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Abstract

:

In the present work, the anthelmintic activity (AA) of ethanolic extracts obtained from Gliricidia sepium, Leucaena leucocephala, and Pithecellobium dulce was evaluated using the third-stage-larval (L3) exsheathment inhibition test (LEIT) and egg hatch test (EHT) on Haemonchus contortus. Extracts were tested at concentrations of 0.3, 0.6, 1.2, 2.5, 5.0, 10, 20, and 40 mg/mL. The larval exsheathment inhibition (LEI) results showed that G. sepium achieved the highest average inhibition of 91.2%, compared with 44.6% for P. dulce and 41.0% for L. leucocephala at a concentration of 40 mg/mL; the corresponding IC50 values were 22.4, 41.7, and 43.3 mg/mL, respectively. The rates of egg hatching inhibition (EHI) at a concentration of 5 mg/mL were 99.5% for G. sepium, 64.2% for P. dulce, and 54% for L. leucocephala; the corresponding IC50 values were 1.9 mg/mL for G. sepium, 3.9 mg/mL for P. dulce, and 4.3 mg/mL for L. leucocephala. The species extracts studied here were also analyzed by ultra-high performance liquid chromatography and Orbitrap high resolution mass spectrometry (UHPLC-Q/Orbitrap/MS/MS), resulting in the compounds’ identification associated with AA. Glycosylated flavonoids and methoxyphenols were observed in all three species: fatty acids in G. sepium and P. dulce; phenylpropanoids, anthraquinone glycosides, amino acids and glycosylated phenolic acids in G. sepium; and flavonoids in L. leucocephala. Comparatively, G. sepium presented a greater diversity of compounds potentially active against the control of gastrointestinal nematodes, which was associated with the results obtained in the applied tests.
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1. Introduction


Gastrointestinal parasitism is among the factors with the greatest adverse economic impact on the world’s ovine industry [1,2]. Several studies have demonstrated the impact of this pathology on sheep production [3,4,5]. In Colombia, pregnant sheep are the main group reported to be affected by parasitism, with lambs younger than three months being the most susceptible group [6]. Furthermore, parasites of the Trichostrongylidae, Strongylidae, Trichuridae, and Ancylostomatidae families were found at prevalence rates of 92.5%, 48.3%, 12.0%, and 11.0% in sheep in Tolima, Colombia [7]. This is consistent with the results that claim that H. contortus is a common parasite in the tropics [8], and has both high biotic potential and large larval loads in pastures.



Attempts at controlling gastrointestinal parasitism by using chemical substances indiscriminately without epidemiological knowledge [9] has given rise to anthelmintic resistance and chemical traces being present in both food and the environment [10]. This anthelmintic resistance has been demonstrated in different parts of the world [11,12,13,14,15,16]. In Colombia, multiple resistance in gastrointestinal nematodes (H. contortus, Trichostrongylus spp., and Cooperia spp.) has been found, particularly in the regions of Cundinamarca and Valle del Cauca [17].



While some researchers found traces of anthelmintics in food products [18,19], others have warned about the risk of antiparasitic agents in the host–parasite relationship in wildlife environments [20], as well as toxic effects on aquatic and terrestrial fauna [21,22]. To help overcome these problems, deworming control options have been explored, including the use of plant extracts as a natural alternative, as they are easily accessible at the locally level and have less of a potential negative effect on the environment [23,24]. In fact, a number of studies have involved in vitro evaluations of the AA of plant extracts and fractions against H. contortus [25,26,27,28], but only a few studies have featured the chemical characterization of active extracts. Some studies have shown anthelmintic effects of compounds such as tannins [29,30,31], flavonoids [32], essential oils [33,34,35], phenylpropanoids [36,37], and alkaloids [38,39].



With respect to the three forage species focused on in this study, AA has been demonstrated against gastrointestinal nematodes such as H. contortus, Teladorsagia circumcincta, Trichostrongylus colubriformis, and Oesophagostomum columbianum. For example, G. sepium was shown to exert an anthelmintic effect in vitro against larvae [40,41,42] and eggs [42,43], while L. leucocephala affected larvae [44,45]; moreover, P. dulce inhibited larval development and migration [46] and reduced the elimination of eggs in goats in vivo [47]. Given the importance of these plant species as a food source in ruminants due to their nutritional and productive attributes, it is interesting to compare their anthelmintic effects in vitro as well as to identify the main compounds with potential effects on H. contortus. The aims of this study were (i) to evaluate the AA of ethanol extracts of forage species collected in dry tropical forest, namely, G. sepium, L. leucocephala, and P. dulce, through LEIT and EHT, and (ii) to identify bioactive compounds with possible anthelmintic activity in all extracts using UHPLC-Q/Orbitrap/MS/MS.




2. Results


2.1. Identified Compounds with Reported Anthelmintic Activity


A total of 53 compounds were identified in G. sepium, 33 in L. leucocephala, and 29 in P. dulce. The compounds of these three species associated with AA are shown in Table 1. The chromatograms used in the analysis are shown in the Supplementary Material (Supplementary Figures S1–S3), as well as the molecular formulas and structures of the compounds linked to AA (Supplementary Tables S1–S3). In G. sepium, a greater number of compounds (n = 18) was identified than in L. leucocephala (n = 14) or P. dulce (n = 5); likewise, the number of types of compound was higher in G. sepium (n = 7) than in L. leucocephala (n = 3) or P. dulce (3). Compounds with an anthelmintic effect were identified as glycosylated flavonoids and methoxyphenols in all three species: fatty acids in G. sepium and P. dulce; phenylpropanoids other than flavonoids, anthraquinonic glycosides, amino acids, and glycosylated phenolic acids in G. sepium; and flavonoids in L. leucocephala.




2.2. Larval Exsheathment Inhibition


Extracts at concentrations of 40, 20, 10, 5, 2.5, 1.25, and 0.6 mg/mL were analyzed in terms of LEI; plant species and concentration levels were analyzed individually, along with how they interacted together. Figure 1A shows a microscopic image of the L3 H. contortus larvae, both with and without cuticle, detected through this LEI test.



Regarding the effects of plant species, the LEI percentage of G. sepium (19.1%) was significantly higher (p < 0.05) than that of P. dulce or L. leucocephala (11.6% and 10.0%, respectively). With respect to the effects of extract concentration, the LEI effect increased with increasing concentration, showing significant differences (p < 0.05) when comparing concentrations of 10, 20, and 40 mg/mL. As for the plant–concentration interaction, the percentage of LEI increased with increasing concentration of the extracts, and significant differences (p < 0.05) were observed among the inhibitions produced by the 40, 20, and 10 mg/mL concentrations (Table 2). The single highest LEI (91.2%) was observed at a concentration of 40 mg/mL with G. sepium, followed by a 45.1% effect at 20 mg/mL of the same plant, with a significant difference (p < 0.05) between the two concentrations. In contrast, the effects of P. dulce and L. leucocephala at a concentration of 40 mg/mL were 44.6% and 41.0%, respectively. The Tween and DMSO controls had the lowest values, showing significant differences (p < 0.05) when compared with most of the other treatments.




2.3. Egg Hatch Test


In terms of the effects of the different plant species used to compare the anthelmintic effect, there were significant differences (p < 0.05) between the EHI average of G. sepium extract and those of the P. dulce and L. leucocephala extracts. The results obtained with G. sepium showed the greatest EHI (52.9%), followed by P. dulce (38.4%) and L. leucocephala (36.2%).



Significant differences (p < 0.05) in EHI were identified when comparing between different concentrations. Concentrations of 2.5, 5, and 10 mg/mL produced inhibition percentages of 30.9%, 73.2%, and 100%. Regarding plant–concentration interaction, the highest single EHI (100%) was detected at a concentration of 10 mg/mL, with no significant differences (p > 0.05) among the three plant species; at 5 mg/mL, there were significant differences (p < 0.05) in the EHI of G. sepium when compared with P. dulce and L. leucocephala (Figure 2). There were also significant differences (p < 0.0001) between the DMSO and Tween negative controls, the positive treatments with fenbendazole, and the treatments with extracts.



2.3.1. Morulated Eggs (ME)


Figure 1B shows a microscopic image of H. contortus ME found in the EHT. There were significant differences (p < 0.05) in average ME concentration among the three plant species; G. sepium obtained the single highest level with 47.6%, followed by P. dulce with 42.9% and L. leucocephala with 38.4%. When comparing the concentrations of the extracts, it was found that at 20, 10, and 5.0 mg/mL there were significant differences (p < 0.05) in the ME averages (99.5%, 95.2%, and 45.2%, respectively).



