest concentration used and linalyl acetate shows a concentration-dependent effect only in jejunum and ileum. Moreover, the monoterpene linalool is active at concentrations ten times less than those used with the other compounds investigated. The results obtained by testing BEO constituents show that linalool is also the most effective to counteract the KCl-evoked contraction. Our results support data on the antispasmodic activity of different essential oils from Citrus spp on gut smooth muscles reviewed by Heghes and colleagues (2019) [22]. Particularly, essential oil from Citrus aurantifolia demonstrated a spasmolytic activity with a progressive reduction in amplitude of contractions and muscle tone in isolated rabbit jejunum preparation [23]. More recently, Sánchez-Recillas and colleagues (2017) reported a spasmolytic activity of the extract obtained from two species of Citrus sinensis on rat ileum [24]. Interestingly, several data suggest that the antispasmodic effect of phytocomplexes could be attributed to volatile compounds [22].



The ability of BEO and linalool to interfere with the contractions elicited by different spasmogenic compounds seems to suggest that their effect may be due to the modulation of intracellular processes common to different stimuli rather than a receptor-type mechanism and supports data by Straface and colleagues [21]. Particularly, these authors reported that BEO and linalool showed an inhibitory effect on muscle contraction evoked by a submaximally-effective concentration of KCl in rat and human colon, suggesting the ability to act directly on the smooth muscle cells. Straface and colleagues also suggested that BEO, mainly through linalool, could be able of acting on different targets, highlighting the ability to influence Na+, Ca2+ and K+ intracellular levels [21]. In nerve cells, the increase in the intracellular levels of the Na+ ions is fundamental for initiating the genesis of an action potential, which in turn determines an intracellular increase of Ca2+ ions to guarantee the fusion of synaptic vesicles on the presynaptic membrane. It follows that a reduction in the intracellular levels of Na+ reduces the possibility of generating action potential and consequently release of neurotransmitters, including acetylcholine [25]. Incidentally, Vatanparast and colleagues (2017) reported an inhibitory action of linalool on Na+-channels in central neurons of Caucasotachea atrolabiata [26]. Moreover, Narusuye and colleagues (2005) reported that linalool showed inhibition of Na+ current other than other ions currents in olfactory receptor cells of rat [27]. In mouse aortic rings, BEO may act on K+-channels and blocks the membrane voltage-gated Ca2+ channels, producing endothelium-independent vasorelaxation given by hyperpolarization and by inhibition of Ca2+ influx, fundamental in the interaction between actin and myosin filaments [28]. Although it seems likely that in their ability to inhibit neuromuscular contractions a major activity of phytocomplex is to act directly at the smooth muscle to cause muscle relaxation, it remains a possibility that it might also directly inhibit enteric nerve function. Moreover, even if with limited evidence, it is also possible that BEO, through linalool, via noncompetitive mechanisms may inhibit G protein-coupled receptors, blocking the contractile response that would ensue [29]. Interestingly, high concentrations of linalool also activate in human and mouse TRPM8 receptor, specifically expressed in subpopulations of neurons instrumental in sensing pain and temperature [30].



All these data suggest that antispasmodic activity of bergamot essential oil underlies the involvement of complex mechanisms and deserve further investigation.



Overall, our results confirm that BEO is endowed with reproducible antispasmodic effects, mainly through linalool, and it could be helpful in the complementary treatment of intestinal disorder related to excessive smooth muscle contractility. Particularly, the phytocomplex might be useful in the treatment of irritable bowel syndrome (IBS), a chronic, functional gastrointestinal syndrome characterized by relapsing abdominal pain and altered bowel habits, with either predominant symptoms of diarrhoea and constipation [31]. Currently, a natural remedy, peppermint oil, is widely used in complementary treatment to improve symptoms in patients with IBS [32,33]. Interestingly, peppermint oil gives an antispasmodic action associated with its main component menthol, which blocks the Ca2+ influx by actions on the L-type Ca2+ channels [34].



