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Some tannin-rich plants such as Combretum mucronatum and Phyllanthus urinaria are widely used in Africa for the control of parasitic nematodes in both humans and livestock. Tannins have been recognized as an alternative source of anthelmintic therapies, and hence, recent studies have focused on both the hydrolyzable and condensed tannins. These groups of compounds, however, have poor oral bioavailability and are metabolized by gut microbiota into lower molecular weight compounds. The role of these metabolites in the anthelmintic activities of tannins has not been explored yet. This study investigated the effects of fecal metabolism on the anthelmintic potential of procyanidin C1 (PC1) and geraniin and the tannin-enriched extracts of C. mucronatum (CML) and P. urinaria (PUH), which contain these compounds, respectively. Metabolites were formed by anaerobic fermentation of the test compounds and extracts in a fresh human fecal suspension for 0 h, 4 h, and 24 h. Lyophilized samples were tested in vitro against hookworm larvae and whipworm (Trichuris trichiura) larvae obtained from naturally infected human populations in Pru West District, Bono East Region, Ghana, and against the wildtype strain of Caenorhabditis elegans (L4). Both extracts and compounds in the undegraded state exhibited concentration-dependent inhibition of the three nematodes. Their activity, however, significantly decreased upon fecal metabolism. Without fermentation, the proanthocyanidin-rich CML extract was lethal against hookworm L3 (LC50 = 343.5 μg/mL, 95% confidence interval (CI) = 267.5–445.4), T. trichiura L1 (LC50 = 230.1 μg/mL, CI = 198.9–271.2), and C. elegans (LC50 = 1468.1 μg/mL, CI = 990.3–1946.5). PUH, from which the ellagitannin geraniin was isolated, exhibited anthelmintic effects in the unfermented form with LC50 of 300.8 μg/mL (CI = 245.1–374.8) against hookworm L3 and LC50 of 331.6 μg/mL (CI = 290.3–382.5) against T. trichiura L1, but it showed no significant activity against C. elegans L4 larvae at the tested concentrations. Similarly, both compounds, procyanidin C1 and geraniin, lost their activity when metabolized in fecal matter. The activity of geraniin at a concentration of 170 μg/mL against C. elegans significantly declined from 30.4% ± 1.8% to 14.5% ± 1.5% when metabolized for 4 h, whereas that of PC1 decreased from 32.4% ± 2.3% to 8.9% ± 0.9% with similar treatment. There was no significant difference between the anthelmintic actions of metabolites from the structurally different tannin groups. The outcome of this study revealed that the intact bulky structure of tannins (hydrolyzable or condensed) may be required for their anthelmintic action. The fermented products from the gut may not directly contribute toward the inhibition of the larvae of soil-transmitted helminths.
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1 INTRODUCTION
Globally, parasitic nematodes remain a significant threat to human and animal health, with a huge impact in tropical regions, where sanitation and hygienic practices are poor (Charlier et al., 2015; WHO, 2022). Currently, a limited range of synthetic drugs are being used as chemo-preventive therapies or treatment for worm infestations in humans and animals. The emergence of and widespread parasite resistance to anthelmintic drugs in livestock presents a significant threat to the future of anthelmintics in human health (Keiser and Utzinger, 2008; Williams et al., 2014a; Rose et al., 2020). Coupled with drug resistance is the limited number of drugs that are unavailable in certain jurisdictions. To achieve the World Health Organization’s 2030 targets for soil-transmitted helminthiases, there is a need for new and effective medicines to combat drug resistance and increase the access to treatment regimens in endemic areas (WHO, 2020).
This need for new drugs against gastrointestinal nematodes (GINs) has increased the interest in research into medicinal plants and their bioactive products as alternative sources of natural anthelmintic agents (Geary, 2012; Williams et al., 2014a; Hoste et al., 2015). Plants present this potential because they have, since ancient times, contributed to the discovery of many drug molecules and have served as remedies for primary healthcare, particularly in Africa (Agyare et al., 2009). Many medicinal plants from Africa have been reported to have promising potential as anthelmintic agents (Santos et al., 2019; Jato et al., 2022). In veterinary practices, orally administered plant extracts and animal feed prepared from tannin-rich plants have been investigated for the control of helminth infections (Min et al., 2003; Max et al., 2007).
Plant polyphenols, particularly tannins, are well-recognized for their potential as nematicidal agents, and many reports have recently focused on this group as bioactive compounds of interests (Santos et al., 2019; WHO, 2020; Jato et al., 2022). Due to their astringency, tannins appear to act through multiple pathways and mechanisms, targeting various stages of the parasite lifecycle (Spiegler et al., 2017; Greiffer et al., 2022). Some studies have also reported that simple, low-molecular-weight phenolic compounds such as gallic acid, ellagic acid, or gentisic acid, which often form the building blocks for tannins, may show anthelmintic activity (Ndjonka et al., 2013). What remains unclear is whether tannins act only in their unchanged state or do their gut metabolites play any role in their in vivo action in the gastrointestinal tract (Spiegler et al., 2017).
