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ABSTRACT

Protozoan infections (e.g., malaria, trypanosomiasis, and toxoplasmosis) pose a considerable global
burden on public health and socioeconomic problems, leading to high rates of morbidity and mortality.
Due to the limited arsenal of effective drugs for these diseases, which are associated with devastating
side effects and escalating drug resistance, there is an urgent need for innovative antiprotozoal drugs.
The emergence of drug repurposing offers a low-cost approach to discovering new therapies for pro-
tozoan diseases. In this review, we summarize recent advances in drug repurposing for various human
protozoan diseases and explore cost-effective strategies to identify viable new treatments. We highlight
the cross-applicability of repurposed drugs across diverse diseases and harness common chemical motifs
to provide new insights into drug design, facilitating the discovery of new antiprotozoal drugs. Chal-
lenges and opportunities in the field are discussed, delineating novel directions for ongoing and future
research.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pathogenic protozoa, a diverse polyphyletic group of single-
celled eukaryotes, pose a serious threat to public health, contrib-
uting to high morbidity and mortality rates. Protozoan infections
are predominantly epidemic in tropical and subtropical regions,
affecting over a billion people worldwide [1]. There is an increasing
incidence of this phenomenon in developed countries because of
climate change events, global migration, and travel [2]. Unfortu-
nately, several protozoan diseases have become so-called “neglec-
ted tropical diseases”, for which experts, pharmaceutical firms, and
financiers are less motivated to develop new drugs for prevention,
diagnosis, or treatment [3]. Most protozoal pathogens have intri-
cate life cycles, exhibit genetic diversity with multiple genes
expressed in different phases, and can substantially avoid the im-
mune systems of various eukaryotic or insect hosts [4]. Further-
more, the infection may persist through several stages, even in
various host species, making it difficult to discover druggable
antiprotozoal targets and, in some cases, requiring the evaluation of
more potential drug candidates for inhibiting different pathogenic
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strains [5]. Hence, few drugs are available as first-line treatment
regimens against these infections. Moreover, authorized drugs have
been used for decades, often lacking effective activity. These drugs
are associated with high toxicity, extensive side effects, and rapid
development of resistance, all of which represent hurdles in terms
of accessible therapy for patients [6].

Drug repurposing (also known as drug repositioning, reprofil-
ing, or re-tasking) has attracted remarkable attention for its con-
spicuous advances over de novo drug discovery [7]. This approach
aims to employ approved or investigational drugs that are outside
the field of reference of the original disease or target [8] (Fig. 1).
Regarding drug repurposing, leveraging the well-established
pharmacokinetics and safety profiles of existing drugs is benefi-
cial and effective in overcoming bottlenecks and expediting the
development of new therapies compared to conventional phar-
macological treatments [9]. Computational methods, biological
experimental approaches, or a combination of both are frequently
employed in systematic drug repurposing efforts [10]. Screening
potential hit or lead compounds from vast libraries using compu-
tational methods and subsequently confirming their activity
through a series of biological experiments has proven to be cost-
effective and of significant value in the discovery of novel thera-
peutic agents [11].

Two well-described reviews previously explored advances in
the discovery of agents against major human protozoan diseases or
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Fig. 1. The process of drug repurposing strategies. Figure created with www.BioRender.com.

antiprotozoal drugs under investigation that are repurposed for
other disorders. However, neither of these approaches offers new
insights into the mechanism by which these drugs act on protozoan
diseases [12,13]. Due to advancements in biological experimental
techniques, the tremendous accessibility of data resources, and the
broad applications of computational approaches, substantial
progress has been made in the development of new therapeutics
for combating human protozoan diseases in recent years. In this
review, we focused on exploring diverse new solutions to combat
human protozoan diseases through drug repurposing, along with
existing antiprotozoal drugs repurposed for other clinical mani-
festations. Nine typical protozoan diseases are reviewed, including
Chagas disease, malaria, human African trypanosomiasis (HAT),
leishmaniasis, cryptosporidiosis, giardiasis, babesiosis, toxoplas-
mosis, and amebiasis, spanning in severity from mild to life-
threatening. Furthermore, challenges and opportunities in the
field are briefly discussed, highlighting the pivotal role of artificial
intelligence (Al) in drug repurposing strategies for developing
innovative therapeutics against human protozoan diseases.

2. Overview of pathogenic protozoan diseases: impact,
transmission, and clinical manifestations

Apicomplexans, a large phylum of single-cell, obligate intracel-
lular protozoa, possess unique organelles for host cell invasion dur-
ing their parasitic life cycle [ 14]. The protozoa included in this review,
belonging to nine distinct types within this phylum, are responsible
for zoonotic parasitic diseases and are closely associated with risk
factors such as poor hygiene, contaminated water or food resources,
and low educational levels [15]. For instance, cryptosporidiosis,
giardiasis, and amebiasis infections via food ingestion or contami-
nated water intake with their respective parasites cause gastroin-
testinal symptoms such as diarrhea, abdominal cramps, and nausea.

Diseases like babesiosis, cryptosporidiosis, giardiasis, amebiasis, and
toxoplasmosis typically manifest as opportunistic infections in
humans, in which people with healthy immune systems are usually
asymptomatic. In contrast, such infections can be particularly
devastating for immunocompromised individuals, such as infants,
children under five years old, pregnant women, and those with viral-
borne disorders [16].

Protozoan diseases frequently affect various organs and sys-
tems of the human body. Unfortunately, effective treatments or
vaccines for their management are scarce. The symptoms of
infected individuals can range from mild to moderate or even
severe, depending on the characteristics of the parasitic protozoa
(Table 1) [17].