IBS is a painful condition in which a role for neurotransmitter dysfunction has been envisaged and like all functional gastrointestinal disorders, it is a disorder of brain–gut interactions [35,36]. Pain, by definition, is the dominant symptom experienced by IBS patients and actually there is no effective cure for pain in IBS [37,38]. Visceral pain is also an emotional experience [39,40] and improving anxiety can lead to reduction of the harmful effects of the pain even when it is still present [39,40,41].



In this context, BEO, endowed with reproducible antispasmodic, analgesic and anxiolytic effects, might be really beneficial in the treatment of IBS. However, more investigation is required for clinical translation of the present data, as it occurred for clinical translation of engineered BEO in pain underlying agitation in dementia [42,43,44].




5. Conclusions


These results show that BEO is endowed with reproducible antispasmodic effects on colon, jejunum and ileum of rat and that linalool is the most active constituent. Although the mechanism of action deserves further investigation, the whole essential oil and linalool could be beneficial in the complementary treatment of painful intestinal disorder related to excessive smooth muscle contractility such as IBS.







Author Contributions


Conceived and designed the experiments: L.R. and L.A.M. Performed the experiments: M.S. Analyzed and interpreted the data: L.R., L.A.M., M.S. and D.S. Critically reviewed the study proposal: G.B. and M.T.C. Contributed reagents/materials/analysis tools: G.B. and M.T.C. Wrote the paper: L.R. and L.A.M. Help to outline experiments: T.S. and S.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the University of Calabria “ex quota 60%, 2018–2019”.




Institutional Review Board Statement


The animal study protocol was approved by Italian Ministry of Health (Rome, Italy); (protocol code 700A2N.6TI, date of approval: 13 March 2018). Animal procedures were conducted under approved guidelines by the University Animal Welfare Committee (OPBA) of the Department of Pharmacy, Health and Nutritional Sciences of University of Calabria (Italy) (date of approval: 7 March 2018) and in accordance with the Council Directive (86/609/EEC) and D.Lgs 26/2014 in order to apply the principles of reduction and refinement.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data available are reported in the article.




Acknowledgments


We thank Guido Fico for skillful technical support.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Maruca, G.; Laghetti, G.; Mafrica, R.; Turiano, D.; Hammer, K. The Fascinating History of Bergamot (Citrus Bergamia Risso & Poiteau), the Exclusive Essence of Calabria: A Review. J. Environ. Sci. Eng. A 2017, 6, 22–30. [Google Scholar] [CrossRef]

	



Donato, P.; Bonaccorsi, I.; Russo, M.; Dugo, P. Determination of new bioflavonoids in bergamot (Citrus bergamia) peel oil by liquid chromatography coupled to tandem ion trap-time-of-flight mass spectrometry. Flav. Fragr. J. 2014, 29, 131–136. [Google Scholar] [CrossRef]

	



Navarra, M.; Mannucci, C.; Delbò, M.; Calapai, G. Citrus bergamia essential oil: From basic research to clinical application. Front. Pharmacol. 2015, 6, 36. [Google Scholar] [CrossRef] [PubMed]

	



Agatonovic-Kustrin, S.; Kustrin, E.; Gegechkori, V.; Morton, D.W. Anxiolytic Terpenoids and Aromatherapy for Anxiety and Depression. Adv. Exp. Med. Biol. 2020, 1260, 283–296. [Google Scholar] [CrossRef] [PubMed]

	



Scuteri, D.; Rombolà, L.; Morrone, L.A.; Bagetta, G.; Sakurada, S.; Sakurada, T.; Tonin, P.; Corasaniti, M.T. Neuropharmacology of the neuropsychiatric symptoms of dementia and role of pain: Essential oil of bergamot as a novel therapeutic approach. Int. J. Mol. Sci. 2019, 20, 3327. [Google Scholar] [CrossRef]

	



