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Abstract

:

Melilotus officinalis is known to contain several types of secondary metabolites. In contrast, the carotenoid composition of this medicinal plant has not been investigated, although it may also contribute to the biological activities of the drug, such as anti-inflammatory effects. Therefore, this study focuses on the isolation and identification of carotenoids from Meliloti herba and on the effect of isolated (all-E)-lutein 5,6-epoxide on primary sensory neurons and macrophages involved in nociception, as well as neurogenic and non-neurogenic inflammatory processes. The composition of the plant extracts was analyzed by high performance liquid chromatography (HPLC). The main carotenoid was isolated by column liquid chromatography (CLC) and identified by MS and NMR. The effect of water-soluble lutein 5,6-epoxide-RAMEB (randomly methylated-β-cyclodextrin) was investigated on Ca2+-influx in rat primary sensory neurons induced by the activation of the transient receptor potential ankyrin 1 receptor agonist to mustard-oil and on endotoxin-induced IL-1β release from isolated mouse peritoneal macrophages. (all-E)-Lutein 5,6-epoxide significantly decreased the percent of responsive primary sensory neurons compared to the vehicle-treated stimulated control. Furthermore, endotoxin-evoked IL-1β release from macrophages was significantly decreased by 100 µM lutein 5,6-epoxide compared to the vehicle-treated control. The water-soluble form of lutein 5,6-epoxide-RAMEB decreases the activation of primary sensory neurons and macrophages, which opens perspectives for its analgesic and anti-inflammatory applications.
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1. Introduction


Melilotus officinalis (L.) Pall. (Fabaceae), an annual or biennial plant, is native to Europe and has been introduced to North America, Africa, and Australia. It possesses a sweet odor, intensified by drying, due to its coumarin content. Meliloti herba, the dried flowering tops of M. officinalis, is an official medicinal plant drug in the European and Hungarian Pharmacopoeias. The main characteristic constituents are coumarin, 3,4-dihydrocoumarin (melilotin), scopoletin and umbelliferone. Other constituents include flavonoids (mostly kaempferol and quercetin glycosides), triterpene saponins, phenolic acids (caffeic acid, melilotic acid = o-dihydro-coumaric acid), and essential oil [1]. According to the Community Herbal Monograph of European Medicines Agency (EMA), M. officinalis can be used externally and internally to relieve symptoms of discomfort and heaviness of legs related to minor venous circulatory disturbances. Furthermore, M. officinalis topical treatment is beneficial for bruises, sprains and insect bites (Emplastrum Meliloti) [2] and its extract Semelil (Angipars™) has positive effect in the treatment of diabetic foot ulcer [3]. As described above, flavonoids have already been identified in the yellow flowering top of M. officinalis, but we suggest that carotenoids may also contribute to its color and biological activities. Epidemiological studies have confirmed that carotenoids have essential protective, preventive or curative effects in case of severe diseases, e.g., different types of cancer, coronary artery diseases, or eye diseases (e.g., Age-related Macular Degeneration, AMD) [4].



We provide evidence that carotenoids, with special emphasis on lutein, exert potent inhibitory actions on both neurogenic and non-neurogenic inflammatory mechanisms by being incorporated into membranes of sensory nerves and inflammatory cells and modulating lipid rafts around certain ion channels [5,6]. The Transient Receptor Potential (TRP) receptors are nonselective cation channels expressed in a large population of polymodal nociceptors, and activated by a variety of thermal and chemical stimuli [7,8]. The TRP Ankyrin 1 (TRPA1) receptor is an important cold-gated and mechanical transduction channel co-localized with the well-known TRP Vanilloid 1 (TRPV1) pain sensing “capsaicin” receptor [9] in a subset of sensory neurons. Several exogenous and endogenous ligands can open TRPA1, such as formaldehyde, 4-hydroxynonenal, allicin, cinnamaldehyde and mustard oil (MO) [9]. TRPV1 and TRPA1 play crucial regulatory roles in pain sensation [10,11], as well as the release of pro-inflammatory neuropeptides mediating neurogenic inflammation [12,13]. Neurogenic inflammation initiated by sensory neurons plays an important role in the pathophysiological mechanisms of psoriasis, inflammatory bowel diseases, asthma, and arthritis [14]. The presently available conventional anti-inflammatory and analgesic drugs are not able to affect the neurogenic inflammatory component of these diseases, therefore, there is a great need to identify new targets. Lipid rafts are microdomains rich in cholesterol, sphingomyelin and gangliosides and modulate ion channel functions [15,16]. Our research group described that lipid rafts surrounding the TRPV1 and TRPA1 channels regulate their opening properties [17,18], and that lutein modified the lipid raft functions [5].



Carotenoids are non-water-soluble compounds, therefore their investigation in different assays is difficult. Their water-solubility can be increased with cyclodextrins, e.g., RAMEB (randomly methylated β-cyclodextrin (BCD)). RAMEB has about 13–14 methoxy groups per BCD molecule. The distribution of methyl groups on the BCD-ring is statistically random on both the primary and secondary face of the macrocycle. Methylation of BCD results in an amorphous solid compound, which has improved water solubility and complexation efficacy of lipophilic compounds in aqueous solution [19]. The pharmaceutical application of this BCD methyl ether is mainly in the solubilization and delivery of lipophilic drug actives. It is probably the most potent solubility enhancing cyclodextrin derivative [20]. There are two approved human pharmaceutical products which have RAMEB as solubilizing excipient. There is a nasal estradiol product by Servier called Aerodiol™ based on RAMEB as solubility and absorption enhancing excipient [21]. Another RAMEB-based human pharmaceutical product is an eye drop called Clorocil™, a chloramphenicol containing product by Oftalder Co. in Poland [22].



There are data about the flavonoid, but not the carotenoid composition of M. officinalis, used worldwide for inflammatory and painful conditions, therefore, we first analyzed this aspect. Furthermore, the effects of the main carotenoid component, lutein 5,6-epoxide, were investigated on the activation of isolated primary sensory neurons and macrophages involved in nociceptive and inflammatory mechanisms.




