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Abstract. Protozoal infections exert significant health, community, and economic impact globally, primarily in tropical and subtropical
regions. Due to the absence or inefficacy of vaccines for deadly protozoal illnesses, chemotherapy is a primary means for preventing such
diseases. Growing drug resistance, rising cross-resistance, and a lack of new agents with novel modes of action all significantly reduce the
effectiveness of current antiprotozoal treatments. Society seems to be ignorant of the extent and repercussions of drug resistance associated
with anti-infective agents, even though it is a reality. Evidence suggests that reduced drug uptake, reshaped drug targets, genetic modifica-
tions resulting in loss of drug activity, and decreased drug export from parasites contribute to resistance development. Recently, there has
been a significant gain in our understanding of drug resistance by isolating and characterizing genes and proteins associated with resist-
ance. This fact has also paved the way for the discovery of potential new drugs. This review focuses on drug resistance in the most common
vector and foodborne human-recovered parasites.
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1. Introduction historical records and other current investigations, they
have ranked among the most frequently recovered para-
sites (Gibb et al. 2015; Naghavi et al. 2024). The absence

of safe and affordable medications and effective vaccines

Protozoan infections continue to pose a significant
global health challenge, particularly in regions with

limited access to medical resources. These parasitic
infections are quite common, especially in less wealthy
nations, causing illnesses ranging from mild to severe
impairment and mortality. Previous records show
a significant influence on the emergence and spread of
infections in high-income countries, and this pattern
is likely to continue (Steverding 2020). Vector-borne
Plasmodium spp., Leishmania spp., Trypanosoma spp.,
and foodborne Toxoplasma spp., Entamoeba spp., and
Giardia spp. are among the prevalent protozoans that
pose a continuous threat to human life (Fig. 1). Across

for preventing and treating human protozoan infections
has further contributed to the significant impact of these
parasites and the diseases they cause. The emergence
of drug resistance (DR) in parasites progressively chal-
lenges the efficacy of existing medications. Therefore,
the need for novel antiparasitic medications motivates
research efforts worldwide, spurring the development
of innovative approaches to ensure the continuous dis-
covery of promising drugs. This review will provide an
update on the possible key elements associated with DR
in commonly encountered parasites.
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Fig. 1. The link between humans and six parasitic genera. Plasmodium, Leishmania, and Trypanosoma are transferred
to humans mainly through the bite of an infected vector, while Toxoplasma, Giardia, and Entamoeba are transmitted via ingestion.

2. Plasmodium overview

Among all human parasites, those belonging to the
genus Plasmodium are responsible for the devastating
malaria disease and are the most lethal. Malaria contin-
ues to be a significant public health issue in the major-
ity of tropical regions. According to the 2023 World
Malaria Report, global estimates for 2022 indicated
over 200,000,000 cases and 608,000 fatalities. Nigeria,
the Democratic Republic of Congo (DRC), and Uganda
have the highest reported incidence of malaria cases
among African countries, totalling over 100,000,000
cases combined. Five Plasmodium species, namely P, fal-
ciparum, P vivax, P. ovale, P. malariae, and P. knowlesi are
responsible for the etiology of this medical condition.
Infections caused by P. falciparum and P. vivax account
for the vast majority of cases, with the most serious
symptoms and the highest rates of DR (WHO 2023).
The Plasmodium parasites life cycle is intricate, involv-
ing a succession between their vector Anopheles mos-
quito host and their human host (CDC 2024a). These
apicomplexan parasites adjust their structure and met-
abolic requirements to suit the various environments
found in their diverse hosts. The different shifting forms
of each species are helpful in species laboratory identi-
fication. Depending on its developmental stage, it can
reside within or outside cells particularly during trans-
mission and between infection cycles. Most Plasmodium
parasites reside in the host’s liver or red blood cells,
shielded from host defenses, posing a significant obsta-
cle to developing effective vaccinations (Rénia and Goh
2016). Malaria may not exhibit any diagnostic clinical
characteristics; however, certain patients may develop
classical periodic febrile paroxysms that occur every 48
or 72 hours as a part of uncomplicated malaria situa-
tions. Moreover, P. vivax and P. ovale during the liver
stage can form dormant structures responsible for the
disease’s recurrence (Balaji et al. 2020). Pregnant women
are as vulnerable as many people are, and so they are
considered high-risk, as well as young children, HIV+,
and immunocompromised individuals. Delays in treat-
ment or delayed treatment responses may result in life-
threatening consequences for the patient, such as organ

dysfunction or failure; such clinical signs are referred to
as severe malaria, usually caused by P, falciparum. One
of the main reasons why P. falciparum infection is so
dangerous and often fatal is that the parasites can hide
in the tiny blood vessels of several organs, including the
brain, causing cerebral malaria (Moreira etal. 2025).
The course of malaria treatment depends mainly on the
availability and efficacy of antimalarial chemotherpy.

