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26 Abstract

27 Entamoeba histolytica is a protozoan parasite which infects approximately 50 million 

28 people worldwide, resulting in an estimated 70,000 deaths every year. Since the 1960s E. 

29 histolytica infection has been successfully treated with metronidazole. However, drawbacks to 

30 metronidazole therapy exist, including adverse effects, length of treatment, and the need for 

31 additional drugs to prevent transmission. All of these may decrease patient compliance and 

32 hence increase disease severity and spread of infection. In this study we identified the 

33 antimalarial drug mefloquine as possessing more potent, rapid, amoebicidal in vitro activity 

34 against E. histolytica trophozoites than metronidazole. We also showed that mefloquine could 

35 kill the cysts of a closely related reptilian parasite Entamoeba invadens unlike metronidazole. 

36 Additionally, mefloquine is known to possess a much longer half-life in human patients than 

37 metronidazole. This property, along with mefloquine’s rapid and broad action against E. 

38 histolytica position it as a promising new drug candidate against this widespread and 

39 devastating disease.

40

41 Author Summary

42 Every year, around 70,000 people worldwide die from infection by the intestinal parasite 

43 Entamoeba histolytica, despite the widespread availability of the drug metronidazole as a 

44 treatment. Part of the reason for this may be due to issues with patients failing to comply with 

45 the full course of treatment for the drug, due either to unpleasant side-effects, to the somewhat 

46 long treatment period, or the need for a secondary drug to kill the transmissible life stage of the 

47 parasite. In this report we discovered that the antimalarial drug mefloquine killed E. histolytica 

48 more potently and more rapidly than metronidazole, and, importantly, also killed the 

49 transmissible cyst stage of another Entamoeba species used as a model system. These 

50 findings make mefloquine an excellent candidate for an alternative drug to the current standard, 
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51 with a simpler course of treatment and a more effective strategy to reduce the spread of this 

52 disease.

53

54 Introduction

55 Entamoeba histolytica is a parasitic amoeba which infects an estimated 50 million 

56 people worldwide, resulting in around 70,000 deaths per year [1]. E. histolytica infection is 

57 known as amoebiasis and primarily affects the intestinal tract in humans, most commonly 

58 causing symptoms such as abdominal pain, bloody diarrhea, and colitis. In rare cases the 

59 infection spreads to other organs such as the liver and brain, and in serious cases results in 

60 patient death [2]. E. histolytica’s life cycle consists of a trophozoite vegetative stage which 

61 matures in its host to an infective cyst stage. The cyst stage is excreted in the host’s feces, 

62 infecting a new host when ingested via a route such as drinking contaminated water. Due to this 

63 mode of transmission E. histolytica disproportionately affects populations experiencing 

64 sanitation problems associated with low socioeconomic status [2-4]. Malnutrition is also known 

65 to be a major risk factor for amoebiasis, especially in children [5]. In the majority of cases where 

66 E. histolytica is ingested it lives asymptomatically in the human host’s intestinal tract. Symptoms 

67 develop when compromise of the mucosal layer allows it to come into contact with the intestinal 

68 wall, at which point it invades the wall and surrounding tissue causing characteristic ‘flask-

69 shaped ulcers’ [6]. 

70 E. histolytica infection is currently treated with the 5-nitroimidazole drug metronidazole, 

71 which has been in use since the 1960s and experiences widespread use as a treatment against 

72 anaerobic microbial infections. However, while successful, metronidazole is not a perfect 

73 treatment against E. histolytica, with a few particularly notable existing issues. One of these is 

74 problems with lack of patient compliance with the course of treatment, leading to relapses and 

75 increased disease spread [7]. This is possibly due to factors such as drug adverse effects or the 
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76 need for continued dosing past the resolution of disease symptoms [8]. Another issue is 

77 metronidazole’s inability to kill the infective cyst stage of E. histolytica. Because of this, as well 

78 as its complete absorbance from the intestines, metronidazole must be followed by a secondary 

79 luminal amoebicide paromomycin to prevent spread of the disease [9, 10].  When considered 

80 together, these factors comprise an unmet need for alternative amoebiasis therapies to 

81 metronidazole. Efforts along these lines have recently begun to be undertaken, including the 

82 development of the antirheumatic drug auranofin as a promising potential treatment for 

83 amoebiasis [11-13]. 