Morrone, L.A.; Rombolà, L.; Pelle, C.; Corasaniti, M.T.; Zappettini, S.; Paudice, P.; Bonanno, G.; Bagetta, G. The essential oil of bergamot enhances the levels of amino acid neurotransmitters in the hippocampus of rat: Implication of monoterpene hydrocarbons. Pharmacol. Res. 2007, 55, 255–262. [Google Scholar] [CrossRef]

	



Amantea, D.; Fratto, V.; Maida, S.; Rotiroti, D.; Ragusa, S.; Nappi, G.; Bagetta, G.; Corasaniti, M.T. Prevention of Glutamate Accumulation and Upregulation of Phospho-Akt may Account for Neuroprotection Afforded by Bergamot Essential Oil against Brain Injury Induced by Focal Cerebral Ischemia in Rat. Inter. Rev. Neurobiol. 2009, 85, 389–405. [Google Scholar] [CrossRef]

	



Rombolà, L.; Amantea, D.; Russo, R.; Adornetto, A.; Berliocchi, L.; Tridico, L.; Corasaniti, M.T.; Sakurada, S.; Sakurada, T.; Bagetta, G.; et al. Rational Basis for the Use of Bergamot Essential Oil in Complementary Medicine to Treat Chronic Pain. Mini Rev. Med. Chem. 2016, 16, 721–728. [Google Scholar] [CrossRef]

	



Rombolà, L.; Tridico, L.; Scuteri, D.; Sakurada, T.; Sakurada, S.; Mizoguchi, H.; Avato, P.; Corasaniti, M.T.; Bagetta, G.; Morrone, L.A. Bergamot essential oil attenuates anxiety-like behaviour in rats. Molecules 2017, 22, 614. [Google Scholar] [CrossRef]

	



Rombolà, L.; Scuteri, D.; Adornetto, A.; Straface, M.; Sakurada, T.; Sakurada, S.; Mizoguchi, H.; Corasaniti, M.T.; Bagetta, G.; Tonin, P.; et al. Anxiolytic-Like Effects of Bergamot Essential Oil Are Insensitive to Flumazenil in Rats. Evid. Based Complement. Alternat. Med. 2019, 2019, 2156873. [Google Scholar] [CrossRef]

	



Rombolà, L.; Scuteri, D.; Watanabe, C.; Sakurada, S.; Hamamura, K.; Sakurada, T.; Tonin, P.; Corasaniti, M.T.; Bagetta, G.; Morrone, L.A. Role of 5-HT1A receptor in the anxiolytic-relaxant effects of bergamot essential oil in rodent. Int. J. Mol. Sci. 2020, 21, 2597. [Google Scholar] [CrossRef] [PubMed]

	



Sakurada, T.; Mizoguchi, H.; Kuwahata, H.; Katsuyama, S.; Komatsu, T.; Morrone, L.A.; Corasaniti, M.T.; Bagetta, G.; Sakurada, S. Intraplantar injection of bergamot essential oil induces peripheral antinociception mediated by opioid mechanism. Pharmacol. Biochem. Behav. 2011, 97, 436–443. [Google Scholar] [CrossRef] [PubMed]

	



Scuteri, D.; Rombolà, L.; Crudo, M.; Watanabe, C.; Mizoguchi, H.; Sakurada, S.; Hamamura, K.; Sakurada, T.; Tonin, P.; Corasaniti, M.T.; et al. Preclinical Characterization of Antinociceptive Effect of Bergamot Essential Oil and of Its Fractions for Rational Translation in Complementary Therapy. Pharmaceutics 2022, 14, 312. [Google Scholar] [CrossRef]

	



Katsuyama, S.; Otowa, A.; Kamio, S.; Sato, K.; Yagi, T.; Kishikawa, Y.; Komatsu, T.; Bagetta, G.; Sakurada, T.; Nakamura, H. Effect of plantar subcutaneous administration of bergamot essential oil and linalool on formalin-induced nociceptive behavior in mice. Biomed. Res. 2015, 36, 47–50. [Google Scholar] [CrossRef] [PubMed]

	



