Drug Resistance Updates 44 (2019) 1-14

journal homepage: www.elsevier.com/locate/drup

Contents lists available at ScienceDirect

Drug Resistance Updates

Target identification and intervention strategies against amebiasis

Shruti Nagaraja, Serge Ankri"

Check for
updates

Department of Molecular Microbiology, Ruth and Bruce Rappaport Faculty of Medicine, Technion-Israel Institute of Technology, Haifa, Israel

ARTICLE INFO

Keywords:

Entamoeba histolytica
Amebiasis

Drug targets

Drug repurposing
Vaccination
Probiotics

ABSTRACT

Entamoeba histolytica is the etiological agent of amebiasis, which is an endemic parasitic disease in developing
countries and is the cause of approximately 70,000 deaths annually. E. histolytica trophozoites usually reside in
the colon as a non-pathogenic commensal in most infected individuals (90% of infected individuals are
asymptomatic). For unknown reasons, these trophozoites can become virulent and invasive, cause amebic
dysentery, and migrate to the liver where they cause hepatocellular damage. Amebiasis is usually treated either
by amebicides which are classified as (a) luminal and are active against the luminal forms of the parasite, (b)
tissue and are effective against those parasites that have invaded tissues, and (c) mixed and are effective against
the luminal forms of the parasite and those forms which invaded the host’s tissues. Of the amebicides, the
luminal amebicide, metronidazole (MTZ), is the most widely used drug to treat amebiasis. Although well tol-
erated, concerns about its adverse effects and the possible emergence of MTZ-resistant strains of E. histolytica
have led to the development of new therapeutic strategies against amebiasis. These strategies include improving
the potency of existing amebicides, discovering new uses for approved drugs (repurposing of existing drugs),
drug rediscovery, vaccination, drug targeting of essential E. histolytica components, and the use of probiotics and
bioactive natural products. This review examines each of these strategies in the light of the current knowledge on

the gut microbiota of patients with amebiasis.

1. Introduction

Amebiasis is an infection of the gastrointestinal tract caused by the
protozoan parasite Entamoeba histolytica. E. histolytica infection occurs
in almost all countries with poor sanitation and high rate of fecal
contamination of water and food. The parasite’s life cycle has two
stages: the cysts which are the infective form of the parasite and are
usually found in the fresh stools, and the trophozoites which are the
invasive form of the parasite and are generally found in diarrheal stools.
Most E. histolytica infections are asymptomatic. In symptomatic infec-
tions, colitis is the most frequent sign followed by liver abscesses and
more rarely brain abscesses. Amebiasis is a prominent cause of severe
diarrhea worldwide and is listed among the top 15 causes of diarrhea in
the first two years of life in children living in the developing world
(Lozano et al., 2012; Shirley et al., 2018). Amebiasis is the third cause
of gastrointestinal diseases in returning international travelers after
giardiasis and campylobacteriosis (Swaminathan et al., 2009). It is also
estimated that amebiasis accounted for 55,500 deaths and 2.237 mil-
lion disability-adjusted life years (i.e. the sum of years of life lost and
years lived with disability) in 2010 (Turkeltaub et al., 2015). The di-
agnosis of amebiasis still relies on stool microscopy. The main
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drawback of stool microscopy is the challenge for an inexperienced
technician to distinguish between E. histolytica and other non-patho-
genic Entamoeba species that reside inside the human gut, namely E.
dispar, E. moshkovskii, E. polecki, E. coli, and E. hartmanni (Saidin et al.,
2018). E. histolytica Gal/GalNAc lectin-antigen stool detection by en-
zyme-linked immunosorbent assay (ELISA) has been developed to
overcome the limitations of the microscopic diagnosis. Of note, mole-
cular approaches based on stool polymerase chain reaction (PCR) have
been considered the method of choice for diagnosis of amebiasis from
fecal material due to their high sensitivity and specificity (Guevara
et al., 2018; Shirley et al., 2018). Since no vaccine against amebiasis
currently exists, antiamebic drugs are thus prescribed depending on the
severity of the infection (for a recent review see (Martinez-Castillo
et al., 2018). These drugs exist as luminal amebicides (such as par-
omomycin, furoate, diloxanide, and iodoquinol), and tissue amebicides
depending on their site of action. Most commonly used tissue amebi-
cides comprise of the nitroimidazole agents, tinidazole (Gonzales et al.,
2019) and metronidazole (MTZ) (for a recent review see (Shirley et al.,
2018)). MTZ is a prodrug which is reduced by the parasite’s thioredoxin
reductase and, probably by ferredoxin to produce a nitroradical anion
or, if further reduced, a reactive nitroimidazole, and these two
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Fig. 1. Intervention strategies to combat amebiasis caused by E. histolytica. This
figure summarizes the different strategies that are discussed in this review to
combat amebiasis.

metabolites are toxic for the parasite (Leitsch et al., 2007). MTZ
treatment is associated with substantial side effects such as nausea,
vomiting, headaches, a metallic or bitter taste in the mouth, and more
serious effects such as anorexia, ataxia, and skin rashes/itching
(Andersson, 1981; Roe, 1977).

E. histolytica is capable of acquiring resistance to amebicidal con-
centrations of MTZ under laboratory conditions, and this drug re-
sistance has been associated with an increased expression of iron-con-
taining superoxide dismutase and peroxiredoxin (Wassmann et al.,
1999). Moreover, partial resistance to MTZ has also been described in
some clinical strains of E. histolytica, suggesting the emergence of MTZ-
resistant strains (Bansal et al., 2004; Iyer, 2017). Thus, these observa-
tions have led to the search for new drugs with targets and modes of
action distinct from those of MTZ. The aim of the current review is to
summarize and to discuss these new drugs and their possible modes of
action. This review will also discuss less conventional strategies to
combat amebiasis (Fig. 1).

2. Finding alternative treatments to amebiasis
2.1. Finding new antiamebic organic compounds

Many potential pharmaceutical drugs contain one or several het-
erocyclic groups. Some of these compounds that include Schiff’s bases
complexed with metals, triazines, bisphosphonates, alkylpho-
sphocholines, and diphetarsone have been tested against E. histolytica
(Fig. 2). This section presents the results of different in vitro studies
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evaluating the effectiveness of these compounds as an anti-amebic drug
and their possible mode of action.