2.1. Plasmodium treatment and resistance

For thousands of years, people have used the bark,
roots, and leaves of plants such as the bark of the cin-
chona tree, which contains quinine (QN) as remedies
for malaria (Noronha et al. 2020). However, the extrac-
tion and employment of their active components as
pharmaceutical drugs did not occur until the last cen-
tury (Semedo etal. 2021). Throughout malaria treat-
ment history, pharmacological research derived the
most field appreciated compound, chloroquine (CQ),
from QN (Berberian 1947). Incomplete patient compli-
ance exposed Plasmodium parasites to intense drug
selection pressure, leading them to develop resistance
mechanisms (Waithera et al. 2023). In addition to vector
control, emerging antimalarial resistance is one of the
current obstacles to malaria prevention. Some of
the available anti-malaria drug arsenals include QN, CQ,
mefloquine (MQ), halofantrine (HF), lumefantrine (LF),
quinacrine, sulfadoxine-pyrimethamine (SP), atova-
quone (AQ), proguanil (PR), primaquine (PRQ), amo-
diaquine (ADQ), piperaquine (PPQ), clindamycin,
doxycycline, tetracycline, tafenoquine (TFQ), artemi-
sinin (ART), artesunate (ARN), artemether (ARM), and
other ART derivatives (Meshnick and Dobson 2001; Tse
et al. 2019). Moreover, with the emergence of resistance
to CQ, researchers initiated investigations on CQ resist-
ance (CQR) in the 1960s, which led to the adoption of
MQ and HE, two more drugs that met a similar fate to
CQ in the 1980s (Amelo and Makonnen 2021). A gene-
tic-cross experiment revealed that the membrane trans-
port protein PfCRT (P, falciparum CQ resistance trans-
porter) is essential for CQR and localizes to the food
vacuole (FV), where hemoglobin is degraded (Fidock
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etal. 2000). Researchers have investigated the protein
for its ability to transport numerous synthetic com-
pounds. Still, they have not yet identified the physiolog-
ical substrate. PvCRT, the homolog of PfCRT in P, vivax,
is not believed to be connected to CQR, whereas PfCRT
in falciparum is (Marques et al. 2014). Instead, PvMDR1
(P, vivax multidrug resistance protein 1), a homolog of
human p-glycoprotein, is the suggested implicated gene
(Schousboe etal. 2015). The ABC (ATP binding cas-
sette) transporter PEMDRI in P, falciparum, located on
the FV membrane, is also believed to influence CQR
(Reed etal. 2000). Mutations in the PIMDRI1 gene
(N86Y) and the PfCRT gene (K76T and A220S, respec-
tively) confer substantial resistance to CQ (Nsobya et al.
2007). In addition to CQR, mutant PfCRT was suggested
to confer resistance to PPQ and ADQ, while PIMDRI1
to MQ, ART, and QN (Wicht etal. 2020). These and
other changes impact the relative abundance of parasite
populations by conferring fitness costs (Pulcini et al.
2015). The K76T substitution in PfCRT exhibits notable
regional variability across Africa, with particularly high
frequencies observed in Ethiopia (91.6%) and Mali
(72.9%), compared to lower frequencies in DRC (26%)
and non-African nations like India (78%) and Turkey
(12.1%) (Patel et al. 2017; Hassen et al. 2022; Avci et al.
2024; Baina et al. 2024; Dama et al. 2024). Meanwhile,
the N86Y mutant in the PEMDRI gene shows significant
geographic variation as well: it occurs at 6.8% in DRC
and 10.2% in Niger and rises dramatically to 78.4% in
Oceania (Issa etal. 2022; Moss et al. 2022; Baina et al.
2024). Remarkably, CQ-sensitive strains have returned
to countries like Ghana and Cote d’Ivoire after switching
to ART-based combination therapy (ACT) instead of
CQ for some years. This fact has raised the possibility of
CQ returning to the field as it used to be (Asare et al.
2021). Furthermore, the parasite expresses PEMRP1, an
ABC transporter located on membrane-bound vesicles
and its plasma membrane. This protein promotes the
transport of organic anionic substrates, such as oxidized
glutathione, sulfate conjugates, and drugs. Two muta-
tions in the PIMRP1 locus at positions Y191H and
A437S were identified as being associated with resist-
ance to QN and CQ (Gil and Fangony 2021). Although
CQR remains a persistent issue, CQ is currently emp-
loyed to treat uncomplicated CQ-sensitive (CQS) mala-
ria caused by any of the five human pathogenic Plasmo-
dium species (CDC 2024b). Some compounds, such as
SP, stop the production of folate by blocking enzymes
called P, falciparum dihydropteroate synthase (PfDHPS)
and dihydrofolate reductase-thymidylate synthase (PfD-
HEFR-TS). Biochemical and genetic investigations of
P, falciparum reveal that mutations in these genes dimin-
ish the drug sensitivity of antifolates (Pacheco etal.
2020). When the S108N mutation is present, other
changes in the inhibitor binding region of PDHFR, like