Kuwahata, H.; Komatsu, T.; Katsuyama, S.; Corasaniti, M.T.; Bagetta, G.; Sakurada, S.; Sakurada, T.; Takahama, K. Peripherally injected linalool and bergamot essential oil attenuate mechanical allodynia via inhibiting spinal ERK phosphorylation. Pharmacol. Biochem. Behav. 2013, 103, 735–741. [Google Scholar] [CrossRef] [PubMed]

	



Komatsu, T.; Katsuyama, S.; Uezono, Y.; Sakurada, C.; Tsuzuki, M.; Hamamura, K.; Bagetta, G.; Sakurada, S.; Sakurada, T. Possible involvement of the peripheral Mu-opioid system in antinociception induced by bergamot essential oil to allodynia after peripheral nerve injury. Neurosci. Lett. 2018, 686, 127–132. [Google Scholar] [CrossRef] [PubMed]

	



Hamamura, K.; Katsuyama, S.; Komatsu, T.; Scuteri, D.; Bagetta, G.; Aritake, K.; Sakurada, T. Behavioral effects of continuously administered bergamot essential oil on mice with partial sciatic nerve ligation. Front. Pharmacol. 2020, 11, 1310. [Google Scholar] [CrossRef]

	



Furness, J.B.; Stebbing, M.J. The first brain: Species comparisons and evolutionary implications for the enteric and central nervous systems. Neurogastroenterol. Motil. 2018, 30, e13234. [Google Scholar] [CrossRef]

	



Annahazi, A.; Schemann, M. The enteric nervous system: “A little brain in the gut”. Neuroforum 2020, 26, 31–42. [Google Scholar] [CrossRef]

	



Russo, R.; Ciociaro, A.; Berliocchi, L.; Cassiano, M.G.V.; Rombolà, L.; Ragusa, S.; Bagetta, G.; Blandini, F.; Corasaniti, M.T. Implication of limonene and linalyl acetate in cytotoxicity induced by bergamot essential oil in human neuroblastoma cells. Fitoterapia 2013, 89, 48–57. [Google Scholar] [CrossRef]

	



Straface, M.; Makwana, R.; Palmer, A.; Rombolà, L.; Aleong, J.C.; Morrone, L.A.; Sanger, G.J. Inhibition of neuromuscular contractions of human and rat colon by bergamot essential oil and linalool: Evidence to support a therapeutic action. Nutrients 2020, 12, 1381. [Google Scholar] [CrossRef] [PubMed]

	



Heghes, S.C.; Vostinaru, O.; Rus, L.M.; Mogosan, C.; Iuga, C.A.; Filip, L. Antispasmodic Effect of Essential Oils and Their Constituents: A Review. Molecules 2019, 24, 1675. [Google Scholar] [CrossRef] [PubMed]

	



Spadaro, F.; Costa, R.; Circosta, C.; Occhiuto, F. Volatile Composition and Biological Activity of Key Lime Citrus aurantifolia Essential Oil. Nat. Prod. Commun. 2012, 7, 1523–1526. [Google Scholar] [CrossRef] [PubMed]

	



Sánchez-Recillas, A.; Arroyo-Herrera, A.L.; Araujo-León, J.A.; Núñez, E.H.; Andrade, O.R. Spasmolytic and Antibacterial Activity of Two Citrus sinensis Osbeck Varieties Cultivated in Mexico. Evid. Based Complement. Alternat. Med. 2017, 2017, 3960837. [Google Scholar] [CrossRef]

	



Cellek, S.; John, A.K.; Thangiah, R.; Dass, N.B.; Bassil, A.K.; Jarvie, E.M.; Lalude, O.; Vivekanandan, S.; Sanger, G.J. 5-HT4 receptor agonists enhance both cholinergic and nitrergic activities in human isolated colon circular muscle. J. Neurogastroenterol. Motil. 2006, 18, 853–861. [Google Scholar] [CrossRef]

	



Vatanparast, J.; Bazleh, S.; Janahmadi, M. The effects of linalool on the excitability of central neurons of snail Caucasotachea atrolabiata. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2017, 192, 33–39. [Google Scholar] [CrossRef]

