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Abstract

:

Naegleria fowleri and Balamuthia mandrillaris are free-living, opportunistic protists, distributed widely in the environment. They are responsible for primary amoebic meningoencephalitis (PAM) and granulomatous amoebic encephalitis (GAE), the fatal central nervous infections with mortality rates exceeding 90%. With the rise of global warming and water shortages resulting in water storage in tanks (where these amoebae may reside), the risk of infection is increasing. Currently, as a result of a lack of awareness, many cases may be misdiagnosed. Furthermore, the high mortality rate indicates the lack of effective drugs available. In this study, secondary metabolites from the plants Rinorea vaundensis and Salvia triloba were tested for their anti-amoebic properties against N. fowleri and B. mandrillaris. Three of the nine compounds showed potent and significant anti-amoebic activities against both N. fowleri and B. mandrillaris: ursolic acid, betulinic acid, and betulin. Additionally, all compounds depicted limited or minimal toxicity to human cells and were capable of reducing amoeba-mediated host cell death. Moreover, the minimum inhibitory concentration required to inhibit 50% of amoebae growth, the half-maximal effective concentration, and the maximum non-toxic dose against human cells of the compounds were determined. These effective plant-derived compounds should be utilized as potential therapies against infections due to free-living amoebae, but future research is needed to realize these expectations.
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1. Introduction


Naegleria fowleri and Balamuthia mandrillaris are free-living, opportunistic protists, distributed widely in the environment [1,2,3,4]. They are responsible for fatal central nervous infections, with mortality rates exceeding 90%; the infections are granulomatous amoebic encephalitis (GAE) and primary amoebic meningoencephalitis (PAM) caused by B. mandrillaris and N. fowleri, respectively [5,6,7]. Although these parasites are distributed widely in the environment, they do prefer warmer regions [3]. For this reason, with the rise of global warming, as well as the rise in outdoor activities and lack of water in developing countries, resulting in water storage in tanks (where these amoebae may reside), more awareness is needed [2,3]. Currently, many cases of infections due to these amoebae may be misdiagnosed [8,9].



It is evident from the high mortality rate, that there is a lack of effective drugs available [10,11,12]. Although many advances in antimicrobial therapy have been made, there have not been any significant advances in the development of effective drugs against brain-eating amoebae. Hence, the need to find effective therapies and drugs capable of selectively and effectively killing the parasite is essential [13,14,15]. Current treatments involve high concentrations of drugs leading to host tissue damage and toxicity, as is the case with the administration of Amphotericin B, which leads to nephrotoxicity [16,17]. The development of new drugs capable of penetrating the blood–brain barrier and targeting the pathogen are needed [18].



Plants are natural products that are rich sources of pharmacologically active agents, in fact, medicinal plants have been used by the ancient Greeks, Chinese, Indians, Romans, Egyptians, and Arabs [19,20]. Using plant-derived medicine, several pathological conditions have been treated, such as: diarrhea, constipation, and cough [19,21]. Furthermore, natural products contain a wider range of bioactive compounds compared to that of synthetic small molecules [22]. The various secondary metabolites synthesized by various plants allow them to possess antimicrobial properties, which is why the World Health Organization (WHO) refers to medicinal plants as the best source to attain a variety of drugs [23]. In this study, we hypothesize the antiamoebic properties of two medicinal plants, Rinorea yaundensis and Salvia triloba. The various secondary metabolites of these medicinal plants were isolated and characterized through phytochemical studies. The metabolites were tested against two amoebae, N. fowleri and B. mandrillaris for their antiamoebic properties, as previously we have shown that these metabolites are effective against Acanthamoeba castellanii [24]. The results showcased that these plant-based secondary metabolites are capable of exhibiting significant amoebicidal activities whereby displaying minimal adverse effects of toxicity against human cells. Future research is warranted to determine their translational value in the clinic to develop much-needed antimicrobials against free-living amoebae pathogens.




2. Materials and Methods


All chemicals were obtained from Sigma-Aldrich unless stated otherwise.