3. Advances in repurposed drugs for protozoan diseases
3.1. Advances in severe protozoan diseases

Pathogenic protozoa, including Plasmodium, Leishmania, and
Trypanosoma, have complex life cycles, causing severe clinical
manifestations and extremely high morbidity and mortality rates
[18]. Malaria is caused by Plasmodium parasites, and artemisinin
derivatives are used as front-line drugs. However, emerging resis-
tance poses a significant challenge to ongoing global malaria elimi-
nation efforts [19,20]. Chagas disease ranks closely behind malaria in
terms of its global morbidity impact [21]. Chagas disease generally
presents in both acute and chronic stages, with the chronic stage
commonly linked to severe organ damage. Approximately 30% of
infected patients progress to the chronic phase, culminating in lethal
cardiac and digestive complications [9]. Only two nitro heterocyclic
compounds, benznidazole and nitroimidazole, are currently licensed
to treat Chagas disease in the acute phase [22]. HAT, commonly
known as sleeping sickness, has seen a decreasing incidence of new
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The summary of main global burden diseases caused by pathogens, drugs, high prevalence regions, and organs involved for their managements [17].

Severity categories  Disease Pathogens Drugs High prevalence Human organs involved Transmission/vector
of protozoan regions
diseases
Mild Amebiasis Entamoeba Metronidazole, Worldwide Large intestine and Fecal-oral route and
histolytica tinidazole, and colon, liver water or food
paromomycin contamination
Toxoplasmosis T. gondii Pyrimethamine, Brain, eyes, and
sulfadiazine, and muscles
clindamycin
Moderate Cryptosporidiosis C. parvum Nitazoxanide Intestine and stomach
Giardiasis G. lamblia Metronidazole, Intestine
tinidazole, and
furazolidone
Babesiosis Babesia spp. Azithromycin, Northeastern and Blood, bone marrow, Ticks bites, blood
clindamycin, upper Midwestern spleen, and liver transfusion, and organ
atovaquone, quinine, United States transplantation/Ixodes
and diminazene
Severe Malaria P. falciparum, P. Quinine, chloroquine, Sub-Saharan Africa, Blood, spleen, liver, and Mosquito bites/

Leishmaniasis

Chagas disease

HAT

vivax, Plasmodium
ovale, Plasmodium
malariae, and
Plasmodium
knowlesi
Leishmania spp.

T. cruzi

Trypanosoma brucei

primaquine,
artemisinin-based
derivatives,
atovaquone, proguanil,
and clindamycin
Sodium stibogluconate,
meglumine
antimoniate,
amphotericin B,
pentamidine,
paromomycin, and
miltefosine

Nifurtimox and
benznidazole
Pentamidine, suramin,
nifurtimox,
eflornithine, and
fexinidazole

Asia, South and Latin

America, Middle East,

South America, and
Pacific Islands

South Asia, Africa,
South America, and
Middle East

Latin American and
Caribbean
Sub-Saharan Africa

brain

Skin, spleen, liver, bone
marrow, and lymph
nodes

Heart, esophagus, and
colon

Brain, peripheral
nerves, heart, liver,
spleen, kidneys, skin,
and eyes

Anopheles

Sand fly bites/
Phlebotomus and
Lutzomyia

Triatomine bug bites/
Triatoma and Rhodnius
Tse-tse fly bites/Tse-tse
fly

T. gondii: Toxoplasma gondii; C. parvum: Cryptosporidium parvum; G. lamblia: Giardia lamblia; P. falciparum: Plasmodium falciparum; P. vivax: Plasmodium vivax; T. cruzi:

Trypanosoma cruzi; HAT: human African trypanosomiasis.

cases in the last two decades and is now considered a controllable
disease [23]. Leishmaniasis presents a broad spectrum of clinical
manifestations, from cutaneous mucosal lesions to visceral lesions,
with visceral leishmaniasis being the most severe and potentially
fatal if untreated [24]. Despite numerous attempts to develop a
universal treatment for leishmaniasis, currently available drugs are
limited by severe adverse effects and the emergence of parasite
resistance.

3.1.1. Malaria

Artemisinin derivatives are front-line drugs for malaria; how-
ever, emerging resistance poses a significant challenge to ongoing
global malaria elimination efforts [20]. Some studies have focused
on eliminating resistance to approved drugs, providing insights
into the anti-malarial mode of action. Based on two specific strains,
chloroquine-resistant and artemisinin-sensitive, a previous study
systematically assessed three diverse sources of repurposed drugs.
The results have shown that two anticancer drugs (idelalisib and 5-
fluorouracil (5-FU)), an immunomodulator (imiquimod), and the
antibiotic drug moxifloxacin displayed moderate-to-better inhibi-
tory activity against malaria compared to other repurposed drug
candidates [25]. However, the intrinsic mechanism underlying the
activity of these drugs remains ambiguous. One important mech-
anism underlying these repurposed drugs, which exhibit anti-
malarial activity and therapeutic efficacy against both
artemisinin-sensitive and artemisinin-resistant parasites, is the
inhibition of hemozoin formation, which has the potential to
reduce the toxicity caused by the accumulation of free heme
[26,27]. Disrupting the redox balance plays a crucial role in

inducing parasite death by enhancing oxidative stress [28]. Another
study utilized polypharmacology approaches, such as virtual
screening and predictive computational tools, to reveal the effect of
drugs approved by the U.S. Food and Drug Administration (FDA) on
phosphatidylinositol-3-kinase, a target-inducing artemisinin
resistance [29]. These results demonstrate that numerous repur-
posed drugs hold potential as adjunctive partners to existing anti-
malarial regimens, offering a strategy to mitigate drug resistance.
Agents that target specific biological processes that are crucial to
parasite functions can reduce the overall infection burden and
disease severity. These processes include hindering parasite liver
stage development [30] and affecting the metabolism of iso-
prenoids [31]. A study from the USA showed that tamoxifen can
reduce parasitemia levels in treated mice by interfering with the
biosynthetic pathway of Plasmodium falciparum (P. falciparum) [32].