84 The antimalarial mefloquine is a 4-methanolquinoline compound structurally more 

85 related to quinine than chloroquine. Like metronidazole, mefloquine is a successful and widely-

86 used antiparasitic drug. In addition to its effectiveness against Plasmodium falciparum and P. 

87 vivax mefloquine has been shown over the years to possess in vitro or in vivo activity against 

88 Trypanosoma, Schistosoma, Echinococcosis, and Babesia species [14-18]. As well as its 

89 effects on blood-stage malaria parasites, mefloquine is known for its ability to cross the blood-

90 brain barrier, resulting in neuropsychiatric adverse events in some patients [19, 20]. Other 

91 notable pharmacokinetic attributes of mefloquine include a relatively long half-life and only 

92 partial absorption in the intestines, resulting in a profile potentially useful for persistent, invasive 

93 infections with a reservoir of parasites in the lumen [21, 22].

94 Based on these factors we decided to examine mefloquine for activity against E. 

95 histolytica in vitro. We utilized a luciferase-based cell viability assay to test potency and the 

96 rapidity of action of both mefloquine and metronidazole. We also tested mefloquine’s ability to 

97 kill the cysts of the model organism Entamoeba invadens in vitro. We further discuss the 

98 implications of these findings as favorable for the use of mefloquine as a clinical antiamoebic 

99 drug.

100

101
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102 Materials and Methods

103

104 E. histolytica cell culture

105 E. histolytica strain HM-1:IMSS trophozoites were maintained in 50ml culture flasks 

106 (Greiner Bio-One) containing TYI-S-33 media, 10% heat-inactivated adult bovine serum 

107 (Sigma), 1% MEM Vitamin Solution (Gibco), supplemented with penicillin (100 U/mL) and 

108 streptomycin (100 μg/mL) (Omega Scientific) [11].

109

110 Cell viability assay to determine drug potency against E. histolytica

111 Following a previously-published approach [11] E. histolytica cells, maintained in the 

112 logarithmic phase of growth were seeded into 96-well plates (Greiner Bio-One) at 5,000 

113 cells/well to a total volume of 100 µl/well. 8- or 16-point two-fold dilution series of the treatment 

114 compounds were prepared, beginning at a maximum final treatment concentration of 50 μM. 0.5 

115 μl of each drug concentration was added to triplicate wells for each treatment group. 0.5 μl of 

116 DMSO was used as a negative control, and 0.5 μl of 10 mM metronidazole dissolved in DMSO 

117 was used as a positive control, giving a final concentration of 50 μM. Alternatively, wells with 

118 only media were used as a negative control. The plates were placed in GasPak EZ (Becton-

119 Dickinson) bags and incubated at 37°C for 48hr. Plates were removed and 50 μl of CellTiter-Glo 

120 (Promega) was added to each well. Plates were shaken and incubated in darkness for 20 

121 minutes and the luminescence value of each well was read by a luminometer (EnVision, 

122 PerkinElmer). Percent inhibition was calculated by subtracting the luminescence values of each 

123 experimental data point from the average minimum signal, positive control values and dividing 

124 by the difference between the average maximum signal negative control and the positive 

125 control. The resulting decimal value was then multiplied by 100 to give a percentage.

126
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127 Trypan blue exclusion cell viability assay

128 E. histolytica trophozoites were seeded into 96-well plates at 5,000 cells/well and treated 

129 in triplicates with two-fold serially-diluted mefloquine ranging from 6.25 to 0.10 μM. Cells were 

130 incubated for 24 hr, then 10 µL of cells from each desired well were combined with 10 µl of 

131 trypan blue and the resulting mixture was counted with a hemocytometer.