2.1.1. Schiff bases

Schiff bases are aldehyde- or ketone-like compounds in which the
carbonyl group is replaced by an imine or an azomethine group. Schiff
based metal complexes have a wide variety of applications in anti-
microbial and anticancer chemotherapy (Malik et al., 2018). The effi-
ciency of different Schiff bases complexed with three different transi-
tion metals - palladium, ruthenium, and vanadium have been screened
in vitro for antiamebic activity (Bharti et al., 2000; Maurya et al., 2006b;
Neelam et al., 2000; Singh et al., 2009).

2.1.1.1. Palladium complexes of Schiff bases. Schiff bases derived from
S-methyldithiocarbazate (SMDT), 2-acetylpyridine (2 Acpy), S-
benzyldithiocarbazate (SBDT), thiosemicarbazones (TSC) and with the
inclusion of palladium (Pd) in these complexes ([Pd(2-Acpy-
SMDT)C1,], [Pd(2-Acpy-SBDT)C1,], and [Pd(2-Acpy-TSC)C1,]), have
been tested effectively against E.histolytica. The parent bases, SMDT,
2AcPY, and SBDT have the same amebicidal activity as MTZ
(ICs0 = 0.33ug/ml). However, the inhibitory effect of two Pd-
complexed bases, namely [Pd(2-Acpy-SBDT)Cl,] and [Pd(2-Acpy-
SMDT)C1,] was significantly higher when compared to their parent
bases with an IC5q = 0.16 and 0.19 ug/ml, respectively (Neelam et al.,
2000).

It remains unclear why palladium enhances the effectiveness of the
Schiff bases but its chelation with different metals enhances the lipo-
philic nature of the complex and consequently increases its perme-
ability in bacteria and fungi (Tumer et al., 1999). Therefore, it is pos-
sible that the above mentioned Pd-Schiff base complexes enter more
easily in E. histolytica than their equivalent Schiff bases but this hy-
pothesis still needs to be tested experimentally.

2.1.1.2. Ruthenium complexes of Schiff bases. The ability of ruthenium
(Ru) to exist in two oxidation states (Il and III) under physiological
conditions has been exploited to develop anticancer drugs. Some
similarities between the behavior of cancer cells and E. histolytica
trophozoites may be exploited to use ruthenium-based complexes as
anti-amebic drugs. First, Ru(IIl) is mostly inactive in a high oxygen
environment, whereas in a low oxygen environment, it is reduced and
consequently activated to become cytotoxic. This property has been
exploited against target cancer cells as they are often living in a low
oxygen environment (Gambino and Otero, 2012). E. histolytica also
thrives in a low oxygen environment in the colon of the infected
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Fig. 2. Effectiveness of chemical-based and plant-based compounds against E. histolytica. The mode of action of different amebicidal compounds reported so far has
been depicted. The solid lines represent known mechanisms, whereas the dotted lines represent a possible, yet unknown mechanism of action of these compounds.
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individual (Pineda and Perdomo, 2017), and thus Ru-based compounds
may be able to trigger cytotoxicity in the parasite. For example,
[RuCl2(HL4)(HPTA)2]Cl, has a very efficient amebicidic activity
compared to that of MTZ (ICso =5.2 = 0.4uM)  vs
(ICso = 6.8 * 0.2uM). (Sarniguet et al., 2014). Since the mechanism
of this amebicidal activity is not fully understood, it is possible that
their interaction with nitrogen and sulfur enhances their binding to
proteins and nucleic acids leading to cell death as reported for cancer
cells (Thangavel et al., 2017) (Gambino and Otero, 2012).

2.1.1.3. Vanadium complexes of Schiff bases. Vanadium (V)-containing
Schiff base complexes induce the production of cytotoxic reactive
oxygen species (ROS) in cancer cells (Pessoa et al., 2015) (Rozzo
et al., 2017) and display antibacterial activity. Their antibacterial
activity is attributed to the presence of electron-donating groups
attached to the bases, which activate the Schiff bases (Dikio et al.,
2017). [{VO(pydx-smdt)}2u-O] (ICso = 1.25uM), an oxo-bridged
binuclear vanadium Schiff base-complex, is slightly more potent as an
amebicidal compound than MTZ (ICso = 1.89uM) (Maurya et al.,
20064a, b). Although its amebicidal mechanism is still unknown, [{VO
(pydx-smdt)}2u-O] may induce the production of ROS in the parasite
(Sarniguet et al., 2014). Another property of vanadium-containing
complexes is to inhibit various mammalian phosphatases (Aureliano
et al., 2008; Clausen et al., 2016; McLauchlan et al., 2010; Seargeant
and Stinson, 1979) and it will be interesting to test some of them on
essential E. histolytica phosphatases (Anwar and Gourinath, 2013).

2.1.2. Quinazoline-4-(3 H)-one complexes of Schiff bases

Quinazoline-4-(3 H)-one and its derivatives possess antibacterial
and antifungal properties (Grover and Kini, 2006) and antitumor ac-
tivity (Al-Rashood et al., 2006). Quinazolin-4-(3 H)-one Schiff base
conjugates have been developed and tested against E. histolytica (Tariq
et al.,, 2018). Out of 13 compounds synthesized, only one of them
(quinazolin-4(3 H)-one and 1,2,4-triazole ring) displayed potent anti-
amebic activity (ICso = 0.72uM) compared to MTZ (ICso = 1.89uM).
The mode of action of quinazolines against cancer cells involves in-
terfering with the DNA repair pathway, transcriptional regulation, and
tubulin polymerization (Orvieto et al., 2009; Raffa et al., 2004). The
mode of action against E. histolytica remains unknown.

2.2. Triagines

Triazines are benzene-aceto-nitrile compounds bearing three ni-
trogen and carbon atoms, respectively. Triazines have been used by
veterinarians to treat coccidiosis, equine protozoal myeloencephalitis,
neosporosis, and toxoplasmosis (Stock et al., 2018). The mode of action
of triazines is based on inhibition of nuclear division of protozoan or-
ganisms (Stock et al.,, 2018). Recently, the triazine dimer (3,3
(((ethane-1,2-diylbis(azanediyl))bis(4-(mesityloxy)-1,3,5-triazine-6,2
diyl))bis(azanediyl))dibenzonitrile), has demonstrated potent in vitro
and moderate in vivo antitrypanosomal activity (Venkatraj et al., 2018).
The potential of triazines as antiamebic agents have also been tested.
The authors reported that two compounds, 5c¢(N, N’-6-(1,3-benzo-
dioxol-5-y1)-(1,3,5-triazine-2,4-diyl)-bis-4-chlorobenzene sulfonamide)
ICso = 1.05uM, and 5d(N, N’-6-(1,3-benzodioxol-5-yl1)-(1,3,5-triazine-
2,4-diyl)-bis-4-nitrobenzene sulfonamide) ICso = 1.02uM are more
potent E. histolytica inhibitors and less cytotoxic to human cells than
MTZ.