A16V, N51I, C59R, and 1164L, make antifolate resist-
ance even worse. P, falciparumss resistance to cycloguanil
is linked to the PfDHFR double mutations A16V and
S108T (Staines et al. 2018). In Thailand and other South-
east Asian regions, P, vivax is naturally resistant to sulf-
adoxine and has obtained resistance to pyrimethamine
(Imwong etal. 2001). In a study, SP treatment failure
occurred in over 50% of P, vivax patients due to muta-
tions in PFDHFR and PIDHFR-TS homologs in P. vivax
PvDHPS and PvDHEFR-TS, which are reserved with
mutations described to cause resistance in P, falciparum,
suggesting a possible association (Tjitra et al. 2002). AQ
is a mitochondrial electron transport inhibitor that dis-
rupts parasite respiration by binding to cytochrome b
(cyt-b) and inhibiting ubiquinol oxidation. P, falciparum
isolates with a single mutation in the Pfcyt-b gene, spe-
cifically in the Y268N/S/C codon, exhibited AQ resist-
ance (Staines et al. 2018). It is usually combined with PR
(Malarone™) for uncomplicated malaria caused by P. fal-
ciparum. Moreover, ARTs have been documented to
bind to many parasite proteins and influence various
cellular and organellar processes. Once activated, the
carbon-centred radical of the heme drug accelerates the
production of additional cytotoxic reactive oxygen spe-
cies (ROS) through a cluster bomb-like effect, ultimately
leading to cell death (O’'Neill et al. 2010). The first-line
treatment for malaria, known as ACTs, has been widely
used since the early 2000s (CDC 2024b). It is based on
the idea of combining two drugs, one with a shorter
half-life (such as ART or an ART derivative) and one
with a longer one (such as a quinolone). ACTs are most
frequently administered in the following combinations:
(ARM +LF), (ARN + MQ), (ARN + AM), and (dihydro-
artemisinin + PPQ) (Pluijm etal. 2021; CDC 2024b).
Whole-genome sequencing of an ART-resistant parasite
linked the P, falciparum Kelch 13 (K13) to ART resist-
ance mutations in both clinical and field isolates of P, fal-
ciparum (Xie et al. 2020). The C580Y mutation in K13
has been strongly linked to reduced susceptibility to
artemisinin-based treatments, with a particularly high
prevalence in Southeast Asia, notably within the Greater
Mekong Subregion, including Cambodia, Myanmar, and
Thailand, where it occurs in 35.5% of cases (Takala-
Harrison et al. 2015; Yoshida et al. 2021). In contrast, the
K189T mutation in K13 is the dominant variant in
Africa, with a prevalence of 22.8% (Hung et al. 2024).
On the other hand, in vitro investigations have shown
a probable link between a Y976F mutation in the
PvMDRI gene and resistance to ARN and MQ; however,
additional clinical trials are necessary to understand this
association fully (Cowell and Winzeler 2019). Moreover,
mutations in the Na*/H* exchanger gene Pfnhe-1 have
been reported to confer resistance to QN, but this is still
a debatable matter of research (Andriantsoanirina et al.
2013). For relapse prevention because of P, vivax and
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P ovale liver stages, either PRQ or a newer drug called
TFQ is used. While some studies indicate the effective-
ness of a single dose of TFQ against P, vivax, testing on
patients with blood disorders or young children remains
to be done, necessitating further research (Rodrigo et al.
2020). A summary of the medications to be adminis-
tered to malaria-infected patients is illustrated in Table L.
The table illustrates the 1% line of common malaria treat-
ment regimens based on the Centers for Disease Control
and Prevention (CDC) guidelines and displays the status
of DR (CDC 2024b). Researchers are currently investi-
gating, testing, or inventing various potential vaccines
against malaria.

2.2. Plasmodium vaccines

On October 6, 2021, the World Health Organiza-
tion (WHO) recommended RTS,S/AS01 (Mosquirix™),
a malaria vaccine developed by GlaxoSmithKline Bio-
logicals, for broad usage. The sporozoite surface protein
(CSP) is the basis of the subunit vaccine RTS,S/AS01.
The vaccine comprises CSP fused with hepatitis B sur-
face antigen (HBsAg) and other virus-like particles of
extra HBsAg that have not been fused (Hammershaimb
and Berry 2024). The WHO recommended RTS,S/AS01
for children aged 5 months and older living in regions
with moderate to high malaria transmission. Currently,
available malaria vaccines reduce the risk of uncom-
plicated malaria by approximately 40%, severe malaria
by approximately 30%, and mortality by approximately
13% (WHO 2023). The CDC recommends adminis-
tering malaria medicines in conjunction with other
control measures.

3. Leishmania overview

The obligate intracellular parasite Leishmania is the
primary cause of leishmaniasis, predominantly trans-
mitted by sand fly vectors. In both the Old and New
Worlds, this parasite, a member of the Trypanosomati-
dae family, causes skin, mucous membrane, and inter-
nal organ diseases. Multiple subspecies of leishmaniasis
cause the complex disease with many symptoms. The
disease has spread to many parts of the world, including
Asia, Africa, Central and South America, and the Mid-
dle East. The WHO anticipates approximately one mil-
lion new cases annually, impacting 12,000,000 individu-
als globally (WHO 2024a). Poverty, migration, hunger,
lack of personal hygiene, and an impaired immune sys-
tem are all contributors to the development of leishma-
niasis. The amastigotes (diagnostic stage of Leishmania)
undergo proliferation within specific host immune cells,
such as macrophages, and then spread to several tissues
in the body; eliciting diverse immunological responses.

Visceral leishmaniasis (VL) is a life-threatening systemic
infection that affects the internal organs and can lead
to fatalities during epidemics. Several species, includ-
ing L. donovani, L. infantum, and L. chagasi cause it. In
countries such as India, Bangladesh, and Nepal, these
species are responsible for an estimated three hundred
thousand to five hundred thousand cases of VL globally
each year (Perry et al. 2013). Mucocutaneous leishma-
niasis (MCL) is a clinical manifestation associated with
several Leishmania species, including L. braziliensis,
L. amazonensis, and L. panamensis. MCL is character-
ized by visible physical disfigurement resulting from
mucosal involvement. It has been reported that 9% of
cases in Brazil and 2.3% of cases in France present with
mucosal involvement (Camuset efal. 2007; Faucher
etal. 2011). Cutaneous leishmaniasis (CL) is generally
considered a non-lethal, self-limiting skin infection.
However, it can lead to significant, stigmatizing skin
lesions. The disease is caused by several Leishmania
species, including L. major, L.tropica, and L. aethio-
pica, which are endemic in regions such as Yemen and
Ethiopia, with reported prevalence rates of 29.4% and
22.4%, respectively (Bisetegn etal. 2020; Mann et al.
2021; Alshahethi et al. 2024). Animal reservoirs such as
dogs and rodents affect the control efforts by maintain-
ing the parasite’s survival (Tripathi and Nailwal 2021).
Human treatment has depended on chemotherapy since
the early 1920s due to the absence of an effective vac-
cine. Although vaccines for dogs have been developed,
there is still ongoing debate regarding their effectiveness
(Sasidharan and Saudagar 2021).