3.1.2. Chagas disease

Most methods concentrate on one or two established targets for
antiprotozoal agents, employing computational approaches to
screen large amounts of potential drugs from U.S. FDA-approved
libraries. These drugs are then further evaluated to determine
their activity and efficiency in vitro and in vivo, which effectively
expedites the drug discovery process. Ciprofloxacin and naproxen,
chosen from over 130,000 3D protein structures involving a set of
20 targets in Trypanosoma cruzi (T. cruzi) survival, have demon-
strated inhibitory efficacy both in vitro and in vivo [33]. Similarly,
several drugs targeting dihydrofolate reductase-thymidylate syn-
thase and nucleoside diphosphate kinases have been screened,
including several antidiabetics [34] and two antihypertensive drugs
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[35]. Another study used molecular docking to target tri-
osephosphate isomerase, with the results demonstrating that
several chemical compounds exhibited greater potency as trypa-
nocidal molecules than conventional drugs such as nifurtimox and
benznidazole [36].

Several studies have demonstrated high trypanocidal activity by
altering or inhibiting the energy metabolism of T. cruzi. Proline
permease participates in crucial processes of T. cruzi, such as
intracellular differentiation and host cell infection. The crystal vi-
olet structural analogues, identified via similarity-based virtual
screening, exhibit trypanocidal action in epimastigotes, trypomas-
tigotes, and amastigotes of three T. cruzi strains by inhibiting pro-
line uptake. Furthermore, it has been demonstrated that the
combination of benznidazole and the crystal violet chemical
analogue work synergistically to suppress the action of T. cruzi [37].
Two repurposed drugs, isotretinoin [38,39] and carvedilol [40],
appear to affect the autophagic and apoptotic processes of T. cruzi to
alleviate the parasite burden, thereby impeding the proliferation of
amastigotes, epimastigotes, and trypomastigotes. Manidipine has
displayed an attractive selectivity index with a half maximal drug
inhibitory concentration (ICsg) of 0.1 uM in amastigotes and 3 pM in
trypomastigotes, which disrupts mitochondrial function in T. cruzi,
possibly constituting its most crucial lethal effect [41].

Broad-spectrum antiparasitic drugs represent another effective
approach to ramping up drug discovery. For instance, nitazoxanide
disrupts the anaerobic metabolism of protozoa by preventing py-
ruvate from binding with pyrophosphate, rendering it effective
against various protozoa and helminths. Experimental evidence has
shown its efficacy against T. cruzi, indirectly inducing the genera-
tion of immunoglobulin G antibodies and partially mitigating his-
topathological damage [42].

3.1.3. HAT

A novel and environment-friendly approach to ongoing programs
addressing antiprotozoal diseases involves intervening in the vector
metabolism pathway. Nitisinone substantially decreases the trans-
mission of HAT by targeting the tyrosine metabolism pathway in
tsetse flies, whether administered orally or topically [43].

3.14. Leishmaniasis

Inhibiting parasite growth is fundamentally linked to energy
metabolism, particularly mitochondrial function. Cyclobenzaprine
reduces intracellular adenosine triphosphate (ATP) levels in Leish-
mania infantum (L. infantum) promastigotes, exhibiting high anti-
leishmanial activity in vitro [44]. The thiocarbamate derivative
tolnaftate has also been demonstrated to possess leishmanicidal
activity by inducing mitochondrial and cell membrane damage,
ultimately leading to parasite death [45]. Pioglitazone and mupir-
ocin were identified from an U.S. FDA-approved drug library as
targeting mitochondrial primase, a critical enzyme for parasite
replication and growth initiation [46]. Additionally, a mitochondrial
primase that controls the DNA replication of Leishmania donovani
has been identified as a crucial target for anti-leishmanial drugs.
Based on in silico and in vitro drug repurposing approaches, cape-
citabine has shown promising activity against leishmaniasis [47].
Escitalopram has been documented to exhibit selective anti-
leishmanial activity, with a half maximal effective concentration
(ECs0) of 25 uM, causing disruption of a single mitochondrion and
interference in the cell cycle [48]. Amodiaquine has also been
shown to have significant and selective activity by activating
oxidative mechanisms in L. infantum macrophages [49].

Alternative strategies employed in recent studies involve iden-
tifying pharmacologically active compounds capable of disrupting
the metabolic pathways of the parasites. Acarbose, a specific in-
hibitor of glucosidase-like proteins associated with the Leishmania
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N-glycan biosynthesis metabolic pathway, has shown promising
results in both in vitro and in vivo studies [50]. Through a high-
throughput screening approach, clemastine fumarate has been
demonstrated to significantly disrupt the inositol phosphoryl cer-
amide synthase of the metabolic pathway, exhibiting high activity
and selectivity [51]. Pamidronate has also been shown to inhibit the
enzyme farnesyl-pyrophosphate synthase, a crucial regulator of the
mevalonate pathway, thereby reducing the number of infected
L. infantum in monocyte subpopulations [52]. By regulating key
pro-inflammatory cytokines to balance immune responses, chlo-
roquine may serve as an effective anti-leishmanial agent for con-
trolling infection [53]. Two experiments have shown that
thioridazine, which has relatively safe and effective outcomes, in-
hibits parasitic growth by promoting the intracellular accumulation
of waste products [54,55].

