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Abstract
Background

The urgent global need for novel antimalarial drugs targeting Plasmodium falciparum has intensified due
to rising mortality and drug resistance. This study examines a host-directed strategy targeting lipid
metabolism by evaluating the antiplasmodial activity of cholesterol sulfate (CS) and Irosustat, a steroid
sulfatase inhibitor designed to elevate circulating CS concentrations.

Methods

The antimalarial efficacy of CS was evaluated in vitro against chloroquine-sensitive (3D7 and CamWT),
chloroquine-resistant (K1 and Dd2), and artemisinin-resistant (CamWTC580Y(+) and Dd2R539T(+))
strains of P, falciparum. In vivo antimalarial activity of Irosustat was further confirmed using a modified
single-dose 4-day test via oral route (PO) in a mouse model against P, yoelii (CQ-resistant strain), both as
monotherapy and in combination therapy with chloroquine (CQ).

Results

CS effectively inhibited the growth of P. falciparum strains, including both drug-sensitive and drug-
resistant strains. In vitro assays revealed moderate nanomolar ICs, values for sensitive strains and low
micromolar ICs values for resistant strains. The compound exhibited slow speed clearance and a
synergistic effect with artemisinin in vitro. In vivo, Irosustat achieved more than 80% suppression as
monotherapy (40 mg/kg, PO) and more than 90% efficacy in combination with CQ (40/10 mg/kg, PO)
against P, yoelii, significantly improved survival rates, mean survival days (MSD), body weight, and clinical
outcomes. Irosustat exhibits promising antimalarial activity with a favorable oral pharmacokinetic
profile.

Conclusions

Future optimization of Irosustat may enhance its antiplasmodial activity, positioning it as a promising
candidate for antimalarial drug development.

Background

Malaria, an infectious disease caused by Plasmodium parasites, continues to pose a major global health
threat, with an estimated 263 million cases and 597,000 deaths reported in 2023 [1]. The increasing
prevalence of antimalarial drug resistance, particularly in regions such as Africa, the Americas, and
Southeast Asia, has further worsened the situation [1]. Artemisinin-based combination therapies (ACTs)
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remain the first-line treatment for uncomplicated P. falciparum malaria; however, therapeutic efficacy
studies increasingly report treatment failures, even with newer combinations [2, 3, 4, 5]. Thus, there is a
critical need to identify novel antimalarial drugs with distinct mechanisms of action and high
bioavailability.

Plasmodium parasites heavily depend on host-derived cholesterol and lipid metabolism for growth and
replication. This is because parasites lack the full complement of biosynthetic pathways required for de
novo cholesterol synthesis. During intraerythrocytic development, Plasmodium utilizes cholesterol and
other lipids from the host erythrocyte membrane and plasma lipoproteins to undergo membrane
biogenesis, nutrient acquisition, and replication. Parasites exploit low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) to acquire necessary sterols. In contrast, the parasite remodels host cell
membranes and internalizes host-derived phospholipids and fatty acids through endocytic and non-
vesicular mechanisms. The requirement for cholesterol and lipids by parasites is even more important
during the sexual and liver stages. There is evidence that disruption of host lipid metabolism or inhibition
of cholesterol pathways has influenced growth and viability, indicating the vital role of host lipids in
parasite development [6, 7, 8].

Consequently, suppression of cholesterol and lipid metabolism in Plasmodium presents promise in
antimalarial drug development. To be specific, triclosan and thiolactomycin, fatty acid biosynthesis (FAS-
I1) inhibitors, have exhibited selective antiplasmodial activity in vitro and in vivo models [9, 10]. Statins,
HMG-CoA reductase antagonists, have shown a modest antiplasmodial effect and lack synergy with
conventional antimalarial drugs [11]. In addition, host-directed inhibitors of sterol or phospholipid
metabolism can indirectly impair Plasmodium growth [12, 13]. While targeting cholesterol and lipid
metabolism represents a novel avenue for antimalarial drug development, it also faces hurdles, including
low potency at safe doses, a lack of synergy with frontline drugs, a high risk of host toxicity, a poor
pharmacokinetic profile, and limited in vivo efficacy [11, 14].

Irosustat, an orally active and promising steroid sulfatase inhibitor with an oncology safety profile, may
provide a novel antimalarial agent. Irosustat has demonstrated its efficacy and promising bioavailability
via oral treatment in hormone-dependent cancers such as breast and endometrial cancers. Steroid
sulfatase metabolizes not only estrone sulfate and dehydroepiandrosterone sulfate but also cholesterol
sulfate and pregnenolone sulfate. Therefore, it would be appropriate to include the conversions of
cholesterol sulfate to cholesterol and pregnenolone sulfate to pregnenolone as well. By inhibiting this
pathway, Irosustat emerged as the first sulfatase inhibitor and demonstrated potential for breast cancer
treatment in both preclinical and clinical studies [15, 16]. In endometrial cancer, patients who received
Irosustat (40 mg/day) via oral delivery remained at 36.1% progression-free at six months, with adverse
events, primarily of Grade 1 or 2 severity (55.6%) [17].