All three plant species showed a marked difference regarding the plant–concentration interaction (p < 0.05) at 5.0 mg/mL (75.6%, 43.9%, and 16.3%). No significant differences (p >0.05) were observed among the three plant species at concentrations of 20, 10, 2.5, 1.2, 0.6, and 0.3 mg/mL (Figure 3). With respect to the controls, significant differences (p < 0.0001) were observed for DMSO, Tween 80, and fenbendazole when compared with the other treatments.




2.3.2. Larvated Eggs (LE)


The effect of the three plant species, the concentration, and the plant–concentration interaction on the percentage of LE of H. contortus was analyzed when applying the EHT. Figure 1C shows the H. contortus larvated eggs found in the LE test. Regarding the effect of the particular plant species used, G. sepium showed the highest LE average percentage at 11.9%, followed by L. leucocephala with 7.7% and P. dulce with 4.9%, which were significantly different (p < 0.05). With regard to the effect of the concentration of plan extract used, the highest LE percentage was produced at 5 mg/mL, followed by 2.5 mg/mL and 10 mg/mL, which were significantly different (p < 0.05), giving averages of 30.9%, 14.5%, and 4.7%, respectively.



Regarding the plant–concentration interaction, significant differences (p < 0.05) were found between the average LE count of L. leucocephala (42.7%) and those of G. sepium and P. dulce (24% and 25.9%) at 5 mg/mL, while at a concentration of 2.5 mg/mL, there were significant differences (p < 0.05) among all three plant species (38.6% with G. sepium, 4.6% with L. leucocephala, and 0.4% with P. dulce). No significant differences were observed (p > 0.05) between the average LE obtained at a concentration of 5 mg/mL with L. leucocephala and 0.25 mg/mL with G. sepium. Similar findings were obtained across all three extracts, where there was a change in the effect on the transition from larvae to LE at lower concentrations and that from LE to ME at higher concentrations (Figure 4).





2.4. Inhibitory Concentrations 50 and 99 (IC50, IC99)


2.4.1. Larval Exsheathment Inhibition (LEI)


In the determination of the IC50 and IC99 for LEI, it was observed that the extract of G. sepium presented the lowest values, indicating its greater effectiveness in inhibiting the process of exsheathment of L3 larvae of H. contortus. L. leucocephala and P. dulce produced similar results at higher concentrations, indicating less effectiveness (Table 3).




2.4.2. Egg Hatching Inhibition (EHI)


The result of the determination of IC50 and IC99 for EHI showed a similar effect as that described for LEI; lower values were also observed for the extract of G. sepium, indicating its greater effectiveness in inhibiting egg hatching of H. contortus compared to L. leucocephala and P. dulce (Table 3).






3. Discussion


The present investigation evaluated the AA of plant extracts of the species G. sepium, L. leucocephala, and P. dulce by means of LEIT and IHT in vitro in H. contortus. To complement and establish a plausible explanation for the results obtained in the biological tests, analysis of the extracts was performed using UHPLC-Q/Orbitrap/MS/MS. With regard to biological tests G. sepium had a greater effect on LEI than P. dulce and L. leucocephala, with the latter two species showing similar behavior to each other. However, the three extracts produced smaller effects on LEI than those reported in previous studies conducted on H. contortus [41]. G. sepium also showed the greatest EHI effect, followed by P. dulce and L. leucocephala. The results obtained for G. sepium generally indicated more potent effects than reported in previous studies [42,43,48], unlike the results obtained for P. dulce [46] and L. leucocephala [49]. The effects on the ME and LE percentages were greatest for G. sepium, as demonstrated by the effect of its extract, which inhibited H. contortus embryonic development and egg hatching. Additionally, the effects on ME obtained for all three plant species were greater than those observed in previous studies [50,51]. G. sepium achieved similar LE results to those reported by Reference [43], and L. leucocephala achieved inhibition rates similar to the Theobroma cacao [51].



When comparing the IC50 values of L. leucocephala for LEI [50,51,52], found lower values than those observed in this study. In addition, the IC50 of G. sepium for EHI in gastrointestinal sheep parasites [53] was lower than that observed here, and lower than that found [42], while a lower IC50 was observed [48] when using extracts and fractions of cotyledon and L. leucocephala seeds. The differences found in comparison with previous studies could possibly be associated with the effects of environmental conditions on the crops [54,55], plant materials used, plant varieties [56,57], age and origin of the nematodes used [25,58], procedure for obtaining extracts [59], type of solvent [60], and laboratory techniques.



Our results revealed that G. sepium exhibited a greater diversity of secondary metabolites with AA (Table 1), followed by L. leucocephala and then P. dulce. Glycosyl flavonoids and methoxyphenols were present in all three plant species, which may be associated with the results observed in this research. The glycosyl flavonoids identified in G. sepium have been reported to show evidence of AA in H. contortus [32] and in several gastrointestinal sheep parasites [61]. This activity has also been demonstrated for other plants containing the same metabolites [61,62,63]. Additionally, glycosyl flavonoids identified in L. leucocephala have also been found in plant species [64,65,66,67,68,69] in which AA has been demonstrated by tests on H. contortus and other gastrointestinal nematodes.



Compounds of the same class as detected in P. dulce have also been reported previously in this same species [70], in other plants [71,72,73] for which AA has been demonstrated in vitro [32,74,75], and even specifically in H. contortus [75,76]. However, glycosyl flavonoids and their aglycones were shown to have the opposite effects on gastrointestinal nematodes. It was found that plant fractions non-active against H. contortus were mainly made up of glycosylated flavonoids, while hydroxycinnamic derivatives were identified in the most active fraction [77]. Dihydrocapsiate, a methoxyphenol, was identified and quantified in four Capsicum species; among these was Capsicum frutescens [78], for which there is also evidence of biological activity on Pheretima posthuma [79] and Tubifex tubifex [80]. All of these findings suggest a possible role of this compound in the observed effects of G. sepium and P. dulce. Similarly, a study on Rhus natalensis and the role of tannins and other polyphenols in the elimination of H. contortus found that quinic acid derivatives are possibly associated with this process [81], which could also be related to the anthelmintic effect of L. leucocephala.



Major fatty acid compounds with AA were identified in G. sepium and P. dulce, while in L. leucocepahala the molecules with such effects were flavonoids and phenylpropanoids other than flavonoids. Meanwhile, anthraquinonic glycosides, amino acids, and glycosylated phenolic acids were found only in the ethanolic extract of G. sepium. When the AA results reported in other studies were analyzed with regard to the aforementioned metabolites, it was found that some of them acted individually, while others had greater effects upon binding to other compounds; members of yet another smaller group were found to be part of larger complex molecules. The presence of a second group of compounds with AA in G. sepium, as demonstrated in other studies, could be associated with the differences found in the observed in vitro test results.



Regarding fatty acids, such as those identified in G. sepium, a few studies have evaluated their anthelmintic effects; some have shown that these fatty acids probably have the ability to act either individually or together. With respect to azelaic acid specifically, identified its possible effect on Caenorhabditis elegans [82], which was suggested to be associated with the activity of the steroid enzyme 5 alpha-reductase [83]. Other authors have reported AA against nematodes such as Meloidogyne incognita [84], Oesophagostomum dentatum [85], Haemonchus spp., Oesophagostomum spp., and Trichostrongylus [86]. Moreover, it can be observed a combined effect of fatty acids and tannins on larvae of Toxocora canis [36].



Regarding the flavonoids identified in L. leucocephala, AA against H. contortus has been observed in plants in which quercetin was identified [61,81,87]. Other studies demonstrated the same activities of quercetin and apigenin [88], and the presence of these flavonoids has also been reported in Matricaria recutita [89,90], a plant proven to exert AA [91]. The flavone apigenin has also been shown to exert anthelmintic effects in nematodes such as Caenorhabditis elegans. In addition, in a study with 13 flavones, it was shown that apigenin inhibits larval growth [92]. Subsequently, researched the mechanisms associated with C. elegans larval growth inhibition, proposing that apigenin acts as a stressor in order to either activate the DAF-16 transcription factor or inhibit DAF-2/insulin signaling [93].



Other compounds identified in G. sepium as anthraquinone glycosides, amino acids, and glycosylated phenolic acids have been associated with AA. With respect to anthraquinone compounds, observed the effect against sheep gastrointestinal parasites of two anthraquinone compounds (1.8 dihydroxiantraquinone and 1.2 dihydroxiantraquinone) [94]; more recently, several anthraquinones were successfully tested and it was specifically 1-methyl-2,3,8-trihydroxiantraquinone that was the most active against Brugia malayi and Schistosoma mansoni [95]. With respect to amino acids, the importance of glutamic acid in the cytotoxic capacity of cyclotides (cyclic proteins) has been reported [96], as well as the biological capacity in H. contortus of cycloviolacin-O2, the most powerful anthelmintic cyclotide [97]. With reference to glycosylated phenolic acids, it has been reported that phenylactic acid (R) containing cyclohexadepsipeptides suc as enniatin is highly active in vivo against H. contortus in sheep [98,99].