3.1. Leishmania treatment and resistance

There are only a handful of anti-Leishmania drugs
available, and they all have serious drawbacks such as
toxicity, expensive manufacturing costs, and low effi-
ciency. Sodium stibogluconate (Pentostam®) and meg-
lumine antimoniate (Glucantime®) are two examples
of the several pentavalent antimonials (Sb¥) that are
available as systemic therapy. Amphotericin B (AMB),
pentamidine (PMD), fluconazole (FLZ), and miltefosine
(MT) are additional compounds that are currently in
use. SbY compounds are typically used in many coun-
tries as the first-line treatment (Herwaldt and Berman
1992). In Latin America, Sb's represent the gold stand-
ard for CL treatment (Mann et al. 2021). Several regions
have seen the emergence of resistance in the past few
years, including India, Europe, the Middle East, and
South America (Wijnant etal. 2022). The resistance
pathway is not clear yet. However, several ABC trans-
porters, such as ABCI4 and ABCG2, were thought to
contribute to drug efflux mechanisms (Ponte-Sucre et al.
2017). It was also suggested that MRP1 in Sb'-resistant
L. donovani strains reduces drug accumulation by reduc-
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ing drug import functions (Mukherjee et al. 2007). The
aquaglyceroporin (AQP1) transporter is another poten-
tial factor in SbY resistance; its inactivation may decrease
SbY absorption, and AQP1 mutations may increase
resistance (Potvin et al. 2020). The ergosterol antago-
nist AMB is utilized in regions where Sb" treatment is
hindered by resistance (Pinart et al. 2020). No resistance
has been reported except in laboratory-pressured iso-
lates that showed mutations in CYP51, SC5D, and SMT
(Pountain etal. 2019). Moreover, an oral medication
known as MT is thought to block Leishmania parasites’
phospholipid metabolism. MT resistance has been found
in both in vitro and in vivo tests in L. donovani when the
MT translocation pathway has mutations or deletions
(Carnielli et al. 2019). Experimentally induced mutations
in the L. donovani MT transporter (LAMT) and LdRos3
have been reported to affect drug transport (Srivastava
etal. 2017). Another suggested resistance mechanism
to MT is reduced drug accumulation by overexpression
of ABCB4, ABCG4, and ABCG6 (Pérez-Victoria et al.
2011). Moreover, another drug that has shown promise
against both CL and VL is paromomycin (PMM), which
has a cure rate of up to 80%. The widespread application
of PMM in VL treatment is challenged by the relatively
high post-treatment relapse rates, which call for proper
implementation and monitoring of the development
of resistance (Sosa et al. 2019). The underlying causes of
resistance and the specific mutations responsible remain
largely unresolved and require further investigation.
Table IT summarizes the status of Leishmania treatment
and DR status in general.

4. Toxoplasma overview

The apicomplexan intracellular parasite known as
Toxoplasma gondii (T. gondii), the agent responsible
for toxoplasmosis, is an intracellular parasite that
infects humans and a broad range of animals. The three
transmissible stages of T. gondii are as follows: the fast-
replicating tachyzoites (involved in the acute phase of
infection), which are found in clusters or clones; the
slow-replicating bradyzoites (involved in the chronic
phase of infection), which are found in tissue cysts, and
the sporozoites, which are found in oocysts (Black and
Boothroyd 2000). The parasite can be acquired through
ingesting tissue cysts through raw or uncooked meat
or consuming contaminated water, food, fruits, and
vegetation, with mature oocysts usually originating
from feline feces. It can also be transplacental, passing
from the mother to the fetus via the congenital path-
way. Transmission through blood transfusion (tachy-
zoites) and organ transplantation (bradyzoites) have
been reported as well. T. gondii can transition between
tachyzoites and bradyzoites within the host, adding

complexity to its life cycle. T. gondii cysts may develop
in various organs, such as the brain, eyes, liver, lungs,
heart, kidneys, and skeletal muscles. The parasites are
exclusively capable of sexual breeding in felines, which
is why they are regarded as the definitive host (CDC
2024c). The parasite infection remains asymptomatic
or manifests as moderate symptoms similar to the flu in
most immunocompetent individuals and is often self-
limiting. That said, in individuals with immunological
deficiencies, relatively severe pathology may develop,
including encephalitis, myocarditis, hepatitis, pneu-
monia, and eye disease. Suppose a mother contracts
T. gondii while she is pregnant; in that case, her unborn
child may suffer from congenital toxoplasmosis, a con-
dition characterized by severe neurological deficits, ret-
inal lesions, or even stillbirth or miscarriage (Johnson
1990). According to estimates, congenital toxoplasmo-
sis imposes a staggering annual disease burden of
1.20 million DALYs (disability-adjusted life years),
with 190,100 new cases reported globally each year
(Torgerson and Mastroiacovo 2013). These figures are
alarming when considering the wide-ranging impact of
the disease. The T. gondii antibody prevalence remains
relatively low in the United States at approximately
11.14%. However, in regions such as Europe, Central,
and South America, the infection rate soars to an aston-
ishing 30-90% of the population (Dubey and Jones
2008; Minbaeva etal. 2013; Jones etal. 2018; Dubey
2021). Even more concerning is the finding from
arecent study on pregnant women in Africa, where the
seroprevalence of T. gondii reached 42.89%. Countries
like Ethiopia, Tanzania, Nigeria, and Morocco, where
the study was conducted, reflect some of the highest
infection rates globally (Gelaw et al. 2024).