5-azacytidine, one of the best known examples of synthetic triazine,
is an analog of cytidine currently used against myeloid cancers (Flotho
et al., 2009; Orskov and Gronbaek, 2017). 5-azacytidine at a con-
centration of 23 uM has no significant effect on the growth of the
parasite but it impairs its cytopathic activity (ability to destroy mam-
malian cells) (Ali et al., 2007). Apart from this, 5-azacytidine has been
used as a demethylating agent to identify genes regulated by DNA
methylation in E. histolytica. These studies conclude that only a few
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genes (cysteine protease, lysozyme and heat shock protein 100) are
responsive to 5-azacytidine treatment (Ali et al., 2007; Bernes et al.,
2005).

2.2.1. Bisphosphonates

Bisphosphonates are compounds with two phosphonate groups (PO
(OH),) which are linked by esterification and a class of drugs which is
currently used to treat osteoporosis (Drake et al., 2008). The competi-
tive inhibition of E. histolytica phosphofructokinase (PFK) by six types of
bisphosphonates was described in the eighties by Eubank and Reeves
(Eubank and Reeves, 1982). In contrast to ATP-dependent PFKs of
humans, PFK of E. histolytica uses pyrophosphate as a cofactor
(Saavedra et al., 2019). PFK is a good amebicidal target as it is essential
for the growth of the parasite. An extensive search for additional active
bisphosphonates in E. histolytica led to the identification of 47 PFK
inhibitors with an in vitro ICsy < 200 pM (Ghosh et al., 2004; Singh
et al., 2009). Among these inhibitors, nitrogen-containing bispho-
sphonates were potent inhibitors of E. histolytica PFK (ICsq = 4-9 uM)
(Ghosh et al., 2004). Interestingly, simple n-alkyl-1-hydroxy-1,1-bi-
sphosphonates were very active against both E. histolytica and Plasmo-
dium falciparum PFKs with an ICsq around 1uM (Ghosh et al., 2004).
Apart from the E. histolytica PFK, bisphosphonates can inhibit other
enzymes which utilize pyrophosphate as cofactor, such as pyruvate
phosphate dikinase, PEP carboxytransphosphorylase, and pyropho-
sphate-acetate kinase (Chiba et al., 2015; Mertens, 1993; Varela-Gomez
et al., 2004). Consequently, it is more accurate to consider the in-
hibitory action of bisphosphonates as a synergistic inhibition of dif-
ferent pyrophosphates-dependent E. histolytica enzymes rather than
inhibition of PFK. The fact that bisphosphonates are poorly absorbed
from the intestine (Pazianas et al., 2013) is an additional argument for
the promotion of bisphosphonates as anti-amebic drugs.

2.2.2. Alkylphosphocholines

Alkylphosphocholines (alkyl-PCs) are a group of compounds with
antineoplastic activity and consist of phosphocholine esterified to var-
ious long-chain aliphatic alcohols (Berger et al., 1987; Eibl and Unger,
1990). In contrast to most antitumor compounds, alkyl-PCs do not
target the tumor cell’s DNA but the tumor cell’s membrane: they insert
themselves into the lipid bilayer where they can consequently influence
signaling pathways, which in turn leads to apoptotic events (Rios-
Marco et al., 2017). Miltefosine, which is a hexadecyl-PC, is a drug
originally prescribed as a topical treatment for patients with breast
cancer skin metastases (Clive et al., 1999). This drug has been re-
purposed for the treatment of visceral leishmaniasis caused by Leish-
mania donovani. The drug has several modes of actions in this parasite:
(a) inhibiting the synthesis of phosphatidylcholine, (b) blocking its
cytochrome c oxidase activity, (c) activating the plasma membrane
Ca?™ channel, and (d) alkalinizing rapidly the acidocalcisomes, an
acidic calcium-storage organelle which is present in pathogenic, as well
as non-pathogenic prokaryotes and eukaryotes (Moreno and Docampo,
2009; Pinto-Martinez et al., 2018). Miltefosine and other alkyl-PCs are
active against E. histolytica and the highest antiamebic activity was
found for oleyl-PC, octadecyl-PC, and nonadecenyl-PC. For these three
compounds, the drug concentration at which 50% of the trophozoites
were nonviable (ECsg) after 48 h of treatment occurred between 73 and
98 uM. The fact that alkyl-PCs can accumulate in the liver might be
exploited for the treatment of amebic liver abscesses (Marschner et al.,
1992).

2.2.3. Diphetarsone

Diphetarsone or Bémarsal (Bis-(p-arsonophenylamino) 1,2-ethane
are an arsenical class of compounds that has been effectively used to
treat intestinal amebiasis (Keystone et al., 1983). Combination therapy
of diphetarsone and spiramycin has also been used successfully against
E. histolytica (Schneider et al., 1957). Despite its desuetude as standard
treatment against amebiasis, diphetarsone may still be used as an
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antiamebic compound that may represent an alternative to MTZ in case
of intolerance.

2.3. Identifying new drugs against amebiasis using drug repurposing

Drug repurposing is based on the finding of new therapeutic in-
dications for approved drugs. This is a complementary approach to
traditional drug discovery that reduces the high cost and risks related
with the latter. Indeed, drug repurposing is peculiarly adequate to
discover new drugs for treating neglected tropical diseases, which are
not a main concern of pharmaceutical firms (Berman and
Radhakrishna, 2017). Until now, two high-throughput screens of drug
repurposed libraries have identified auranofin, anisomycin, and prodi-
giosin as new antiamebic agents (Debnath et al., 2012; Ehrenkaufer
et al., 2018). Auranofin targets the thioredoxin reductase in E. histoly-
tica thereby making the parasite sensitive to oxidative stress (OS)
(Debnath et al., 2012). Results of the phase 1 trial that involve a
treatment based on 6mg auranofin daily for seven days were en-
couraging, resulting in the clearance of the infection and only mild
treatment-associated adverse events that were resolved without treat-
ment (Capparelli et al., 2017).