132

133 Determination of anti-amoebic drug effectiveness in vitro over time

134 Effects of mefloquine and metronidazole on E. histolytica trophozoite cell viability were 

135 determined as described in a previous section at a series of timepoints ranging from 0.5 to 46 

136 hours following drug administration. EC50 values were calculated at each timepoint as previously 

137 described.

138

139 Microscopic observation of drug effects on cell morphology

140 Confluent E. histolytica trophozoites were treated with 4 μM of mefloquine in 50 mL 

141 culture flasks and observed over the course of 6 hours using brightfield microscopy (Zeiss). 

142 Representative images demonstrating cellular morphology were captured at 1-hour intervals 

143 from the beginning to the end of the experiment.

144

145 Cyst killing assay

146 For assays on mature cysts, a transgenic line stably expressing luciferase (CK-luc) was 

147 used [23]. Mature cyst viability assay was performed as previously descibed (Ehrenkaufer at al 

148 2018). Parasites were induced to encyst by incubation in encystation media (47% LG) [24]. After 

149 72 h, parasites were washed once in distilled water and incubated at 25°C for 4-5 h in water to 

150 lyse trophozoites. Purified cysts were pelleted, counted to ensure equal cyst numbers, and 

151 resuspended in encystation media at a concentration of 1-5x105 cells per ml. One ml 
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152 suspension per replicate was transferred to glass tubes containing encystation media and 

153 mefloquine or DMSO, then incubated at 25°C for 72 h. On the day of the assay, cysts were 

154 pelleted and treated once more with distilled water for 5 h to lyse any trophozoites that had 

155 emerged during treatment. Purified cysts were then resuspended in 75 µl Cell Lysis buffer 

156 (Promega) and sonicated for 2x10 seconds to break the cyst wall. Luciferase assay was 

157 performed using the Promega luciferase assay kit according to the manufacturer's instructions. 

158 Assays were performed on equal volume of lysate (35 µl) and not normalized to protein content. 

159 Effect of the drug was calculated by comparison to DMSO control, after subtraction of 

160 background signal.

161

162

163 Results

164

165 Mefloquine is active against E. histolytica in-vitro

166 In order to test mefloquine for potential antiamoebic effects, an ATP-driven luciferase-

167 based cell viability assay was employed to examine its effects on E. histolytica trophozoites in 

168 vitro. Two-fold serially-diluted concentration gradients were used to determine its 50% effective 

169 concentration (EC50) value. Maximum signal intensity was determined based on DMSO-treated 

170 cells, and minimum signal by cells treated with 50 μM metronidazole. From these values a cell 

171 survival percentage was calculated for each treatment dosage replicate. This experiment 

172 showed mefloquine to possess an EC50 value of 1.1 μM [Figure 1], notable in contrast to the 

173 previously-obtained EC50 value of 5 μM for metronidazole in the same in vitro assay system 

174 [11]. These results were replicated twice using both the same concentration range, as well as a 

175 range produced by a 1.5-fold serial dilution. Together these results suggested that mefloquine is 
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176 a potent anti-amoebic agent with greater in vitro efficacy than the current gold-standard 

177 treatment against E. histolytica.

178

179

180 Fig 1. Antiamoebic activity of mefloquine

181 Dose response curve showing the percent inhibition of E. histolytica trophozoites treated 

182 with mefloquine relative to vehicle-treated control.