All these findings emphasize the urgent need to
address toxoplasmosis as a critical public health issue,
with significant consequences for both morbidity and
mortality worldwide. The data also paints a stark pic-
ture of the disease’s disproportionate burden in certain
regions, calling for targeted interventions to mitigate its
impact. Treatment of T. gondii depends on the adminis-
tration of drugs due to the lack of an effective vaccine,
but many studies are optimistic.

4.1. Toxoplasma treatment and resistance

Anti-toxoplasma medications primarily target the
folate pathway, an enzyme complex including the dihy-
drofolate reductase (DHFR) and the dihydropteroate
synthetase (DHPS). This complex is involved in DNA
synthesis (Lapinskas and Ben-Harari 2019). It is note-
worthy to mention that no medication available today
can eliminate T. gondii tissue cysts from the infected
host; instead, they remain dormant within the host
as long as the immune system is robust enough to
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prevent the cysts from reactivating and becoming tach-
yzoites (Konstantinovic et al. 2019). Spiramycin (SPI)
is the preferred treatment for acute T. gondii infection
during pregnancy (at least for the 1* trimester) due to
the potential for PYR to result in congenital abnormali-
ties (Bogacz 1954). In cases when fetal toxoplasmosis is
identified beyond week 16 of gestation, the treatment
is typically substituted with PYR and sulfadiazine (SDZ)
because SPI has trouble crossing the placenta barrier
(Robert-Gangneux etal. 2011). Regrettably, there are
significant adverse effects associated with the combina-
tion. Both PYR and SDZ suppress the DNA synthesis in
tachyzoites of T. gondii and may have a similar impact on
specific host organs, even bone marrow. Hence, incor-
porating folinic acid (FA) into the drug combination
can prevent these negative consequences, which are
restored when the medication is stopped, as seen in pre-
vious studies (Prusa et al. 2015). Various combinations
are being investigated to find a better treatment option
with fewer adverse effects since treatment failure has
been linked to either DR, malabsorption, or intolerance
of the current combination (Silva et al. 2017). Clarithro-
mycin, cotrimoxazole, AQ, dapsone, and azithromycin
are other medications used to treat toxoplasmosis. How-
ever, these treatments do not work against the brady-
zoites form (Dunay et al. 2018). Because of the lack of
conclusive evidence from in vitro research, identifying
genes imparting resistance to PYR and SDZ is an area
of dispute (Meneceur et al. 2008; Doliwa et al. 2013).
However, treating clinical toxoplasmosis with AQ is
possible if SPI is unavailable (SA Maternal & Neona-
tal Clinical Network 2015). Like P, falciparum, AQ kills
Toxoplasma at its chronic bradyzoite stage by blocking
the mitochondrial electron transport chain. Evidence
suggests that AQ binds to the Qo domain of cyt-b, hence
targeting the Toxoplasma cyt-bcl enzyme (Alday et al.
2017). Significant mutational alterations in M129L and
1254L on the Qo domain are thought to be responsible
for T. gondii’s resistance to AQ. However, this theory has
not been validated by further research (McFadden et al.
2000). Furthermore, the treatment of immunocompro-
mised individuals is based on the same medications
used to treat congenital toxoplasmosis, demonstrating
how limited our existing ammunition is and emphasiz-
ing the importance of searching and testing for more
and safer compounds (Hajj et al. 2021). Table III sum-
marizes the status of T. gondii’s standard treatment and
DR status in general.

5. African Trypanosoma overview
The African sleeping sickness kinetoplastids para-

sites, Trypanosoma brucei (T.b.), are human African
trypanosomiasis (HAT) causative agents. The blood-

sucking tsetse fly of the Glossina species transmits
HAT to humans and animals through its bite. The two
hemoflagellate sub-species, T.b. gambiense (T.b.g) and
T.b. rhodesiense (T.b.r), are the causative agents of HAT
in rural regions of sub-Saharan Africa (Buscher et al.
2017). HAT prevalence correlates with the vector dis-
tribution, which lives near plants and sources of water.
The predominant cause of infections in West and Cen-
tral Africa is T.b.g, which is endemic in 24 countries
(CDC 20244d). In recent reports, DRC and Cote d'Tvoire
reported a prevalence of 0.3% and 0.06%, respectively
(Koné etal. 2021; Franco etal. 2024). The decline in
cases is credited to the hard work of national control
programs and other agencies that aided the WHO mis-
sion (WHO 2020). In Eastern and Southern Africa, T.b.r
infects humans but also domestic and wildlife species.
Identifying HAT at the early stages can be challenging
because the significant symptoms might take months or
even years to manifest, depending on the sub-species.
Infections caused by T.b.r are acute, whereas infections
caused by T.b.g are chronic (CDC 2024d). The first stage
of HAT symptoms includes headaches, fever, and joint
discomfort caused by parasites proliferating in the cir-
culation and lymphatic system, commonly known as the
hemolymphatic phase. The second stage of the disease
is characterized by severe neurological abnormalities,
such as meningoencephalitis, caused by parasites cross-
ing the blood-brain barrier (BBB) to the central nerv-
ous system, and, if left untreated, it can lead to death.
Recently, the implementation of control measures and
eradication efforts by the WHO and other organizations
has decreased the overall impact of the diseases (WHO
2020). The severity of the illness dictates the course of
treatment. No vaccine is available for human use yet.