4. Materials and Methods


4.1. Chemicals


Absolute ethanol, acetic acid, acetonitrile, sterilized distilled water, methanol hypergrade for LC-MS (Merck, Darmstadt, Germany), DMSO (Mallinckrodt Baker, Phillipsburg, Kentucky, USA), Tween 80 (Sigma-Aldrich, St. Louis, MO, USA), 98% fenbendazole (Sigma-Aldrich, St. Louis, MO, USA), and Lugol (Albor Chemicals) were used.




4.2. Plant Material


Leaves of G. sepium, L. leucocephala, and P. dulce were collected at the Universidad del Tolima’s farm “El Recreo,” located in the rural area of Caracolí in the municipality of Guamo (Tolima-Colombia), at 4°00′32.7′′ N (4.009090) and 74°58′51.4′′ W (74.980943). The plants were identified by Prof. Hector Esquivel and the vouchers of the specimens (No. 18329 (P. dulce), No. 18330 (G. sepium), and No. 18331 (L. leucocephala)) are kept in the herbarium of the Universidad del Tolima.




4.3. Extraction and Isolation


The leaves of the plants were dried at 25 °C in the dark and ground in a mill (1 kg each). They were then macerated individually in ethanol (three times, 2.0 L, 5 days/extraction), followed by the extracts being filtered by gravity using Whatman filter paper, grade 1, and the solvent being concentrated under reduced pressure at 45 °C, obtaining 9.2%, 4.8%, and 6.1% yields of crude extracts for G. sepium, L. leucocephala, and P. dulce, respectively. UHPLC-Q/Orbitrap/MS/MS analysis of all ethanol extracts was performed in order to identify the predominant compounds.




4.4. Instrumentation


A Thermo Scientific Dionex Ultimate 3000 UHPLC system with a PDA detector controlled by Chromeleon 7.2 software coupled to a Q-Orbitrap high-resolution exactive focus mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) was employed. The chromatographic system was coupled to MS with a source II heated electro-nebulization ionization probe (HESI II). The Q Exactive 2.0 SP 2, Xcalibur 2.3, and Trace Finder 3.2 software programs (Thermo Fisher Scientific) were used for UHPLC mass spectrometer control and data processing.



4.4.1. Liquid Chromatography Parameters


As explained above, a portion of each extract (5 mg) obtained was dissolved in 5 mL of 1% formic acid–MeOH solution. It was then filtered through a 0.45 mm membrane (PTFE, Milford, MA, USA) and injected into the system. Liquid chromatography was performed using a UHPLC C-18 column (Acclaim, 150–length-4.6 mm ID, 5 m; Restek Corporation, Bellefonte, PA, USA) operated at 25 °C. The detection wavelengths were 255, 280, 355, and 640 nm, and the detection was performed from 200 to 800 nm. The mobile phases were 1% formic aqueous solution (A) and acetonitrile (B). The gradient program was as follows: (0.00 min, 5% B); (5.00 min, 5% B); (10.00 min, 30% B); (15.00 min, 30% B); (20.00 min, 70% B); (25.00 min, 70% B); (35.00 min, 5% B), and 12 min was allowed for balance before each injection. The flow rate was 1.0 mL/min and the injection volume was 10 µL. Standards and extracts dissolved in methanol were maintained at 10 °C during storage.




4.4.2. Mass Spectrometry Parameters


Optimal operating conditions were achieved with the following parameters: gas pressure: 32 psi; auxiliary gas flow: 7 L min−1; flow rate of scanning gas: 1 L/min; spray voltage: −2500 V for negative ionization mode; capillary temperature: 320 °C; vaporizer temperature: 295 °C; and RF level of the S lens: 50%. High-resolution mass spectrometry (HRMS) was performed in full MS mode (resolution 70,000 FWHM at 200 Da) in the mass range m/z of 80–1000 for the negative ionization mode, and was performed to measure the target ions of precursors. The complete MS2 ions (full scan and data-dependent MS/MS mode) simultaneously recorded the MS/MS spectra (fragmentation) for the precursors. Maximum and minimum gain automatic control (AGC) objectives were 8 × 103 and 5 × 103, respectively, and the normalized collision energy was 30%. All parameters of the UHPLC-HRMS system were controlled through Thermo Scientific Xcalibur version 4.0 software (Thermo Scientific, Bremen, Germany).



To analyze the results of UHPLC-Q/Orbitrap/MS/MS, the Thermo Xcalibur 2.3 program was used to check the retention time, total mass, mass of fragments, molecular formula of possible compounds, and UV spectral data.





4.5. Anthelmintic Activity


4.5.1. Larval Exsheathment Inhibition Test


Larval and egg tests were performed in accordance with the protocols reported by Reference [100]. For the LEI tests, eight treatments (40, 20, 10, 5, 2.5, 1.25, 0.6, and 0.3 mg/mL), six repetitions per treatment, and two controls (DMSO and Tween 80) were established. The three extracts were diluted in 1% DMSO and sterilized distilled water (pH: 6.9). Subsequently, the mixtures were prepared at concentrations of 40, 20, 10, 5, 2.5, 1.25, 0.6, and 0.3 mg/mL; next, at 3000 µL of diluted extract, Tween 80 (2.5%) was added to a solution containing 600 L3 H. contortus and sterilized distilled water (pH: 6.9) until a final volume of 6000 µL was reached. The control treatments involved DMSO (1%) and Tween 80 (2.5%). The mixtures were incubated in Falcon tubes at a temperature of 22 °C for 3 h in a Memmert IF55 incubator, with stirring every 30 min. To remove the extract, the tubes were centrifuged several times at 1950× g for 3 min in EBA 20 Hettich equipment, removing and replacing the supernatant.



Next, the exsheathment tests were prepared in 24 well flat-bottomed cell culture plates by adding solution containing 100 larvae along with sodium hypochlorite at a final concentration of 0.07% and sterilized distilled water (pH: 6.9) until a volume of 2000 µL was reached. Lugol was finally added to each column of the wells every 10 min, until a total of six additions had been made. The numbers of larvae with and without a sheath were counted under an Olympus CKX41 inverted microscope at 10×. The results are expressed in the form of percentage of exsheathment at each extract concentration.




4.5.2. Egg Hatch Test


Stool was taken directly from the rectum of a sheep with monospecific infection of a Colombian isolate of H. contortus (ROCUB-2018), which is a field strain susceptible to benzimidazoles and resistant to levamisole. It was then macerated and filtered through four sieves (Fisherbrand™, Thermo Fisher Scientific Inc., Waltham, MA, USA) of different sizes. To facilitate filtration, sterilized distilled water (pH: 6.9) was used and the material retained in the smaller-pore-size sieve was recovered in 50 mL Falcon tubes. All of the material was then centrifuged at 459× g for 5 min, after which coprological syrup was added to the obtained sediment and centrifuged at 459× g for 5 min on Rotina 420 Hettich equipment. The supernatant was then deposited in the smallest sieve and sterilized distilled water (pH: 6.9) was added until the syrup was removed.



For the bioassay, 24 well plates were used, with eight treatments and six repetitions per treatment performed. The amount of extract needed to obtain concentrations of 40, 20, 10, 5, 2.5, 1.25, 0.6, and 0.3 mg/mL per well was diluted in 1% DMSO, and Tween 80 (2.5%) was added to the solution that contained 100 eggs and sterilized distilled sterilized water (pH: 6.9), for a total volume of 1000 µL. The control treatments contained DMSO (1%), Tween 80 (2.5%), and 3% fenbendazole (98%; Sigma®). The plates were incubated at 27 °C for 24 h in a Memmert IF55 incubator (Memmert GMbH, Buchenbach, Germany); Lugol was then applied to stop the process and the numbers of eggs, eggs with larvae, and larvae were determined using an inverted microscope.



To obtain the percentages of the tests described above, the formulas applied were used according to [51].





4.6. Statistical Analysis


For the data processing, mixed general linear models were used, which incorporated heteroscedastic variance models to assess the effect of extracts and fractions on LEI and EHI, and the repetitions were used as a random effect. When applying these models, the assumptions of normality and homogeneity of variance were evaluated by means of diagnostic charts of residuals with box-and-whisker plots, qq-plots, histograms, and dispersion of residuals compared with what was predicted. Likewise, significant differences were evaluated through the 5% Fisher LSD test. These analyses were processed using Infostat statistics software (Universidad Nacional de Cordoba-Cordoba, Argentina) [101], as well as through the platform for general and mixed linear models of the statistical program R statistics software (University of Auckland-Auckland, New Zaland) (version 3.4.4) [102]. To calculate the IC50 and IC99, the Probit model of the Statgraphics 2009 statistical package was used.