Despite its favorable safety profile, novel mechanism of action as a steroid sulfatase inhibitor, and potent
oral bioavailability, Irosustat has not been evaluated in the context of malaria. Intriguingly, we
hypothesized that CS, a naturally occurring sterol sulfate, may possess anti-malarial efficacy, as it is
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known to inhibit intracellular cholesterol synthesis by suppressing the mevalonate pathway and
concurrently restricting host cell uptake of LDL. To test this host-directed approach in vivo by increasing
endogenous cholesterol sulfate levels, we used Irosustat, a steroid sulfatase inhibitor [18]. Herein, the
antiplasmodial potential of disrupting these pathways was assessed by evaluating CS’s in vitro activity
against drug-sensitive and drug-resistant P. falciparum strains, and Irosustat’s in vivo efficacy in a CQ-
resistant P. yoelii mouse model. This study provides initial evidence supporting the potential of Irosustat
as a novel antiplasmodial agent with a favourable bioavailability profile.

Methods
Ethics statement

All experiments were conducted in accordance with relevant guidelines and regulations, and all protocols
involving human samples were approved by the Institutional Ethical Committee of Kangwon National
University Hospital (IRB No. KNUH-B-2021-06-034). The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of Kangwon National University and was conducted in
accordance with the Ethical Guidelines for Animal Experiments of Kangwon National University (KIACUC-
22-133/KNU/KMRL/HET, dated July 1, 2022).

Compounds

Stock solutions (10 mM) of various compounds, including Irosustat (Medchem), CS (Sigma-Aldrich),
atovaquone (ATQ) (Sigma—Aldrich) and artemisinin (ART) (Merck) were prepared in 100% DMSO
(Sigma—Aldrich), while chloroquine diphosphate salt (CQ) (Sigma—Aldrich) was dissolved in distilled
water (DDW).

1. P. falciparum growth inhibition, combination assay, and kill rate assays in vitro

P. falciparum parasites, including CQ-sensitive strains (3D7), CQ-resistant strains (K1 and Dd2), an ART-
sensitive strain (CamWT), an ART-resistant strain (CamWTC580Y(+)) and a CQ- and ART-resistant strain
(Dd2R539T(+))(BEI Resources) [19], were cultured in vitro in O+ human red blood cells (RBCs) in RPMI
1640 media (Sigma—Aldrich) supplemented with 100 uM hypoxanthine, 12.5 pug/ml gentamicin, 0.5%
(wt/vol) Albumax™ I (Thermo Fisher) and 2 g/L sodium bicarbonate (WELGENE Inc.) at 37°C in in N2
containing 1% 02 and 5% CO2, as described previously[20].

The in vitro growth inhibition assay was performed according to a previously reported procedure with
modifications [21, 22]. P, falciparum, after double synchronization at the early ring stage (R) via 5%
sorbitol (wt/vol) treatment [23], was cultured in 96-well plates in a total volume of 100 pl in each well and
adjusted to 2% haematocrit and 1% parasitaemia. Different concentrations of compounds dissolved in
DMSO (0.1%) were serially diluted and added to the intervention wells. Control wells without treatment
were used to assess parasite growth, and wells containing uninfected RBCs were used to exclude
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background. Cultures were incubated at 37°C in a humidified culture chamber for at least 72 h (1.5
cycles).

After incubation, the cultures were washed twice with PBS, fixed with 0.05% glutaraldehyde (Sigma-
Aldrich) for 10 min, washed twice, stained with SYBR Green | (0.2x dilution, Thermo Fisher) for 10 min,
and washed twice with PBS. The samples were analysed with an Accuri C6é flow cytometer (Accuri
Cytometers, Inc.). A total of 200,000 cells were analysed, and parasitaemia was determined by gating.
The percent inhibition was calculated using the following formula: % growth inhibition = 100-(100 x
lintervention well parasitaemia - uninfected well parasitaemia]/[infected well parasitaemia - uninfected
well parasitaemia]). The half-maximal inhibitory concentration value (IC5,) was determined via the
equation (log[inhibitor] vs. response—variable slope [four parameters]) [24]. In each case, at least three
independent assays were conducted, each in duplicate, and the data are shown as the mean + standard
deviation.

The fixed ratio isobologram method was used to study in vitro interactions between compounds, as
described in previous studies [22, 25, 26]. The combinations of ATQ vs. ART and EPO vs. ART were used
as reference controls for antagonistic and synergistic interactions, respectively [27, 28]. Drug mixture
sets (ATQ vs. ART, EPO vs. ART, CS vs. ART, and CS vs. CQ) with fixed ratios of 1:0, 4:1, 3:2, 2:3, 1:4, 0:1,
and 1:1 were serially diluted 10-fold to generate solutions with 7 concentrations. The CS vs. ART and CS
vs. CQ sets were dispensed in duplicates in 96-well microplates and incubated with Pf3D7 parasites for
72 h. Growth was measured via FACS, and the percent growth inhibition was calculated as described
above. > FIC was computed as the FIC of drug A + the FIC of drug B at each ratio. The mean  FIC was
defined as the average  FIC for all studied ratios. An FIC5, < 0.8 was considered synergistic, whereas an
FICsy > 1.5 indicates antagonism. In each case, at least three independent assays were conducted, each

in duplicate, and the data are shown as the mean + standard deviation.