	



Narusuye, K.; Kawai, F.; Matsuzaki, K.; Miyachi, E. Linalool suppresses voltage-gated currents in sensory neurons and cerebellar Purkinje cells. J. Neural Transm. 2005, 112, 193–203. [Google Scholar] [CrossRef]

	



Kang, P.; Suh, S.H.; Min, S.S.; Seol, G.H. The essential oil of Citrus bergamia Risso induces vasorelaxation of the mouse aorta by activating K+ channels and inhibiting Ca2+ influx. J. Pharm. Pharmacol. 2013, 65, 745–749. [Google Scholar] [CrossRef]

	



Jarvis, G.E.; Barbosa, R.; Thompson, A.J. Noncompetitive Inhibition of 5-HT3 Receptors by Citral, Linalool, and Eucalyptol Revealed by Nonlinear Mixed-Effects Modeling. J. Pharmacol. Exp. Ther. 2016, 356, 549–562. [Google Scholar] [CrossRef]

	



Paschke, M.; Tkachenko, A.; Ackermann, K.; Hutzler, C.; Henkler, F.; Luch, A. Activation of the cold-receptor TRPM8 by low levels of menthol in tobacco products. Toxicol. Lett. 2017, 271, 50–57. [Google Scholar] [CrossRef]

	



Schmulson, M.J.; Drossman, D.A. What is new in Rome IV. J. Neurogastroenterol. Motil. 2017, 23, 151–163. [Google Scholar] [CrossRef] [PubMed]

	



Ford, A.C.; Talley, N.J.; Spiegel, B.M.R.; Foxx-Orenstein, A.E.; Schiller, L.; Quigley, E.M.M.; Moayyedi, P. Effect of fibre, antispasmodics, and peppermint oil in the treatment of irritable bowel syndrome: Systematic review and meta-analysis. BMJ 2008, 337, 1388–1392. [Google Scholar] [CrossRef] [PubMed]

	



Alammar, N.; Wang, L.; Saberi, B.; Nanavati, J.; Holtmann, G.; Shinohara, R.T.; Mullin, G.E. The impact of peppermint oil on the irritable bowel syndrome: A meta-analysis of the pooled clinical data 11 Medical and Health Sciences 1103 Clinical Sciences. BMC Compl. Alter. Med. 2019, 19, 21. [Google Scholar] [CrossRef]

	



Amato, A.; Liotta, R.; Mulè, F. Effects of menthol on circular smooth muscle of human colon: Analysis of the mechanism of action. Eur. J. Pharmacol. 2014, 740, 295–301. [Google Scholar] [CrossRef] [PubMed]

	



Bednarska, O.; Icenhour, A.; Tapper, S.; Witt, S.T.; Tisellb, A.; Lundberg, P.; Elsenbruch, S.; Engström, M.; Walte, S. Reduced excitatory neurotransmitter levels in anterior insulae are associated with abdominal pain in irritable bowel syndrome. Pain 2019, 160, 2004–2012. [Google Scholar] [CrossRef] [PubMed]

	



Gros, M.; Gros, B.; Mesonero, J.E.; Latorre, E. Neurotransmitter Dysfunction in Irritable Bowel Syndrome: Emerging Approaches for Management. J. Clin. Med. 2021, 10, 3429. [Google Scholar] [CrossRef]

	



Chen, L.; Ilham, S.J.; Feng, B. Pharmacological Approach for Managing Pain in Irritable Bowel Syndrome: A Review Article. Anesth. Pain Med. 2017, 7, e42747. [Google Scholar] [CrossRef]

	



Jones, J.; Lembo, A.; Heidelbaugh, J.; Kuritzky, L.; Lacy, B. Management of irritable bowel syndrome with diarrhea: Focus on eluxadoline. Curr. Med. Res. Opin. 2021, 37, 567–578. [Google Scholar] [CrossRef]

	