3.2. Advances in moderate protozoan diseases

Moderate symptoms are observed following infection with
Cryptosporidium parvum (C. parvum), Giardia lamblia (G. lamblia),
and different species of the genus Babesia, frequently involving
gastrointestinal issues that require extended periods of treatment
and recovery. The protozoan parasite Cryptosporidium (C. parvum
and Cryptosporidium hominis (C. hominis)) is a leading cause of
diarrheal disease [56]. C. hominis simply infects humans, whereas
C. parvum is zoonotic and affects various vertebrate hosts [57].
Cryptosporidiosis, especially when associated with acquired im-
munodeficiency syndrome, results in a severe and prolonged illness
characterized by persistent diarrhea and other debilitating symp-
toms [58]. G. lamblia (synonyms: Giardia duodenalis and Giardia
intestinalis), which is responsible for human giardiasis, has devel-
oped a broad range of mechanisms to escape detection by the host
immune system [59]. Despite its simple life cycle, the pathophysi-
ology of giardiasis remains to be fully elucidated. Out of over 100
Babesia species, only four recognized species (Babesia microti,
Babesia divergens, Babesia duncani, and Babesia venatorum) are
known to cause human infections [60].

3.2.1. Cryptosporidiosis

Assessments of two new leads, vorinostat and docetaxel, which
can target Cryptosporidium histone deacetylase, have demonstrated
their potential for repurposing in the development of innovative
anticryptosporidial drugs [61]. Pitavastatin, a human 3-hydroxy-3-
methyl-glutaryl-coenzyme A (HMG-CoA) reductase inhibitor, can
reduce the growth of Cryptosporidium via on-target inhibition of
host HMG-CoA reductase [62].

3.2.2. Giardiasis

Acting on a specific enzyme in G. lamblia has been assigned a
critical role in preventing infections. Two repurposed drugs,
namely rabeprazole and omeprazole, have been shown to reduce
trophozoite survival by hindering endogenous Giardia arginine
deiminase [63]. Disulfiram specifically inactivates G. lamblia by
modifying its cysteine 222, with no effect on the homologue
enzyme [64]. Utilizing a structure-based virtual screening approach
targeting the glycolytic enzyme triosephosphate isomerase, tolca-
pone and imatinib, with the highest average docking scores, were
selected and found to exhibit a high level of inhibition against the
growth of G. lamblia trophozoites [65].

3.2.3. Babesiosis

Tafenoquine received approval from the U.S. FDA in 2018 for
treating Plasmodium vivax (P. vivax) infection and displayed activity
against Babesia infection related to drug-induced oxidative stress
[66].
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3.3. Advances in mild protozoan diseases

Toxoplasma gondii (T. gondii) or Entamoeba histolytica (E. histo-
Iytica) can induce mild symptoms, such as mild gastrointestinal
discomfort, fatigue, or other non-severe manifestations, with easy
treatment and quick recovery. T. gondii affects approximately one-
third of the global population [67]. Regarding human amebiasis,
the primary challenge is that the illness is rarely detected in its
early stages and only emerges in clinical settings when it becomes
severe [68].

3.3.1. Toxoplasmosis

Two approved drugs, clofazimine and triclabendazole, targeting
spermidine transport and II-type the reduced form of nicotinamide
adenine dinucleotide (NAD) dehydrogenase, respectively, have
demonstrated high selectivity against the growth of T. gondii with a
reduction in replication [69].

The influence of cell apoptosis within the parasite has been pri-
marily investigated in mouse models, with some evidence suggesting
the inhibitory effects of parasites. Experiments in mice have revealed
that mefloquine can induce cell apoptosis and may be used to treat
acute and chronic toxoplasmosis [70]. The impact of auranofin on the
early and late stages of chronic T. gondii infection revealed its ability
to alter membrane permeability and induce apoptosis, which
significantly decreased brain cyst burden and inflammatory reactions
[71]. Bedaquilin disturbs the oxidative phosphorylation pathway,
which is critical for the production of ATP by apicomplexans, leading
to elevated reactive oxidative stress and autophagy within the
parasite [72]. Guanabenz, which interferes with the translational
control of Toxoplasma, has the potential to be repurposed as an
effective anti-Toxoplasma agent, particularly because of its distinctive
ability to reduce tissue cysts in the brain [73].

3.3.2. Amebiasis

Recently, two studies reported significant inhibitory effects
against the E. histolytica parasite via drug repurposing strategies.
Zinc ditiocarb offers insights into the inhibition of the constitutive
photomorphogenesis 9 signalosome, a pivotal upstream regulator
of parasite protein degradation, showing a high level of effective
anti-amebic activity even at low nanomolar concentrations in both
in vitro and in vivo experiments [74]. Terfenadine, once withdrawn
from the market because of its risk of cardiac arrhythmia, has now
been shown to interfere with trophozoite adhesion to Caco-2 cells
and erythrophagocytosis, thus altering the molecular mechanisms
associated with the virulence of E. histolytica [75].

3.4. Strategic insights into protozoan disease drug development:
from drug repurposing to chemical structure

3.4.1. Comprehensive exploration of repurposed drugs: efficacy,
mechanisms, and strategic directions

For this review, we analyzed and discussed the outcomes,
mechanisms, and chemical structures of these repurposed drugs
based on the literature we collected (Tables 2
[25—55,61-66,69—75] and S1). These identified drugs were found
to primarily inhibit crucial functions of pathogenic protozoa,
including energy metabolism, oxidative stress enhancement, and
cell apoptosis induction.