5. Conclusions


In order to evaluate the in vitro AA of the extracts of leaves of G. sepium, L. leucocephala, and P. dulce, LEIT and IHT were applied, and the compounds with potential AA were identified by analysis of the extracts using UHPLC-Q/Orbitrap/MS/MS. Through comparative evaluation of the ethanol extracts of the three most commonly used forage species in dry tropical forest, it was established that G. sepium showed a better effect on LEI of L3, larval development, and EHI of samples from sheep infected with H. contortus. In addition, it showed the lowest IC50 values for LEI and EHI, proving its more potent anthelmintic effects. The results of UHPLC-Q/Orbitrap/MS/MS analysis supported the presence of major compounds exerting AA in the three plant species, among which were glycosylated flavonoids, flavonoids, phenylpropanoids other than flavonoids, methoxyphenols, anthraquinonic glycosides, amino acids, phenolic acids, glycosylates, and fatty acids. The greater diversity of compounds with anthelmintic activity in G. sepium could have influenced the results; however, it will be necessary to consider the interactions between compounds with AA in further studies. Compounds with AA were identified for the first time in all three studied plant species, although such compounds had previously been reported in other plant species. It is highly likely that these compounds exert synergistic effects within the same extract, and possibly among extracts from different plant species. The three species evaluated showed AA and thus represent a locally available resource alternative to conventional parasitic management in dry tropical conditions.








Supplementary Materials


The following are available online, Figure S1. UHPLC TIC (total ion current) chromatogram of G. sepium ethanolic extract, Figure S2. UHPLC TIC, chromatogram Leucaena leucocephala ethanolic extract, Figure S3. UHPLC TIC chromatogram of Pithecellobium dulce ethanolic extract, Table S1. Tentative identification of compounds in the ethanolic extract of Gliricidia sepium by UHPLC-Q/Orbitrap/MS/MS, Table S2. Tentative identification of compounds of the ethanolic extract of Leucaena leucocephala by UHPLC-Q/Orbitrap/MS/MS, Table S3. Tentative identification of compounds in the ethanolic extract of Pithecellobium dulce by UHPLC-Q/Orbitrap/MS/MS.





Author Contributions


N.R. performed investigation, formal analysis, writing—original draft and data curation; C.A. performed methodology, validation and resources; J.C.-C. performed methodology, validation and resources; N.E. performed writing—original draft; M.J.S. performed writing—review and editing; O.G.-B. and Á.C. performed conceptualization, writing—review and editing, supervision, and resources. All authors have read and agreed to the published version of the manuscript.




Funding


O.G.-B. Thank funding from the Ministry of Science, Technology and Innovation, the Ministry of Education, the Ministry of Industry, Commerce and Tourism, and ICETEX, Programme Ecosistema Científico-Colombia Científica, from the Francisco José de Caldas Fund, Grand RC-FP44842-212-2018. C.A. thanks FONDECYT Regular 1190314 (CONICYT) and M.J.S Grand RC-FP44842-212-2018.




Acknowledgments


The authors express their thanks to Department of Chemistry, Faculty of Sciences, Universidad de Chile; Animal Health Laboratory, Tibaitatá Research Center, AGROSAVIA, Mosquera, Colombia; and Faculty of Natural Sciences and Mathematics. O.G-B. Grand RC-FP44842-212-2018 Colombia científica., Universidad de Ibagué, and Facultad de Medicina Veterinariay Producción Animal, Universidad del Tolima.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Charlier, J.; van der Voort, M.; Kenyon, F.; Skuce, P.; Vercruysse, J. Chasing helminths and their economic impact on farmed rumiants. Trends Parasitol. 2014, 30, 361–367. [Google Scholar] [CrossRef] [PubMed]

	



Mavrot, F. Livestock Nematode Infection in a Changing World: Investigating the European Situation. Ph.D. Thesis, University of Zurich, Zurich, Switzerland, 2016. [Google Scholar]

	



Herrera, L.; Ríos, L.; Zapata, R. Frequency of infection with gastrointestinal nematodes in sheep and goats in five municipalities of Antioquia. Rev. MVZ Cordoba 2013, 18, 3851–3860. [Google Scholar]

	



Mavrot, F.; Hertzberg, H.; Torgerson, P. Effect of gastro-intestinal nematode infection on sheep performance: A systematic review and meta-analysis. Parasit. Vectors 2015, 8, 557. [Google Scholar] [CrossRef] [PubMed]

	



Díaz-Anaya, A.M.; Chavarro-Tulcán, G.I.; Pulido-Medellín, M.O.; García-Corredor, D.; Vargas-Avella, J.C. Coproparasitological study in sheep grazing in Boyacá, Colombia. Rev. Salud Anim. 2017, 391, 1–8. [Google Scholar]

	



Parra, R.I.; Magaña, M.A.; Duarte, J.H.; Téllez, G. Technical characterization and profitability of sheep farms with entrepreneurial vision of the department of Tolima. Rev. Colomb. Cienc. Anim. 2014, 7, 64–72. [Google Scholar]

	



Laviano, H.D. Prevalence of Gastrointestinal Parasites in Sheep in the Department of Tolima; Graduate work; University of Tolima: Ibagué, Colombia, 2017. [Google Scholar]

	



Besier, R.B.; Kahn, L.P.; Sargison, N.D.; Van Wyk, J.A. The pathophysiology, ecology and epidemiology of Haemonchus contortus infection in small ruminants. Adv. Parasitol. 2016, 93, 95–143. [Google Scholar]

	



Enejoh, O.S.; Suleiman, M.M. Anthelmintics and their application in veterinary medicine. Res. Med. Eng. Sci. 2017, 2, 000536. [Google Scholar]

	



Lara, D. Anthelmintic resistance: Origin, development and control. Cienc. Tecnol. Agropecu. 2003, 4, 55–71. [Google Scholar] [CrossRef]

	



Traversa, D.; von Samson-Himmelstjerna, G. Anthelmintic resistance in sheep gastro-intestinal strongyles in Europe. Small Rumin. Res. 2016, 135, 75–80. [Google Scholar] [CrossRef]

	



Atanásio-Nhacumbe, A.; Carybé, M.C.; Lambert, S.M.; Souza, B.P. Anthelmintic resistance in gastrointestinal nematodes of goats in Southern Mozambique. J. Vet. Med. Anim. Health 2017, 9, 313–319. [Google Scholar]

	



Goolsby, M.K.; Leite-Browning, M.L.; Browning, R. Evaluation of parasite resistance to commonly used commercial anthelmintics in meat goats on humid subtropical pasture. Small Rumin. Res. 2017, 146, 37–40. [Google Scholar] [CrossRef]

	



Herrera-Manzanilla, F.A.; Ojeda-Robertos, N.F.; González-Garduño, R.; Cámara-Sarmiento, R.; Torres-Acosta, J.F. Gastrointestinal nematode populations with multiple anthelmintic resistance in sheep farms from the hot humid tropics of Mexico. Vet. Parasitol. 2017, 9, 29–33. [Google Scholar] [CrossRef] [PubMed]

	



Hodgson, B.A.; Mulvaney, C.J. Resistance to a triple-combination anthelmintic in Trichostrongylus spp. on a Commercial Sheep Farm in New Zealand. N. Z. Vet. J. 2017, 65, 277–281. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, P.A.; Riet-Correa, B.; Estima-Silva, P.; Coelho, A.C.; Santos, B.L.; Costa, M.A.; Ruas, J.L.; Schild, A.L. Multiple anthelmintic resistance in Southern Brazil sheep flocks. Rev. Bras. Parasitol. Vet. 2017, 26, 427–432. [Google Scholar] [CrossRef]

	



Garcia, C.; Sprenger, L.K.; Benavides, E.; Belträo, M. First Report of multiple anthelmintic resistance in nematodes of sheep in Colombia. An. Acad. Bras. Cienc. 2016, 88, 397–402. [Google Scholar] [CrossRef]

	



Kaufmann, A.; Butcher, P.; Maden, K.; Walker, S.; Widmer, M. Quantification of anthelmintic drug residues in milk and muscle tissues by liquid chromatography coupled to Orbitrap and liquid chromatography coupled to tandem mass spectrometry. Talanta 2011, 85, 991–1000. [Google Scholar] [CrossRef]

	



