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The prevalence of clinical resistance of P. falciparum towards artemisinin and its
partner drugs has significantly hampered malarial chemotherapy. To circumvent
this situation, identifying a new class of partner drugs with significant anti-malarial
efficacy and multi-stage activity can slow the development of resistance. This
study demonstrates the potential interactions of carboxylic ionophores such as
monensin (MON), maduramicin (MAD) or salinomycin (SAL) with standard
antimalarial drugs artemisinin (ART) or chloroquine (CQ). The in vitro drug
interactions were studied in P. falciparum 3D7 strain by a growth inhibition
SYBR green 1 assay. The asynchronized parasites were exposed for 48 h in the
presence of varying proportions of two drug concentrations using the modified
fixed-ratio isobologram method. We determined the growth inhibition response
and the sums of the fractional inhibitory concentrations (ΣFICs) of the following
drug combinations (4:1, 3:2, 2:3, 1:4) and (1:1, 1:3, 3:1) were calculated for 50%
inhibitory concentrations (IC50s). Combining artemisinin with monensin,
maduramicin, or salinomycin showed significant additive interaction. A
combination of chloroquine with monensin, maduramicin, or salinomycin
showed slight synergism to additive interaction. None of the drug
combinations displayed an antagonistic effect indicating ionophores usage in
combination therapy to treat drug-resistant malarial infections.
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Introduction

Antimalarial chemotherapy has become more complex due to the emergence and spread
of multidrug-resistant P. falciparum parasites. An estimated 247 million malaria cases were
reported globally in 2021 (World Health Organization, 2022). Over the years of the COVID-
19 pandemic, malaria service disruption led to the most significant annual increase of
13 million more malaria cases and 63,000 deaths (Weiss et al., 2021). P. falciparum fails to
respond to monotherapy such as chloroquine, artemisinin, and other clinically important
antimalarial drugs (Wellems and Plowe, 2001; Dondorp et al., 2009; Ashley et al., 2014). To
circumvent this problem, artemisinin-based combination therapy (ACT) was advocated as
the first line of treatment for P. falciparum infection in all malaria-endemic regions
(Eastman and Fidock, 2009). Surprisingly, P. falciparum started showing decreased
susceptibility towards artemisinin and its derivatives, along with its partner drugs
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(artemether-lumefantrine, artesunate-amodiaquine and artesunate-
sulfadoxine-pyrimethamine) (World Health Organization, 2015;
Nsanzabana, 2019; Ward et al., 2022). The subsequent treatment
failure of ACT furthermore challenged the global effort to bring
down the malaria burden. As a timely solution to counter
antimalarial drug resistance, triple artemisinin-based combination
therapy (TACT) has been implemented (van der Pluijm et al., 2021;
Chen and Hsiang, 2022). Still, a robust search on identifying partner
drugs for ACT and new drug combinations remains a high priority.
Besides, currently available malarial vaccines such as RTSS, pfSPZ,
ME-TARP and GMZ2 targeting different life stages of the parasites
exhibit varied levels of protection having moderate efficacy. The P.
falciparum surface antigens, which are highly polymorphic, present
a significant challenge for vaccine design (Crompton et al., 2010;
Stanisic and McCall, 2021). These situations demand novel or
repurposed effective and safe partner drugs with unrelated modes
of action in combination with chemotherapeutics, considered a
potential alternative strategy (Aarestrup et al., 1998).

Ionophores, an FDA-approved veterinary antibiotic, display
antiplasmodial activity by intercalating with parasite membrane
and exchanging ions, leading to increased cytosolic ion
concentration and alteration in pH, causing parasite death
(Adovelande and Schrével, 1996; Aowicki and Huczynski, 2013).
Interestingly, ionophores have been reported to exhibit multi-stage
activity by targeting the blood stage, liver stage, gametocytes and
sporozoites at sub-nanomolar levels both in vitro and in vivo
conditions (Mahmoudi et al., 2008; D’Alessandro et al., 2015).
Therefore, employing multi-stage antimalarial agents like
ionophore combined with CQ or ART could tackle emerging
drug-resistant parasites. The present findings demonstrate the
seven different fixed-ratio drug combinations of selective
ionophores (monensin, maduramicin, and salinomycin) with CQ
or ART on the growth of Pf3D7 in cultures possessing either
synergistic, additive or antagonistic effects.

Materials and methods

Materials

Powdered RPMI 1640 medium, AlbuMAX II are Gibco
products from Invitrogen Corporation. Monensin sodium salt,
maduramycin, salinomycin, chloroquine, and artemisinin,
gentamycin sulfate (cell-culture grade), Histopaque-1077 were
purchased from Sigma-Aldrich. All other chemicals used were
analytical-grade products.