2.1. Collection, Identification of Plants and Metabolite Extraction


The leaves of S. triloba and the aerial parts of R. yaundensis were collected and the metabolites from the leaves of S. triloba and aerial parts of R. yaundensis were extracted as previously described [24]. The leaves of the S. triloba (10 Kg) and the aerial parts of R. yaundensis (27 Kg) were dried and extracted thrice with methanol (3 × 30 L, RT). The crude methanolic extract (405.6 g) of S. triloba and R. yaundensis were concentrated in vacuo chromatographed on silica gel with DCM, EtOAc, n-hexane, and MeOH by varying polarities. This led to the isolation of the secondary metabolites. The protocols for the isolation of both plant extracts are illustrated in [24].




2.2. Henrietta Lacks (HeLa) Cervical Cancer Cells


In order to maintain cultures of B. mandrillaris and N. fowleri and conduct various assays such as cytopathogenicity and cytotoxicity assays, it is necessary to grow and sustain human cells. In this study, HeLa cells were obtained from the American Type Culture Collections (ATCC), belonging to the identification ATCC CCL-2 [5]. To maintain the cells, complete media was prepared in which they were cultured. Complete media constitutes Roswell Park Memorial Media (RPMI), 10% fetal bovine serum (FBS), 1% L-glutamine, 1% minimum essential medium amino acids, and 1% penicillin-streptomycin. Additionally, the cultures were placed in 95% humidified incubators with 5% CO2 at 37 °C.




2.3. Naegleria fowleri Culture


N. fowleri strain (ATCC 30174) is a clinical isolate, derived from the human cerebrospinal fluid of primary amoebic meningoencephalitis case. The cultures were obtained from the American Type Culture Collection (ATCC) and cultured as described previously [5]. Briefly, the cells were maintained and cultured in RPMI. Additionally, serving as a food source, the cells were placed on HeLa cell monolayers. Furthermore, the cells were kept in a 95% humidified incubator containing 5% CO2 at 37 °C. After 48 h, the amoeba had consumed the HeLa cells resulting in approximately 2 × 105 amoebae being present, of which 95% were in trophozoite form.




2.4. Balamuthia mandrillaris Culture


B. mandrillaris (ATCC 50209) is a clinical isolate, derived from the brain tissue of a 3-year, 10-month-old female mandrill, Papio sphinx, that died of amebic meningoencephalitis in San Diego Zoo. The cultures were obtained from the ATCC [5]. Briefly, the cells were maintained and cultured in RPMI. Additionally, the cells were placed on HeLa cell monolayers, serving as their food source. Furthermore, the cells were placed in a 95% humidified incubator containing 5% CO2 at 37 °C. After 48 h, the amoeba had consumed the HeLa cells, thus resulting in approximately 2 × 105 amoebae being present.




2.5. Amoebicidal Assay


To evaluate the antiamoebic properties of drugs, an amoebicidal assay was conducted [5]. In a 96-well plate, 2 × 105 amoebae were placed and brought to a final volume of 200 µL. The amoebae were then treated with 100 µg/mL of the plant-based drugs and incubated for 24 h at a temperature of 37 °C, with 5% CO2 and 95% humidity. Additionally, positive, and negative controls were set up. For the positive control, 0.25% SDS was used for the negative control, and amoeba with RPMI alone was used. The number of viable amoebae was calculated by first counting the living amoeba cells using a hemocytometer [5]. Furthermore, through the addition of 0.1% methylene blue, a distinguishment between the living and dead amoeba was made. Moreover, to determine whether the amoebicidal activity is significant or not, a Student’s t-test with two-tailed distribution was performed [5]. Moreover, certain compounds were tested at different concentrations (50 µg/mL, 100 µg/mL, 150 µg/mL, and 200 µg/mL) to determine their minimum inhibitory concentrations (MIC50) values [25].