Most experimental results were derived from in vitro studies,
whereas only half were determined to have efficacy in vivo. The
significant inhibitory effects observed in vitro and in vivo highlight
the potency of these repurposed drugs. For instance, although the
experiments were conducted on different cell lines, several repur-
posed drugs, including moxifloxacin, manidipine, cyclobenzaprine,
and thioridazine, achieved ICsg values below 10 M across various
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life cycle stages of parasitic protozoans (Table S1). In experiments in
which infected mice were treated with these drugs, a notable
reduction in parasite load was observed, along with a potent inhi-
bition of parasite growth and a higher survival rate than that in the
control groups.

Within this array of drugs, certain repurposed drugs may exhibit
activity against multiple pathogenic protozoa (Table S2
[27,34,36,37,65,69,76—79]). For example, clofazimine, initially
developed for the treatment of leprosy, has shown broad-spectrum
efficacy against various pathogenic protozoa, including T. cruzi [37],
T. gondii [69], Babesia [76], and Cryptosporidium [77,78]. Similarly,
the tyrosine kinase inhibitor nilotinib demonstrated efficacy
against malaria [27] and T. cruzi [34,36] parasites, whereas lapatinib
exhibited inhibitory activity against both malaria [27] and HAT
parasites [79]. Moreover, chlorhexidine, with halogen atoms and
several hydrogen-bond donors in its structure, has shown inhibi-
tory activity against T. cruzi [36] and G. lamblia [65].

Among the repurposed drugs mentioned, only clofazimine is
currently under investigation in a Phase Ila clinical trial to evaluate
its efficacy and safety in adults with human immunodeficiency
virus (HIV) who present with cryptosporidiosis (clinical trials
registration No.: NCT03341767) [77,78]. Although the therapeutic
results did not demonstrate efficacy in severely affected HIV pop-
ulations, this study underscores the potential of clofazimine for
treating cryptosporidiosis.

To investigate the possible prioritization of these repurposed
drugs, we conducted an analysis based on two key aspects. The first
aspect considers the results of both in vitro and in vivo experiments.
Five drugs, including bazedoxifene, 5-FU, moxifloxacin, thiorida-
zine, and chloroquine, not only significantly inhibited the growth of
the parasites but also demonstrated ICsq values below 10 pM. The
second aspect evaluates the broad-spectrum applications of anti-
protozoal drugs. In particular, anti-malarial drugs have underlying
potential for treating various diseases. For example, chloroquine
exhibits favorable characteristics in both aspects, suggesting its
prioritization. In addition to chloroquine, another priority candi-
date, clofazimine, has demonstrated rapid progress in antiprotozoal
drug development and has advanced into a series of clinical trials
against cryptosporidiosis.

Translating these repurposed drugs from the bench to the
bedside is a fundamental issue that requires careful consideration.
Further, in vivo experiments are essential before progressing to
clinical trials under government incentives and guidelines. We
emphasize the potential of anti-malarial drugs as sources of insight
to repurpose them against other protozoan infections. Further-
more, understanding the mechanisms underlying the bioactivation
of repurposed drugs can provide insights into identifying potential
targets. Although virtual screening has made significant strides in
predicting biological activity and discovering new chemical entities
targeting one or two specific molecular targets of interest,
computational approaches in this field are still limited. Al algo-
rithms, particularly deep learning approaches, have shown
considerable success in drug development. Combining Al tech-
niques can shed light on bioactive chemical compounds and pave
the way for the discovery of additional innovative drugs. Conse-
quently, we believe that Al-driven drug repurposing has enormous
potential to advance antiprotozoal drug discovery.