In vitro culture of P. falciparum

The laboratory-adapted P. falciparum 3D7 strain was
maintained in continuous culturing in human erythrocytes with
4%–5% hematocrit in RPMI 1640 medium supplemented with 5 g/L
AlbuMAX (lipid-rich bovine albumin), 2 g/L glucose, 50 mg/L
hypoxanthine, 2 g/L sodium bicarbonate, 10 mg/L gentamycin
sulphate and incubated at 37°C in the low-oxygen environment
by Candle jar method (Jensen and Trager, 1977). The daily changes
of culture medium at 5% hematocrit and diluted with uninfected

RBC when parasitemia exceeded 5%. The 100% packed RBC was
obtained in sterile condition by removal of plasma and peripheral
blood mononuclear cells (PBMCs) using Histopaque gradient, the
RBCs were washed 2 to 3 times using RPMI 1640 medium without
AlbuMAX (incomplete medium). Parasite stages were determined
by Giemsa-stained blood smears. Parasitemia was routinely
quantified by microscopic observation of blood smear using a cell
counter.

In vitro drug inhibition assay

A stock solution of monensin, maduramicin, salinomycin and
artemisinin was prepared in DMSO, whereas chloroquine was
prepared in sterile distilled water and then diluted with RPMI
1640 medium to achieve the required concentration (final DMSO
concentration of <1%, which is non-toxic to parasites). Drugs were
two-fold serially diluted with a working concentration of 100 ng/mL
in 96 well plates. Chloroquine (500 μg/mL) was used as a positive
control. The different fixed-ratio drug combinations were exposed to
asynchronous cultures with 1% parasitemia and 2% hematocrit and
incubated for 48 h at 37°C in a candle jar. After 48 h of incubation,
the parasite growth was determined by the SYBR Green-I assay
(Smilkstein et al., 2004; Johnson et al., 2007). Freshly prepared
0.2 μL/mL of × 10,000 SYBR Green-I suspended in lysis buffer
(20 mM Tris-HCl, 5 mM EDTA, 0.008% saponin and 0.08% Triton
X) was subsequently added and incubated in the dark for 1 h at room
temperature. The fluorescence emitted by DNA-bound dye was
quantified using the multi-mode plate reader (Synergy Bioteck) with
excitation and emission wavelength of 485 nm and 528 nm,
respectively. The fluorescence readouts were plotted against drug
concentrations and data processing of IC50 values, statistical analysis
was performed using Microsoft Excel software.

Drug combination

A modified fixed-ratio isobologram method was used to assess
drug interactions (Fivelman et al., 2004). For combination assays,
the dosage of each drug dilution was prepared. The top
concentration of each drug was 8 times higher than the
respective IC50 values of individual drugs to fall at around the
mid-point in a two-fold serial dilution. The individual and sum 50%
fractional inhibitory concentration (FIC) of two drugs in fixed
combination ratios (4:1, 3:2, 2:3, and 1:4) and (1:1, 1:3, and 3:1)
was derived using the formula.

∑ FIC50 � IC50 of drugA in combination /IC50 ofdrugAalone( )
+ IC50 ofdrugB in combination( )
/ IC50 of drugB alone( )

To obtain numeric values for the drug interactions, the results
were expressed as the sum of two FICs (∑FIC) values as follows.
∑FIC<1 represents synergism, ∑FIC> =1 and <2 represent additive
interactions, ∑FIC> =2 and <4 represent slight antagonism, while
∑FIC> =4 represents marked antagonism. The drug interaction
analysis was employed based on the earlier reports (Agarwal et al.,
2015).
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Results

Determination of dose-response curves of
individual drugs

Before embarking on the drug-interaction studies, the
susceptibility profile of individual ionophores (monensin,
maduramicin and salinomycin) and standard antimalarials
(chloroquine and artemisinin) was performed using
asynchronous P. falciparum 3D7 strain. The 50% inhibitory
concentration (IC50) was determined and all three ionophores
displayed pronounced antiplasmodial activity at sub-nanomolar
concentration. Monensin displayed IC50 values 1.98 ng/mL,
maduramicin displayed IC50 values 7.71 ng/mL and salinomycin
indicated IC50 values 170 ng/mL. The reported IC50 values are in
agreement with the previously reported values as shown in Table 1
(D’Alessandro et al., 2015; Rajendran et al., 2015; Raza et al., 2018).