The microbiota of the human gut is known to play an important role in the metabolism and excretion of orally administered drugs (Piwowarski et al., 2016), and it can significantly influence the bioavailability and bioactivity of some phenolic molecules (Wiseman et al., 2004; Blaut and Clavel, 2007; Marín et al., 2015). When ingested, many plant constituents are fermented by the gut microflora into smaller molecules before being absorbed (Ito et al., 2008). Depending on their chemical nature and stability, some molecules may pass the stomach unchanged and are only degraded in the small intestine or colon (Ilett et al., 1990). Although some of the products of this metabolism are excreted through feces, others become the active drug constituents, which may either be absorbed or act locally in the intestines. In the case of GIN, active metabolites must preferably remain unabsorbed to achieve sufficient concentrations against parasites in the gut.
Proanthocyanidins (PAC), also referred to as condensed tannins (CT), are often poorly absorbed in the gut and pass through the stomach and small intestines unchanged (Kahle et al., 2007; Zumdick et al., 2012; Tao et al., 2019) and are then metabolized extensively in the colon. They are often subject to pH-dependent transformations into various phenolic metabolites, most of which have been credited for the in vivo therapeutic benefits of PAC (Ludwig et al., 2015). Although only small amounts of dimeric procyanidins, for instance, are reported to be absorbed intact (Holt et al., 2002; Sano et al., 2003), most are degraded in the colon into benzoic, hippuric, phenylacetic, phenylpropionic, and phenylvaleric acids, which may contribute to the therapeutic role of these polyphenols (Gonthier et al., 2003a; Gonthier et al., 2003b; Rios et al., 2003; Ou and Gu, 2014; Ludwig et al., 2015).
When administered orally, the ellagitannin (ET) subclass of hydrolyzable tannins also pass the stomach unchanged and are degraded by the microbiome of the colon into dibenzopyran-6-one derivatives often referred to as urolithins (Cerdá et al., 2003; Cerdá et al., 2004; Cerdá et al., 2005; Seeram et al., 2006). Urolithins can achieve relevant systemic concentrations and may be responsible for the pharmacological actions of ellagitannin-rich plants (García-Villalba et al., 2022; Banc et al., 2023). Some biological activities and therapeutic roles of ET and urolithins have been investigated (Cerdá et al., 2004; Espín et al., 2013).
Phyllanthus urinaria L (Phyllanthaceae) is locally known in Ghana as ‘Bɔwomaguw’akyi’ and is used in the treatment of many disease conditions, including intestinal parasites, malaria, enteritis, and hepatitis (Satyan et al., 1995; Agyare et al., 2014). It is also used in the management of dropsy, wounds, hypertension, jaundice, and asthma (Bharali et al., 2003; Hout et al., 2006; Lans, 2006). Extracts of P. urinaria and its major component, geraniin, have previously been shown to possess anthelmintic effects against various organisms, including C. elegans, Trichuris suis, Ascaris suum, Ancylostoma caninum, Toxocara canis, Haemonchus contortus, and Trichostrongylus colubriformis (Agyare et al., 2014; Spiegler, 2016; Karonen et al., 2020; Jato et al., 2023). Aqueous acetone extract of P. urinaria produced LC50 of 2.6 mg/mL against C. elegans and inhibited larval migration of T. suis, A. suum, A. caninum, and T. canis with IC50 values of 24.3 μg/mL, 35.7 μg/mL, 112.8 μg/mL, and 1,513.2 μg/mL, respectively. Geraniin also inhibited C. elegans larvae with an LC50 value of 2.5 mM (Jato et al., 2023).
Combretum mucronatum Schumach. and Thonn (Combretaceae) is a traditional remedy in Africa for treating malaria, diabetes, wounds, dysentery, guinea worm, hookworm, and pinworm infestations (Koné et al., 2012; Agyare et al., 2014; Kisseih, 2014). Extracts and oligomeric procyanidins (including procyanidin C1) from the leaves of C. mucronatum have also been reported to exhibit profound activity in various organisms, including C. elegans and some animal parasites (Koné et al., 2012; Spiegler et al., 2015; Herrmann and Spiegler, 2019; Greiffer et al., 2022). The ethanolic extract of C. mucronatum leaves induced 85.3% reduction of Trichuris muris worm burden in mice (Koné et al., 2012) and yielded an LC50 value of 1.67 mg/mL against C. elegans larvae (Spiegler et al., 2015), whereas procyanidin C1 induced a 47.3% inhibition of C. elegans larvae at 1 mM concentration (Spiegler, 2020).
This study investigated the effects of fecal fermentation on the anthelmintic activity of two polyphenolic compounds, geraniin and proanthocyanidin C1, and extracts containing these tannins against two human intestinal nematodes and the wildtype strain of the versatile free-living worm C. elegans.
2 MATERIALS AND METHODS
2.1 Ethical approval
The study with biological material from human volunteers was performed according to the relevant ethical guidelines. The study was approved by the Ethical Committee of Westfalen-Lippe, University of Münster, Germany (acceptance number 2017–526-f-S), in cooperation with the Committee on Human Research, Publication, and Ethics of Kwame Nkrumah University of Science and Technology, Kumasi, Ghana, with protocol numbers CHRPE/AP/532/19 and CHRPE/AP/331/20.