2.6. Cell Viability Assay


To determine the cell viability against these drugs, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was performed. Briefly, HeLa cells were grown up to 90% confluency in a 96 well plate for 24 h at 37 °C in a 95% humidified incubator with 5% CO2 [24,25]. Following the 24-h incubation period, 100 µg/mL concentrations of the drugs were added to the cells and incubated overnight. Next, 10µL of freshly prepared MTT dye solution was added, proceeding with a 4-h incubation period. Following the 4-h incubation period, 100 µL of DMSO was added to dissolve the formazan crystals formed by the cells. Additionally, HeLa cells with DMSO were taken as the negative control. The absorbance was recorded at 590 nm and the viability was calculated using the following formula: % Viability = Mean OD of test sample/Mean OD of negative control ×100. Additionally, the EC50 (50% effective concentration) and the MNTD (maximum non-toxic dose) was determined through the conduction of MTT assays.




2.7. Cytopathogenicity Assay


Cytopathogenicity assays were conducted to determine the amoebae-mediated host cell death [5]. 2 × 105 amoebae were challenged with 100 µg/mL of the different compounds and were incubated for 2 h at a temperature of 37 °C with 5% CO2 and 95% humidity. Following the incubation period, the samples were centrifuged, and the pellet was resuspended in RPMI. Next, the resuspended pellet was added to a 96-well plate containing confluent cancer cell monolayers [5]. After 24-h, the supernatant was collected and the cytotoxicity was measured using a cytotoxicity detection kit, to measure the LDH release [5]. Both negative and positive controls were included, the negative control being the cells with RPMI only and the positive control being the host cells treated with Triton-X-100 [5].




2.8. Statistical Analysis


All the data obtained are illustrative of the mean ± standard error of multiple independent experiments. Additionally, the statistical significance was evaluated with the use of a two-tailed distribution t-test [5]. Moreover, the p-values were determined to further examine and elaborate on the significance of the results.





3. Results


3.1. The Plant-Based Compounds Exhibited Significant Amoebicidal Activity against N. fowleri and B. mandrillaris


To determine the antiamoebic effects of the plant-based natural compounds amoebicidal assays were performed against N. fowleri and B. mandrillaris. The results showed upon the 24-h incubation of the pathogen with 100 µg/mL of the plant-based compounds, certain compounds showed significant amoebicidal activity (t-test, two-tail distribution, p ≤ 0.05) (Figure 1a,b). All compounds, except alkaloid, showcased significant amoebicidal activity against B. mandrillaris (Figure 1a). The compounds β-amyrin, betulinic acid, rosmarinic acid, and ursolic acid showcased the highest cidal activity with only 66.52%, 62.15%, 62.17%, and 22.59% viable amoeba remaining, respectively. However, only three plant-based compounds showed significant amoebicidal activity against N. fowleri (Figure 1b). The three compounds, ursolic acid, betulinic acid, and betulin exhibited significant cidal activity with only 49.30%, 28.19%, and 14.82% viable amoeba remaining, respectively (Figure 1b).



Furthermore, the compounds showing significant amoebicidal activity were tested at different concentrations to determine their MIC50 (Table 1). The compounds showing significant amoebicidal properties against B. mandrillaris were tested at concentrations of 50 µg/mL, 100 µg/mL, 150 µg/mL, and 200 µg/mL (Table 1a). It was found that oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate inhibited 50% of B. mandrillaris growth at concentrations of: 189.6 µg/mL, 88.33 µg/mL, 112 µg/mL, 80.34 µg/mL, 132 µg/mL, 156.2 µg/mL, 131.3 µg/mL, and 139 µg/mL, respectively (Table 1a). Whereas betulinic acid, betulin, and ursolic acid inhibit 50% of N. fowleri growth at concentrations of 34.39 µg/mL, 77 µg/mL, and 74.67 µg/mL, respectively (Table 1b).




3.2. The Plant-Based Compounds Exhibited Minimal Cytotoxic Activity against Human Cell Lines


Lactate dehydrogenase assays were conducted to measure the toxicity of the plant-based compounds toward human cells. Concentrations of 50 µg/mL, 100 µg/mL, 150 µg/mL, and 200 µg/mL of the test compounds were tested against HeLa cells (Figure 2). It was found that at the working concentration of 100 µg/mL, eight of the nine compounds: oleanolic acid, β-amyrin, betulin, vvanillic acid, alkaloid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate proved to be non-toxic; as cell cytotoxicity was approximately 20% and less. Of note is the compound betulinic acid, as it exhibited weak cytotoxic activity at 37%.