Determination of drug interaction by
modified fixed-ratio method

We then sought to investigate whether ionophores could
potentiate the antiplasmodial action of CQ or ART. To this end,
a fixed ratio (4:1, 3:2, 2:3, 1:4) drug combination assay was
performed between three ionophores and standard antimalarials.
To widen our understanding, we employed three other different

drug ratios (1:1, 1:3, 3:1) to further investigate whether these
interactions are additive or synergistic, as shown in Table 2.

Among the ionophore interactions with CQ, MAD + CQ
showed a significant interaction by exhibiting ∑FIC values
ranging from 0.94 to 1.67, indicating a slight synergism to
additive interactions. Followed by MON + CQ having a strong
additive interaction (∑FIC ranging from 1.05 to 1.40) followed by
SAL + CQ with weak additive interactions (∑FIC ranging from
1.18 to 1.76). All three combinations of ionophores with CQ failed to
show any antagonistic effect.

Conversely, ionophore combined with ART, MON + ART
showed strong additive interactions with ∑FIC values ranging
from 1.09 to 1.66. Secondly, MAD + ART showed additive
interaction with ∑FIC values ranging from 1.20 to 1.71 followed
by SAL + ART with ∑FIC values ranging from 1.15 to 1.89.
Therefore, ionophore combination with ART did not show any
antagonistic effect. These results reveal that ionophore combination
with CQ or ART could be considered a new combinatorial regimen.

Discussion

The present study demonstrates the carboxylic ionophores
monensin, maduramicin, and salinomycin showed antimalarial
activity at sub-nanomolar concentration. These ionophores
displayed positive interactions (slight synergism to additive) with
standard antimalarial drugs (CQ or ART) against the P. falciparum
3D7 line. Interestingly, ionophores (monensin and nigericin) exhibit
antiplasmodial activity at the sub-nanomolar range and display 25 to
30,000-fold potential than CQ against Pf strains and a significant
reduction in blood-parasite load in a murine model of malaria
(Adovelande and Schrével, 1996). Likewise, ionophores display
approximately >25-fold potential activity than ART against
Pf3D7 (Rajendran et al., 2015). This fact led us to consider
ionophores as a suitable partner drug along with clinical
antimalarials (CQ or ART). Ionophores are reported to kill
blood-stage (D’Alessandro et al., 2015), liver-stage (Mahmoudi
et al., 2008), and sexual-stage parasites at sub-nanomolar
concentrations. Surprisingly, mosquitoes ookinete and oocyst
development are significantly hampered by ionophores acting as
transmission-blocking agents (D’Alessandro et al., 2015). As a result,
ionophores can simultaneously target asexual, sexual and liver-stage

TABLE 1 In vitro antimalarial activity of standard antimalarials and ionophores
against Plasmodium falciparum 3D7 strain.

Compounds 50% inhibitory concentration (ng/mL)

(Mean ± SD)

CQ 18.02 ± 7.3

ART 7.71 ± 2.59

MON 1.98 ± 0.5

MAD 4.86 ± 0.6

SAL 170 ± 28.9

Data was obtained from five independent experiments. SD, standard deviation.

TABLE 2 In vitro interaction of ionophores with standard antimalarials against Plasmodium falciparum 3D7 strain blood-stage infection.

Combination (∑FIC50) ±Standard deviation at different ratio of drug combination Mean∑FIC50 *