5.1. African Trypanosoma treatment and resistance

Several anti-trypanosomal drugs are available to use
in clinics, including PMD, suramin (SUR), melarso-
prol (Mel®), eflornithine (EFL), fexinidazole (FXZ), and
nifurtimox (NFX). PMD is a drug administered to treat
the initial phase of the illness caused by T.b.g (Bouteille
et al. 2003). There are several routes via which the med-
ication enters parasite cells. Partial transport is facili-
tated by the aminopurine transporter P2, also known as
T.b. aminopurine transporter 1 (TbAT1). This has been
demonstrated by observing reduced sensitivity to PMD
when the TbAT1 gene is knocked out and partial sup-
pression of PMD transport by adenine, an established
substrate of TbAT1 (de Koning etal. 2004). In 2001,
the presence of two additional channels, a high-affinity
PMD transporter (HAPT1) and a low-affinity PMD
transporter (LAPT1), were identified, which facilitated
the majority of PMD transport (Bridges et al. 2007). The
synthesis of DNA and RNA is believed to be inhibited
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by PMD, which interferes with nuclear mechanisms
(Sands etal. 1985). It is reported that PMD resist-
ance in HAT results from the loss of TbAT1 function
(Matovu et al. 2003). Even with PMD resistance, treat-
ment effectiveness is over 93% (WHO 2024b). If PMD
is not available to treat the initial stage of T.b.g, FXZ
is recommended (CDC 2024d). Also, NECT (NFX/
EFL Combination Therapy), a therapy created in 2009,
works just as well at treating gambiense types of disease
in Central and West African countries. It is considered
much safer for patients and is usually used for second-
stage gambiense disease (CDC 2024d). Moreover, since
the 1920s, SUR has been employed as the primary
therapy for the hemolymphatic early phases of HAT
caused by T.b.r (Zoltner et al. 2020). Research indicates
that it is conveyed by the invariant surface glycoprotein
75 (ISG75) and the major facilitator superfamily trans-
porter (MFST). SUR interacts synergistically with the
second-stage medicines EFL, NFX, and Mel® (Makarov
etal. 2023). By contrast, PMD’s action is inhibited by
SUR (Guimaraes and Lourie 1951). Apart from hav-
ing a half-life of around 44-54 days and being in use
for nearly a century, there have been no instances of
SUR resistance in human pathogenic trypanosomes
(Babokhov et al. 2013). Moreover, Mel" is an organic med-
icine containing melaminophenyl arsenic. It was deve-
loped in the late 1940s as a treatment for second-stage
HAT because of its capacity to cross the BBB. It continues
to be the primary treatment for second-stage T.b.r infec-
tion (Nok 2003). TbAT1, as well as aquaglyceroporin
2 (AQP2), are suggested as the transporters responsible
for the selective uptake of Mel® by the parasite (Graf
etal. 2013). Research indicates that each of TbAT1 and
TbAQP?2 have significant involvement in the transport
of Mel® and PMD (Ungogo et al. 2022). Furthermore,
Mel’ and PMD cross-resistance (MPXR) are two of the
most distinct patterns from T.b. DR research (Munday
et al. 2015). This phenomenon has since been linked to
the decreased uptake of these two drugs from MPXR
Trypanosoma cells, which may result from genetic mod-
ifications or the loss of essential transporter proteins
(Munday et al. 2014). Table IV summarizes the status of
T.b. current treatment and DR status in general.

6. Giardia overview

Giardia lamblia (G. lamblia), also known as G. intes-
tinalis or G. duodenalis, is a flagellate enteric protozoan
parasite that thrives in low-oxygen environments.
Approximately 200,000,000 individuals in Asia, Africa,
and Latin America experience symptomatic giardiasis,
with around 500,000 new cases reported each year,
despite the existence of current programs for sur-
veillance (Certad etal. 2017). A recent study identi-
fied a prevalence rate of 6.8% in India (Ghosal et al.

2023). Additionally, a pooled prevalence of 18.3% was
observed among children across several African coun-
tries, including Niger and Cameroon (Kalavani et al.
2024). Giardiasis is spread by ingesting its cyst stage,
which is achieved primarily through the fecal-oral
route. It can be transmitted directly from person to
person, indirectly through food or water, or zoonoti-
cally from animal to human or animal to animal. The
trophozoite, the active feeding stage, is responsible for
the destruction of the enterocytes, the loss of the brush
boundary of the epithelial cells of the intestine, the
shortening of microvilli, and the alteration of epithelial
barrier function, all of which contribute to the human
disease (Allain et al. 2017). The majority of the time,
a Giardia infection resolves on its own. Still, if it gets
worse, it can cause a variety of symptoms, including
malabsorption and weight loss, and in cases of chronic
disease, gas, bloating, steatorrhea, nausea, and vomiting
(Cernikova et al. 2018). Veterinary studies using phy-
logenetic analysis identified eight G.lamblia assem-
blages from A to H (Monis et al. 2009). Even though
assemblages A and B have been demonstrated to infect
humans, controversy remains (Zajaczkowski et al.
2021). Although Giardia vaccines are commercially
available for animals like cats and dogs, not humans,
their efficacy results remain debated and unclear.