3.3. The Maximal Non-Toxic Dose and 50% Effective Concentration of Plant-Based Compounds against HeLa Cells Were Determined


The maximal non-toxic dose (MNTD) and the 50% effective concentration (EC50) of the plant-derived compounds against HeLa cells were determined through the conduction of MTT assays. It was found that upon the addition of 334.4 µg/mL, 122,4 µg/mL, 432.7 µg/mL, 190.9 µg/mL, 440.4 µg/mL, 768.8 µg/mL, 449.9 µg/mL, 235.4 µg/mL and 241 µg/mL of oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, alkaloid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate, respectively, were the compounds showing 50% effect against HeLa cells (Table 2). Additionally, the maximum non-toxic dose of oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, alkaloid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate were found to be: 87.01 µg/mL, 36.98 µg/mL, 93.41 µg/mL, 63.37 µg/mL, 123.8 µg/mL, 77.46 µg/mL, 101.6 µg/mL, 93.05 µg/mL, and 81.89 µg/mL, respectively (Table 2).




3.4. The Plant-Based Compounds Reduced Amoebae-Mediated Host Cell Death


To evaluate the effect of the plant-based compounds on amoebae-mediated host cell death, cytopathogenicity assays were carried out. B. mandrillaris and N. fowleri were pre-treated with the test compounds before being introduced to the HeLa cell monolayer. The results revealed that upon the treatment of B. mandrillaris and N. fowleri, amoebae-mediated host cell death was reduced, compounds exhibiting significant amoebicidal activities, showed reduced amoeba-mediated host cell cytotoxicity (Figure 3).



Upon treating B. mandrillaris with the plant-derived compounds: oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, rosmarinic acid, and ursolic acid, the amoeba mediated host cell death was reduced from 100% to 64%, 64%, 65%, 75%, 79%, 71%, and 40%, respectively (Figure 3a). Additionally, upon the treatment of N. fowleri with the plant-derived compounds, betulinic acid, betulin, and ursolic acid reduced amoeba-mediated host cell death from 100% to 28%, 24%, and 51%, respectively (Figure 3b). The structure of active compounds is shown in Figure 4.





4. Discussion


Balamuthia mandrillaris and Naegleria fowleri are two highly fatal, protozoan pathogens distributed widely in the environment [3,26,27,28]. Furthermore, although these parasites are distributed globally, they favor warmer temperatures; hence, global warming is of concern [2,3]. Each parasite is responsible for a fatal central nervous system infection, to which, no effective treatment is currently present [1,2,18,29]. Unfortunately, current drugs possess a wide range of toxicities, as they are needed to be administered in high doses to be able to traverse the highly selective blood–brain barrier, as is the case with Amphotericin B [16,17]. For this reason, it is necessary to develop new treatments for these amoebae.



The use of medicinal plants to aid in treatment can be dated back to the ancient Greeks [19]. In this study, nine secondary metabolites from Rinorea yaundensis and Salvia triloba were tested against N. fowleri and B. mandrillaris. Oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, alkaloid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate were tested for the anti-amoebic activities against the two amoebae. Furthermore, their cytopathic effects against human cell lines were also determined; the cytotoxicity, MNTD, and EC50 of the plant-derived compounds were determined against HeLa cells. Additionally, the amoeba-mediated host cell death was determined through the conduction of cytopathogenicity assays.