4:1 3:2 2:3 1:4 1:1 1:3 3:1

MON + CQ 1.40 ± 0.2 1.10 ± 0.5 1.05 ± 0.1 1.20 ± 0.1 1.26 ± 0.1 1.10 ± 0.1 1.17 ± 0.0 1.18

MON + ART 1.09 ± 0.3 1.66 ± 0.1 1.28 ± 0.0 1.09 ± 0.0 1.20 ± 0.6 1.22 ± 0.1 1.27 ± 0.0 1.26

MAD + CQ 1.60 ± 0.2 1.67 ± 0.1 1.37 ± 0.0 1.08 ± 0.1 1.06 ± 0.0 0.94 ± 0.2 1.25 ± 0.1 1.28

MAD + ART 1.20 ± 0.0 1.71 ± 0.0 1.30 ± 0.1 1.27 ± 0.0 1.31 ± 0.1 1.29 ± 0.3 1.27 ± 0.0 1.34

SAL + CQ 1.18 ± 0.2 1.29 ± 0.3 1.76 ± 0.2 1.24 ± 0.1 1.29 ± 0.6 1.31 ± 0.5 1.58 ± 0.4 1.38

SAL + ART 1.15 ± 0.0 1.54 ± 0.0 1.89 ± 0.0 1.81 ± 0.0 1.24 ± 0.0 1.68 ± 0.3 1.35 ± 0.3 1.52

Data was obtained from three independent experiments. *m∑FIC50 was used to classify the overall nature of the interaction which appears to be slight synergism to additive.
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forms of parasites and possess multi-stage antimalarial potential.
The ionophores cause minimal damage to the uninfected host
erythrocytes >10 µM for monensin (Bhavsar et al., 2010), the
release of hemoglobin in the supernatant after 7 days of
incubation with monensin, salinomycin, or nigericin at 100 nM
dose showed less than 3-fold increase (D’Alessandro et al., 2015),
suggesting its non-toxic effect at therapeutic dose. Hepatocytes are
primarily the host cells for sporozoite invasion. Monensin exposure
at 1 µM showed no morphological defects or loss of viability (Leitao
and Rodriguez, 2010) which further substantiates no toxic effects on
the liver-host cells. This led us to evaluate the combinatorial impact
of multi-stage antiplasmodial agents (ionophores) with CQ and
ART. Therefore, the present study aimed to assess the combined
effect of multistage potential ionophores with the blood-stage
potential clinical antimalarial drugs.

Our results indicate that ionophores combined with CQ or ART
at seven different drug ratios showed slight synergism to additive or
indifferent interaction. Firstly, combining monensin, maduramicin
or salinomycin with CQ showed varied drug interaction from slight
synergism to strong to weak additivity. The combined detrimental
effect is due to monensin mediated influx of Na+ ions causing
alkalization of acidic food vacuole hampering hemoglobin
degradation (Adovelande and Schrével, 1996). The influx of Na+

ions by maduramicin leads to alteration in parasite cytosolic
pH resulting in cholesterol accumulation in the parasite plasma
membrane and retards trophozoite to schizont development (Das
et al., 2016). Salinomycin contributes towards the efflux of K+ ions
from parasite cytosol and the subsequent influx of Na+ ions and
water molecules in parasite cytosol, resulting in parasite cell swelling
(Steverding and Sexton, 2013). As a result, ionophores tend to
accumulate Na+ ions inside the parasite compartments by
disturbing the ionic equilibrium and arresting parasite growth.

Clinically used antimalarial CQ mainly target heme
polymerization (Coronado et al., 2014). Chloroquine entry into
parasite acidic food vacuole leads to protonation of CQ2+ and
subsequently interferes with heme polymerisation and fails to
detoxify, leading to parasite death (Sullivan et al., 1998; Thomé
et al., 2013). Mainly, artemisinin gets fully activated in the presence
of parasite-derived heme (in the early ring stage) and hemoglobin-
derived heme (in the trophozoite stage) which results in reactive
oxygen species (ROS) generation and depolarisation of parasite
mitochondria induces cell death via apoptosis (Wang et al., 2010;
Mercer et al., 2011).

Therefore, these drugs display additive interactions by acting on
different molecular targets of the parasite target organelles. Considering
the fact, lipid-soluble fast-acting ionophores combined with water-
soluble, fast-acting CQ showing differential pharmacokinetics may
facilitate reducing clinical resistance and long-term efficacy. Similarly,
both fast-acting and lipid-soluble antimalarials (ionophores and ART)
having varied pharmacokinetics profiles, salinomycin (Qi et al., 2022),
monensin (Atef et al., 1993),maduramicin (Raza et al., 2018) artemisinin
and derivatives (Medhi et al., 2009; Birgersson et al., 2016) may
significantly curb the parasite development at all stages with greater
effectiveness. Intriguingly, ionophores display equipotency on CQ-
susceptible and resistant strains of P. falciparum. Moreover,
ionophores facilitate overcoming drug resistance by inhibiting drug-
transporter proteins (Antoszczak et al., 2019). Furthermore, ionophores
demonstrated slow-development of resistance in ruminal bacteria due to

phenotypic selection rather than transmissible genetic factors (Russell
and Houlihan, 2003). Intravenous administration of salinomycin
(200–250 μg/kg) in metastatic cancer patients manifested only acute
side effects without severe or long-term side effects indicating clinical
safety (Naujokat and Steinhart, 2012).

Therefore, it seems reasonable to suggest that ionophores in
combination with CQ or ART are worth serious consideration for
clinical trials and employed in multidrug-resistant areas where
malaria transmission is endemic.

Conclusion

In conclusion, our data suggest ionophores with clinical
antimalarials CQ and ART displayed moderate synergism to additive
interaction against P. falciparum 3D7 blood-stage infection. None of the
drug combinations showed antagonistic interaction suggesting the
utilization of such combinations in clinical settings. Under current
recommendations, regarding combination therapies, ionophores could
be partnered with standard antimalarials to combat severe complicated
malaria in endemic regions.
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