3.4.2. Evolution of repurposed drugs against human protozoan
diseases

In recent years, significant efforts have been made to discover
repurposed drugs, which delineates their evolution within this
review (Tables 2 and S2). The burgeoning studies of repurposed
drugs for mild or moderate protozoan diseases highlight a pivotal
role in exploring the intrinsic relationships among these diseases,
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Table 2
The summary of repurposed drug for protozoan diseases.
Diseases Drugs Types Repurposed progress Targets/main functions Year Refs.
Malaria Idelalisib Antitumor In vitro and in vivo Unknown 2021 [25]
5-FU Antitumor
Imiquimod Antiviral
Moxifloxacin Antibacterial/antifungal
Bazedoxifene Others In vitro and in vivo Inhibits hemozoin formation 2022 [26]
Lomitapide Cholesterol-lowering In silico and in vitro 2020 [27]
Nitrofurantoin Antibacterial/antifungal In vitro and in vivo Enhances oxidative stress and induces 2023 [28]
parasite death
Oxetacaine Others In silico PI3K/target 2021 [29]
Simvastatin Cholesterol-lowering
Repaglinide Antidiabetic
Aclidinium Others
Propafenone Heart condition
Lovastatin Cholesterol-lowering
Metformin Antidiabetic In vivo Hinders the liver stage development of 2019 [30]
the parasites
Epirubicin Antitumor In silico, in vitro, and in vivo Affects metabolism of isoprenoids 2020 [31]
Tamoxifen Antitumor In vitro and in vivo Interferes biosynthetic pathway of the 2019 [32]
parasites
Chagas disease Ciprofloxacin Antibacterial/antifungal In silico, in vitro, and in vivo Frans-sialidase/target 2020 [33]
Naproxen Anti-inflammatory Farnesyl pyrophosphate synthase/
target
Glipizide Antidiabetic In silico and in vitro Dihydrofolate reductase-thymidylate 2020 [34]
Glyburide synthase/target
Gliquidone
Nebivolol Heart condition In silico and in vitro Nucleoside diphosphate kinases/target 2023 [35]
Telmisartan
Protriptyline Central nervous system In silico and in vitro Tim/target 2024 [36]
Montelukast Anti-inflammatory
Cyproheptadine Antihistaminic In silico and in vitro Inhibits proline uptake 2020 [37]
Loratadine Antihistaminic
Olanzapine Central nervous system
Isotretinoin Anti-inflammatory In silico and in vitro Impacts autophagic and apoptotic 2017 [38]
In vivo processes 2023 [39]
Carvedilol Heart condition In silico, in vitro, and in vivo 2021 [40]
Manidipine Heart condition In vitro Disrupts mitochondrial functions 2021 [41]
Nitazoxanide Antiparasitic In vivo Disrupts the anaerobic metabolism of 2023 [42]
protozoa
HAT Nitisinone Others In vivo Intervenes the metabolism pathway of 2021 [43]
tsetse flies
Leishmaniasis Cyclobenzaprine Central nervous system In vitro Reduces intracellular ATP level 2022 [44]
Tolnaftate Antibacterial/antifungal In vitro Induces mitochondria and cell 2020 [45]
membrane damage
Pioglitazone Antidiabetic In silico and in vitro Mitochondrial primase/target 2022 [46]
Mupirocin Antibacterial/antifungal
Capecitabine Antitumor In silico and in vitro LdmtPRI1/target 2024 [47]
Escitalopram Central nervous system In vitro Disrupts single mitochondrion and 2022 [48]
interfere in the cell cycle
Amodiaquine Antiparasitic In vitro Activates oxidative mechanisms in L. 2023 [49]
infantum
Acarbose Antidiabetic In vitro and in vivo Inhibits Leishmania N-glycan 2021 [50]
biosynthesis metabolic pathway
Clemastine fumarate Antihistaminic In silico, in vitro, and in vivo Disrupts the inositol 2021 [51]
phosphorylceramide synthase of
metabolic pathway
Pamidronate Others In vitro Inhibits the enzyme farnesyl- 2022 [52]
pyrophosphate synthase
Chloroquine Antiparasitic In vitro and in vivo Regulates key cytokines to balance 2024 [53]
immune responses, aids infection
control, and parasite elimination
Thioridazine Central nervous system In vitro and in vivo Promotes the intracellular 2024 [54]
In vitro accumulation of waste products 2024 [55]
Cryptosporidiosis Docetaxel Antitumor In vitro and in vivo Cryptosporidium histone deacetylases 2023 [61]
Vorinostat Antitumor vorinostat/target
Pitavastatin Cholesterol-lowering In silico and in vitro Inhibits host HMG-CoA reductase 2013 [62]
Giardiasis Rabeprazole Others In silico and in vitro Hinders endogenous Giardia arginine 2021 [63]
Omeprazole Others deiminase
Disulfiram Others In vitro Modifies cysteine 222 of Giardia lamblia 2017 [64]
Tolcapone Central nervous system In silico and in vitro Triosephosphate isomerase/target 2021 [65]
Imatinib Antitumor
Babesiosis Tafenoquine Antiparasitic In vivo Induces oxidative stress 2021 [66]
Toxoplasmosis Triclabendazole Antiparasitic In vitro [I-type NADH dehydrogenase/target 2023 [69]
Mefloquine Antiparasitic In vivo Induces cells apoptosis 2023 [70]
Auranofin Anti-inflammatory In vivo 2021 [71]
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Diseases Drugs Types Repurposed progress Targets/main functions Year Refs.
Bedaquiline Antibacterial/antifungal In vitro and in vivo Disturbs oxidative phosphorylation 2023 [72]
pathway
Guanabenz Heart condition In vitro and in vivo Interferes with translational control of 2015 [73]
Toxoplasma
Amebiasis Ditiocarb Others In vitro and in vivo Inhibits upstream regulation of parasite 2020 [74]
protein degradation
Terfenadine Antihistaminic In vitro Interferes with trophozoite adhesion to 2022 [75]

Caco-2 cells and erythrophagocytosis

5-FU: 5-fluorouracil; PI3K: phosphatidylinositol-3-kinase; TIM: triosephosphate isomerase; HAT: human African trypanosomiasis; ATP: adenosine triphosphate; LdmtPRI1:
mitochondrial primase 1 of Leishmania donovani; L. infantum: Leishmania infantum; HMG-CoA: 3-hydroxy-3-methyl-glutaryl-coenzyme A; NADH: nicotinamide adenine

dinucleotide (NAD) in its reduced form.

as they offer the potential for discovering repurposed drugs to
combat human protozoan diseases. Over time, diseases such as
Chagas and leishmaniasis have garnered increasing attention,
promoting a sustained escalation of related investigations given
their life-threatening impact on humans, the scarcity of available
drugs, and their classification as neglected tropical diseases. In the
case of 2024, five and three repurposed drugs were found to display
potential activities against T. cruzi and L. infantum, respectively.

3.4.3. Harnessing common chemical motifs for breakthroughs in
antiprotozoal drug development

Most of these repurposed drugs feature heterocyclic chemo-
types, which are vital in the core structures of numerous pharma-
ceuticals. Collectively, research into these diverse heterocyclic
chemotypes may lead to innovative pharmaceutical development
with promising biological activities in the future.