An interesting additional example of a repurposed drug is me-
floquine, a drug which is commonly used to treat malaria
(Schlagenhauf, 1999) by inhibiting protein synthesis and interacting
with the 80S ribosome in Plasmodium falciparum (Wong et al., 2017).
The ECs, of mefloquine for E. histolytica trophozoites is much less than
that of MTZ (1.1uM vs 5 uM, respectively). In addition, mefloquine kills
E. histolytica cysts whereas MTZ does not (Osisanya, 1986). Despite its
potential as an amebicidal compound, it is important to remember that
the drug induces some adverse effects which include psychiatric side
effects (Ritchie et al., 2013).

2.4. Enhancing the effectiveness of MTZ

Potentiation of well-established drugs with a metal has been used
successfully against drug-resistant pathogens. For example, the combi-
nation of chloroquine with gold or platinum increases the effectiveness
of chloroquine against a chloroquine-resistant strain of Plasmodium
falciparum, one of the four etiologic agents of malaria (Navarro et al.,
2014). The effectiveness of MTZ against E. histolytica can also be im-
proved in vitro by complexation with gold, ruthenium, or copper with
an ICsq for the copper-MTZ complex around 5-fold lower than for MTZ
alone (ICso = 1.81 uM) (Athar et al., 2005; Singh et al., 2009).

Potentiation of MTZ action has also been attempted by adding a
thiosemicarbazone group to the drug. Eight out of eleven thiosemi-
carbazone analogs of MTZ that have been synthesized show a better
effectiveness against E. histolytica than MTZ with the most efficient
compound MNZ-p-TOL-TSC Cy,H25NgO35 showing an ICso of 0.56 puM.
These thiosemicarbazone analogs of MTZ will certainly be worthwhile
when MTZ-resistant E. histolytica strains emerge (Abid et al., 2008).

2.5. Reviving past medications against amebiasis

Anisomycin and prodigiosin were both able to kill in vitro MTZ-re-
sistant parasites and prodigiosin was able to kill mature cysts
(Ehrenkaufer et al., 2018). Interestingly, these drugs were used suc-
cessfully more than 50 years ago to treat amebiasis on small cohorts
(Balamuth and Brent, 1950; Gonzalez Constandse, 1956), emphasizing
the potential of mining old data to find alternative drugs to MTZ.

2.6. Targeting essential E. histolytica components

Target identification and validation are critical steps for designing
new drugs for treating E. histolytica infections. A non-exhaustive list of
targets selected from the literature is depicted in Table 1. Some of the
targets shown in Table 1 are discussed in more detail below:
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2.6.1. Targeting cysteine proteases

The role of cysteine proteases (CPs) in E. histolytica has been re-
cently reviewed (Siqueira-Neto et al., 2018). More than 50 genes that
encode for CPs have been identified in the genome of E. histolytica
(Irmer et al., 2009) but only four CPs, namely EhCP1, EhCP2, EhCP5,
and EhCP7 are constitutively highly expressed. The expression of a fifth
CP, EhCP4, is induced by mucin-producing goblet cells (He et al.,
2010). The CPs in the parasite have multiple functions which include:
(a) acquisition of nutrients (Que and Reed, 2000), (b) degradation of
the mucosal layer of the colon (Lidell et al., 2006) and extracellular
matrix (Horstmann et al., 1992; Schulte and Scholze, 1989), (c) in-
duction of a pro-inflammatory response (Bansal et al., 2009), (d) de-
gradation of secretory immunoglobulin (Que and Reed, 2000), (e) re-
sistance to complement-mediated lysis (Begum et al, 2015),
erythrophagocytosis (Ankri et al., 1998), and (f) involvement in en-
cystation and excystation (Ebert et al., 2008). E-64, a potent CP in-
hibitor from the epoxysuccinate family of compounds, has been a key
tool for studying the functions of CPs in E. histolytica and other parasites
(Olivos-Garcia et al., 2004; Sajid and McKerrow, 2002). These studies
show that E. histolytica trophozoites depend for their virulence on the
activity of their CPs (Sajid and McKerrow, 2002). The fact that E-64d, a
cell permeable CP inhibitor derivative of E-64, has been used in phase
III clinical trials against muscular dystrophy (Satoyoshi, 1992) suggests
that E-64d can also be tested in clinical trials against amebiasis.

In E. histolytica, the structural studies of EhCP1 and EhCP4 have
allowed the development of specific vinyl sulfone EhCP1 inhibitors
K11777 and WRR483, and the EhCP4 inhibitor WRR605. These in-
hibitors reduced the parasite’s invasion into a SCID mouse-human colon
xenograft model of amebiasis (Melendez-Lopez et al., 2007) and the
level of inflammation in the mouse cecal model (He et al., 2010).
However, no information about the safety and effectiveness of these
inhibitors in humans is available.

2.6.2. Targeting the synthesis of L-cysteine

L-cysteine is the main antioxidant in E. histolytica (Fahey et al.,
1984). L-cysteine can be acquired by the parasite from its environment
or by de novo biosynthesis (Jeelani et al., 2014). Due to the paramount
importance of r-cysteine for E.histolytica (Gillin and Diamond, 1981),
the two components of the cysteine biosynthetic pathway, serine acetyl
transferase (SAT) and cysteine synthase (CS), have been investigated in
detail (Hussain et al., 2009; Nozaki et al., 2005). CS but not SAT was
found to be essential for normal growth of the parasite in medium
lacking 1-cysteine (Jeelani et al., 2017).

Drug libraries, microbial secondary metabolite libraries, and mi-
crobial culture broth extracts were screened to identify inhibitors of
CS1, CS2, and CS3. Among nine CS1 and CS3 inhibitors (ICso values
ranging from 0.31 to 490 uM vs 1.81 uM for MTZ) identified in the Mori
et al., study, seven contain a naphtoquinone structure and its presence
suggests that this structure contributes to CS inhibition (Mori et al.,
2015). Deacetylkinamycin C and nanaomycin A (ICso values of 18 and
0.8 uM, respectively) were also identified in the Mori et al., study but
their cytotoxicity toward lung tissue fibroblasts precluded their utili-
zation against E. histolytica (Mori et al., 2015). More recently, penco-
lide, a compound structurally related to the fungal metabolite, far-
inomalein, was identified as an inhibitor of E. histolytica CS1 (ICsq
=233 uM) and CS2 (ICso = 217 uM), respectively, and consequently as
an antiamebic compound (ICs, value in the cysteine-deprived
medium = 283 uM) (Mori et al., 2018). The fungal metabolite penco-
lide which displays a modest mammalian cytotoxicity represents an
interesting basis for the development of new inhibitors of CS with better
antiamebic potency.