According to the results obtained, three of the nine test compounds exhibited significant amoebicidal activity against N. fowleri. The compounds: ursolic acid, betulinic acid, and betulin reduced amoeba viability, the greatest reduction was exhibited by betulin, where amoeba viability was reduced to 14.82%. Additionally, the compounds were also found to reduce N. fowleri mediated host cell death. Moreover, eight of the nine compounds tested: oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate showed significant anti-amoebic properties against B. mandrillaris. Of note are β-amyrin, betulinic acid, rosmarinic acid, and ursolic acid as they exhibited a significant reduction of amoeba viability. Additionally, the compounds oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, rosmarinic acid, and ursolic acid reduced amoebae-mediated host cell death. Although the exact mechanism of action is not known against B. mandrillaris and N. fowleri, compounds such as ursolic acid, betulinic acid, vanillic acid, and other plant-derived compounds have been found to induce apoptosis in cells [30,31]. Betulinic acid has been found to induce apoptosis by altering the mitochondrial function of tumor cells. Additionally, ursolic acid was found to induce apoptosis in Acanthamoeba by lowering the mitochondrial membrane potential and decreasing the ATP levels produced [30,31]. Additionally, the plant-derived compounds were tested against Acanthamoeba in a recent study; the compounds were found to exhibit significant amoebicidal activity against Acanthamoeba [24]. However, the mechanism of action of these compounds against B. mandrillaris and N. fowleri should be determined in future studies. Furthermore, as different concentrations of the plant-derived compounds were tested to determine the MIC50 values, only 34.39 µg/mL of betulinic acid is needed to inhibit 50% of N. fowleri growth, of the remaining compounds, betulinic acid showed the lowest concentration needed. Notably, previous studies showed that the sensitivities of the antifungal drugs (MIC50) were: amphotericin B (0.05–0.5 µg/mL), ketoconazole (0.125 µg/mL), fluconazole (0.5–2.0 mg/mL), and itraconazole (10 mg/mL) (p < 0.05) [32]. In another study, the MIC100 of amphotericin B, miltefosine, and chlorpromazine, were 0.78, 25, and 12.5 μg/mL, respectively [33]. For B. mandrillaris, amphotericin B, ciclopirox olamine, miltefosine, natamycin, paromomycin, pentamidine isethionate, protriptyline, spiramycin, sulconazole, and telithromycin had limited activity with amoebicidal levels of >135–500 μM [34]. However, diminazene aceturate (Berenil(®)) was amoebicidal at 7.8 μM and 31.3–61.5 μM for trophozoites and cysts [34]. Furthermore, in our study against B. mandrillaris, betulin was found to have the lowest MIC50 value, with only 80.34 µg/mL of the compound to inhibit 50% of B. mandrillaris.



Moreover, assays to determine the cytotoxic activities of the compounds against human cells were conducted. It was found that all compounds except betulinic acid depicted minimal cytotoxicity. Betulinic acid was found to exhibit 37% cytotoxicity against HeLa cells, thus, it depicts some toxic effects. Furthermore, the MNTD and EC50 of the compounds against the cells was determined. Betulinic acid exhibited the lowest EC50 value, where 122.4 µg/mL of the compound showed a 50% effectiveness against the human cells. Additionally, betulinic acid also exhibited the lowest MNTD value where 36.98 µg/mL of the compound is the maximum dose not toxic to the cells. Hence, it can be concluded that out of the nine compounds, betulinic acid is the most toxic to human cells.



When comparing antiamoebic activities with mammalian cell cytotoxicity for active compounds observed in this study, it was found that oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate inhibited 50% of B. mandrillaris at concentrations of: 189.6 µg/mL, 88.33 µg/mL, 112 µg/mL, 80.34 µg/mL, 132 µg/mL, 156.2 µg/mL, 131.3 µg/mL, and 139 µg/mL respectively. Whereas betulinic acid, betulin, and ursolic acid inhibit 50% of N. fowleri at concentrations of 34.39 µg/mL, 77 µg/mL, and 74.67 µg/mL, respectively. In comparison, oleanolic acid, betulinic acid, β-amyrin, betulin, vanillic acid, rosmarinic acid, ursolic acid, and methy-β-orcinolcarboxylate inhibited 50% of mammalian cells at 334.4 µg/mL, 122,4 µg/mL, 432.7 µg/mL, 190.9 µg/mL, 440.4 µg/mL, 449.9 µg/mL, 235.4 µg/mL and 241 µg/mL, respectively. These findings have identified several compounds that inhibit pathogenic amoebae without affecting human cells.