183

184

185 Mefloquine is amoebicidal against E. histolytica

186 In order to determine whether the reduced number of viable cells in mefloquine-treated 

187 groups was due to increased cell death or merely decreased cell replication, a trypan blue 

188 exclusion assay was employed. The results of this assay confirmed the effects of mefloquine to 

189 be amoebicidal rather than amoebistatic, with the ratio of trypan-blue-permeable cells increasing 

190 with increasing drug concentration. A maximum of 100% cell staining, indicating 100% cell 

191 death, was observed at 6.25 μM of mefloquine. [Figure 2A]

192

193 Fig 2. Amoebicidal activity of mefloquine

194 A) Percent cell death of E. histolytica trophozoites at 24 h in response to mefloquine 

195 treatment as quantified by trypan blue exclusion assay. B) Decline in total average trophozoite 

196 cell number per well after 4 μM mefloquine treatment as compared to either 1 μM mefloquine, 

197 10 μM metronidazole, 0.5% DMSO, or no treatment.

198

199 The total number of live cells was observed over the course of mefloquine treatment 

200 using the same luciferase assay as previously. Replicate experimental plates were prepared 

201 and readings taken from each plate at several timepoints over the course of 7 hours. 
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202 Luminescence values obtained from control wells to which known quantities of live cells had 

203 been added were used to determine the total number of viable cells in experimental groups. In 

204 the experimental groups, trophozoites treated with 4 μM mefloquine decreased in number by a 

205 factor of five over the course of the experiments, whereas all other groups increased, including 

206 both negative controls, and those treated with 10 μM metronidazole. [Figure 2B] These results 

207 indicate that mefloquine reduces E. histolytica trophozoite numbers by causing cell death, rather 

208 than simply impeding or reducing replication.

209

210

211 Effect of mefloquine on E. histolytica morphology 

212 The morphology of E. histolytica trophozoites was observed after mefloquine treatment 

213 using phase contrast light microscope and compared with observations of 0.5% DMSO-treated 

214 cells. DMSO-treated trophozoites were visibly motile and irregular in shape, possessing 

215 characteristic amoeboid pseudopodia. In contrast, cells treated with 4 μM mefloquine for 6 hours 

216 were universally swollen and rounded, with dramatically enlarged vacuoles. [Figure 3]

217

218 Fig 3. Effects of mefloquine treatment on E. histolytica morphology

219 Light microscopy images of DMSO-treated E. histolytica trophozoites (Left) and 

220 trophozoites treated with 4 µM of mefloquine for 6 hours (Right).

221

222

223 Mefloquine kills E. histolytica much more rapidly than metronidazole

224 To further characterize the temporal aspects of the anti-amoebic effects of mefloquine, 

225 the EC50 values of mefloquine and metronidazole were measured at a series of timepoints after 

226 treatment of E. histolytica trophozoites with different concentrations of mefloquine and 
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227 metronidazole. The same luciferase-based cell viability assay was used as previously to 

228 determine the percentage of cells killed in each set of experimental replicates. Duplicate plates 

229 containing cells treated with serially-diluted ranges of mefloquine concentrations were prepared 

230 for each desired timepoint. From the collected data the EC50 values were calculated and 

231 compared over time. Mefloquine was observed to achieve its full effectiveness as characterized 

232 by its final steady-state EC50 value of 1.1 μM within less than 10 hours. In contrast, 

233 metronidazole required more than 24 hours to achieve its own final value of 5 μM. [Figure 4] 

234 These results suggest that the mechanism by which mefloquine kills E. histolytica trophozoites 

235 is inherently more rapid than that of metronidazole.

236

237 Fig 4. Comparison of antiamoebic activities of mefloquine and metronidazole over time

238 A) Dose response curves of mefloquine-treated E. histolytica trophozoites plotted at a 

239 series of timepoints subsequent to the start of treatment. B) Dose response curves of 

240 metronidazole-treated E. histolytica trophozoites plotted at a series of timepoints subsequent to 

241 the start of treatment. C) EC50 values for mefloquine (solid line) and metronidazole (dashed line) 

242 changing over time following the addition of each drug, eventually reaching constant values. 