2. Results


2.1. Carotenoid Composition of Meliloti Herba


The total carotenoid content was 0.26 mg/g for dry plant material and 0.035 mg/g for wet plant material. The carotenoid composition of the total extract was determined on the basis of the spectrum of the peaks, as well as the retention times (tR) and co-chromatography with authentic reference samples [23,24,25,26,27,28]. The HPLC chromatogram of the saponified total extract (Figure 1) showed that (all-E)-violaxanthin (10.5%) (peak 4), (all-E)-lutein 5,6-epoxide (33.8%) (peak 5), (all-E)- lutein (32.5%) (peak 7) and β-carotene (6.0%) (peak 13) were the most characteristic carotenoids. The detailed composition with the spectroscopic data (nm) of the total extract is shown in Table 1.



The total extract was crystallized with a mixture of toluene and hexane (1:5) [24,26], and the gained crystal was also analyzed by HPLC. Figure 2 and Table 2 present the carotenoid composition of the crystallized extracts: (all-E)-neoxanthin (3.4%) (peak 1), (all-E)-violaxanthin (10.5%) (peak 2), (all-E)-lutein 5,6-epoxide (33.8%) (peak 3), flavoxanthin + chrysanthemaxanthin (3.8%) (peak 4), (all-E)-lutein (32.5%) (peak 5) and β-carotene (6.0%) (peak 6).



From the crystals, the main carotenoids could be isolated by column liquid chromatography (CLC) using a mixture of toluene-hexane (3:2 v/v) [26]. The fractions of carotenoids appeared in order of their decreasing absorption affinity on the CaCO3 column. The following carotenoids were isolated in crystalline state: (all-E)-lutein (Figure 3A) (4 mg; 97% HPLC purity; λmax: 420, 444, 473 nm), (all-E)-lutein 5,6-epoxide (Figure 3B) (6 mg; 98% HPLC purity; λmax: 427, 440, 471 nm), and (all-E)-violaxanthin (Figure 3C) (2 mg; 95% HPLC purity; λmax: 418, 442, 471 nm). The structures of isolated compounds were confirmed by MS and NMR spectroscopic techniques [29,30]. In all samples the protonated mass (M + H+), the sodium adduct (M + Na+) and the potassium adduct (M + K+) were identified (see Figures S1–S3). The results were reproducible for the sample (three replicates) and from different extractions as well. The complete 1H-NMR assignments are also given for the isolated compounds (see Figures S4–S6). The 1H-NMR data (δ(H) and J(H,H) values) were in accordance with the literature data [31,32].



Carotenoids are water-insoluble, therefore the main carotenoid of Meliloti herba, (all-E)-lutein 5,6-epoxide (Figure 3B), was packed into RAMEB (randomly methylated-β-cyclodextrin) to enhance its water-solubility in the in vitro functional experiments.




2.2. RAMEB-Lutein 5,6-Epoxide Decreases Mustard Oil-Evoked Ca2+-Influx in Cultured Primary Sensory Neurons


The percentage of neurons responding with sustained Ca2+-influx after a 20–30 s latency to 200 µM MO activating the TRPA1 ion channel was determined as control. The ratio of mustard oil-responsive cells was 26.1% ± 6.2% (28 out of 107). Neither the proportion of MO-responsive neurons nor the fluorescence increment changed after treatment with RAMEB solvent alone in the highest concentration used for the RAMEB-lutein 5,6-epoxide solution; the respective values were 29.03% ± 7.3% (9 out of 31) and R = 0.84 ± 0.21 (Figure 4A,B). The effect of 1, 3, 10 and 100 μM RAMEB-lutein 5,6-epoxide treatment was measured on the ratio of sensory neurons responding to MO. No effect was detected after 1 μM lutein 5,6-epoxide treatment, but significant inhibition was observed after 3, 10 µM and 100 µM lutein 5,6-epoxide incubation resulting in 11.14% ± 2.85% (11 out of 102), 3.1% ± 2.9% (1 out of 32) and 4.8% ± 3.9% (3 out of 63) responsive cells, respectively (Figure 4A). The peak fluorescence increment (R) to MO was 0.69 ± 0.3, which was significantly decreased by 100 μM RAMEB-lutein 5,6-epoxide to 0.21 ± 0.09 (Figure 4B).




2.3. RAMEB-Lutein 5,6-Epoxide Reduces LPS-Induced IL-1β Production of Isolated Peritoneal Macrophages


LPS (lipopolysaccharide) stimulation induced 853.2 pg/mL IL-1β inflammatory cytokine release from isolated peritoneal macrophages measured in the supernatant. RAMEB treatment alone did not have any effect. RAMEB-lutein 5,6-epoxide concentration-dependently decreased IL-1β production, which was significant in the 100 µM concentration (Figure 5).





3. Discussion


We provide here the first description of the carotenoid composition of M. officinalis. By column chromatographic technique, (all-E)-violaxanthin, (all-E)-lutein 5,6-epoxide and (all-E)-lutein) were isolated in crystalline form, and characterized by modern spectroscopic methods (MS, NMR). Furthermore, functional evidence was demonstrated for the inhibitory effects of the main carotenoid component, (all-E)-lutein 5,6-epoxide, on the activation of primary sensory neurons and isolated macrophages.



We previously showed that greater celandine (Chelidonium majus L.) is one of the most suitable natural sources of (all-E)-lutein 5,6-epoxide [33]. The naturally occurring carotenoid 5,6-epoxides (e.g., lutein 5,6-epoxide, antheraxanthin, violaxanthin) play important role in the xanthophyll cycle of photosynthesis [34]. Lutein and zeaxanthin are protective in eye diseases because of absorbing damaging blue light that enters the eye [4]. Carotenoids are thought to provide health benefits by decreasing the risk of certain cancers [4,35], cardiovascular [4,36] and eye diseases [4,37,38]. These chronic disorders are all associated with inflammatory processes. The beneficial effects of carotenoids are thought to be due to their antioxidant and anti-inflammatory activities [39], but the precise mechanism of action is unclear.