2.6.3. Targeting polyamine biosynthesis

Polyamines are ubiquitous naturally occurring low molecular
weight aliphatic polycations which are crucial for the replication of
protozoan pathogens as well (Phillips, 2018). Most efforts to block their
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biosynthesis have focused on identifying inhibitors that target ornithine
decarboxylase (ODC), the rate-limiting step in polyamine biosynthesis.
The ODC irreversible inhibitor, a-(difluoromethyl)-dl-ornithine
(DFMO), and also called eflornithine, is effectively used to treat human
African trypanosomiasis (sleeping sickness) caused by Trypanosoma
brucei gambiense (Bottieau and Clerinx, 2019) and demonstrates cyto-
toxicity against the agent of visceral leishmaniasis, Leishmania donovani
(Kaur et al., 1986). In contrast to Trypanosoma and Leishmania ODC, E.
histolytica ODC is resistant to DFMO due to replacement of essential
residues for substrate binding in the active site (Satya Tapas et al.,
2013). r-arginase is the enzyme that functions one step upstream to
ODC and catalyzes the conversion of r-arginine to r-ornithine. r-argi-
nase was investigated as an alternative to ODC for blocking polyamine
synthesis in E. histolytica. In addition to this role in polyamine synthesis,
L-arginase is an important virulence factor that has been associated with
resistance to nitrosative stress (NS) (Elnekave et al., 2003; Mortimer
and Chadee, 2010) (Vincendeau et al., 2003) and to OS (Shahi et al.,
2016). For these reasons, inhibitors of E. histolytica r-arginase were
tested against the parasite trophozoites. L-norvaline is a general in-
hibitor of arginase (Chang et al., 1998) and inhibits the growth of E.
histolytica at a millimolar level (Elnekave et al., 2003). L-norvaline is a
food supplement, which is usually consumed by athletes suggests that it
is safe to use. However, it has been recently reported that r-norvaline
can impair mitochondrial functions and cause necrosis of neuro-
blastoma cells at concentrations as low as 125uM (Samardzic and
Rodgers, 2019). Consequently, safer E. histolytica arginase inhibitors
that present better specificity and better effectiveness against the
amebic enzyme than r-norvaline are necessary.

2.6.4. Targeting chitinase

The E. histolytica cyst is a biodefense threat to water and food sup-
plies due to its resistance to chlorination and low infectious dose (10
cysts) (Ali et al., 2012). Data on the proteome of naturally occurring E.
histolytica cysts provide important insights into the infectious cyst form
and its components that can be targeted to prevent the transmission of
amebiasis (Ali et al., 2012). Chitin is a long-chain polymer of N-acet-
ylglucosamine, which is present in the exoskeleton of many arthropods
and the cell wall of fungi (Nagpure et al., 2014) and E. histolytica cysts
(Nagpure et al., 2014) but not present in mammalian cells. Chitin has
been proposed as a potential target for designing new drugs for treating
E.histolytica cysts (Mi-Ichi et al., 2016). Chitinases are hydrolytic en-
zymes that break down glycosidic bonds in chitin. E. histolytica encodes
one active chitinase (EhCHT1) (Munoz et al., 2016). Experiments per-
formed in Entamoeba invadens (a reptilian counterpart of E. histolytica
that can encyst in vitro (Rengpien and Bailey, 1975)) showed that
chitinase is inhibited by allosamidin; this drug is causing a delay in the
encystation suggesting that inhibition of EhCHT1 could arrest the life
cycle of E. histolytica and, thus, stop infection. A significant drawback of
allosamidin is its high cost and limited availability in nature (Zhang
et al., 2016). Due to this drawback, the development of alternate
chitinase inhibitors is a real need. Some appropriate avenues of in-
vestigation can be learned from research performed on chitinase in-
hibitors of fungi where in silico methods that rely on an established
chitinase structure have helped to identify and to develop new synthetic
chitinase inhibitors which are certainly less expensive than natural ones
(Chu et al., 2012; Hirose et al., 2010; Maccari et al., 2017). An
homology-based model of EhCHT1 exists (Munoz et al., 2016) but a
structural model based on crystallography data will definitively boost
the development of potent EhCHT1 inhibitors.

2.7. Exploitation of natural products and their derivatives

Plants and their extracts are currently used to treat gastrointestinal
diseases in many different parts of the world (Kelber et al., 2017). The
plants and their active components described in this section can serve as
the basis for the development of potent antiamebic drugs (Fig. 2).
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2.7.1. Henna

Henna, a dye which is extracted from the plant Lawsonia inermis, has
been used in medicine in Asia and the Middle East (Jeyaseelan et al.,
2012). The active component of henna (2-hydroxy-1,4-naphthoquinone
or lawsone) has antibacterial and antifungal activities (Ambrogi et al.,
1970) (Yang and Lee, 2015). The biological activities of lawsone and its
derivatives are mainly associated with redox reactions and the chela-
tion of metal ions (Pradhan et al., 2012). Lawsone has been successfully
used against various parasites (Afolayan et al., 2016; Motazedian et al.,
2017) including E. histolytica (Hanke and Talaat, 1961). Hanke and
Talaat reported that in patients suffering from intestinal amebiasis, the
consumption of 3 g daily of Lawsonia inermis leaf powder for more than
15 days cured the patients in 93% of the cases (Hanke and Talaat,
1961). Interestingly, this treatment has also lead to the elimination of
anaerobic bacteria present in the stool (Hanke and Talaat, 1961).
Consequently, it is difficult to conclude whether this treatment was
effective because of its effect on the parasite, its effect on the bacteria
that the parasite feeds on (Iyer et al., 2019) or maybe both. Lawsone has
also been used as basis for the synthesis of other bioactive p-quinones
such as: (i) atovaquone which is currently used in combination with
proguanil as an anti-malarial drug, (ii) phenyl ethers of lawsone which
are potent against Trypanosoma brucei rhodesiense and Leishmania do-
novani (Bolognesi et al., 2008), and (iii) N-hexadecyl substituted law-
sone Mannich bases which is around 10 percent more potent than MTZ
in killing E. histolytica (Mahal et al., 2017).