Ortelli, D.; Cognard, E.; Jan, P.; Edder, P. Comprehensive fast multiresidue screening of 150 veterinary drugs in milk by ultra-performance liquid chromatography coupled to time of flight mass spectrometry. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2009, 877, 2363–2374. [Google Scholar] [CrossRef]

	



Morley, N.J. Environmental risk and toxicology of human and veterinary waste pharmaceutical exposure to wild aquatic host-parasite relationships. Environ. Toxicol. Pharmacol. 2009, 27, 161–175. [Google Scholar] [CrossRef]

	



Yoshimura, H.; Endoh, Y.S. Acute toxicity to freshwater organisms of antiparasitic drugs for veterinary use. Environ. Toxicol. 2005, 20, 60–66. [Google Scholar] [CrossRef]

	



Kolar, L.; Kozuh, N.; Hogerwerf, L.; van Gestel, C.A. Toxicity of abamectin and doramectin to soil invertebrates. Environ. Pollut. 2008, 151, 182–189. [Google Scholar] [CrossRef]

	



Costa, R.M.; Vaz, A.F.; Xavier, H.S.; Correia, M.T.; Carneiro-da-Cunha, M.G. Phytochemical screening of Phthirusa Pyrifolia leaf extracts: Free-radical scavenging activities and environmental toxicity. S. Afr. J. Bot. 2015, 99, 132–137. [Google Scholar] [CrossRef]

	



Mkenda, P.; Mwanauta, R.; Stevenson, P.C.; Ndakidemi, P.; Mtei, K.; Belmain, S.R. Extracts from field margin weeds provide economically viable and environmentally benign pest control compared to synthetic pesticides. PLoS ONE 2015, 10, e0143530. [Google Scholar] [CrossRef] [PubMed]

	



Chan-Pérez, J.I.; Torres-Acosta, J.F.; Sandoval-Castro, C.A.; Hoste, H.; Castañeda-Ramírez, G.S.; Vilarem, G.; Mathieu, C. In Vitro susceptibility of ten Haemonchus contortus isolates from different geographical origins towards acetone: Water extracts of two tannin rich plants. Vet. Parasitol. 2016, 217, 53–60. [Google Scholar] [CrossRef] [PubMed]

	



Kumarasingha, R.; Preston, S.; Yeo, T.C.; Lim, D.S.; Tu, C.L.; Palombo, E.A.; Shaw, J.M.; Gasser, R.B.; Boag, P.R. Anthelmintic activity of selected ethno-medicinal plant extracts on parasitic stages of Haemonchus contortus. Parasit. Vectors 2016, 9, 187. [Google Scholar] [CrossRef]

	



Cabardo, D.E.; Portugaliza, H.P. Anthelmintic activity of Moringa oleifera seed aqueous and ethanolic extracts against Haemonchus contortus eggs and third stage larvae. Int. J. Vet. Sci. Med. 2017, 5, 30–34. [Google Scholar] [CrossRef]

	



Soldera-Silva, A.; Seyfried, M.; Campestrini, L.H.; Zawadzki-Baggio, S.F.; Minho, A.P.; Molento, M.B.; Maurer, J.B. Assessment of anthelmintic activity and bio-guided chemical analysis of Persea americana seed extracts. Vet. Parasitol. 2018, 251, 34–43. [Google Scholar] [CrossRef]

	



Brunet, S.; Hoste, H. Monomers of condensed tannins affect the larval exsheathment of parasitic nematodes of ruminants. J. Agric. Food Chem. 2006, 54, 7481–7487. [Google Scholar] [CrossRef]

	



Naumann, H.D.; Armstrong, S.A.; Lambert, B.D.; Muir, B.D.; Tedeschi, J.P.; Kothmann, M.M. Effect of molecular weight and concentration of legume condensed tannins on in vitro larval migration inhibition of Haemonchus contortus. Vet. Parasitol. 2014, 199, 93–98. [Google Scholar] [CrossRef]

	



Quijada, J.; Fryganas, C.; Ropiak, H.M.; Ramsay, A.; Mueller-Harvey, I.; Hoste, H. Anthelmintic activities against Haemonchus contortus or Trichostrongylus colubriformis from small ruminants are influenced by structural features of condensed tannins. J. Agric. Food Chem. 2015, 63, 6346–6354. [Google Scholar] [CrossRef]

	



Barrau, E.; Fabre, N.; Fouraste, I.; Hoste, H. Effect of bioactive compounds from sainfoin (Onobrychis viciifolia Scop.) on the in vitro larval migration of Haemonchus contortus: Role of tannins and flavonol glycosides. Parasitology 2005, 131, 531–538. [Google Scholar] [CrossRef]

	



Camurça-Vasconcelos, A.L.; Bevilaqua, C.M.; Morais, S.M.; Maciel, M.V.; Costa, C.T.; Macedo, I.T.; Olivera, L.M.; Braga, R.R.; Silva, R.A.; Vieira, L.S. Anthelmintic activity of Croton zehntneri and Lippia sidoides essential oils. Vet. Parasitol. 2007, 148, 288–294. [Google Scholar] [CrossRef] [PubMed]

	



Macedo, I.T.; Bevilaqua, C.M.; de Oliveira, L.; Camurça-Vasconcelos, A.L.; Vieira, L.S.; Oliveira, F.R.; Queiroz-Junior, E.M.; Portela, B.G.; Barros, R.S.; Chagas, A.C. Ovicidal and larvicidal activity in vitro of Eucalyptus globulus essential oils on Haemonchus contortus. Rev. Bras. Parasitol. Vet. 2009, 18, 62–66. [Google Scholar] [CrossRef] [PubMed]

	



Pessoa, L.M.; Morais, S.M.; Bevilaqua, C.M.; Luciano, J.H. Anthelmintic activity of essential oil of Ocimum gratissimum Linn. and eugenol against Haemonchus contortus. Vet. Parasitol. 2002, 109, 59–63. [Google Scholar] [CrossRef]

	



Kiuchi, F.; Tsuda, Y.; Kondo, K.; Yoshimura, H.; Nishioka, I.; Nonaka, G. Studies on crude drugs effective on visceral Larva migrans. III. The bursting activity of tannins on dog roundworm larva. Chem. Pharm. Bull. 1988, 36, 1796–1802. [Google Scholar] [CrossRef] [PubMed]

	



Perrett, S.; Whitfield, P.J. Anthelmintic and pesticidal activity of Acorus gramineus (Araceae) is associated with phenylpropanoid asarones. Phytother. Res. 1995, 9, 405–409. [Google Scholar] [CrossRef]

	



Morais, S.M.; Beviláqua, C.M.; Aprecida, L.; Moura de Assis, L. Chemical investigation of Spigelia anthelmia Linn. used in brazilian folk medicine as anthelmintic. Rev. Bras. Farmacogn. 2002, 12, 81–82. [Google Scholar] [CrossRef]

	



Wang, G.X.; Zhou, Z.; Jiang, D.X.; Han, J.; Wang, J.F.; Zhao, L.W.; Li, J. In Vivo anthelmintic activity of five alkaloids from Macleaya microcarpa (Maxim) Fedde against Dactylogyrus intermedius in Carassius auratus. Vet. Parasitol. 2010, 171, 305–313. [Google Scholar] [CrossRef]

	



Ríos-de Alvarez, L.; Jackson, F.; Greer, A.; Bartley, Y.; Bartley, D.J.; Grant, G.; Huntley, J.F. In Vitro screening of plant lectins and tropical plant extracts for anthelmintic properties. Vet. Parasitol. 2012, 186, 390–398. [Google Scholar] [CrossRef]

	



Von Son-de Fernex, E.; Alonso-Diaz, M.; Valles-de la Mora, B.; Capetillo-Leal, C.M. In Vitro anthelmintic activity of five tropical legumes on the exsheathment and motility of Haemonchus contortus infective larvae. Exp. Parasitol. 2012, 131, 413–418. [Google Scholar] [CrossRef]

	



Puerto-Abreu, M.; Arece-García, J.; López-Leyva, Y.; Roche, Y.; Molina, M.; Sanavria, A.; da Fonseca, A.H. In Vitro effect of Moringa oleifera and Gliricida sepium aqueus extracts in the development of non- parasitic stages of sheep gastrointestinal strongyles. Rev. Salud Anim. 2014, 36, 28–34. [Google Scholar]

	



Wabo-Poné, J.; Kenne-Tameli, F.; Mpoame, M.; Pamo-Tedonkeng, E.; Bilong-Bilong, C.F. In Vitro activities of acetonic extracts from leaves of three forage legumes (Calliandra calotyrsus, Gliricidia sepium and Leucaena diversifolia) on Haemonchus contortus. Asian Pac. J. Trop. Med. 2011, 4, 125–128. [Google Scholar] [PubMed]

	