The model systems we used for functional investigation of water-soluble cyclo-dextrine complex of (all-E)-lutein 5,6-epoxide refer to mechanisms involved in a broad range of nociceptive and inflammatory processes: TPRA1 activation is an important pathway of several inflammatory mediators and irritants on sensory neurons [12,13], and LPS-evoked Toll-like receptor 4 stimulation on macrophages mimics an important component of the inflammatory cascade [40].



(all-E)-Lutein 5,6-epoxide decreased the MO-induced TRPA1 receptor activation on primary sensory neurons. These results supported our previously published data showing similar inhibitory action of RAMEB-lutein complex on trigeminal ganglion (TRG) neurons and MO-induced neurogenic mouse ear swelling in vivo [5]. These data suggested that disrupting lipid rafts by depleting their various constituents, decreased the MO-induced opening properties of the TRPA1 cation channel [18]. This concept is supported by the fact that polar carotenoids containing hydroxylated α- and β-ionon rings can be perfectly incorporated into membrane bilayers due to their rod-like structure, polar end groups and the molecular dimensions matching the thickness of the bilayer [41]. RAMEB-lutein 5,6-epoxide might also be able to influence the hydrophobic interactions between the TRPA1 ion channel and membrane lipid raft constituents, and therefore to modulate the gating of TRPA1.



Previous studies showed that coumarin and a standardized extract from the flowers of M. officinalis containing 0.25% coumarin showed anti-inflammatory activities by reducing the activation of circulating phagocytes and citrulline production [42,43]. Therefore, we propose that the main characteristic carotenoid of M. officinalis, (all-E)-lutein 5,6-epoxide, could also contribute to its anti-inflammatory effect. In one study, ethanol and ethyl acetate extracts including carotenoids of Scutellaria barbata could significantly inhibit the production of LPS-induced nitric oxide, prostaglandin E2, IL-6, and IL-1β, as well as the expressions of phosphor extracellular signal-regulated kinase and phosphor-c-Jun N-terminal kinase (p-JNK), but failed to influence tumor necrosis factor-α expression. Both extracts had a concentration-dependent anti-inflammatory activity on macrophage cell line (RAW 264.7) [44]. Our results support that lutein 5,6-epoxide reduces LPS-induced IL-1β production.



Further studies are planned to explore the pharmacological effects and the mode of action of this carotenoid under in vivo conditions to support and broaden its preventive and therapeutic use in the clinical practice.




4. Materials and Methods


4.1. Plant Material and Extraction of Carotenoids


The flowering tops of M. officinalis were collected near Pellérd (southwest part of Hungary) in July 2013. The voucher specimen (Mo01) was deposited at the Herbarium of the Department of Pharmacognosy, University of Pécs (Pécs, Hungary). The authentication of the plant material was done according to the requirements of the European Pharmacopoeia 6.0.



The isolation of carotenoids was performed in darkened laboratory and at room temperature (21 °C) using methanol for dehydration of plant material, to avoid pigment decomposition [24]. The fresh flowering tops (260 g) were extracted three times with methanol and once with diethyl ether. The methanol extracts were combined and transferred into the mixture of hexane and toluene (1:1) in a separating funnel. After evaporation of the latter solution the residue was dissolved in diethyl ether. The ethereal solutions were combined and this total extract was saponified in heterogeneous phase (30% potassium hydroxide in methanol) overnight. Then the plant extract was crystallized with a mixture of toluene and hexane (1:5). The composition of the total and crystallized extracts was analyzed by high performance liquid chromatography (HPLC). The main carotenoids were isolated by column liquid chromatography (CLC) [26].




4.2. Chemicals


All chemicals used in the extraction, in CLC and during HPLC, MS and NMR were analytical grade quality (Sigma-Aldrich Ltd., Budapest, Hungary, Scharlab Magyarország Ltd., Debrecen, Hungary). Acetonitrile (ACN), trifluoroacetic acid (TFA, ≥99%), α-cyano-4-hydroxycinnamic acid (CHCA, ≥99%) and 2,5-dihydroxybenzoic acid (DHB, ≥99%), were purchased from Sigma-Aldrich (Budapest, Hungary). Peptide calibration standard (consisting of bradykinin, angiotensin II, angiotensin I, substance P, renin substrate, ACTH clip (1–17), ACTH clip (18–39) and somatostatin) was obtained from Bruker Daltonics (Bremen, Germany). Bi-distilled water was prepared in our laboratory. In the in vitro pharmacological experiments too, chemicals with analytical grade quality were used (Sigma-Aldrich Ltd., Budapest, Hungary). For the functional studies in the cell culture systems, water soluble randomly methylated-β-cyclodextrin (RAMEB)-lutein 5,6-epoxide complex containing 1% carotenoid was prepared by Cyclolab Ltd. (Budapest, Hungary) [45].




4.3. Instrumentals


UV-Vis spectra were acquired with a Jasco V-530 spectrophotometer (Jasco Corporation, Tokyo, Japan). The HPLC analyses were performed with Dionex P680 quaternary analytical pump, a Dionex PDA 100 UV/vis detector (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with Chromeleon 6.8 software (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and a column temperature control module.



An Autoflex II MALDI instrument from Bruker Daltonics (Bremen, Germany) was employed for the mass spectrometric measurements. 1H-NMR spectra were recorded with a Bruker Avance III 500 (500.15 MHz for 1H, Bruker BioSpin GmbH, Rheinstetten, Germany) spectrometer. Chemical shifts were referenced to the residual solvent signals. Measurements were run at a probe temperature of 298 K in CDCl3 solutions.