2.7.2. Garlic

Garlic is widely used as a food spice and to treat and prevent many
illnesses including microbial infections and cardiovascular diseases
(Rivlin, 2001; Varshney and Budoff, 2016). Its active compounds in-
clude ajoene, allicin, and diallyl sulfides that contribute toward its
antimicrobial properties (Ankri and Mirelman, 1999; El-Azzouny et al.,
2018; Harris et al., 2001; Konaklieva and Plotkin, 2006). Allicin is
produced when alliinase and its substrate alliin are put in contact in the
crushed garlic clove. Allicin activity resides in its ability to interact with
thiol-containing enzymes (Gruhlke et al., 2019). Allicin is a very potent
antiamebic compound because only 30 pug/mL of allicin totally inhibits
the parasite’s growth and even a lower concentration of this compound
5ug/mL reduces its virulence of the parasite (Ankri et al., 1997;
Mirelman et al.,, 1987). The amebicidal effect of allicin relies on its
ability to inhibit E. histolytica’s essential thiol-containing enzymes,
namely CPs and alcohol dehydrogenases (Ankri et al., 1997).

2.7.3. Flavonoids

Flavonoids are antioxidants with variable phenolic structures and
are found in many plants and vegetables. Their antioxidant activity is
attributed to their ability to chelate iron (Havsteen, 1983) and the
redox properties of their phenolic groups (Bors et al., 1990; Kumar and
Pandey, 2013). Some flavonoids are also capable of scavenging ROS
while others scavenge nitric oxide (NO) (Henneberg et al., 2013;Duarte
et al., 2014). Flavonoids also have antiviral, antibacterial, and anti-
fungal activity (Cushnie and Lamb, 2005). Martinez-Castillo et al., have
recently reviewed their activity against protozoan parasites (Martinez-
Castillo et al., 2018). In E. histolytica, flavonoids mainly target com-
ponents of the parasite’s cytoskeleton, such as actin and myosin II heavy
chain (Bolanos et al., 2014; Calzada et al., 2017) resulting in the loss of
the parasite’s phagocytic, cytolytic, and migratory functions (Bolanos
et al., 2014). Another flavonoid, kaempferol, targets E. histolytica pyr-
uvate-ferredoxin oxidoreductase (Calzada et al., 2017), an enzyme
crucial for redox regulation in the parasite (Jeelani and Nozaki, 2016).
In addition to their direct effect on the parasite, the antioxidant prop-
erties of flavonoids may be associated with the regulation of the host
inflammatory response against the parasite (Martinez-Castillo et al.,
2018).
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2.7.4. Carvacrol and thymol

Carvacrol and thymol are the main phenolic components in oregano
and thyme, and are responsible for their antioxidant, antibacterial an-
tifungal, and antiparasitic activities (Quintanilla-Licea et al., 2014;
Sakkas and Papadopoulou, 2017). Exposure of E.histolytica trophozoites
to a methanolic fraction of Lippia graveolens (Mexican oregano) that
contains carvacrol led to 95-98% growth inhibition (ICso of 44.3 ug/
ml) (Quintanilla-Licea et al., 2014). Since not much is known about the
amebicidal mechanism of carvacrol action, its mode of action can only
be deduced from its effect on membrane permeability of bacteria
(Sakkas and Papadopoulou, 2017) and another protozoan parasite
Giardia lamblia (Machado et al., 2010) (Fig. 2). Amebicidal action of an
essential oil prepared from Thymus vulgaris has been reported and the
active components, carvacrol and thymol, are the same as whose pre-
sent in L. graveolens (Behnia et al., 2008).

2.7.5. Thymoquinone (TQ)

TQ is the active bioingredient in the essential oil of the herb, Nigella
sativa (black caraway) and its therapeutic potential has been recently
reviewed (Goyal et al., 2017). TQ possesses anti-inflammatory and
antioxidant activities (Ragheb et al., 2009), antitumor activity (Imran
et al., 2018), and antimicrobial activity (Forouzanfar et al., 2014). It
can also prevent the formation of bacterial biofilms (Goel and Mishra,
2018). TQ has a better amebicidal activity than MTZ (85.5% mortality
at 15mM TQ vs 70.9% mortality at 91 mM MTZ after 24 h of treatment)
(Sheikh et al., 2015)). Although the mode of action of TQ in E. histo-
Iytica has not yet been elucidated, it exerts its antimicrobial effect by
producing ROS (Goel and Mishra, 2018). The latter are generated when
TQ, which belongs to a family of quinones, undergoes either enzymatic
or non-enzymatic redox cycling with semiquinone radicals (Bolton
et al., 2000).

2.7.6. Curcumins

Curcumin is the bioactive compound of turmeric, a flowering plant
of the ginger family, Zingiberaceae. This ancient spice is very popular in
India and many Asian countries and with garlic, it is considered as one
of the pillars of traditional herbal medicine (Ak and Gulcin, 2008; Jacob
et al., 2007; Kali et al., 2016; Neelofar et al., 2011). Curcumin inhibits
the development of T. cruzi inside fibroblasts (Nagajyothi et al., 2012),
kills P. falciparum by promoting the formation of ROS in the parasite
(Cui et al., 2007), and impairs the organization of microtubules in
Giardia lamblia (Gutierrez-Gutierrez et al., 2017). Curcumin and MTZ
(100 uM of CUR + 5 uM of MTZ) have a synergistic effect in killing E.
histolytica and this synergistic effect has also been described in other
organisms (Kundur et al., 2018; Sasidharan et al., 2014).

2.7.7. Galactoglycerolipids (GGLs)

Oxalis curniculata (Oc) is a naturally occurring weed that is widely
used in India to treat dysentery. Exposure of E. histolytica to GGLs, the
active components of O. curniculata, showed that these compounds have
good amebicidal properties (ICsos of 24 + 0.2, 35 = 0.03, and
15 = 0.2pug/ml for GGL (Oc-1), GGL (Oc-2) and GGL (Oc-3), respec-
tively, after 24 h of treatment) and low cytotoxicity against mammalian
cells (Manna et al., 2010). The mechanism of action of GGLs in E. his-
tolytica still requires elucidation but results from an investigation in
Gram-positive and Gram-negative bacteria suggest that GGLs alter the
cytoplasm membrane (Fischer et al., 2012).