Ademola, I.O.; Akanbi, A.I.; Idowu, S.O. Comparative nematocidal activity of chromatographic fractions of Leucaena leucocephala. Seed against gastrointestinal sheep nematodes. Pharm. Biol. 2005, 43, 599–604. [Google Scholar] [CrossRef]

	



Alonso-Diaz, M.A.; Torres-Acosta, J.F.; Sandoval-Castro, C.A.; Aguilar-Caballero, A.J.; Hoste, H. In Vitro larval migration and kinetics of exsheathment of Haemonchus contortus larvae exposed to four tropical tanniniferous plant extracts. Vet. Parasitol. 2008, 153, 313–319. [Google Scholar] [CrossRef] [PubMed]

	



Olmedo-Juárez, A.; Rojo-Rubio, R.; Arece-García, J.; Salem, A.Z.M.; Kholif, A.E.; Morales-Almaraz, E. In Vitro activity of Pithecellobium dulce and Lysiloma acapulcensis on exogenous development stages of sheep gastrointestinal strongyles. Ital. J. Anim. Sci. 2014, 13, 3104. [Google Scholar] [CrossRef]

	



León-Castro, Y.; Olivares-Pérez, J.; Rojas-Hernández, S.; Villa-Mancera, A.; Valencia-Almazán, M.T.; Hernández-Castro, E.; Córdova-Izquierdo, A.; Jiménez-Guillén, R. Effect of three fodder trees on Haemonchus contortus control and weight variations in kids. Ecosistemas Recur. Agropecu. 2015, 2, 193–201. [Google Scholar]

	



Kabore, A.; Traore, A.; Nignan, M.; Gnanda, B.I.; Bamogo, V.; Tamboura, H.H.; Bélem, A.M. In Vitro anthelmintic activity of Leucaena leucocephala (Lam.) De Wit. (Mimosaceae) and Gliricidia sepium (Jacq.) Kunth ex Steud (Fabaceae) leave extracts on Haemonchus contortus ova and larvae. J. Chem. Pharm. Res. 2012, 4, 303–309. [Google Scholar]

	



Soares, A.M.; de Araújo, S.A.; Lopes, S.G.; Costa-Junior, L.M. Anthelmintic activity of Leucaena leucocephala protein extracts on Haemonchus contortus. Rev. Bras. Parasitol. Vet. 2015, 24, 396–401. [Google Scholar] [CrossRef]

	



Castañeda-Ramírez, G.S.; Torres-Acosta, J.F.; Sandoval-Castro, C.A.; Gonzalez-Pech, P.G.; Parra-Tabla, V.P.; Mathieu, C. Is there a negative association between the content of condensed tannins, total phenols, and total tannins of tropical plant extracts and in vitro anthelmintic activity against Haemonchus contortus Eggs? Parasitol. Res. 2017, 116, 3341–3348. [Google Scholar] [CrossRef]

	



Vargas-Magaña, J.J.; Torres-Acosta, J.F.; Aguilar-Caballero, A.J.; Sandoval-Castro, C.A.; Hoste, H.; Chan-Perez, J.A. Anthelmintic activity of acetone-water extracts against Haemonchus contortus eggs: Interactions between tannins and other plant secondary compounds. Vet. Parasitol. 2014, 206, 322–327. [Google Scholar] [CrossRef]

	



Castañeda-Ramírez, G.S.; Rodriguez-Labastida, M.; Ortiz-Ocampo, G.I.; Gonzalez-Pech, P.G.; Ventura-Cordero, J.; Borges-Argaez, R.; Torres-Acosta, J.F.; Sandoval-Castro, C.A.; Mathieu, C. An in vitro approach to evaluate the nutraceutical value of plant foliage against Haemonchus contortus. Parasitol. Res. 2018, 117, 3979–3991. [Google Scholar] [CrossRef]

	



Pérez-Pérez, C.; Hernández-Villegas, M.M.; de la Cruz-Burelo, P.; Bolio-López, G.I.; Hernández-Bolio, G.I. In Vitro anthelmintic effect of methanolic leaf extract of Gliricidia sepium against gastrointestinale nematodes of sheep. Trop. Subtro. Agroecosyst. 2014, 17, 105–111. [Google Scholar]

	



Sampaio, B.L.; Edrada-Ebel, R.; Da Costa, F.B. Effect of the environment on the secondary metabolic profile of Tithonia diversifolia: A model for environmental metabolomics of plants. Sci. Rep. 2016, 6, 29265. [Google Scholar] [CrossRef] [PubMed]

	



Ashraf, M.A.; Iqbal, M.; Rasheed, R.; Hussain, I.; Riaz, M.; Arif, M.S. Environmental stress and secondary metabolites in plants: An overview. In Plant Metabolites and Regulation Under Environmental Stress; Academic Press: London, UK, 2018; pp. 153–167. [Google Scholar]

	



Torres, N.; Goicoechea, N.; Antolín, M.C. Antioxidant properties of leaves from different accessions of grapevine (Vitis vinifera L.) cv. Tempranillo after applying biotic and/or environmental modulator factors. Ind. Crops Prod. 2015, 76, 77–85. [Google Scholar] [CrossRef]

	



Senica, M.; Stampar, F.; Veberic, R.; Mikulic-Petkovsek, M. The higher the better? Differences in phenolics and cyanogenic glycosides in Sambucus nigra leaves, flowers and berries from different altitudes. J. Sci. Food Agric. 2017, 97, 2623–2632. [Google Scholar] [CrossRef]

	



Castañeda-Ramírez, G.S.; Mathieu, C.; Vilarem, G.; Hoste, H.; Mendoza-de-Gives, P.; González-Pech, P.G.; Torres-Acosta, J.F.; Sandoval-Castro, C.A. Age of Haemonchus contortus third stage infective larvae is a factor influencing the in vitro assessment of anthelmintic properties of tannin containing plant extracts. Vet. Parasitol. 2017, 243, 130–134. [Google Scholar] [CrossRef]

	



Dhanani, T.; Shah, S.; Gajbhiye, N.A.; Kumar, S. Effect of extraction methods on yield, phytochemical constituents and antioxidant activity of Withania somnifera. Arab. J. Chem. 2017, 10, S1193–S1199. [Google Scholar] [CrossRef]

	



Giovanelli, F.; Mattellini, M.; Fichi, G.; Flamini, G.; Perrucci, S. In Vitro anthelmintic activity of four plant-ferived compounds against sheep gastrointestinal nematodes. Vet. Sci. 2018, 5, 78. [Google Scholar] [CrossRef]

	



Złotek, U.; Mikulska, S.; Nagajek, M.; Świeca, M. The effect of different solvents and number of extraction steps on the polyphenol content and antioxidant capacity of basil leaves (Ocimum basilicum L.) extracts. Saudi J. Biol. Sci. 2016, 23, 628–633. [Google Scholar] [CrossRef]

	



Mondal, H.; Hossain, H.; Awang, K.; Saha, S.; Mamun-Ur-Rashid, S.; Islam, M.K.; Rahman, M.S.; Jahan, I.A.; Rahman, M.M.; Shilpi, J.A. Anthelmintic activity of ellagic acid, a major constituent of Alternanthera sessilis against Haemonchus contortus. Pak. Vet. J. 2015, 35, 58–62. [Google Scholar]

	



Papetti, A.; Maietta, M.; Corana, F.; Marrubini, G.; Gazzani, G. Polyphenolic profile of green/red spotted italian Cichorium intybus salads by RP-HPLC-PDA-ESI-MSn. J. Food Compost. Anal. 2017, 63, 189–197. [Google Scholar] [CrossRef]

	



Lowry, J.B.; Cook, N.; Wilson, R.D. Flavonol glycoside distribution in cultivars and hybrids of Leucaena leucocephala. J. Sci. Food Agric. 1984, 35, 401–407. [Google Scholar] [CrossRef]

	



Manguro, L.O.; Ugi, I.; Lemen, P. Further flavonol glycosides of Embelia schimperi leaves. Bull. Chem. Soc. Ethiop. 2004, 18, 51–57. [Google Scholar]

	



Regos, I. Chemical Characterisation of Low Molecular Weight Phenolic Compounds from the Forage Legume Sainfoin (Onobrychis viciifolia). Ph.D. Thesis, Technical University Munich, Munich, Germany, 2014. [Google Scholar]

	



Jamous, R.M.; Ali-Shtayeh, M.S.; Abu-Zaitoun, S.Y.; Markovics, A.; Azaizeh, H. Effects of selected Palestinian plants on the in vitro exsheathment of the third stage larvae of gastrointestinal nematodes. BMC Vet. Res. 2017, 13, 308. [Google Scholar] [CrossRef] [PubMed]