2.2 General experimental procedures
Except where stated, all solvents and reagents were procured from VWR (Darmstadt, Germany). Water was obtained using a Millipore Simplicity 185 system (Schwalbach, Germany). Extracts were prepared and compounds were isolated using standard procedures, as previously reported by Jato et al. (2023) and summarized below.
Column chromatography: medium-pressure chromatography on Sephadex LH-20 (Cytiva, Sweden); MCI Gel CHP-20P (75–150 μm, 450 Å) (Sigma-Aldrich Corp., St. Louis, USA).
Preparative HPLC system (Waters, Milford, MA, USA): 2545 Quaternary Gradient Module, prep degasser, 2998 PDA Detector, 2707 autosampler, and fraction collector III controlled by Waters ChromScope v1.40 Beta software. Stationary phase: RP 18 VP 250/21 Nucleodur C18 Htec (Macherey-Nagel, Düren, Germany); load: 10 mg/mL; flow rate: 15 mL/min; injection volume: max. 2 mL; and fraction size: 15 mL. Mobile phase gradient were A (0.1% formic acid in water) and B (0.1% formic acid in acetonitrile). Peaks were collected based on the UV max plot chromatogram (λ 200–400 nm).
Analytical UHPLC was carried out using an Acquity™ UPLC system with an RP-18 HSS T3 (2.1 mm × 100 mm, 1.8 µm) column, QD mass-selective detector (-and + scan, mass 100.00–1000.00 Da), and PDA λe detector (λ 210–400 nm), autosampler, in-line degasser run by Empower 3 software application (Waters), Flow rate: 500 μL/min, injection volume: 2–5 μL, and column temperature: 40°C. The eluting binary gradient mobile phase comprised 0.1% v/v formic acid in water (A) and 0.1% v/v formic acid in acetonitrile (B), where t0min: 2% B, t2min: 8% B, t11min: 18% B, t15min: 35% B, t20–22min: 100% B, and t23–25min: 2% B.
UPLC/+ESI-QqTOF-MS analysis was performed as previously described by Jato et al. (2023) using a UHPLC Dionex Ultimate 3000 RS Liquid Chromatography System: Dionex Acclaim RSLC 120 C18 column (2.1 × 100 mm I.D., 2.2 μm), detection: Dionex Ultimate DAD-3000 RS (λ 200–400 nm) and Bruker Daltonics micrOTOF-QII (Bruker, Bremen, Germany), ionization source: Apollo electrospray (positive mode), flow rate: 400 μL/min, injection volume: 2 μL, and binary gradient mobile phase: water with 0.1% formic acid (A) and acetonitrile with 0.1% formic acid (B), elution, where t0min: 5% B, t0.4min: 5% B, t9.9min: 100% B, t15min: 100% B, t15.1min: 5% B, and t20min: 5% B.
The isolation process was monitored by thin-layer chromatography (TLC) on silica gel 60 F254 precoated aluminum plates (Merck KGaA, Darmstadt, Germany). Resolution was carried out in the ethyl acetate/formic acid/water (90:5:5 v/v/v) mobile phase. The plates were derivatized with either 1% FeCl3, anisaldehyde/H2SO4 reagent with heating, natural product reagent A (1% diphenylboryloxyethylamine) with polyethylene glycol (PEG) 400, or vanillin/HCl reagent with heating. Detection was carried out using CAMAG TLC Visualizer II (visionCATS software) at wavelengths of 254 nm, 366 nm, and white light.
2.3 Preparation of plant extracts
An acetone–water (7:3 v/v) extract of P. urinaria L. was prepared by rotor–stator extraction (Ultra-Turrax T25 Digital, IKA Labortechnik, Staufen, Germany), as described previously by Jato et al. (2023).
Leaves of C. mucronatum were collected in January 2021 in Ngaoundere, Cameroon (north latitude of 7°85′88.57″ and east longitude of 13°59′39.19″). The sample was identified by a botanist, Prof Tchoupou Tsouala, at the University of Maroua, Cameroon, and a voucher specimen was deposited at the National Herbarium in Yaoundé, Cameroon, under the code number 32193 HNC. The remaining plant material was washed with water and shade-dried at room temperature. Powdered leaves were first defatted by soxhlet extraction with petroleum ether and subsequently extracted by rotor–stator using ethanol–water (1:1 v/v) solution in the manner as described for the P. urinaria extract (Jato et al., 2023). Detailed analytical characterization of the P. urinaria extract was performed as recently described by Orman et al. (2023).
Two polyphenolic compounds, geraniin (1), an ET, and procyanidin C1, representing condensed tannin (CT) (Figure 1), were used in the study. Geraniin was isolated from the hydro-acetonic extract of P. urinaria (Jato et al., 2023). Due to the high occurrence in the plant, procyanidin C1 (2) was isolated from the ethyl acetate fraction of the flowers of Tilia platyphyllos SCOP (Malvaceae), which were kindly donated by Dr. Nico Symma, University of Münster, Germany (IPBP 519) (Symma et al., 2020). This step helped in saving time and obtaining the compound in a good yield for the subsequent studies.