6.1. Giardia treatment and resistance

Metronidazole (MTZ), albendazole (ALB), and tini-
dazole (TNZ) are the most commonly prescribed drugs
for giardiasis treatment (CDC 2024e). MTZ monother-
apy and ALB have shown effectiveness in most cases,
but there have been reported cases of treatment failure
(Krakovka et al. 2022). Although the precise process by
which MTZ kills anaerobic microbes is still unresolved,
a potential explanation is that it disrupts their double-
strand DNA. The compound is also thought to inhibit
the function of thioredoxin reductase, a redox enzyme,
in G. lamblia by targeting its disulfide reductase activ-
ity. These mechanisms induce severe oxidative stress
(Riches et al. 2020). The reduced cellular concentrations
of pyruvate, ferredoxin oxidoreductase and downregula-
tion of ferredoxin pathways in G. lamblia are believed to
contribute to its resistance to MTZ. Resistance leads
to decreased MTZ uptake into the protozoa lumen due to
the low-redox-potential anaerobic metabolism. The pro-
portion of treatment failures attributable to actual resist-
ance is unknown (Adam 2021). ALB affects B-tubulin,
which is a cytoskeleton subunit. The resistance to ALB
is believed to be caused by changes in the cytoskeleton
of G.lamblia, specifically in the ROD domain of the
B-tubulin structure (Lagunas-Rangel et al. 2021). Alter-
natively, other research suggests an efflux mechanism
where an ABC-C1 actively transports less ALB, resulting
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in a lower ALB concentration (Angeles-Arvizu et al.
2021). Another theory for ALB resistance is to reduce
ROS generated by ALB by activating an antioxidant
response (Argiello-Garcia etal. 2015). Table V sum-
marizes the general treatment and DR status of Giardia.

7. Entamoeba overview

Amebiasis is a condition induced by unicellu-
lar intestinal parasites of the Entamoeba genus. In
humans, the estimated prevalence of Entamoeba infec-
tion is 3.55%, making it the third most prevalent para-
sitic disease associated with mortality on a global scale
(Cui et al. 2019). Numerous species of the genus Enta-
moeba, including E. histolytica, E. dispar, E. hartmanni,
E. moshkovskii, and E. coli, are known to parasitize the
human intestine. Despite its long-held reputation as
the sole pathogenic Entamoeba species, E. histolytica
is indistinguishable in appearance from E. dispar and
E. moshkovskii. So, even under a microscope, it’s difficult
to tell them apart (Singh et al. 2009). To contract ame-
biasis, one must drink water or consume food contami-
nated with the parasite’s infectious cysts. After the para-
site excystation, they either colonize the large intestine
symptomlessly (which happens in most cases) or cause
bloody diarrhea. The trophozoites can become virulent
and invasive, causing amebic dysentery and migrating
through the portal veins to the liver, damaging the hepa-
tocellular layer. Ulcers that resemble colonic flasks are
diagnostic for E. histolytica (Tharmaratnam et al. 2020).
E. histolytica infections display significant regional vari-
ation in prevalence across the globe. In Asia, India is rec-

ognized as one of the countries with the highest burden,
with prevalence rates ranging from 3% to 23% (Gupta
etal. 2022). In Africa, particularly in Ethiopia, a nota-
ble 19.8% prevalence rate has been reported (Roro et al.
2022). Similarly, a study involving 30 countries in the
Americas estimated an overall prevalence of 9%, with
22 countries showing varying infection rates (Servian
et al. 2022). These regional differences highlight the wide-
spread nature of E. histolytica infections and the need
for focused public health strategies. Chemotherapy is
the only therapeutic option for amoebiasis since no vac-
cination is currently available for humans.

7.1. Entamoeba treatment and resistance

Although several medications are available to treat
amoebiasis, MTZ has long been considered the gold
standard for E. histolytica. It has been well-established
that it is safe and effective against amoebiasis (CDC
2019). Thus far, there has been no evidence of resistance
from E. histolytica. Other systems, including bacteria
such as E. coli, suggest the drug exerts its effects through
DNA damage and oxidative stress. However, the in vitro
mechanisms of resistance and the existence of resistant
clones have yet to be fully established (Jackson et al.
1984). A recent investigation found that treating clini-
cal isolates with MTZ increased their IC* (Singh et al.
2023). Moreover, like MTZ, TNZ is a second-generation
nitroimidazole that acts on several protozoa. In addition
to effectively eliminating amoebiasis, its greater half-life
(12 to 14 hours vs. 8 hours) makes it possible to shorten
the duration of treatment (Sawyer et al. 1976). Table VI
summarizes the current Entamoeba treatment status.

Table I. Plasmodium species treatment and possible resistance proteins summary

Anti-relapse treatment P. vivax and P. ovale

Administer intravenous ARN
Possible proteins involved in resistance

Pfnhe-1 (QN), PIDHPS, and PFDHFR-TS (SP)
Available human vaccine

RTS,S/AS01 (Mosquirix™) by GlaxoSmithKline Biologicals

Plasmodium
Uncomplicated malaria by CQS P vivax, P. ovale, P malariae, P. know lesi, and P. falciparum
CQ phosphate; is also the drug of choice for pregnant women
Uncomplicated malaria by CQR P, falciparum, P. vivax, and P. ovale

An ACT combination such as ARM-LF; is also the drug of choice for pregnant women

PRQ phosphate or TFQ; Anti-relapse is risky during pregnancy
Complicated malaria regardless of the species or drug susceptibility

P. vivax: PvMDRI (CQ, ARN, and MQ), PvDFHR-TS, and PvDHPS (SP)
P, falciparum: PfCRT (CQ, PPQ, ADQ), PfIMDRI (CQ, QN, ART, and MQ), PfMRPI (CQ and QN), PfK13 (ART), Pfcytb (AQ),

Sources: Fidock etal. 2000; Reed et al. 2000; Tjitra et al. 2002; Nsobya et al. 2007; O’Neill et al. 2010; Andriantsoanirina etal. 2013; Schousboe etal. 2015;
Pacheco et al. 2020; Wicht et al. 2020; Gil and Fangony 2021; CDC 2024a; Hammershaimb and Berry 2024
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Table II. Leishmania treatment and possible resistance proteins summary

SbY AMB, PMD, FLZ or MT

ABCG6

Available human vaccine

No human vaccine is available

Leishmania
Compounds usually used for treatment

Possible proteins involved in resistance

-iSb*% gene products of ABCl4, ABCG2, MRP1 and AQP1
- MT: gene products of LAMT gene and LdRos, and ABCB4, ABCG4, and