	



Baert, N. Oligomeric Ellagitannins of Epilobium Angustifolium: Quantification and Bioactivity Assessment; University of Turku: Turku, Finland, 2017. [Google Scholar]

	



Zangueu, C.B.; Olounlade, A.P.; Ossokomack, M.; Djouatsa, Y.N.; Alowanou, G.G.; Azebaze, A.G.; Llorent-Martinez, E.; Fernández, M.L.; Dongmo, A.B.; Hounzangbe-Adote, M.S. In Vitro effects of aqueous extract from Maytenus senegalensis (Lam.) Exell stem bark on egg hatching, larval migration and adult worms of Haemonchus contortus. BMC Vet. Res. 2018, 14, 147. [Google Scholar] [CrossRef]

	



Nigam, S.K.; Mitra, C.R. Pithecolobium dulce. V. Chemistry of the seed saponin and constituents of the leaves. Planta Med. 1970, 18, 44–50. [Google Scholar] [CrossRef] [PubMed]

	



Regos, I.; Urbanella, A.; Treutter, D. Identification and quantification of phenolic compounds from the forage legume sainfoin (Onobrychis viciifolia). J. Agric. Food Chem. 2009, 57, 5843–5852. [Google Scholar] [CrossRef] [PubMed]

	



Morshed, N.; Moghal, M.M.; Amin, M.N.; Kibria, M.G.; Dewan, S.M. Investigation of in-vitro anthelmintic and cytotoxic activities of Artabotrys hexapetalus (family: Annonaceae) bark growing in Bangladesh. Trends Biotechnol. Res. 2012, 1, 27–30. [Google Scholar]

	



M’rabet, Y.; Rokbeni, N.; Cluzet, S.; Boulila, A.; Richard, T.; Krisa, S.; Marzouki, L.; Casabianca, H.; Hosni, K. Profiling of phenolic compounds and antioxidant activity of Melia azedarach L. leaves and fruits at two stages of maturity. Ind. Crops Prod. 2017, 107, 232–243. [Google Scholar] [CrossRef]

	



Li, T.; Yu, J. Studies on the chemical constituents of the leaves from Artabotrys hexapetalus. Yao Xue Xue Bao 1998, 33, 591–596. [Google Scholar]

	



Cala, A.C.; Chagas, A.C.; Oliveira, M.C.; Matos, A.P.; Borges, L.M.; Sousa, L.A.; Souza, F.A.; Oliveira, G.P. In vitro anthelmintic effect of Melia azedarach L. and Trichilia claussenii C. against sheep gastrointestinal nematodes. Exp. Parasitol. 2012, 130, 98–102. [Google Scholar] [CrossRef]

	



Akkari, H.; B’Chir, F.; Hajaji, S.; Rekik, M.; Sebai, E.; Hamza, H.; Darghouth, M.; Gharbi, M. Potential anthelmintic effect of Capparis spinosa (Capparidaceae) as related to its polyphenolic content and antioxidant activity. Vet. Med. 2016, 61, 308–316. [Google Scholar] [CrossRef]

	



Castillo-Mitre, G.F.; Olmedo-Juarez, A.; Rojo-Rubio, R.; Gonzalez-Cortazar, M.; Mendoza-de-Gives, P.; Hernandez-Beteta, E.E.; Reyes-Guerrero, D.E.; López-Arellano, M.E.; Vásquez-Armijo, J.F.; Vargas-Ramirez, G.; et al. Caffeoyl and coumaroyl cerivatives from Acacia Cochliacantha exhibit ovicidal activity against Haemonchus contortus. J. Ethnopharmacol. 2017, 204, 125–131. [Google Scholar] [CrossRef] [PubMed]

	



Singh, S.; Jarret, R.; Russo, V.; Majetich, G.; Shimkus, J.; Bushway, R.; Perkins, B. Determination of capsinoids by HPLC-DAD in Capsicum species. J. Agric. Food Chem. 2009, 57, 3452–3457. [Google Scholar] [CrossRef] [PubMed]

	



Vinayaka, K.S.; Nandini, K.C.; Rakshitha, M.N.; Ramya, M.; Shruthi, J.; Shruthi, V.; Prashith, K.T.; Raghavendra, H.L. Proximate composition, antibacterial and anthelmintic activity of Capsicum frutescens (L.) var. Longa (Solanaceae) Leaves. Pharmacogn. J. 2010, 2, 486–491. [Google Scholar] [CrossRef]

	



Kamal, A.T.M.M.; Chowdhury, K.A.A.; Chy, M.M.; Shill, L.K.; Chowdhury, S.; Chy, M.A.H.; Habib, M.Z. Evaluation of anthelmintic activity of seeds of Sesamum indicum L. and fruits of Capsicum frutescens L. J. Pharmacogn. Phytochem. 2015, 3, 256–259. [Google Scholar]

	



Mengistu, G.; Hoste, H.; Karonen, M.; Salminen, J.P.; Hendriks, W.H.; Pellikaan, W.F. The in vitro anthelmintic properties of browse plant species against Haemonchus contortus is determined by the polyphenol content and composition. Vet. Parasitol. 2017, 237, 110–116. [Google Scholar] [CrossRef]

	



Taylor, C.M.; Wang, Q.; Rosa, B.A.; Huang, S.C.; Powell, K.; Schedl, T.; Pearce, E.J.; Abubucker, S.; Mitreva, M. Discovery of anthelmintic drug targets and drugs using chokepoints in nematode metabolic pathways. PLoS Pathog. 2013, 9, e1003505. [Google Scholar] [CrossRef]

	



Tyagi, R.; Bruce, A.R.; Makedonka, M. Omics-driven knowledge-based discovery of anthelmintic targets and drugs. In Silico Drug Design; Academic Press: Cambridge, MA, USA, 2019; pp. 329–358. [Google Scholar]

	



Nguyen, D.M.; Seo, D.J.; Kim, K.Y.; Park, R.D.; Kim, D.H.; Han, Y.S.; Han, Y.S.; Kim, T.H.; Jung, W.J. Nematicidal activity of 3,4-dihydroxybenzoic acid purified from Terminalia nigrovenulosa bark against Meloidogyne incognita. Microb. Pathog. 2013, 59–60, 52–59. [Google Scholar] [CrossRef]

	



Petkevičius, S.; Murrell, K.D.; Knudsen, K.B.; Jørgensen, H.; Roepstorff, A.; Laue, A.; Wachmann, H. Effects of short-chain fatty acids and lactic acids on survival of Oesophagostomum dentatum in pigs. Vet. parasitol. 2004, 122, 293–301. [Google Scholar] [CrossRef]

	



Santos, N.S.; Santos, J.D.; Santos, F.O.; Serra, T.M.; Lima, H.G.; Botura, M.B.; Branco, A.; Batatinha, M.J. Ovicidal activity of succinic acid isolated from sisal waste (Agave sisalana) against gastrointestinal nematodes of goats. Cienc. Rural 2017, 47, e20170036. [Google Scholar] [CrossRef]

	



Akkari, H.; Rtibi, K.; B’chir, F.; Rekik, M.; Darghouth, M.A.; Gharbi, M. In Vitro evidence that the pastoral Artemisia campestris species exerts an anthelmintic effect on Haemonchus contortus from sheep. Vet. Res. Commun. 2014, 38, 249–255. [Google Scholar] [CrossRef] [PubMed]

	



Klongsiriwet, C.; Quijada, J.; Williams, A.R.; Mueller-Harvey, I.; Williamson, E.M.; Hoste, H. Synergistic inhibition of Haemonchus contortus exsheathment by flavonoid monomers and condensed tannins. Int. J. Parasitol. Drugs Drug Resist. 2015, 5, 127–134. [Google Scholar] [CrossRef] [PubMed]

	



Mulinacci, N.; Romani, A.; Pinelli, P.; Vincieri, F.F.; Prucher, D. Characterization of Matricaria recutita L. flower extracts by HPLC-MS and HPLC-DAD analysis. Chromatographia 2000, 51, 301–307. [Google Scholar] [CrossRef]

	



McKay, D.L.; Blumberg, J.B. A review of the bioactivity and potential health benefits of chamomile tea (Matricaria recutita L.). Phytother. Res. 2006, 20, 519–530. [Google Scholar] [CrossRef]

	



Hajaji, S.; Alimi, D.; Jabri, M.A.; Abuseir, S.; Gharbi, M.; Akkari, H. Anthelmintic activity of Tunisian chamomile (Matricaria recutita L.) against Haemonchus contortus. J. Helminthol. 2018, 92, 168–177. [Google Scholar] [CrossRef]

	