Unfortunately, current treatments against B. mandrillaris and N. fowleri have shown to be toxic, and capable of damaging tissues; hence, the plant-derived compounds are of particular importance as they exhibit minimal-cytotoxic activity and possess potent activity against the amoebae.



The compounds tested in this study have been previously noted for their various health benefits, for example, ursolic acid is a triterpene compound believed to have various health benefits such as anti-inflammatory, anti-carcinogenic, antioxidant, and anti-apoptotic effects [35]. Additionally, it is believed to reduce the expression of markers of cardiac damage in the heart, decrease inflammation and increase antioxidants in the brain as well as reduce apoptotic signals. Moreover, ursolic acid possesses antimicrobial activities, including anti-protozoal activities against Plasmodium falciparum [36]. Betulinic acid also possesses a wide range of pharmaceutical properties such as antitumor, antiviral, anti-inflammatory, and anti-diabetic properties, while Betulin possesses anticancer effects [37,38].



Although these compounds possess various pharmaceutical properties and show antiamoebic properties, further studies should be done. Initially, further testing against amoebae should be conducted such as encystation and excystation assays to understand the effect of the compounds against the amoebae cyst. Next, the mechanism of action against the amoebae should be determined using electron microscopic studies. Further testing can be accomplished in vivo using infected animal models such as mice. Moreover, the necessary mode of administration should be established. The amoebae are found in the brain; hence, the drugs should be able to bypass the highly selective blood–brain barrier without exhibiting toxic activity. Finally, the pharmacodynamic, pharmacokinetics, and efficacy of the effective compounds should be determined to establish the translational value of these findings.




5. Conclusions


Here we extracted and isolated plant-based natural compounds from two medicinal plants i.e., R. yaundensis and S. triloba and then tested them against N. fowleri and B. mandrillaris. The compounds tested displayed significant amoebicidal activity. These compounds inhibited amoeba-mediated host cell toxicity. All the compounds showed negligible cytotoxicity against human cells tested. These outcomes suggest that plant-based natural drugs entities hold promise in the improved treatment of infections caused by N. fowleri and B. mandrillaris and could open several avenues for further research against other parasites, as well as their capabilities as disinfectants for use in household water storage tanks, which will determine the translational value of these very promising findings.
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Figure 1. The plant-based compounds exhibited significant amoebicidal activity against N. fowleri and B. mandrillaris (a) effects of the drugs against B. mandrillaris after a 24-h incubation period and (b) effects of the drugs against N. fowleri after a 24-h incubation period. The data is illustrative of several independent experiments and presented as the mean ± standard error. Furthermore, p-values were determined using two-sample t-test, two-tailed distribution, (*) is ≤0.05. 






Figure 1. The plant-based compounds exhibited significant amoebicidal activity against N. fowleri and B. mandrillaris (a) effects of the drugs against B. mandrillaris after a 24-h incubation period and (b) effects of the drugs against N. fowleri after a 24-h incubation period. The data is illustrative of several independent experiments and presented as the mean ± standard error. Furthermore, p-values were determined using two-sample t-test, two-tailed distribution, (*) is ≤0.05.



[image: Antibiotics 11 00539 g001]







[image: Antibiotics 11 00539 g002 550] 