3. Development of a vaccine against amebiasis

The role of the host immune response against E. histolytica has been
recently reviewed (Begum et al., 2015). The events that trigger this
immune response can be summarized as follows: inside the colon, the
first defense that the parasite has to cope with is the mucus barrier.
MUC2 mucin, which is a glycoprotein secreted from goblet cells, is the
main component of this mucus barrier. 3 amylase secreted by the
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parasite degrades this barrier allowing the parasite to reach the layer of
intestinal epithelial cells (IECs) (Thibeaux et al., 2013). Upon contact
with IECs, the parasite triggers the IECs-dependent production of pro-
inflammatory molecules including interleukin (IL)-1f), interleukin-8
(IL-8), and tumor necrosis factor (TNF)-a (Cornick and Chadee, 2017).
These pro-inflammatory molecules, which are attracting neutrophils
and macrophages, lead to the formation of ROS and reactive nitrogen
species respectively (Leitsch et al., 2018; Nagaraja and Ankri, 2018).
The parasite also triggers a humoral immune response which mainly
targets Gal/GalNAc lectin which is present on the surface of the parasite
(Nakada-Tsukui and Nozaki, 2016). Based on this information, several
attempts to develop a Gal/GalNAc lectin-based vaccine (referenced in
(Singh et al., 2016)) have resulted from low to complete protection
against a challenge with E. histolytica trophozoites in different animal
models including mice and gerbils. The most impressive result (100%
protection) was obtained using a combination of four polylysine-linked
synthetic peptide vaccine representing the Gal/GalNAc lectin heavy
chain amino acid sequences. These peptides were administrated in-
tranasally to baboons using cholera toxin as an adjuvant (Abd Alla
et al., 2012). Additional E. histolytica antigen like the 29-kDa alkyl
hydroperoxide reductase or the serine-rich E. histolytica protein confer
significant protection against amebic liver abscesses in rodent models
(Soong et al., 1995; Zhang et al., 1994).

A vaccine using a live attenuated strain of E. histolytica (G3) which
was established by epigenetic silencing of the virulence factor ameba-
pore A has been tested in hamsters (Bracha et al., 2006; Bujanover
et al., 2003). This attenuated strain did cause IgG production in ham-
sters that were injected intra-peritoneally with the G3 strain (Bujanover
et al., 2003). Despite this list of promising antigens, no actual vaccine is
so far available against amebiasis.

4. Exploiting the interaction between E. histolytica and the gut
microbiota

E. histolytica feeds on bacteria and cellular debris found in the large
intestine (Marie and Petri, 2014). However, such feeding is very se-
lective: only those bacteria with the appropriate recognition molecules
are ingested by the parasite (Schulz et al., 1987). It has been reported
that association with specific intestinal bacteria, changes the E. histo-
Iytica cell surface architecture (Ankri et al., 1999; Bhattacharya et al.,
1992). It has also been reported that phagocytosis of pathogenic bac-
teria boost E. histolytica cytopathogenicity, increases the expression of
Gal/GalNAc lectin on the cell surface, boosting cysteine proteinase
activity, and promoting the resistance of the parasite to OS (Varet et al.,
2018) (Galvan-Moroyoqui et al., 2008). Finally, bacteria-induced aug-
mentation of E. histolytica’s virulence seems to occur only when the
trophozoites phagocytose intact live cells (Bracha and Mirelman, 1984).
The gut flora of patients suffering from amebiasis is different from the
gut flora of patients with amebiasis. In these infected patients, the po-
pulation of Bacteroides, Clostridium, Lactobacillus, Campylobacter is de-
creased, and the population of Bifidobacterium is increased (Verma
et al., 2012). These findings suggest that the pathogenesis of amebiasis
is driven by a dysregulation of the microbiome. Recent evidences sup-
port the existence of a cross-talk between the parasite and the micro-
biota. Oxaloacetate (OAA) for example is a ketoacid produced by bac-
teria that protects the parasite against OS and boosts its virulence
(Shaulov et al., 2018) (Fig. 3A). Another bacterium that may contribute
to E. histolytica‘s virulence is Prevotella copri. The abundance of this
anaerobic Gram-negative bacterium of the Bacteroidetes phylum has
been associated with enhanced gut inflammation in both animals and
humans (Larsen, 2017) and high E. histolytica burden (Gilchrist et al.,
2016) (Fig. 3B).

The tight interaction between E. histolytica and the surrounding
microbiota can be exploited to develop new strategies to prevent or
cure amebiasis. One possible approach is to use probiotics because they
have some influence on the outcome of protozoan infections (Bar et al.,
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2015; Goyal et al., 2011; Sarjapuram et al., 2017). Probiotics are live
organisms which confer a health benefit to the host when administered
in adequate amounts (Hill et al., 2014). Different mechanisms are in-
volved in the protective role of these probiotics in the gut: (1) specific
competition for the binding to pathogen receptor sites on the mucosal
surface, (2) formation of a barrier that prevents pathogen to access the
mucosal surface, (3) production of antimicrobial products (AMP), (4)
competition for nutritional substrates, and (5) enhancement of the
host’s innate and adaptive immune responses (Fig. 4) (Travers et al.,
2011). A number of studies have been conducted to test the effective-
ness of the probiotic at inhibiting adhesion of the protozoa to the in-
testinal mucosa surface (Mansour-Ghanaei et al., 2003; Rigothier et al.,
1994). Some of the probiotics that have been tested successfully against

Inflammed gut

—
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Fig. 3. Role of gut bacteria in shaping the
virulence of E. histolytica. (A) Interaction of
Escherichia coli 055 with E. histolytica boosts its
virulence during oxidative stress. E. coli se-
cretes malate dehydrogenase (MDH), an en-
zyme that converts malate to oxaloacetate
(OAA). OAA detoxifies hydrogen peroxide

1 (H20,) produced during inflammation.
575' Alternatively, H,0, is neutralized by OAA
~. o5 present inside E. coli before it affects E. histo-

S Iytica. (B) The possible promotion of in-

Ingestion of water flammation by Prevotella copri may promote

contaminated with cysts  the dissemination of E. histolytica inside the
host.