243 Note: no meaningful EC50 value was observable in the metronidazole treatment prior to 10.5 

244 hours

245

246

247 Mefloquine kills mature Entamoeba cysts

248 A major drawback of metronidazole as a treatment for amebiasis is its poor activity 

249 against luminal parasites and cysts [2]. To determine if mefloquine may be superior in this 

250 respect, we assayed for killing of mature Entamoeba cysts. As E. histolytica cannot be induced 

251 to encyst in vitro [24], the related parasite, E. invadens, a well-characterized model system for 

252 Entamoeba development, was utilized. Mature (72h) cysts of a transgenic line constitutively 
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253 expressing luciferase were treated with either 5 µM or 10 µM mefloquine, or 0.5% DMSO as 

254 negative control, for 3 days. After treatment, cysts were treated with distilled water for five 

255 hours to remove any remaining trophozoites, and luciferase activity was assayed. Both 

256 concentrations of mefloquine significantly reduced luciferase signal to less than 10% compared 

257 to the control (Figure 5), indicating that the drug is effectively killing the cysts. In contrast, 

258 metronidazole up to 20 µM had no effect [Figure 5].

259

260 Figure 5. Drug activity against mature cysts

261 Plot displaying percentage of luciferase signal from E. invadens cysts treated with 

262 mefloquine or metronidazole, compared with DMSO-treated negative controls. Control readings 

263 were measured for each individual trial, which are in turn denoted by markers. metronidazole 

264 was tested at 20 μM concentration, mefloquine at both 5 µM and 10 µM. 

265

266

267 Discussion

268 In this study the FDA-approved antimalarial drug mefloquine was shown to kill E. 

269 histolytica trophozoites in vitro more potently and rapidly than the current standard therapy, 

270 metronidazole. It was also shown to kill the cyst form of related parasite E. invadens, which 

271 metronidazole does not. Here we will discuss how these results reveal mefloquine to have 

272 strong potential for use as an antiamoebic drug, and how in such a role it could fill gaps in the 

273 existing therapeutic paradigm for E. histolytica infections, reducing both the impact and spread 

274 of this disease. 

275 The current drug of choice against E. histolytica infection, metronidazole, is cheap, 

276 effective, and widely used against several anaerobic pathogens [2]. However, two major 
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277 concerns exist with metronidazole which render the search for additional options highly 

278 advisable. 

279 The first concern with metronidazole therapy is patient noncompliance due to both 

280 adverse effects and the requirement for dosage past symptom improvement. Reported 

281 noncompliance has been linked with increased recurrence and prevalence of the disease and 

282 has been shown to be increased in populations known to be at greater risk for infection [8]. We 

283 found that mefloquine achieves its amoebicidal effects in vitro much more rapidly than 

284 metronidazole, a favorable characteristic which could result in much shorter and hence less 

285 onerous clinical dosing schedules, which in turn could partially alleviate patient noncompliance. 

286 Regarding dosage, we found a concentration of 3 µM to kill nearly 100% of E. histolytica 

287 trophozoites after 48 hours. Mefloquine is currently prescribed in doses of 1250 mg for cases of 

288 acute malaria, and previous studies have shown lower doses than this to be capable of 

289 producing plasma Cmax values above the 3 µM level [21]. Additionally, the half-life of mefloquine 

290 has been shown to be up to 12 days, in contrast to a reported value of only 8 hours for 

291 metronidazole [21, 25]. All of this points to the idea that one or a small number of doses could 

292 potentially produce the desired therapeutic effects in humans that currently require many more 

293 doses of metronidazole.

294 The second concern is the inability of metronidazole to kill or prevent development of the 

295 infective cyst stage of Entamoeba. Due to its extremely high intestinal absorption, all of 

296 metronidazole’s action is systemic rather than in the lumen where a reservoir of reproducing 

297 and encysting E. histolytica resides. It quite effectively kills invasive trophozoites but allows the 

298 parasite’s reproductive cycle to continue, enabling the infection of other hosts. To prevent this, 

299 metronidazole therapy must be followed by treatment with a luminal antiamoebic drug such as 

300 paromomycin, which is potent in that location but not absorbed systemically at all [9, 10]. The 

301 current therapeutic strategy thus relies on the sequential administration of two separate drugs 

302 each with opposite absorption profiles in order to effectively control both the symptoms and 
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303 spread of amoebiasis. Such a lengthy and complex treatment no doubt greatly aggravates the 

304 issues with patient noncompliance described in the first concern. In this study we documented 

305 features of mefloquine which might allow it to circumvent this dual-drug issue. We tested 

306 mefloquine for effectiveness against the cyst form of E. invadens and found it to be active. E. 