Two common chemical motifs, quinoline and imidazole, are
recognized as indisputable pharmacophores, opening up new
possibilities for medicinal chemists in the design, synthesis, and
biological profiling of existing biomolecular compounds. Quinoline
and imidazole have been granted considerable attention for their
broad spectrum of anti-infectious activities. Quinoline, which is
composed of benzene fused with N-heterocyclic pyridine, and its
derivatives, has excellent potential for cross-fertilization among
protozoal infections [80]. For example, four quinoline analogues,
including amodiaquine [49] and chloroquine [53] against Leish-
mania, and tafenoquine [66] and mefloquine [70] against Babesia
and T. gondii, have demonstrated antiprotozoal activities (Fig. 2).
Moreover, the results indicate that anti-malarial drugs are
frequently repurposed for treating other protozoal infections.
Imidazole motifs have also been leveraged for future drug devel-
opment against human protozoan diseases because of their sub-
stantial efficacy. On the basis of their chemical similarity, four
imidazole-containing drugs (nitazoxanide, rabeprazole, omepra-
zole, and triclabendazole) exert valuable functions in combating
human protozoan diseases (Fig. 2). Of note, there are many exciting
opportunities for these common chemical motifs to provide novel
insights into drug design, inform drug repurposing strategies, and
even advance the understanding of the mechanisms of drug action.
Using these two chemical groups as foundational scaffolds will lead
to the design of vast arrays of new chemical entities, thereby
spurring further in-depth investigations to identify additional
antiprotozoal drug potentials.

4. Exploring additional cost-effective solutions for
repurposing drugs for protozoan diseases

4.1. Natural products repurposed for protozoan diseases

Natural products derived from plants, animals, and microor-
ganisms have been recognized as valuable sources of drug

regimens, garnering increasing attention from researchers in recent
decades. Compared to synthetic substances, natural medicines have
made crucial and unique contributions to human health due to
their easy accessibility and comparatively lower cost. Nevertheless,
their efficacy is often limited by factors such as poor action, rapid
metabolism, and difficulty in isolation. Exploring the repurposed
therapeutic potential of natural products, particularly those with
regulatory approval, represents a promising avenue in drug dis-
covery for protozoan diseases, despite the limited availability of
suitable sources.

Approved natural products have been used for the treatment of
human protozoan diseases. Indeed, the well-known quinine and
artemisinin and their derivatives, which are natural products used
as anti-malarial agents, have successfully saved millions of lives
[81]. Approved drugs obtained from natural products may show
more potential, be attractive as alternative drug regimens, or exert
synergistic functions for antiprotozoal infections. B-acetyl-digi-
toxin, a cardenolide isolated from digitalis lanata leaves, showed
promising antileishmanial activity with low toxicity to healthy
human cells and deserves further investigation to establish its
potential to treat visceral leishmaniasis [82]. Moreover, rapamycin,
also called sirolimus or rapamune, has been shown to exhibit high
inhibition against Leishmania in a murine model at clinically rele-
vant doses [83]. Furthermore, atropine sulfate, a salt form of atro-
pine derived from nightshades, has shown anti-Cryptosporidium
activity, with an ECsq value of 253.5 + 30.3 nM and confirmed ef-
ficacy in vivo [84]. These natural products repurposed as anti-
protozoal drugs were summarized in Table S3 [82—84].

4.2. Combinatorial therapy: repurposing and synergistic strategies
for protozoan diseases

Combinatorial therapy is a complementary approach aimed at
enhancing therapeutic efficacy through synergistic or additive
chemopreventive effects against protozoan diseases. The combi-
nation of repurposed drugs and conventional agents, each with
distinct mechanisms of action, might provide a valuable contribu-
tion to overcoming the toxicity associated with conventional drugs
and serve to alleviate the collective impact of protozoal infections.
Furthermore, combinatorial therapies could notably reduce the
emergence of drug resistance through multiple mechanisms [85].
Although implementing such a strategy significantly broadens the
spectrum of available drugs for clinical applications, careful
assessment of the risk of adverse drug-drug interactions is imper-
ative. Such interactions can profoundly impact drug efficacy and
contribute to side effects or toxicity. Additionally, the use of mul-
tiple drugs may lead to more complex chemical mechanisms and
potential uncertainties in drug pharmacokinetics or stability.

Conventional benznidazole combined with repurposed chloro-
quine can potentiate trypanocidal outcomes, reducing the required
dose of benznidazole to achieve an effective response. Indeed,
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Fig. 2. The chemical structures of repurposed drugs with common chemical motifs are discussed in this article. Four quinoline-bearing chemical compounds (amodiaquine,
chloroquine, tafenoquine, and mefloquine) are shown in green and four imidazole-containing drugs (nitazoxanide, rabeprazole, omeprazole, and triclabendazole) are shown in blue.

in vivo experiments demonstrated high treatment efficacy while
mitigating the adverse effects of high-dose benznidazole [86].
Amiodarone, an antiarrhythmic agent for patients with chronic
Chagas disease, exhibits trypanocidal activity. Well-established
in vivo and in vitro experiments have demonstrated that benzni-
dazole plus amiodarone therapy can attenuate cytoskeleton dam-
age and induce cytotoxic effects [87]. The concomitant
administration of benznidazole and miltefosine in both in vitro and
in vivo models based on previous guidelines is a promising alter-
native in drug repurposing and combinatory therapy approaches
for Chagas disease treatment [88]. The oral combination of milte-
fosine and nitrofurantoin has been revealed as a potential syner-
gistic treatment of visceral leishmaniasis in both axenic and
intracellular amastigotes from infected mouse spleen macrophages
[89]. Triclabendazole, which can be administered orally, is a benz-
imidazole used to treat fasciolosis in adults and children. The
combined administration of triclabendazole and amphotericin B
demonstrated a synergistic effect in vitro against intracellular
amastigote forms [90]. A recent study discovered that the combi-
nation of clofazimine and atovaquone is highly effective, resulting
in a radical cure for babesiosis infections in immunocompromised
mice. However, the use of clofazimine alone or clofazimine plus
azithromycin, as well as atovaquone plus azithromycin, was inef-
fective and failed to completely eliminate the parasites under the
same conditions [91].