[image: Figure 1]FIGURE 1 | Chemical structures of geraniin (1) and procyanidin C1 (2).
2.4 Isolation of procyanidin C1 (PC1) from T. platyphyllos ethyl acetate fraction
Proanthocyanidin C1 was isolated from the ethyl acetate fraction (EAF) of an aqueous extract from the flowers of T. platyphyllos through several chromatographic steps outlined in Figure 2.
[image: Figure 2]FIGURE 2 | Isolation of procyanidin C1 (PC1) from the ethyl acetate fraction of Tilia platyphyllos Scop. flowers.
In brief, 10 g of EAF was first fractionated on the Sephadex LH-20 stationary phase (isocratic 100% ethanol) to afford 14 fractions (SF1–SF14) (Supplementary Table 1). Fractions SF7 (0.4 g) and SF8 (0.5 g) were fractionated on MCI-Gel CHP-20P (gradient MeOH/H2O 1:20 →1:0) to yield SF7M1–SF7M8 and SF8M1–SF8M6 (Supplementary Table 2), respectively. Fraction SF8M2 (288 mg) was purified on the MCI-Gel CHP-20P stationary phase (MeOH/H2O 1:20 →1:0), yielding 94 mg of PC1. Fraction ‘iii’ of SF8M2 (25 mg), SF7M3 (198 mg), SF7M4 (59 mg), and SF8M3 (18.5 mg) were purified by preparative HPLC to yield 7 mg, 17 mg, 11 mg, and 9 mg of PC1, respectively, amounting to a total of 138 mg of PC1 (Figure 2).
The compound was identified by LC–MS analysis, as described above, in comparison to previous reports (Bicker et al., 2009; Kisseih et al., 2015; Spiegler et al., 2015) and a reference procyanidin C1 (in house, >99% by HPLC).
2.5 Fecal fermentation of tannins and tannin-containing extracts
Ex vivo human fecal fermentation of the test samples was performed at 0, 4, and 24 h time points, and the fermentation product was recovered for biological assays. Anaerobic buffer was prepared by dissolving L-cysteine HCl (0.015% w/v) in sterile M9 buffer (containing 22 µM KH2PO4, 42 µM Na2HPO4, 85.6 µM NaCl, and 1 µM MgSO4.7H2O) in 250-mL media bottles (Schott AG, Germany). The bottles were capped with re-sealable rubber stoppers, and an anaerobic condition was created by vacuum and bubbling with N2 gas for 30 min. This buffer solution was stored at 4°C and used for the subsequent work.
Test solutions were prepared by dissolving the extracts and compounds in anoxic M9 buffer in sealed vials to produce 10 mL stock solutions. The final concentrations were 0.17 mg/mL and 2 mg/mL for the extracts and 0.17 mg/mL for the compounds (178.5 µM and 196.2 µM for geraniin and procyanidin C1, respectively).
A fresh fecal sample was collected in a tightly sealed plastic sample container from a healthy, 31-year-old, male volunteer who was on a normal diet, a non-smoker, did not drink alcohol, and had not used antibiotics for the past 3 years. Approximately 60 g of the fecal sample was immediately transferred into a 1-L sterile media bottle, which was sealed and filled with nitrogen gas. The anoxic M9 buffer was then added to the fecal sample and stirred to achieve a 10% w/v human fecal suspension (HFS) using a magnetic stirrer. A measure of 27 mL of the HFS was injected into 100-mL pre-vacuumed stoppered media bottles, and 3 mL of the stock test solutions was added to achieve the respective final concentrations. An untreated control (UC) was prepared by adding 3 mL anoxic M9 buffer to 27 mL HFS. The set-up was incubated at 37°C in a G24 environmental incubator shaker (New Brunswick Scientific Co. Inc., USA) at 100 rpm for 4 h and 24 h.
After incubation (except the sample for 0 h), the samples were immediately cooled on ice, transferred into cold 50-mL Eppendorf tubes, and centrifuged at 3,500 g for 10 min at 4°C. The supernatant was again centrifuged at 20,000 g for 10 min, filtered through 0.45-µm nylon membrane filters (Wicom Perfect-Flow®), and lyophilized (Alpha 1-4 LD plus Christ). Each experiment was performed in triplicates, and three independent assays were conducted on separate days using fresh fecal samples and a time interval of at least 48 h.
2.6 Human intestinal parasites for ex vivo studies
The study involving human biological material was performed according to the relevant guidelines. Parasite eggs were obtained from volunteers from Adjalaja-Beposo, a rural community in the Pru West District of the Bono East Region of Ghana, in June 2022.
The participants were selected randomly using the convenience sampling (door-to-door) approach in households. The members of the selected households were educated on the exercise, and their consent was sought before each was given a set of labeled clean plastic sample containers. A demonstration was carried out on how to collect and transport the samples to the Community Health and Planning Services (CHPS) facility, where a mobile laboratory was set up for their processing.