4.4. Experimental Conditions of HPLC Analysis


Chromatograms were developed on a 250 × 4.6 mm stainless steel LiChrospher 100 RP 18e, 5 µm (Merck KGaA, Darmstadt, Germany) column, with 1.25 mL/min flow rate, at 22 °C. Eluents were (A) H2O/MeOH = 12/88 v/v%, (B) MeOH and (C) Acetone/MeOH = 50/50 v/v%. The gradient program was the following: 0–2 min 100% A, 2–10 min to 80% A/20%B, 10–18 min to 50% A/50% B,18–25 min to 100% B, 25–27 min 100% B, 27–33 min to 100% C, 33–38 min 100% C, 38–40 min to 100% B (in linear steps). The peak area was used to determine the percentage of individual compounds in the extracts [28].




4.5. Experimental Conditions of CLC Separation


In CLC separation, glass columns with length of 30 cm and inner diameter of 6 cm were used. The adsorbent CaCO3 was pharmacopeial quality (Ph. Hg. VI., Biogal, Debrecen, Hungary). Toluene-hexane mixture (3:2 v/v) was used as eluent [23,26].




4.6. Identification of Carotenoids


The total carotenoid content of Meliloti herba was determined by UV-Vis spectrophotometry [24]. The individual carotenoids were identified on the basis of their UV-Vis spectroscopic properties in different solvents, chemical reactions [(E/Z)-isomerization, 5,6-epoxide → 5,8-epoxide (furanoid oxide) rearrangement] [23,24,25,26,27], by co-chromatography with authentic reference samples [24] and by HPLC retention times. The authentic reference samples were taken from the collection of the traditional Carotenoid Research Group of the Department of Biochemistry and Medical Chemistry, University of Pécs (Hungary). The identification methods mentioned in this paragraph fulfill the minimum identification criteria described in [24]. Moreover, the isolated carotenoids of Meliloti herba were also identified by MS [29] and NMR [30].




4.7. Mass Spectrometry


4.7.1. Preparation of Different Matrices


Two different matrices were used for the ionisation of the samples of isolated carotenoids. DHB was prepared in 50 v/v% acetonitrile and 0.1% TFA in water at a concentration of 25 mg/mL and 10 mg CHCA was dissolved in 300 µL of 50% ACN and 0.1% TFA in water.




4.7.2. MALDI-TOF/MS (Matrix-Assisted Laser Desorption/Ionization-Time of Flight Mass Spectrometry) Conditions and Measurements


All mass spectra were monitored in positive mode with pulsed ionisation (λ = 337 nm; nitrogen laser, maximum pulse rate: 50 Hz; maximal intensity 20–30% of the laser for peptides). Samples were measured in reflectron mode using a delayed extraction of 120 ns. The accelerating voltage was set to +19 kV, and the reflectron voltage was set to +20 kV. Spectra were the sum of 1000 shots, and external calibration has been implemented. Data processing was executed with Flex Analysis software packages (version: 2.4., Bruker BioSpin GmbH, Rheinstetten, Germany).



External calibration was used before every measurement. The instrument was calibrated for the typical masses of the matrixes and for peptide calibration standard mixture. The samples were dissolved in ACN. Dried droplet method was used; 1 µL of sample was put on a steel target plate and 1 µL matrix was mixed with it. The mixture was dried at room temperature and then MS analysis was completed.





4.8. In Vitro Investigation of the Effects of Isolated Lutein 5,6-Epoxide


4.8.1. Ethics Statement


To investigate the effect of lutein 5,6-epoxide in vitro, cultures were prepared from animals. Animals were bred and kept in the Laboratory Animal House of the Department of Pharmacology and Pharmacotherapy, the University of Pécs. The optimal parameters were provided for the animals (e.g., 325 × 170 × 140 mm cages, 12 h light/dark cycle, 24–25 °C, chow, water).



This study was carried out in strict accordance with the following recommendations: European legislation (Directive 2010/63/EU) and Hungarian Government regulation (40/2013., II. 14.) on the protection of animals used for scientific purposes and complied with the recommendations of the International Association for the Study of Pain. The studies were approved by the Ethics Committee on Animal Research of University of Pécs (license No.: BA02/2000-26/2018). Cultures made from 1–3 days old Wistar rat pups were also approved by this Committee. All surgery of mice was performed under deep ketamine (100 mg/kg i.p.) and xylazine (5 mg/kg i.p.) anaesthesia and animals were exsanguinated by decapitation. All efforts were made to minimize suffering.




4.8.2. Primary Cultures of Trigeminal Ganglion (TRG) Neurons


Cultures were made from 1–3 days old Wistar rat pups. Trigeminal ganglia were dissected in phosphate-buffered solution (PBS), incubated for 35 min at 37 °C in collagenase (Type XI, 1 mg/mL) and then in deoxyribonuclease I (1000 units/mL) for 8 min. The ganglia were then rinsed with Ca2+ and Mg2+ free PBS and dissociated by trituration. TRG cells were plated on poly-d-lysin-coated glass coverslips and grown in a nutrient-supplemented medium. The coverslips were maintained at 37 °C in a humid atmosphere with 5% CO2. Nerve growth factor (NGF, 200 ng/mL) was added, as described earlier [17].