5. Therapeutic potency of repurposed antiprotozoal drugs for
various diseases

Repurposed existing antiprotozoal drugs, especially antimalarial
drugs, have garnered attention for offering new therapeutic op-
portunities to treat diverse diseases over the past few years. Indeed,
the non-profit organization Medicines for Malaria Venture (MMV)
has launched Malaria Box and Pathogen Box, each comprising 400
diverse drug-like compounds with activity against malaria [92].

These open-access libraries have been successfully exploited as
powerful tools for repurposing novel compounds as starting points
for broad-spectrum diseases such as schistosomiasis [93], tuber-
culosis [94], fungal/viral infections [95], and other protozoan dis-
eases [96—98].

Here, we present some recent instances of the application of
antiprotozoal drugs beyond their canonical role (Fig. 3), including
oncological diseases, autoimmune diseases, viral infections, and
fungal/bacterial infections. In the future, with concerted efforts in
preclinical studies and early clinical investigations, these drugs
could show promise as viable treatments for a broad spectrum of
human diseases.

5.1. Oncological diseases

Amodiaquine, an analogue of chloroquine, is a promising
candidate for repurposing efforts that aim to block autophagic-
lysosomal and proliferative processes in melanoma cells [99]. The
widely used antimalarial drug mefloquine induces growth arrest
and apoptosis of colorectal cancer cells in mouse culture [100].
Experiments in vivo demonstrated that pentamidine effectively
mitigated tumor growth in clear-cell renal cell carcinoma mouse
models [101]. Furthermore, a novel combination of antineoplastic
agents (doxorubicin and paclitaxel) and antimalarial drugs (arte-
sunate and chloroquine) demonstrated higher cytotoxicity and
reduced cell viability in breast cancer cells compared with the use
of antineoplastic agents alone [102,103]. These results demonstrate
that antimalarial drugs can be repurposed for clinical cancer ther-
apy as a single or synergistic agent.

5.2. Autoimmune diseases

Artemisinin and its derivatives can interfere with the lipid
accumulation of orbital fibroblasts, which play a crucial role in
differentiating into adipocytes in thyroid eye disease, indicating
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Fig. 3. Cases of applications of antiprotozoal drugs. SARS-CoV-2: severe acute respiratory syndrome coronavirus 2.

their potential as therapeutic agents [104]. Chloroquine and
hydrochloroquine have immunomodulatory properties, and are
reported as the current treatment guidelines for autoimmune dis-
eases, including rheumatoid arthritis [105] and systemic lupus er-
ythematosus [106].

5.3. Viral infections

With the emergence of the coronavirus disease 2019 (COVID-19)
epidemic, numerous research studies have found that almost all
anti-malarial drugs can effectively combat severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection. For example,
hydroxychloroquine, a hydroxyl analogue of chloroquine, was found
to inhibit SARS-CoV-2 infection [107]. A series of experiments
demonstrated that artemisinins have potential anti-SARS-CoV-2
activity and can be considered leading candidates for anti-SARS-CoV-
2 drug research [108]. The in silico approach reported that doxycy-
cline is effectively bound to the spike protein of SARS-CoV-2, rep-
resenting a promising candidate for repurposing to fight COVID-19
[109]. The anti-malarial compound amodiaquine has also been
shown to inhibit both Zika virus and dengue virus infection [110,111].

5.4. Fungal and bacterial infections

Mefloquine and its derivatives exhibit broad-spectrum anti-
fungal activity against pathogenic yeasts and molds [112]. Artemi-
sinin was determined to be a potent and adjunct inhibitor with the
capability to target a regulator—dormancy survival regulator sys-
tem, which can mediate hypoxic signaling in Mycobacterium
abscessus, providing repurposing opportunities that could
promptly translate into meaningful clinical applications [113].
Similarly, tafenoquine and quinacrine have been reported to be
clinically active against the growth of Staphylococcus aureus [114]
and Candida albicans [115], respectively.

6. Conclusions and future prospectives

Significant recent advances have been made in exploring po-
tential therapies for combating human protozoan diseases through
drug repurposing strategies. These developments highlight the
versatility of existing approved drugs, suggesting their cross-
applicability to diverse conditions beyond conventional treat-
ments. The emergence of natural products and combination ther-
apy has expanded novel treatment options for protozoan diseases,
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whereas common chemical motifs have extended the scope of
antiprotozoal drug design. Notably, anti-malarial drugs present a
promising avenue for exploring repurposed strategies for diverse
ailments.

Despite these achievements, formidable obstacles remain in this
area, including inadequate financial incentives for research dedi-
cated to preventing and treating protozoan infections. Moreover,
most of the currently available drugs suffer from limitations such as
high cost, poor patient compliance, resistance, low efficacy, and
safety concerns. Furthermore, most surging studies remain in
preclinical phases, where the risk of discontinuation is high due to
failures in subsequent clinical trials. Moreover, potential drugs
identified in recent studies have demonstrated their efficacy by
acting as known targets or molecular mechanisms, which merely
represent the tip of the iceberg in the biological processes of these
parasitic organisms.

The growing availability of large-scale data repositories and
open-access databases, along with advancements in multi-omics
technologies and the emergence of computational tools charac-
terizing intelligent algorithms reliant on high-performance com-
puters, provide auspicious opportunities for discovering more
effective repurposed drugs. Undoubtedly, the application of Al is
poised as a highly effective strategy in drug repurposing, promising
to impact the landscape of drug discovery for protozoan diseases in
the foreseeable future. Al algorithms have the potential to signifi-
cantly expedite the identification of novel repurposed drugs, of-
fering renewed hope for tackling these challenging infectious
pathogens. Drug repurposing strategies are poised to mark a
paradigm shift in the methodology employed in this field.
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