Moloney, R.D.; Johnson, A.C.; O’Mahony, S.M.; Dinan, T.G.; Greenwood-Van Meerveld, B.; Cryan, J.F. Stress and the Microbiota-Gut-Brain Axis in Visceral Pain: Relevance to Irritable Bowel Syndrome. CNS Neurosci. Ther. 2016, 22, 102–117. [Google Scholar] [CrossRef]

	



Salameh, E.; Meleine, M.; Gourcerol, G.; do Rego, J.C.; do Rego, J.L.; Legrand, R.; Breton, J.; Aziz, M.; Guérin, C.; Coëffier, M.; et al. Chronic colitis-induced visceral pain is associated with increased anxiety during quiescent phase. Am. J. Physiol. Gastrointest. Liver Physiol. 2019, 316, G692–G700. [Google Scholar] [CrossRef]

	



Larauche, M.; Mulak, A.; Taché, Y. Stress and visceral pain: From animal models to clinical therapies. Exp. Neurol. 2012, 233, 49–67. [Google Scholar] [CrossRef] [PubMed]

	



Scuteri, D.; Hamamura, K.; Sakurada, T.; Watanabe, C.; Sakurada, S.; Morrone, L.A.; Rombolà, L.; Tonin, P.; Bagetta, G.; Corasaniti, M.T. Efficacy of Essential Oils in Pain: A Systematic Review and Meta-Analysis of Preclinical Evidence. Front. Pharmacol. 2021, 12, 640128. [Google Scholar] [CrossRef] [PubMed]

	



Scuteri, D.; Cassano, R.; Trombino, S.; Russo, R.; Mizoguchi, H.; Watanabe, C.; Hamamura, K.; Katsuyama, S.; Komatsu, T.; Morrone, L.A.; et al. Development and Translation of NanoBEO, a Nanotechnology-Based Delivery System of Bergamot Essential Oil Deprived of Furocumarins, in the Control of Agitation in Severe Dementia. Pharmaceutics 2021, 13, 379. [Google Scholar] [CrossRef] [PubMed]

	



Scuteri, D.; Sandrini, G.; Tamburin, S.; Corasaniti, M.T.; Nicotera, P.; Tonin, P.; Bagetta, G. Bergamot rehabilitation AgaINst agitation in dementia (BRAINAID): Study protocol for a randomized, double-blind, placebo-controlled trial to assess the efficacy of furocoumarin-free bergamot loaded in a nanotechnology-based delivery system of the essential oil in the treatment of agitation in elderly affected by severe dementia. Phytother. Res. 2021, 35, 5333–5338. [Google Scholar] [CrossRef] [PubMed]








[image: Pharmaceutics 14 00775 g001 550] 





Figure 1. Effect of BEO on ACh-evoked contraction in colon, jejunum and ileum of rat. Each column represents the mean of 3–6 rats. Vertical lines show standard error of mean. ** p < 0.01, *** p < 0.001 and **** p < 0.0001 show the statistical significance between the concentrations of BEO tested on ACh-contraction versus ACh-contraction control (t-tests). ACh = acetylcholine, ATR = atropine BEO = bergamot essential oil. 
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Figure 2. Effect of BEO constituents on ACh-evoked contraction in colon, jejunum and ileum of rat. Each column represents the mean of 3–6 rats. Vertical lines show standard error of mean. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 show the statistical significance between the concentrations of BEO tested on ACh-contraction versus ACh-contraction control (t-tests). ACh = acetylcholine, ATR = atropine, LIM = limonene, α-PIN = α-pinene, LYL-AC = linalyl-acetate, LIN = linalool. 
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Figure 3. Effect of BEO or linalool on KCl-evoked contraction in colon, jejunum and ileum of rat. Each column represents the mean of 3–6 rats. Vertical lines show standard error of mean. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 show the statistical significance between the concentrations of BEO tested on ACh-contraction versus ACh-contraction control (t-tests). KCl = potassium cloride, ATR = atropine, BEO = bergamot essential oil, LIN = linalool. 
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