4.8.3. Ratio-Metric Technique of Intracellular Free Calcium Concentration [Ca2+]I Measurement with the Fluorescent Indicator Fura-2 AM


Two-three-day-old cell cultures were stained for 30 min at 37 °C with 1 µM fluorescent Ca2+ indicator dye, fura-2-AM (Molecular Probes, Eugene, OR, USA). Dye loading was followed by at least 5 min wash in extracellular solution (ECS) at room temperature. Calcium transients of TRG neurons to MO were examined with a fluorescence microscope (Olympus BX50WI, Tokyo, Japan) as described elsewhere [17]. Fluorescence images were taken with an Olympus LUMPLAN FI/x20 0.5 W water immersion objective and a digital camera (CCD, SensiCam PCO, Kelheim, Germany), connected to a computer. Cells were illuminated alternately at 340 and 380 nm light (for 50 to 400 ms each) generated by a monochromator (Polychrome II., Till Photonics, Kaufbeuren, Germany) under the control of the Axon Imaging Workbench (AIW, Los Altos, CA, USA). Emitted light >510 nm was measured. The R = F340/F380 was monitored (rate 1Hz) continuously for up to 5 min, while a few sample images were also recorded. The R values generated by the Axon Imaging Workbench 2.1 (AIW, Axon Instruments, Los Altos, CA, USA) software were then processed by the Origin software version 7.0 (Originlab Corp., Northampton, MA, USA). Baseline fluorescence was monitored for 20 s at least before drug administration. MO (Sigma, St. Louis, MO, USA) was used in 200 μM. Neurons were incubated with different concentrations of RAMEB-lutein 5,6-epoxide (1, 3, 10 and 100 µM) or the respective RAMEB-vehicle for 60 min, at 37 °C in a humid atmosphere with 5% CO2, or were untreated controls.




4.8.4. Primary Cultures of Peritoneal Macrophages and Measurement of Interleukin-1β (IL-1β)


Peritoneal macrophages were obtained from the peritoneal cavity of 8-week-old male NMRI mice 4 h after i.p. endotoxin (lipopolysaccharide: LPS) injection (300 µL of 300 µg/mL solution per animal, Salmonella enterica LPS, Sigma-Aldrich, St. Louis, MO, USA). Four hours later mice were exsanguinated under deep ketamine and xylazine anaesthesia. The abdominal cavity was leached using 3 mL cell culture medium (RPMI 1640, Sigma, St. Louis, MO, USA) supplemented with 10% foetal bovine serum under sterile conditions. The lavage fluid was collected into ice-cold tubes and cell count was determined in the samples with a haemocytometer. In the next step 100 μL lavage fluid samples, 1 µL LPS solution and 100 µL of test compounds were added into 800 μL culture medium in a 24-well plate. The plates were then incubated in CO2-incubator at 37 °C. Well contents were collected 8 h later and centrifuged for 5 min at 12,500 rpm. The concentration of the inflammatory cytokine IL-1β was measured from the supernatants by sandwich ELISA method using IL-1β BD OptEIA ELISA set (cat. Nr. 559603, BD Biosciences Eastern Europe, Heidelberg, Germany) [46].





4.9. Statistical Analysis


Data reported in this paper are the means ± SEM of at least three independent experiments. Statistical analysis was performed by one-way ANOVA followed by Bonferroni’s post hoc test in cases of the responsive neuronal percentage activation and the IL-1β-release from the macrophages showing normal distribution. The non-parametric Kruskal-Wallis test with the Dunn’s post hoc test was used for analysis of R values. In all cases p ≤ 0.05 was considered statistically significant.





5. Conclusions


The water-soluble form of the main carotenoid component of Melilotus officinalis, lutein 5,6-epoxide-RAMEB, decreases the activation of primary sensory neurons and macrophages, which opens perspectives for its analgesic and anti-inflammatory applications.








Supplementary Materials


The following are available online. Figure S1: Mass spectrum of (all-E)-lutein, Figure S2: Mass spectrum of (all-E)-lutein-5,6-epoxide, Figure S3: Mass spectrum of (all-E)-violaxanthin, Figure S4: 1H-NMR spectrum of the isolated (all-E)-lutein, Figure S5: 1H-NMR spectrum of the isolated (all-E)-lutein 5,6-epoxide, Figure S6: 1H-NMR spectrum of the isolated (all-E)-violaxanthin.





Author Contributions


Conceptualization, Z.H. and G.H.; methodology, Z.H., É.S., and J.D.; software, E.C., Á.K., É.S.; validation, E.C., É.S., and Á.K.; formal analysis, Z.H.; investigation, E.C., E.V.A., M.K., P.M., A.T., G.G.-F., E.T., É.S., M.P., L.S., and Á.K.; resources, Z.H. and G.H.; data curation, Z.H. and G.H.; writing—original draft preparation, Z.H., and G.H.; writing—review and editing, Z.H., G.H., and T.B.; visualization, E.C.; supervision, Z.H. and G.H.; funding acquisition, Z.H., J.D., É.S., Á.K. All authors have read and agreed to the published version of the manuscript.




Funding


J. Deli was supported by NKFI K 128253 grants. This work was sponsored by National Brain Research Program-2 20017-1.2.1-NKP -2017-00002. (NAP-2; Chronic Pain Research Group), GINOP-2.3.2-15-2016-00048, and EFOP-362-16-2017-00006. É. Szőke and Á. Kemény were supported by János Bolyai fellowship of the Hungarian Academy of Sciences and the New National Excellence Program of the Ministry for Innovation and Technology ÚNKP-18-4 an ÚNKP-19-4. The University of Pécs is acknowledged for a support by the 17886-4/23018/FEKUTSTRAT excellence grant.




Institutional Review Board Statement


The study was conducted according to the European legislation (Directive 2010/63/EU), and Hungarian Government regulation (40/2013., II. 14.) on the protection of animals used for scientific purposes and complied with the recommendations of the International Association for the Study of Pain. The studies were approved by the Ethics Committee on Animal Research of University of Pécs (license No. BA02/2000-26/2018).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available in this article and its supplementary material.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



E/S/C/O/P. Meliloti herba—Melilot. In ESCOP Monographs, 2nd ed.; Thieme: Stuttgart, NY, USA, 2003; pp. 320–323. [Google Scholar]

	



EMA Community Herbal Monograph on Melilotus officinalis (L.) Lam., Herba. Available online: http://www.ema.europa.eu/docs/en_GB/document_library/Herbal_Community_herbal_monograph/2010/01/WC500059265.pdf. (accessed on 20 May 2016).