The participants returned to the health facility in the mornings with freshly collected fecal samples in tightly capped sample containers. The samples were labeled and examined coproscopically using the Kato–Katz thick smear technique (Katz et al., 1972). Each sample was mounted on two microscope slides and independently examined by two scientists under the microscope for the presence of parasite ova using the World Health Organization (WHO) bench aids (Ash et al., 1994; Knopp et al., 2009). Egg-positive samples were identified, immediately stored in a cold ice-chest, and used for the egg isolation or coproculture method.
2.6.1 Hatching of hookworms from coprocultures
Hookworm-positive samples were mixed with a 1:2 portion of activated charcoal and transported to the Kumasi Center for Collaborative Research (KCCR), Kwame Nkrumah University of Science and Technology, Kumasi, Ghana, where they were transferred into plastic Petri dishes and incubated in the dark at room temperature for 8 days.
The hookworm larvae were then harvested by a modified Baermann funnel method (Knopp et al., 2008). In brief, the incubated samples were transferred into cell strainers placed in a plastic sieve whose mesh was submerged in tap water in a funnel with a plastic hose and release clamp. The setup was covered with dampened tissue paper and incubated at room temperature for 24 h.
The first 50 mL containing the larvae was collected into centrifuge tubes and allowed to stand for 1 h. The top 40 mL supernatant was decanted, and the larvae were washed twice with tap water. The volume was reduced to 10 mL, and the larval population was determined by counting 10 × 10 µL of the larval suspension under the microscope. The larvae were stored in Hanks’ balanced salt solution (HBSS) medium; preserved with penicillin (104 u/mL), amikacin (10 mg/mL), and amphotericin B (0.25 mg/mL); incubated at 27°C; and used for the assay.
2.6.2 Hatching of T. trichiura larvae
Eggs of the whipworm were isolated from pooled feces of T. trichiura-positive individuals by the standard flotation–sedimentation techniques (Wimmersberger et al., 2013; Jato et al., 2023). In brief, the fecal sample was homogenized with an immersion blender and filtered through a 1-mm-mesh ordinary kitchen sieve. The flow-through was serially filtered in a stack of three 1-mm mesh sieves lined with different layers of gauze. The filtrate from the last sieve, which contained the eggs, was then pooled in a 1-L beaker and purified first by replacing the supernatant with 1 L saturated saline solution (1.1 specific gravity). This was vigorously shaken and left to stand for approximately 1 h. A measure of 10 mL of the egg sediment was added to 40 mL of the biphasic solution of saturated saline and 50% w/v sugar in 50-mL falcon tubes and centrifuged at 260 g for 5 min. The floating egg layer was pipetted and washed in a calico sieve with tap water. The sedimentation–flotation process was repeated until the eggs were free of any fecal matter. The ova were quantified and incubated in tap water at 25°C for 6 weeks until over 90% embryonation was achieved (Burden and Hammet, 1976).
The ova were hatched according to the method recently described for T. suis (Jato et al., 2023). The L1 larvae were cleansed by migration through gauze and stored for a maximum of another 24 h before they were used for each test (Wimmersberger et al., 2013).
2.6.3 Anthelmintic activity testing in human intestinal parasites
The test samples comprised the fecal metabolized lyophilizate of geraniin (GER), procyanidin C1 (PC1), extracts of P. urinaria aerial parts (PUH) and C. mucronatum leaves (CML), and an untreated control (UC). Each vial of the fecal lyophilizate of the test samples was reconstituted in a specified volume of deionized sterile water to achieve the respective stock concentrations similar to the starting concentration of the extracts or compounds. These were serially diluted to achieve test concentrations of 125, 250, 500, and 1,000 μg/mL for the extracts and 21.25, 42.5, 85, and 170 μg/mL for the compounds.
Anthelmintic activity was evaluated by pipetting 285 µL of the test solutions into 24-well plates, and 15 µL of the larval suspension (approximately 15 larvae) was added to each well. The plates were incubated at 37°C, and the larvicidal activity was evaluated after 72 h for hookworm and 24 h for whipworm. A binary scale of ‘dead or alive’ was used to assess the effects of the treatment. All larvae that were straight, immotile, or unresponsive upon addition of 50 µL warm water (70°C) to the wells were considered dead (Wimmersberger et al., 2013). Each concentration was tested in triplicates, and independent assays (using larvae from three different pools of feces harvested from different donors) were performed. The untreated control was made of the lyophilizate of the untreated sample from fecal fermentation, whereas albendazole (12.5–100 µM) was employed as the positive control.
2.6.4 Anthelmintic activity against C. elegans
The in vitro activity of the fecal metabolites was additionally evaluated against C. elegans larvae. The wild-type strain (N2 Bristol) was obtained from the Caenorhabditis Genetics Center and cultured on Nematode Growth Medium using Escherichia coli OP50 strain as the food source (Stiernagle, 2006).