Yoon, Y.A.; Kim, H.; Lim, Y.; Shim, Y.H. Relationships between the larval growth inhibition of Caenorhabditis elegans by apigenin derivatives and their structures. Arch. Pharm. Res. 2006, 29, 582–586. [Google Scholar] [CrossRef]

	



Kawasaki, I.; Jeong, M.H.; Oh, B.K.; Shim, Y.H. Apigenin inhibits larval growth of Caenorhabditis elegans through DAF-16 activation. FEBS Lett. 2010, 584, 3587–3591. [Google Scholar] [CrossRef]

	



Gordon, H.M. Studies on anthelmintics for sheep: Dihydroxyanthraquinones and some other quinones. Aust. Vet. J. 1957, 33, 39–42. [Google Scholar] [CrossRef]

	



Dhananjeyan, M.R.; Milev, Y.P.; Kron, M.A.; Nair, M.G. Synthesis and activity of substituted anthraquinones against a human filarial parasite, Brugia Malayi. J. Med. Chem. 2005, 48, 2822–2830. [Google Scholar] [CrossRef]

	



Herrmann, A.; Svangard, E.; Claeson, P.; Gullbo, J.; Bohlin, L.; Goransson, U. Key role of glutamic acid for the cytotoxic activity of the cyclotide cycloviolacin O2. Cell. Mol. Life Sci. 2006, 63, 235–245. [Google Scholar] [CrossRef]

	



Colgrave, M.L.; Kotze, A.C.; Ireland, D.C.; Wang, C.K.; Craik, D.J. The anthelmintic activity of the cyclotides: Natural variants with enhanced activity. Chembiochem 2008, 9, 1939–1945. [Google Scholar] [CrossRef] [PubMed]

	



Jeschke, P.; Benet-Buchholz, J.; Harder, A.; Etzel, W.; Schindler, M.; Thielking, G. Synthesis and anthelmintic activity of cyclohexadepsipeptides with (S,S,S,R,S,R)-configuration. Bioorg. Med. Chem. Lett. 2003, 13, 3285–3288. [Google Scholar] [CrossRef]

	



Jeschke, P.; Benet-Buchholz, J.; Harder, A.; Etzel, W.; Schindler, M.; Gau, W.; Weiss, H.C. Synthesis and anthelmintic activity of substituted (R)-phenyllactic acid containing cyclohexadepsipeptides. Bioorg. Med. Chem. Lett. 2006, 16, 4410–4415. [Google Scholar] [CrossRef] [PubMed]

	



Chagas, A.C.; Niciura, S.C.; Molento, M.B. Practical Manual: Methodologies for the Diagnosis of Resistance and Detection of Active Substances in Ruminant Parasites; Embrapa Technology Information: Brasilia, Brazil, 2011; p. 153. [Google Scholar]

	



Di Rienzo, J.A.; Casanoves, F.; Balzarini, M.; González, L.; Tablada, E.; Robledo, C. InfoStat Version 2011; Group InfoStat, FCA, National University of Cordoba: Cordoba, Argentina, 2011; Volume 8, pp. 195–199. [Google Scholar]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2013. [Google Scholar]












	
	
Sample Availability: Samples of the compounds the Gliricidia sepium, Leucaena leucocephala and Pithecellobium dulce are available from the authors.












[image: Molecules 25 03002 g001 550] 





Figure 1. (A) Haemonchus contortus larvae with and without cuticle (40×); (B) morulae eggs of Haemonchus contortus (10×); (C) larvated eggs of Haemonchus contortus (40×). 
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Figure 2. Effect of plant–concentration on the percentage of egg hatch inhibition (EHI). Means marked with the same letter are not significantly different (p > 0.05). Fisher LSD test. 
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Figure 3. Plant–concentration effect on the percentage of morulated eggs (ME). Means marked with the same letter are not significantly different (p > 0.05). Fisher LSD test. 
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Figure 4. Effect of plant–concentration on the percentage of larvated eggs (LE). Means with a common letter are not significantly different (p > 0.05). Fisher LSD test. 
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Table 1. Secondary metabolites associated with anthelmintic activity in Gliricidia sepium, Leucaena leucocephala, and Pithecellobium dulce.
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Classification

	
Gliricidia sepium

	
Leucaena leucocephala

	
Pithecellobium dulce






	
Glycosylated Flavonoids

	
Apigenin-di-C-dihexose-O-deoxyhexose *

	
Myricetin-3-O-hexoside *

	
Quercetin-3-glucoside * (Isoquercitrin)




	
Apigenin-di-C-dihexose-O-deoxyhexose isomer *

	
Myricetin-3-arabinoside

	
Luteolin-7-O-glucoside *

(Cynaroside or Glucoluteolin)




	
Apigenin-7-O-Glucoside *

	
Myrcetin rhamnose derivative

	
Kaempferol-3-O-rhamnoside (Afzelin)




	
Rutin*

	

	




	

	
Quercetin-3-O-arabinoside

	




	

	
Quercetin-3-O-pentoside *

	




	

	
Quercetin 3-O-rhamnoside

	




	

	
Kaempferol-3-O-pentoside *

	




	

	
Kaempferol-3-O-rhamnoside *

	




	
Flavonoids

	

	
Luteolin *

	




	

	
Quercetin *

	




	

	
Apigenin *

	




	

	
Chrysoeriol *

	




	
Phenylpropanoids other than Flavonoids

	
p-coumaroyl hexose *

	

	




	
Caffeoyl hexoside *

	

	




	
Dihydro-p-coumaric acid isomer *

	

	




	
p-coumaric acid

	

	




	
Leu/dihydro-p-coumaric acid *

	

	




	
Phe /Dihydro-p-coumaric acid *

	

	




	
p-Coumaric acid derivative *

	

	




	
Methoxyphenols

	
Dihydrocapsiate *

	
Syringaldehyde syringate or derivative of quinic acid *

	
Dihydrocapsiate *




	

	
Syringaldehyde syringate or derivative of quinic acid *

	




	
Anthraquinonic Glycosides

	
Trihydroxyanthraquinone-O-methylgluconate-glucoside *

	

	




	
Trihydroxyanthraquinone-O-methylgluconate-deoxymethylgluconic *

	

	




	
Trihydroxyanthraquinone-O-methylgluconate *

	

	




	
Trihydroxyanthraquinone-O-methylgluconate isomer *

	

	




	
Amino acids

	
Glutamic acid *

	

	




	
N-Carbobenzyloxy-l-isoleucine *

	

	




	
Glycosylated phenolic acids

	
Phenyllactic acid-2-O-glucoside *

	

	




	
Fatty acids

	
Ázelaic acid *

	

	
Azelaic acid *








* Compounds identified for the first time in each plant.
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Table 2. Comparison of the effect of the three forage species on larval exsheathment inhibition in vitro.
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Plant Extract

	
Average and Standard Error of Larval Exsheathment Inhibition (%)




	
40 mg/mL

	
20 mg/mL

	
10 mg/mL

	
Control Tween

	
Control DMSO






	
Gliricidia sepium

	
91.28 ± 2.2 a

	
45.14 ± 2.0 b

	
8.89 ± 1.9 c

	
2.08 ± 2.0 de

	
5.01 ± 1.8 cde




	
Leucaena leucocephala

	
41.01 ± 18.9 bc

	
21.42 ± 5.6 c

	
9.62 ± 1.7 c

	
2.06 ± 1.0 de

	
4.89 ± 1.1 cde




	
Pithecellobium dulce

	
44.66 ± 20.5 bc

	
23.35 ± 5.9 c

	
7.44 ± 1.0 c

	
2.04 ± 0.68 e

	
4.82 ± 0.7 cde








Values with the same letters not significantly different (p > 0.05).
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Table 3. IC50 and IC99 of extracts for larval exsheathment inhibition (LEI) and egg hatch inhibition (EHI).
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	Plant Extracts
	Test
	IC50 (mg/mL)
	Lower Limit Confidence Level

95.0%
	Upper Limit Confidence Level

95.0%
	IC99 (mg/mL)
	Lower Limit Confidence Level

95.0%
	Upper Limit Confidence Level

95.0%





	Gliricidia sepium
	LEI
	22.44
	20.50
	24.74
	65.44
	59.18
	73.47



	
	EHI
	1.97
	1.76
	2.20
	5.46
	4.89
	6.23



	Leucaena leucocephala
	LEI
	43.35
	37.99
	50.98
	101.05
	86.63
	122.52



	
	EHI
	4.31
	3.90
	4.79
	11.45
	10.29
	12.98



	Pithecellobium dulce
	LEI
	41.77
	36.39
	49.48
	103.03
	87.83
	125.88



	
	EHI
	3.91
	3.53
	4.35
	10.36
	9.29
	11.79
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