	



Chorepsima, S.; Tentolouris, K.; Dimitroulis, D.; Tentolouris, N. Melilotus: Contribution to wound healing in the diabetic foot. J. Herb. Med. 2013, 3, 81–86. [Google Scholar] [CrossRef]

	



Krinsky, N.I.; Johnson, E.J. Carotenoids actions and their relation to health and disease. Mol. Asp. Med. 2005, 26, 459–516. [Google Scholar] [CrossRef] [PubMed]

	



Horváth, G.; Szőke, É.; Kemény, Á.; Bagoly, T.; Deli, J.; Szente, L.; Pál, S.; Sándor, K.; Szolcsányi, J.; Helyes, Z. Lutein inhibits the function of the Transient Receptor Potential A1 ion channel in different in vitro and in vivo models. J. Mol. Neurosci. 2012, 46, 1–9. [Google Scholar]

	



Horváth, G.; Kemény, Á.; Barthó, L.; Molnár, P.; Deli, J.; Szente, L.; Bozó, T.; Pál, S.; Sándor, K.; Szőke, É.; et al. Effects of some natural carotenoids on TRPA1- and TRPV1-induced neurogenic inflammatory processes in vivo in the mouse skin. J. Mol. Neurosci. 2015, 56, 113–121. [Google Scholar]

	



Gees, M.; Owsianik, G.; Nilius, B.; Voets, T. TRP channels. Compr. Physiol. 2012, 2, 563–608. [Google Scholar] [PubMed]

	



Vay, L.; Gu, C.; McNaughton, P.A. The thermo-TRP ion channel family: Properties and therapeutic implications. Br. J. Pharmacol. 2012, 165, 787–801. [Google Scholar] [CrossRef] [PubMed]

	



Nilius, B.; Szallasi, A. Transient receptor potential channels as drug targets: From the science of basic research to the art of medicine. Pharmacol. Rev. 2014, 66, 676–814. [Google Scholar] [CrossRef]

	



Akopian, A.N.; Ruparel, N.B.; Patwardhan, A.; Hargreaves, K.M. Cannabinoids desensitize capsaicin and mustard oil responses in sensory neurons via TRPA1 activation. J. Neurosci. 2008, 28, 1064–1075. [Google Scholar] [CrossRef]

	



Salas, M.M.; Hargreaves, K.M.; Akopian, A.N. TRPA1-mediated responses in trigeminal sensory neurons: Interaction between TRPA1 and TRPV1. Eur. J. Neurosci. 2009, 29, 1568–1578. [Google Scholar] [CrossRef]

	



Helyes, Z.; Németh, J.; Thán, M.; Bölcskei, K.; Pintér, E.; Szolcsányi, J. Inhibitory effect of anandamide on resiniferatoxin-induced sensory neuropeptide release in vivo and neuropathic hyperalgesia in the rat. Life Sci. 2003, 73, 2345–2353. [Google Scholar] [CrossRef]

	



Helyes, Z.; Pintér, E.; Sándor, K.; Elekes, K.; Bánvölgyi, Á.; Keszthelyi, D.; Szőke, É.; Tóth, D.M.; Sándor, Z.; Kereskai, L.; et al. Impaired defense mechanism against inflammation, hyperalgesia, and airway hyperreactivity in somatostatin 4 receptor gene-deleted mice. Proc. Natl. Acad. Sci. USA 2009, 106, 13088–13093. [Google Scholar] [CrossRef]

	



Geppetti, P.; Materazzi, S.; Nicoletti, P. The transient receptor potential vanilloid 1: Role in airway inflammation and disease. Eur. J. Pharmacol. 2006, 533, 207–214. [Google Scholar] [CrossRef] [PubMed]

	



Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 2000, 1, 31–39. [Google Scholar] [CrossRef]

	



Sjögren, B.; Svenningsson, P. Depletion of the lipid raft constituents, sphingomyelin and ganglioside, decreases serotonin binding at human 5-HT7(a) receptors in HeLa cells. Acta Physiol. 2007, 190, 47–53. [Google Scholar] [CrossRef] [PubMed]

	



Szőke, É.; Börzsei, R.; Tóth, D.M.; Lengl, O.; Helyes, Z.; Sándor, Z.; Szolcsányi, J. Effect of lipid raft disruption on TRPV1 receptor activation on trigeminal sensory neurons and transfected cell line. Eur. J. Pharmacol. 2010, 628, 67–74. [Google Scholar] [CrossRef]

	



Sághy, É.; Szőke, É.; Payrits, M.; Helyes, Z.; Börzsei, R.; Erostyák, J.; Jánosi, T.Z.; Sétáló, G., Jr.; Szolcsányi, J. Evidence for the role of lipid rafts and sphingomyelin in Ca2+-gating of Transient Receptor Potential channels in trigeminal sensory neurons and peripheral nerve terminals. Pharmacol. Res. 2015, 100, 101–116. [Google Scholar] [CrossRef]

	



Szente, L.; Szejtli, J. Highly soluble cyclodextrin derivatives: Chemistry, properties, and trends in development. Adv. Drug Deliv. Rev. 1999, 36, 17–28. [Google Scholar] [CrossRef]

	



Evrard, B.; Bertholet, P.; Gueders, M.; Flament, M.-P.; Piel, G.; Delattre, L.; Gayot, A.; Leterme, P.; Foidart, J.-M.; Cataldo, D. Cyclodextrins as a potential carrier in drug nebulization. J. Control. Release 2004, 96, 403–410. [Google Scholar] [CrossRef]

	



Fonknechten, G.; Wuthrich, P.; Tsouderos, Y.; Varin, C. Patent Fr. Demande FR 2827516 A1 Lab. Servier, Jan 2003. Available online: https://patentimages.storage.googleapis.com/2a/1b/6c/ac99192108a651/WO2003015751A1.pdf (accessed on 18 January 2021).