307 invadens is a similar parasite to E. histolytica and is widely used as an in vitro model of 

308 encystation for E. histolytica [26]. In this study it was found that mefloquine was capable of 

309 killing 100% of E. invadens cysts at 5 μM, a value close to that observed to kill E. histolytica 

310 trophozoites. Importantly, unlike metronidazole, around 20-30% of mefloquine remains in the 

311 intestines of patients after absorption, raising the possibility that it could act as a luminal 

312 antiamoebic against both cysts and trophozoites [22]. As such mefloquine has the potential to fill 

313 the cysticidal and amoebicidal roles required for successful treatment of E. histolytica infection. 

314 Mefloquine’s systemic distribution includes the ability to cross the blood-brain barrier – a 

315 feature which has both negative and positive consequences [27]. Negatively, mefloquine is 

316 known for producing neuropsychiatric adverse effects in a subset of patients [28]. Positively, 

317 mefloquine’s ability to enter the brain allows it to act against parasites that have invaded that 

318 region. While most literature on the subject involves combinations of mefloquine with other 

319 drugs such as artesunate for treatment of clinical or experimental cerebral malaria, cases have 

320 been reported where mefloquine alone has been successful in patients [29, 30]. Like malaria 

321 parasites, E. histolytica invades the brain in a small number of extreme cases [31]. Mefloquine’s 

322 ability to cross the blood-brain barrier might allow it to act as an effective treatment in such 

323 cases. This would add to the overall versatility and usefulness of mefloquine as an antiamoebic 

324 drug. 

325 Given the results of this study a key question remaining is the nature of mefloquine’s 

326 mechanism of action against E. histolytica. In Plasmodium species as well as various other cell 

327 types a number of hypotheses have been proposed. These hypotheses range from the inhibition 

328 of plasma membrane dynamics to the induction of reactive oxygen species stress [32-36]. One 
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329 particular hypothesis raised by two papers from the past decade proposed that mefloquine 

330 might act against Plasmodium parasites through inhibition of the cytosolic ribosome and 

331 resultant suppression of protein translation [37, 38]. While these studies do support the idea that 

332 mefloquine may act at least partially via such a mechanism in Plasmodium, it is unclear whether 

333 ribosomal inhibition might also be lethal in E. histolytica. Some clues regarding the answer to 

334 this question come from existing compounds known to kill E. histolytica. The drug paromomycin, 

335 currently prescribed as a luminal amoebicide, is known to act through ribosomal inhibition 

336 against both bacteria and Leishmania species [39, 40]. Additionally, potent activity of the 

337 ribosomal inhibitor anisomycin against E. histolytica trophozoites and E. invadens cysts has 

338 recently been reported [13]. Together these drug activities confirm that compounds targeting the 

339 ribosomal complex are capable of killing E. histolytica, rendering it conceivable that such a 

340 mechanism might be at work with the effects of mefloquine. Future studies should explore this 

341 possibility, as well as investigate ribosome-targeting compounds as a possible class of 

342 amoebicides.

343 In conclusion we demonstrated in vitro that the FDA-approved antimalarial drug 

344 mefloquine has the potential to act as a new treatment option for E. histolytica infection. 

345 Mefloquine is superior to the current practice, due to greater potency, rapidity of action, and 

346 cysticidal effects. Further studies using in vivo models of the disease should be undertaken to 

347 refine the optimal dosage and duration of treatment. 

348
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