Figure 2. The plant-based compounds exhibited minimal cytotoxic activity against human cell lines. Confluent monolayers of HeLa cells were challenged with 50 µg/mL, 100 µg/mL, 150 µg/mL, and 200 µg/mL of the plant-based compounds. All compounds were non-cytotoxic at a concentration of 100 µg/mL except betulinic acid, as it exhibited weak cytotoxicity. Cell cytotoxicity below 20% is considered non-cytotoxic, while cell cytotoxicity between 20% to 40% is considered to have weak cytotoxicity. The data are illustrative of several independent experiments and presented as the mean ± standard error. 
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Figure 3. The plant-based compounds reduced amoebae-mediated host cell death. (a) The compounds reduced B. mandrillaris mediated cytotoxicity against human cells and (b) against N. fowleri mediated cytotoxicity against human cells. In short, 2 × 105 amoebae were incubated with 100 µg/mL of the compounds for 2 h. After the 2-h incubation period was complete, the pre-treated amoebae were transferred to the HeLa cells and incubated overnight. Overall, the drugs are capable of inhibiting amoeba-meditated host cytotoxicity when compared to the amoeba alone. The data is illustrative of several independent experiments and presented as the mean ± standard error. The Y-axis error bars are indicative of standard error of the data depicted in the graphs. * corresponds to p < 0.05. 
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Figure 4. The molecular structure of active compounds. 
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Table 1. The plant-based compounds exhibited significant amoebicidal activity against N. fowleri and B. mandrillaris The minimum inhibitory concentration required to inhibit 50% of parasite growth (MIC50) was determined for the compounds showing significant effects against N. fowleri and B. mandrillaris (a) concentrations of 50 µg/mL, 100 µg/mL, 150 µg/mL, and 200 µg/mL of eight plant-based compounds were tested against B. mandrillaris (b) concentrations of 50 µg/mL, 100 µg/mL and 200 µg/mL of three plant-based compounds were tested against N. fowleri.
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Balamuthia mandrillaris




	

	
50 µg/mL

	
100 µg/mL

	
150 µg/mL

	
200 µg/mL

	
MIC50

	




	
Balamuthia mandrillaris viability

	
100

	




	
Oleanolic acid

	
91 ± 3.8

	
88 ± 4.4

	
83 ± 0.8

	
41 ± 9.2

	
189.6




	
Betulinic acid

	
77 ± 5.4

	
48 ± 4.7

	
17 ± 2.8

	
10 ± 4.5

	
88.33




	
β-amyrin

	
96 ± 3.4

	
63 ± 5.0

	
18 ± 1.6

	
16 ± 6.3

	
112




	
Betulin

	
81 ± 6.3

	
37 ± 3.2

	
1.6 ± 2.3

	
0 ± 0

	
80.34




	
Vanillic acid

	
96 ± 1.3

	
61 ± 9.7

	
47 ± 3.5

	
25 ± 4.1

	
132




	
Rosmarinic acid

	
85 ± 6.7

	
66 ± 2.7

	
55 ± 3.6

	
38 ± 3.3

	
156.2




	
Ursolic acid

	
87 ± 0.3

	
81 ± 1.6

	
27 ± 0.5

	
27 ± 0.5

	
131.3




	
Methyl-β-orcinolcarboxylate

	
87 ± 8.0

	
88 ± 0.9

	
39 ± 2.1

	
29 ± 1.9

	
139




	
Naegleria fowleri




	

	
50 µg/mL

	
100 µg/mL

	
200 µg/mL

	
MIC50




	
Naegleria fowleri viability

	
100




	
Betulinic acid

	
77 ± 5.4

	
48 ± 4.7

	
10 ± 4.5

	
88.33




	
Betulin

	
81 ± 6.3

	
37 ± 3.2

	
0 ± 0

	
80.34




	
Ursolic acid

	
87 ± 0.3

	
81 ± 1.6

	
27 ± 0.5

	
131.3
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Table 2. The maximal non-toxic dose and 50% effective concentration of plant-based compounds against HeLa cells were determined. The maximum non-toxic dose and the EC50 of the plant-based compounds were determined through the conduction of MTT assay.
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	Compounds
	EC50
	MNTD





	Oleanolic acid
	334.4
	87.01



	Betulinic acid
	122.5
	36.98



	Β-amyrin
	432.7
	93.41



	Betulin
	190.9
	63.37



	Vanillic acid
	440.4
	123.8



	Alkaloid
	768.7
	77.46



	Rosmarinic acid
	449.9
	101.6



	Ursolic acid
	235.4
	93.05



	Methy-β-orcinolcarboxylate
	241
	81.89
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