	



Fenyvesi, É. Approved pharmaceutical products containing cyclodextrins. Cyclodext. News 2013, 27, 1. [Google Scholar]

	



Molnár, P.; Szabolcs, J. Alkaline permanganate oxidation of carotenoid epoxides and furanoids. Acta Chim. Acad. Sci. Hung. 1979, 99, 155–173. [Google Scholar]

	



Schiedt, K.; Liaaen-Jensen, S. Isolation and Analysis. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 1995; Volume 1A, pp. 81–108. [Google Scholar]

	



Molnár, P. Research of the (E/Z)-isomerization of carotenoids in Pécs since the 1970s. Arch. Biochem. Biophys. 2009, 483, 156–164. [Google Scholar] [CrossRef]

	



Molnár, P.; Kawase, M.; Motohashi, N. Isolation, crystallization and handling of carotenoids and (E/Z)-isomerization of carotenoids. In Functional Polyphenols and Carotenoids with Antioxidative Action; Motohashi, N., Ed.; RSFLASH: Kerala, India, 2005; pp. 111–131. [Google Scholar]

	



Zechmeister, L. Cis-Trans Isomeric Carotenoids. Vitamins A and Arylpolyenes; Springer: Wien, Austria, 1962. [Google Scholar]

	



Pfander, H.; Riesen, R. High-Performance Liquid Chromatography. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 1995; Volume 1A, pp. 145–190. [Google Scholar]

	



Enzell, C.R.; Back, S. Mass Spectrometry. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 1995; Volume 1B, pp. 261–320. [Google Scholar]

	



Englert, G. NMR Spectroscopy. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 1995; Volume 1B, pp. 147–260. [Google Scholar]

	



Deli, J.; Molnár, P.; Tóth, G.; Szabolcs, J.; Radics, L. Determination of the geometrical configuration of naturally occurring mono-cis lutein epoxides. Phytochemistry 1988, 27, 547–549. [Google Scholar] [CrossRef]

	



Molnár, P.; Szabolcs, J.; Radics, L. Naturally occurring di-cis-violaxanthins from Viola tricolor: Isolation and identification by 1H-NMR spectroscopy of four di-cis-isomers. Phytochemistry 1986, 25, 195–199. [Google Scholar] [CrossRef]

	



Horváth, G.; Molnár, P.; Farkas, Á.; Szabó, L.G.; Turcsi, E.; Deli, J. Separation and identification of carotenoids in flowers of Chelidonium majus L. and inflorescences of Solidago canadensis L. Chromatographia 2010, 71, S103–S108. [Google Scholar] [CrossRef]

	



Young, A.J.; Philip, D.; Ruban, A.V.; Horton, P.; Frank, H.A. The xanthophyll cycle and carotenoid-mediated dissipation of excess excitation energy in photosynthesis. Pure Appl. Chem. 1997, 69, 2125–2130. [Google Scholar] [CrossRef]

	



Rock, C.L. Carotenoids and cancer. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 2009; Volume 5, pp. 269–287. [Google Scholar]

	



Johnson, E.J.; Krinsky, N.I. Carotenoids and coronary heart diseases. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 2009; Volume 5, pp. 287–301. [Google Scholar]

	



Khachik, F.; Bernstein, P.S.; Garland, D.L. Identification of lutein and zeaxanthin oxidation products in human and monkey retinas. Investig. Ophthalmol. Vis. Sci. 1997, 38, 1802–1811. [Google Scholar]

	



Schalch, W.; Landrum, J.T.; Bone, R.A. The eye. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 2009; Volume 5, pp. 301–335. [Google Scholar]

	



Bhatt, D.L. Anti-inflammatory agents and antioxidants as a possible “Third Great Wave” in cardiovascular secondary prevention. Am. J. Cardiol. 2008, 101, 4D–13D. [Google Scholar] [CrossRef]

	



Zhu, Z.; Zhang, H.; Zhang, X.; He, S.; Dong, W.; Wang, X.; Chen, Y.; Liu, X.; Guo, C. Lipopolysaccharide downregulates CD163 expression to inhibit PRRSV infection via TLR4-NF-κB pathway. Front. Microbiol. 2020, 11, 501. [Google Scholar] [CrossRef]

	



Britton, G.; Liaaen-Jensen, S.; Pfander, H. Special molecules, special properties. In Carotenoids; Britton, G., Liaaen-Jensen, S., Pfander, H., Eds.; Birkhäuser Verlag: Basel, Switzerland; Boston, MA, USA; Berlin, Germany, 2008; Volume 4, pp. 1–6. [Google Scholar]

	



Plesca-Manea, L.; Parvu, A.E.; Parvu, M.; Puia, M. Effect of coumarin on acute experimental inflammation. Noutatea Med. 1999, 3, 17–21. [Google Scholar]

	



Plesca-Manea, L.; Parvu, A.E.; Parvu, M.; Taamas, M.; Buia, R.; Puia, M. Effect of Melilotus officinalis on acute inflammation. Phytother. Res. 2002, 16, 316–319. [Google Scholar] [CrossRef]

	



Hsin-Lan, L.; Tsai-Hua, K.; Chyuan-Yuan, S.; Bing-Huei, C. Functional components in Scutellaria barbata D. Don with anti-inflammatory activity on RAW 264.7 cells. J. Food Drug Anal. 2018, 26, 31–40. [Google Scholar]

	



Iványi, R.; Németh, K.; Visy, J.; Szeman, J.; Szente, L.; Simonyi, M. Water soluble carotenoid/CD complexes: Preparation, characterization. In Proceedings of the 14th International Cyclodextrins Symposium, Kyoto, Japan, 8–11 May 2008; pp. 1–29. [Google Scholar]

	



Markovics, A.; Szőke, É.; Sándor, K.; Börzsei, R.; Bagoly, T.; Kemény, Á.; Elekes, K.; Pintér, E.; Szolcsányi, J.; Helyes, Z. Comparison of the anti-inflammatory and anti-nociceptive effects of cortistatin-14 and somatostatin-14 in distinct in vitro and in vivo model systems. J. Mol. Neurosci. 2012, 46, 40–50. [Google Scholar] [CrossRef]












	
	
Sample Availability: The isolated carotenoid samples are available from the authors.