- AMB: gene products of CYP51, SC5D, and SMT

Sources: Herwaldt and Berman 1992; Mukherjee et al. 2007; Pérez-Victoria etal. 2011;
Ponte-Sucre etal. 2017; Srivastava et al. 2017; Pountain etal. 2019; Potvin etal. 2020

Table III. Toxoplasma treatment and possible resistance
proteins summary

Table IV. African Trypanosoma treatment and possible resistance
proteins summary

Toxoplasma
Commonly used compounds for treatment

- If fetal iliness was negative: SPI (in some cases AQ)
- If fetal illness was positive: PYR + SDZ + FA

Proteins involved in resistance
AQ: Toxoplasma cyt-bc1
Available human vaccine

No human vaccine is available

Sources: Bogacz 1954; McFadden etal. 2000; Robert-Gangneux et al.
2011; Prusa etal. 2015; SA Maternal & Neonatal Clinical Network
2015; Alday et al. 2017; Lapinskas and Ben-Harari 2019

Table V. Giardia treatment and possible resistance
proteins summary

Giardia
Commonly used compounds for treatment
MTZ, ALB or TNZ
Possible proteins involved in resistance
ALB: ROD domain of the B-tubulin and ABC-C1
Available human vaccine

No human vaccine is available

Sources: Argiiello-Garcia etal. 2015; Angeles-Arvizu et al. 2021;
Lagunas-Rangel etal. 2021; CDC 2024c

8. Perspective

The unavoidable global issue of DR in parasitic
microorganisms has impeded progress in human
health over the past 50 years. This review investigated

African Trypanosoma
Commonly used compounds for treatment

Thg: : stage: PMD or FXZ
2" stage: NECT or FXZ
Th.r 1¥ stage: SUR
2" stage: Mel®

Possible proteins involved in resistance

PMD and Mel™ TbAT1 and TbAQP2
Available human vaccine

No human vaccine is available

Sources: Bouteille etal. 2003; Nok 2003; Munday et al. 2015;
Zoltner et al. 2020; CDC 2024b

Table VI. Entamoeba treatment and possible resistance
proteins summary

Entamoeba
Commonly used compounds for treatment
MTZ or TNZ
Proteins involved in resistance
No clear evidence yet

Available human vaccine

No human vaccine is available

Sources: Sawyer etal. 1976; CDC 2019

six pathogenic human parasites and determined that
at least two (Giardia and Entamoeba) did not develop
resistance to their current first-line chemo treatments
(or at least it is not clear if it is yet). At the same time,
the rest have varying degrees of resistance, and some
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suspected resistance pathways were identified. There
appears to be a proportional relationship between the
level of resistance in a system (which stems from the
proportion of people suffering from it) and the amount
of effort, money, and human power invested in devel-
oping novel therapeutics, effective vaccines, and fast
and reliable diagnostics, as seen in the case of Plasmo-
dium compared to the others. Unfortunately, the bulk
of these diseases and resistance occur in less developed
countries, and as such, it necessitates the support of
developed nations in disease elimination for sustain-
able living. Moreover, to get a cure and stop protozoans
from getting resistant, everyone must do their bit, espe-
cially patients who must take their medicine exactly
as prescribed. Managing vectors can reduce the strain
on chemotherapy treatments for protozoans trans-
mitted by vectors. Using insecticide-coated bed nets,
insecticide spray, and improved home construction
and fortification can prevent arthropod-transmitted
parasites from succumbing to drug pressure selection,
as recommended by the WHO. Furthermore, admin-
istering treatment as a single dose, similar to certain
medications for bacterial urinary tract infections
like Fosfomycin (Monural), would benefit the field
(Keating 2013). This approach would prevent drug mis-
use, provide the prescribed dose in a single shot, and
would help to monitor DR. Also, the gut microbiome
has the potential to be a novel approach to fighting
enteric parasites, provided that we have a comprehen-
sive understanding of the interactions and behaviors
between parasites and the microbiome (Sharpton et al.
2020). Not only humans but also animals are treated
using a variety of antiparasitic treatments to treat the
same parasites and non-parasitic agents. MTZ is well
established in many reports as a treatment for some
protozoan diseases, including amoebiasis, giardiasis,
and other parasites and pathogenic bacteria. Dogs with
giardiasis are also treated with MTZ (Ciuca et al. 2021).
Examining the library of accessible, efficient medica-
tions for various systems and testing them on some of
the most prevalent ailments caused by new pathogens
would be helpful; these medications would serve as
a great alternative if the current ones were ineffective.
Hence, to maintain successful, cost-effective, and sus-
tainable control of protozoal diseases, key sectors must
work together within the “one health” strategy (Kaplan
et al. 2009). The WHO, UN Environment Programme,
Food and Agriculture Organization of the United
Nations, and World Organisation for Animal Health
recently launched the “One Health joint plan of action
(2022-2026)” to implement strategies on the various
forms of life on the planet to prevent health risks and
enhance the quality of life. This initiative is based on
the fact that our lives are inextricably linked, whether
directly or indirectly. However, it is crucial to closely

monitor the execution of field plans to assess the effec-
tiveness of the chosen method and develop more effi-
cient strategies. Previously, it was believed that develop-
ing a vaccine for parasites was unrealistic. Nevertheless,
the WHO approval of the first malaria vaccine in 2021
has renewed optimism that chemotherapy is not the
sole viable option for combating malaria and poten-
tially other parasitic diseases. Various institutions are
currently developing vaccines to reduce infection rates
and improve life sustainability.
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