Synchronous L4 larvae were then tested against a gradient concentration of the test solutions in 24-well microtiter plates. The stock solutions were serially diluted with M9 buffer to achieve concentrations of 250, 500, 1,000, and 2,000 μg/mL for the extracts and 21.25, 42.5, 85, and 170 μg/mL for the compounds. A solution of the UC reconstituted in deionized sterile water served as the negative control for each time point, and 40 mM levamisole HCl (Glentham Life Sciences) was used as the positive control. Mortality was recorded after 72 h using an inverted light microscope, and worms were considered dead if they were straight, immotile, and unresponsive to eyelash probes. Each concentration was tested in three wells and in three biological replicates.
2.7 Statistical analysis
The raw data were recorded and transformed into percentage mortality using Microsoft Excel. This was exported to GraphPad Prism Ver.8.3.0 (GraphPad Software Inc.), and a non-linear regression analysis was performed. The best-fit values for LC50 of C. elegans and human intestinal nematodes were determined, and the mean mortality was compared using one-way ANOVA, followed by Dunnett’s test for multiple comparison. p < 0.05 were considered statistically significant for the test samples.
3 RESULTS
The metabolites were produced by anaerobic fermentation of the compounds and extracts in fresh human fecal suspension for different durations. Although the characterization of these metabolites was not part of this study, there was enough spectroscopic evidence of the fermentation process. UPLC analysis of the fermented product showed a complete disappearance of peaks corresponding to the relevant phenolic compounds (geraniin and procyanidin C1). The lyophilizate of the fermentation product was tested against hookworm and whipworm larvae obtained from naturally infected human populations in Ghana and against the stage-4 (L4) larvae of C. elegans.
3.1 Anthelmintic effects on human intestinal parasites and Caenorhabditis elegans
Tannin-enriched extracts from P. urinaria and C. mucronatum and two tannins (geraniin and procyanidin C1) were tested against the larvae of hookworm and T. trichiura isolated from human stool and against C. elegans. As displayed in Table 1, all test samples exerted lethal effects against the parasites. This appears to be the first set of data describing in vitro anthelmintic activities of tanniferous plant extracts against parasitic nematodes isolated from human fecal samples. The unfermented samples (0 h values) representing brief exposure of the samples to fecal matter without initiating sufficient metabolism exerted strong inhibition of the hookworms and whipworms (Table 1; Figures 3, 4). Mortality tests against these pathogens using the major compounds geraniin from P. urinaria and procyanidin C1 from C. mucronatum indicated strong activity, with LC50 values ranging from 49.6 (CI: 41.7–59.3) μg/mL to 63.5 (CI: 47.6–84.0) μg/mL, while fermentation of the extracts and compounds for 4 and 24 h in human fecal suspension led to varied decreases in the anthelmintic activity, as presented in Table 1.
TABLE 1 | Summary of the anthelmintic activity of tannin-containing extracts PUH and CML, proanthocyanidin PC1, and ellagitannin GER against different nematode species. Samples at 0 h were not fermented, whereas 4 h and 24 h indicate fecal metabolism for 4 h and 24 h, respectively. LC50 values are calculated from triplicate determinations of n = 3 experiments and expressed with 95% confidence interval. ABZ: positive control albendazole.
[image: Table 1][image: Figure 3]FIGURE 3 | Relative anthelmintic activity of PUH (A), CML (B), ellagitannin geraniin (C), and procyanidin C1 (D) without and after 4 and 24 h fermentation with human fecal suspension against hookworm larvae L3 after 72 h incubation at 37°C. PUH, Phyllanthus urinaria extract; CML, C. mucronatum extract; GER, geraniin; PC1, procyanidin C1. Bars represent mean ± SEM from three independent experiments with three technical replicates.
[image: Figure 4]FIGURE 4 | Relative anthelmintic activities of PUH (A), CML (B), geraniin (C), and procyanidin C1 (D) without and after 4 and 24 h fermentation with human fecal suspension against Trichuris trichiura L1 after 24 h incubation at 37°C. PUH, Phyllanthus urinaria extract; CML, C. mucronatum extract; GER, geraniin; PC1, procyanidin C1. Bars represent mean ± SEM from three independent experiments with three technical replicates.
PUH and CML retained some of their activity after fermentation, still causing mortality in 20%–30% of the nematodes. For GER and PC1, on the other hand, the mortality rate did not exceed 20% even at the highest concentration tested. The 4-h transit in the colon may be sufficient time for the metabolism of ingested tannins since much of the activity was lost after 4 h of fermentation. Although there was no significant variation in the effects between 4 h and 24 h for the test compounds, the extracts were more active at the 4 h than at the 24 h fermentation time against hookworms.
Unlike the two structurally distinct compounds (Figure 1) whose activity against the human intestinal parasites were similar, the activity of the two extracts, PUH and CML, varied against both organisms. Although the PUH extract (0 h) induced LC50 of 300.8 (CI: 245.1–374.8) μg/mL and 331.6 (CI: 290.3–382.5) μg/mL against hookworm and whipworm, respectively, the CML extract (0 h) yielded LC50 of 343.5 (CI: 267.5–445.4) μg/mL and 230.1 (CI: 198.9–271.2) μg/mL, respectively. The similar effects seen in the compounds could be attributed to the nonspecific astringent effects of these tannins, leading to a general inhibition of protein-related processes in the helminths (Luck et al., 1994; Spiegler et al., 2017), and this differed for the extracts which are composed of very varied phytoconstituents.