Excessive inflammation

paves the way for amebiasis

B)

*
*

Fig. 4. Possible effect of probiotics in pre-
venting amebiasis. (1) Probiotics compete with
the parasite to bind to pathogen recognition
receptors (PRRs) for penetration of the mu-
cosal layer, (2) lead to non-specific steric hin-
drance which might inhibit the parasite’s
binding and invasion of the colonic mucosa.
(3) The gut microbiota may also lead to in-
creased host immune responses against the
parasite, or (3a) produce potent antimicrobial
proteins by antimicrobial products (AMPs) that
may eventually destroy the parasite (4).
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Entamoeba include Saccharomyces boulardii (Mansour-Ghanaei et al.,
2003), Lactobacillus acidophilus (Varet et al., 2018), Lactobacillus casei
and Enterococcus faecium (Sarjapuram et al., 2017).

A second possible approach is to disrupt the communication be-
tween the parasite and the microbiota. The parasite uses specific li-
gands to bind to bacteria like the Gal/GalNAc lectin that binds E.coli
EPEC 055 (Bracha and Mirelman, 1984), the mannose residues at its
surface that binds to type 1 pili present on the surface of Shigella flexneri
(Verdon et al., 1992) and the putative G-protein-coupled receptor 1 that
binds to lipopolysaccharide (Brewer et al., 2013). Interfering with this
binding has been achieved in vitro by using galactose for E.coli 055
(Bracha and Mirelman, 1984) or methyl a-p-mannopyranoside for
Shigella flexneri (Bracha et al., 1982). At a first glance, translating these
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Fig. 5. Colonic Short Chain Fatty Acids (SCFAs) inhibit encystation. The colonic
SCFAs are produced through anaerobic fermentation of food products by gut
bacteria. These SCFAs block encystation without any effects on the tropho-
zoites.

discoveries into therapeutics does not seem obvious. However, concrete
examples support the use of simple sugars to prevent microbial infec-
tions. For example, oral administration of p-mannose can be used to
prevent recurrent urinary tract infection caused by E.coli (Sihra et al.,
2018) and galacto oligosaccharides which are present in human milk
can reduce E. histolytica cytotoxicity (Jantscher-Krenn et al., 2012).

In addition to the abovementioned Gal/GalNAc lectin, the parasite
expresses leucine-rich proteins that display structural homology with
the Toll-Like-Receptor (TLR) ectodomain needed for bacterial product
recognition. TLRs are microbial sensors that elicit effective cell defense
mechanisms in response to bacterial infection or cell damage (Botos
et al., 2011). Interestingly, the transcription of amebic Leucine-rich
repeat (LRR) proteins is specifically upregulated when the parasite is
incubated with Enteropathogenic E.coli (EPEC) and OS but not with
EPEC or OS alone (Varet et al., 2018). This information suggests that
these LRRs play a role in the cross-talk taking place between the
parasite and the bacteria during OS. A number of TLR modulators has
been proposed for the treatment of intestinal bowel disease (Kordjazy
et al., 2018). It will be interesting to test their impact on the parasite’s
response to OS in the presence of bacteria.

The gut microbiota produces a plethora of metabolites resulting
from the anaerobic fermentation of undigested food compounds as well
as from the processing of compounds that originate from other micro-
organisms and from the host (Rooks and Garrett, 2016). Some of these
metabolites, such as the colonic short chain fatty acid (SCFA), butyrate,
or the ketoacid, OAA, have a direct influence on the parasite’s biology.
Colonic SCFAs inhibit its encystation (Fig. 5) (Byers et al., 2005) and
OAA protects it against OS (Fig. 3A) (Shaulov et al., 2018). Influencing
the level of production of these metabolites by the microbiota may
represent an original strategy to control the parasite’s biology and
proliferation. This may be achieved by using specific probiotics, such as
Lactobacillus acidophilus which promotes the uptake of butyrate by co-
lonocytes (Kumar et al., 2015).

5. Conclusions and perspectives regarding therapeutic agents for
eradication of amebiasis

Efforts to improve water infrastructure, to promote personal and
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domestic hygiene, and to encourage vaccination (Huttly et al., 1997;
Saliou, 1998), have markedly contributed to the eradication of fecal-
orally transmitted diseases in developed countries during the last cen-
tury. Developing countries are still suffering from these diseases espe-
cially in rural regions where the incidence of infections is higher than in
urban regions mostly because of the lack of water infrastructures
(Gutierrez-Jimenez et al., 2019). Consequently, developing countries
are still relying on chemical drugs and in rural regions where access to
health services can be difficult, to folk medicine, to treat these fecal-
orally transmitted diseases (Maroyi, 2016; Rawat et al., 2017). The
treatment of amebiasis strongly depends on MTZ as a first-line drug
because of its high efficacy and low cost (Lofmark et al., 2010). The
previously mentioned side effects associated with this drug, a potential
risk concerning its genotoxicity and neurotoxicity (Hernandez Ceruelos
et al., 2019), and the possible emergence of MTZ-resistant E. histolytica
strains (Bansal et al., 2004; Iyer, 2017), are genuine risks that cannot be
neglected and they have been the reason for the continuous search for
alternative treatments to MTZ. Such treatments may emerge from re-
purposing of drugs developed in the 50’s like diphetarsone, anisomycin,
and prodigiosin which have their effectiveness against E. histolytica and
their safety in patients is well-established.

Among the new drugs, auranofin is probably the most promising
alternative to MTZ and its effectiveness against MTZ-resistant protozoa
has been established. However, the emergence of auranofin resistance
in mammalian cell lines has been reported (Glennas and Rugstad, 1985;
Monia et al., 1987) and the risk that such drug resistance may develop
in auranofin-treated protozoa cannot be ignored.

It is also encouraging to see that many other promising active
synthetic and natural compounds against E. histolytica exist but their
characterization is still at a preliminary stage of investigation and more
information on their mode of action, toxicity, and pharmacokinetics is
needed. Paradoxically, allicin, whose mode of action, toxicity, and
pharmacokinetics have been intensively studied, is not considered a
drug by the US Food and Drug Administration (FDA) but rather a
dietary supplement (Kaul and Joshi, 2001; Lawson and Hunsaker,
2018) despite strong evidences supporting its antiprotozoal activity.

Advances in the treatment of amebiasis will require investigations to
identify essential and unique E. histolytica pathways such as those in
thiol-based redox metabolism and encystation (Jeelani and Nozaki,
2016) (Herman et al., 2017). However, it will certainly benefit mostly
from the development of prevention strategies including vaccination
despite some problems like vaccine storage which are inherent to de-
veloping countries (Popova and Ibarra de Palacios, 2016) and probio-
tics as prophylactics (Heineman et al., 2012).
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