[image: Molecules 26 00503 g001 550] 





Figure 1. The HPLC chromatogram of the total extract of Meliloti herba. Detection at 450 nm; other conditions in the Material and Methods section. For peak numbers see Table 1. 
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Figure 2. The HPLC chromatogram of the crystallized extract of Meliloti herba. Detection at 450 nm; other conditions in the Material and Methods section. For peak numbers see Table 2. 
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Figure 3. The most characteristic carotenoids of Meliloti herba. (A) (all-E)-lutein. (B) (all-E)-lutein 5,6-epoxide. (C) (all-E)-violaxanthin. 
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Figure 4. Effect of randomly methylated-β-cyclodextrin-(RAMEB)-lutein 5,6-epoxide on TRP Ankyrin 1 (TRPA1) activation-induced Ca2+-influx in cultured trigeminal ganglion neurons. (A) Columns show the percentage of neurons responding to the TRPA1 activating agent mustard oil (MO, 200 μM) in untreated control, RAMEB-solvent-treated control and 1, 3, 10 and 100 μM RAMEB-lutein 5,6-epoxide-treated cell cultures. N = 31–107 cells per group. *** p < 0.001, (vs. RAMEB alone, One-way ANOVA, Bonferroni’s post hoc test). (B) Change in the fluorescence ratio (R = F340/F380) is presented after 1–100 µM RAMEB-lutein 5,6-epoxide treatment. Dot plot represents mean + SEM * p < 0.05, (Kruskall-Wallis test with Dunn’s post-test, RAMEB-lutein 5,6-epoxide vs. RAMEB control). N = 31–107 cells per group. 






Figure 4. Effect of randomly methylated-β-cyclodextrin-(RAMEB)-lutein 5,6-epoxide on TRP Ankyrin 1 (TRPA1) activation-induced Ca2+-influx in cultured trigeminal ganglion neurons. (A) Columns show the percentage of neurons responding to the TRPA1 activating agent mustard oil (MO, 200 μM) in untreated control, RAMEB-solvent-treated control and 1, 3, 10 and 100 μM RAMEB-lutein 5,6-epoxide-treated cell cultures. N = 31–107 cells per group. *** p < 0.001, (vs. RAMEB alone, One-way ANOVA, Bonferroni’s post hoc test). (B) Change in the fluorescence ratio (R = F340/F380) is presented after 1–100 µM RAMEB-lutein 5,6-epoxide treatment. Dot plot represents mean + SEM * p < 0.05, (Kruskall-Wallis test with Dunn’s post-test, RAMEB-lutein 5,6-epoxide vs. RAMEB control). N = 31–107 cells per group.



[image: Molecules 26 00503 g004]







[image: Molecules 26 00503 g005 550] 





Figure 5. Activity of RAMEB-lutein 5,6-epoxide on lipopolysaccharide-(LPS)-induced IL-1β production. Concentration of IL-1β inflammatory cytokine in peritoneal macrophage cell culture supernatant after LPS stimulation was significantly decreased upon higher dose (100 µm) RAMEB+lutein-5,6-epoxid treatment. N = 3. * p < 0.05, (vs. LPS treated cells, One-way ANOVA, Tukey’s post hoc test). 
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Table 1. The carotenoid composition of the total extract of Meliloti herba.
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Carotenoid

	
Peak Number

	
tR (min)

	
%

	
UV-Vis λmax (nm) in High Performance Liquid Chromatography (HPLC) Solvent






	
Unidentifiable mixture

	
1

	
6.9

	
1.0

	
401

	
424

	
444




	
(all-E)-neoxanthin

	
2

	
9.4

	
3.4

	
417

	
440

	
469




	
(9Z)-neoxanthin

	
3

	
11.3

	
0.8

	
413

	
436

	
465




	
(all-E)-violaxanthin

	
4

	
12.5

	
10.5

	
416

	
438

	
468




	
(all-E)-lutein 5,6-epoxide

	
5

	
17.2

	
33.8

	
415

	
438

	
468




	
flavoxanthin + chrysanthemaxanthin

	
6

	
18.7

	
3.8

	
398

	
420

	
447




	
(all-E)-lutein

	
7

	
21.8

	
32.5

	
(418)

	
443

	
471




	
(13Z) + (13′Z)-lutein 5,6-epoxide

	
8

	
22.8

	
1.5

	
409

	
432

	
460




	
(9Z) + (9′Z)-lutein

	
9

	
25.5

	
2.6

	
(414)

	
439

	
466




	
(13Z) + (13′Z)-lutein

	
10

	
26.3

	
1.2

	
(412)

	
437

	
463




	
α-cryptoxanthin

	
11

	
32.8

	
1.6

	
(420)

	
445

	
473




	
(9Z) + (9′Z)-β-cryptoxanthin

	
12

	
36.2

	
1.3

	
(420)

	
447

	
473




	
β-carotene

	
13

	
39.6

	
6.0

	
(423)

	
452

	
478
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Table 2. The carotenoid composition of the crystallized extract of Meliloti herba.
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Carotenoid

	
Peak Number

	
tR (min)

	
%

	
UV-Vis λmax (nm) in HPLC Solvent






	
(all-E)-neoxanthin

	
1

	
9.0

	
3.4

	
417

	
441

	
469




	
(all-E)-violaxanthin

	
2

	
12.0

	
10.5

	
416

	
439

	
468




	
(all-E)-lutein 5,6-epoxide

	
3

	
16.6

	
33.8

	
415

	
438

	
467




	
flavoxanthin + chrysanthemaxanthin

	
4

	
18.2

	
3.8

	
398

	
421

	
447




	
(all-E)-lutein

	
5

	
21.2

	
32.5

	
(418)

	
443

	
470




	
β-carotene

	
6

	
38.9

	
6.0

	
(423)

	
452

	
478
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