Treatment against stage-4 (L4) C. elegans larvae revealed similar effects in previous reports (Jato et al., 2023). In the unfermented state, the CML extract induced LC50 of 1,468.1 (CI: 990.3–1,946.5). The PUH extract and two compounds could not achieve inhibition that was sufficient to determine the LC50 values. All fermented samples (4 h and 24 h) had values lower than LC50 inhibition against this non-parasitic nematode (Table 1; Figure 5). The inhibitory activity of geraniin at 170 μg/mL (178.5 µM), however, decreased significantly from 30.4% ± 1.8% to 14.5% ± 1.5% when fermented for 4 h. A similar pattern was observed for PC1, for which the respective activity at 170 μg/mL (196.2 µM) against C. elegans larvae decreased from 32.4% ± 2.3% to 8.9% ± 0.9% after fermenting for 4 h.
[image: Figure 5]FIGURE 5 | Relative anthelmintic activity of PUH and CML extracts (A) and geraniin and procyanidin C1 (B) without and after 4 and 24 h fermentation with human fecal suspension against C. elegans (wild-type N2 Bristol) after 72 h incubation at 20°C. UC, untreated control (M9 medium); LVM, positive control (levamisole HCl, 40 mM); PUH, Phyllanthus urinaria extract; CML, C. mucronatum extract; GER, geraniin; PC1, procyanidin C1. Bars represent mean ± SEM from three independent experiments with three technical replicates.
Albendazole, which remains the drug of choice for both worm types, has been reported to be more active against hookworms than whipworms (Keiser and Utzinger, 2008). Within the current study, LC50 values for albendazole were in a very similar range, with 22.3 (CI: 18.1–28.5) µM and 34.3 (CI: 26.5–44.0) µM against hookworm and whipworm larvae, respectively.
4 DISCUSSION
The anthelmintic potential of tannins has been extensively studied and considered an important area for anthelmintic drug development (Spiegler et al., 2017). Some studies have pointed to the bulky tannin structure and astringency as the properties responsible for such actions. These molecules (both ellagitannins and proanthocyanidins) have poor oral bioavailability and often reach the colon, where they are extensively metabolized by the gut microbiota into various smaller molecules whose therapeutic potential has not been fully explored (Blaut and Clavel, 2007). The two selected plants, P. urinaria and C. mucronatum, have considerable ethno-medicinal use as anthelmintic agents across Africa, and hence, it was essential to evaluate whether their fecal metabolites contribute to their anthelmintic action.
The inhibitory effects of the two tannins and their respective plant extracts significantly decreased against hookworm and whipworm larvae after fecal fermentation. Both geraniin and procyanidin C1 showed more pronounced anthelmintic effects against the parasites in the unfermented form (0 h group) than when they were metabolized (4 h and 24 h groups). A similar observation was made for the extracts, even though the decrease in anthelmintic activity was higher for the pure compounds. Although the components of the extract are often surrounded by a protective matrix, which may shield them from degradation by gut enzymes, individual compounds are often exposed, and hence, they are degraded easily. The extracts contain a wide array of other compounds whose metabolism may differ from the two isolated compounds. These other components, be they tannins or not, may still be available at high concentrations or yield different metabolites that inhibit the parasites, although to a lesser extent.
As previously indicated, the whipworm larvae appeared to be more sensitive to the test substances than hookworm larvae, even though hookworm is more prevalent in the study population (Humphries et al., 2012; Ahiadorme and Morhe, 2020). Most of the whipworm larvae were immotile within 24 h of treatment, which was more than what was observed in the hookworms. This is similar to investigations in animal parasites where the T. vulpis and T. suis larvae were more sensitive to PAC and ET treatment than hookworm and roundworm strains (Spiegler et al., 2016; Jato et al., 2023). This observation may present huge implications for parasite control and influence the dosage regimen for herbal remedies. Individuals with whipworm infection who are treated with these tannin-rich extracts may achieve a quicker decline in parasite burden than those infected with hookworms. This difference can inform the treatment regimen for mono- and poly-parasitism in the population, and in the case of hookworm-only-infection, multiple treatments with tannin-containing extracts may be required to achieve effective parasite control.
The investigation against C. elegans showed a similar pattern to the observations made in human intestinal nematodes. The compounds and extracts all produced significantly more inhibition in the unmetabolized form than in the fecal degraded state. Even though C. elegans is not a perfect model for parasitic nematodes due to genetic and metabolic disparities, it is a free-living, bacteria-feeding nematode and a well-established model organism for anthelmintic activity studies and remains the closest to parasitic nematodes (Geary and Thompson, 2001). It is, therefore, the preferred strain when comparing anthelmintic action in parasitic and non-parasitic nematodes. This organism has been reported to be less susceptible to anthelmintic agents compared to its parasitic counterparts (Ash et al., 1994; Knopp et al., 2008), and as was observed in this study, the extracts and compounds, even in their unfermented state, had low activity against C. elegans compared to that against the two parasitic worms (Figure 5).
4.1 Effects of metabolism on the anthelmintic action of tannins
Tannins generally exhibit non-specific activities against nematodes, owing to their bulky nature, which enhances complexation with proteins and other structural elements. Since tannin–protein interactions are essential for anthelmintic action, intact, non-metabolized tannins which retain their astringency may be desirable for the inhibition of intestinal parasites (Spiegler et al., 2017). These interactions appear to be non-specific and will be more pronounced for the bulky tannins than for their breakdown products (Luck et al., 1994; Stiernagle, 2006; Santos et al., 2019; Ahiadorme and Morhe, 2020). In this study, the intact, undegraded tannins and tannin-containing extracts produced significant anthelmintic activity compared to the fermented state. This suggests that orally administered tannins must pass the stomach undegraded to reach the intestines, where they are required for the inhibition of intestinal parasites.
Anthelmintic activities of tannins vary widely among structurally related or non-related molecules and among the different strains, species, and developmental stage of nematodes (Lans, 2006; Wimmersberger et al., 2013; Agyare et al., 2014). The variation in activities between geraniin and procyanidin C1 and the two extracts support these previous observations. Although both tannin groups may display similar inhibitory actions against larval migration, hydrolyzable tannins have been reported to have higher inhibition against egg-hatching (Burden and Hammet, 1976; Santos et al., 2019).
As previously reported, anthelmintic activities of hydrolyzable tannins are generally related to a molecular weight of 700–2,000 Da and are proportional to the degree of galloylation or number of hexahydroxydiphenyl moieties (Humphries et al., 2012; Spiegler et al., 2016). Since fecal metabolism breaks down these galloylated structures into low-molecular-weight molecules, this size- and galloylation-dependent action is lost and may explain the decline in the anthelmintic activity of geraniin and P. urinaria extract, as observed in this study. The smaller sized building blocks of procyanidins ((epi)catechins), for instance, have been reported to have little to no anthelmintic effects against intestinal nematodes of ruminants, A. suum of pigs, and C. elegans (Burden and Hammet, 1976; Geary and Thompson, 2001; Lans, 2006). Their galloylated forms, however, possess significant anthelmintic activity (Mukai et al., 2008; Williams et al., 2014a; Desrues et al., 2016), and this supports the idea that high-molecular weight PAC have better anthelmintic action, which could diminish due to degradation by intestinal flora (Williams et al., 2014b; Klongsiriwet et al., 2015; Quijada et al., 2015; Spiegler et al., 2017).
There is no sufficient data on the anthelmintic potential of tannin metabolites or degradation products, and hence, no direct link can be established between the individual metabolites and any residual anthelmintic action. The wide variations in anthelmintic activity of tannins are, therefore, highly dependent on physiological differences in nematode species and the stage of parasite development than on the products of tannin metabolism (Spencer et al., 1988; Hagerman et al., 1998). Since the bulky tannin molecule appears to be responsible for the anthelmintic action, the rate at which the molecules get degraded may be a predictor of overall anthelmintic potential. Geraniin, for instance, gets converted by fecal microflora to corilagin, brevifolin carboxylic acid, ellagic acid, and gallic acid within 1 h of anaerobic incubation and subsequently forms urolithins after 96 h (Ito et al., 2008). Although some of the initial products have been reported for anthelmintic action (Jato et al., 2023), the final products have not been reported for such activities. Four hours of fermentation appears to significantly lower the anthelmintic action of the test samples and suggest that intestinal transformation of this molecule may be quicker than 4 hours. Future studies could assess the rate of degradation and trend of metabolites produced from fermentation of both groups of tannins, and when fully characterized, the individual metabolites can be explored for nematicidal properties.
The results of this study and prevailing evidence seem to suggest that tannins exhibit direct effects on parasites rather than through their gut metabolites. This study also confirms that the extracts appear to have higher effects than the pure compounds and retain significant residual action after 4 h and 24 h incubation. This may be suggestive of synergistic or potentiation mechanisms exhibited by the multi-component extracts compared to single molecules. These findings may, hence, support the veterinary and ethno-medicinal applications of tannin-rich plants as fodder or extracts and not as purified compounds and lend support to polyherbal over mono-entity therapies.
4.2 Conclusion
This study revealed that geraniin and procyanidin C1 and the extracts of P. urinaria and C. mucronatum display significant anthelmintic activities against the larvae of human intestinal hookworms and whipworms and against the model organism C. elegans. These activities are, however, significantly decreased when these substances are fermented in human fecal matter for 4 h and 24 h. These findings suggest that tannins may have better anthelmintic action in their intact or unchanged form and validate the use of these two medicinal plants as anthelmintic agents in Africa. Studies in other stages of nematode life cycle could provide a complete profile on whether these fermentation by-products contribute to anthelmintic effects at all.
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