In the kill rate assay, the relative bioluminescence intensities were determined as described in previous
studies [25]. Briefly, P. falciparum NF54-luc-GFP (MRA1217) (BEI Resources) was used to assess parasite
viability after 6 h of incubation with serial dilutions of a compound, as measured by bioluminescence. In
each case, three independent assays were conducted, each in duplicate, and the data are shown as the
mean + standard deviation.

In vitro effects of inhibitors on parasite morphology

The procedure used to evaluate the effects of the inhibitors on the morphology and stage-specific
development of Pf3D7 was based on a previous study [29]. Briefly, to assess the effects of inhibitor
treatment on parasite morphology, ring-stage parasites were cultured with DMSO (0.1%) or inhibitors
(239.2 nM ATQ, 2.1 uM CS, and 63 nM ART; these concentrations are approximately 3 times the IC5;) for
48 h, and the morphology of the parasites was evaluated at various time points (0 h, 12 h, 24 h, 36 h, and
48 h) [29].
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Experimental animals

Female BALB/c mice purchased from Orient (Orient Bio), with an average weight of 25+ 2 g and aged 6—
8 weeks, were used in the in vivo experiments and maintained in polypropylene cages, with 5 animals in
each cage in an animal facility at 25 + 2°C with a light: dark photoperiod of 12:12 h and 70% relative
humidity. The animals were provided a standard laboratory diet and water ad libitum. The mice were
acclimatized to their experimental environment for 4 days before the experiment started.

Antiplasmodial activity assay in a mouse model

The in vivo efficacy was assessed in CQ-resistant P. yoelii XL-infected BALB/c mice, using previously
described methods with modifications [30]. Female BALB/c mice (5 mice in each group) were inoculated
with 108 P, yoelii XL-infected RBCs taken from passage mice (excluding those in the negative control
group). Irosustat was dissolved in the vehicle (10% DMSO, 3% ethanol, 7% Tween-80, and 80% DDW)
(VZV), vortexed thoroughly before injection, and administered once daily at 6, 30, 54, and 76 h post-
infection. Single-agent treatment consisted of 40 mg/kg Irosustat (PO), while combination therapy
included 40 mg/kg Irosustat and 10 mg/kg of CQ in a volume of 200 pl. The remaining groups each
received vehicle (200 pl), 10 mg/kg (PO) CQ dissolved in DDW at 6, 30, 54, and 76 h after infection, or no
treatment (positive controls), or were not infected (negative controls). Parasitaemia was assessed from
1000 erythrocytes after blood was obtained via the tail vein, stained with Giemsa, and examined under a
100x objective. Twenty-four hours after the last treatment (4 days), the percent suppression was
determined using the following formula: % 4-day suppression = 100—100 x parasitaemia
(intervention)/parasitaemia (positive). Other parameters, such as adverse events, mean survival days
(MSDs), average SRs, clinical parameters, and weights, were also evaluated.

Statistical analysis

The data were analysed using GraphPad Prism (GraphPad Software) and Microsoft Excel 2018
(Microsoft). To compare experimentally measured values across groups, Student’s t-tests and Mann—
Whitney U-tests were used. Spearman'’s correlation was used to examine nonparametric data. P < 0.05
was considered to indicate a significant difference.

Results

In vitro inhibitory effects of CS on P. falciparum

CS suppressed the growth of the CQ-sensitive, ART-sensitive Pf3D7 strain in the moderate nanomolar
concentrations (696.60 + 10.04 nM). In addition, CS demonstrated activity against CQ-resistant strains
(K1 and Dd2) with IC5j values in the micromolar range (21.88 + 0.02 pM and 22.73 £ 0.01 pM,

respectively). The relative ICs, values are more than 20-fold that of the CQ IC5, (p < 0.001) (Table 1).
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Table 1

Summary of in vitro antimalarial activity of each compound (ICs,) against P, falciparum.

Strain

3D7
(CQ, ART-sensitive)

K1
(CQ-resistant)

Dd2

(CQ-resistant)

Dd2R539T(+)
(CQ, ART-resistant)

Cam WT
(ART-sensitive)

CamWTC580Y (+)
(ART-resistant)

Compound

cQ
ART
CS
cQ
ART
CS

cQ
ART
CS
cQ
ART
CS

cQ
ART
CS

cQ
ART

IC50. "M

Ring stage?
20.2+1.3
19.2+1.1
696.6+10.0
101.4+£0.1
1.7+0.1

21865.0 =
21.2

76.7+2.2
6.1+0.5
22725.0+7.1
68.6+0.2
9.2+04

1926.9 +
1673.2

283+1.6
5.8+0.8

4520.5+
253.9

47.0+1.4
7.6+0.2

Relative

IC5,°

1.0
1.0
34.5
1.0
0.0
215.6

1.0
0.1
296.3
1.0
0.1
28.1

1.0
0.2
159.7

1.0
0.2

Resistance
index®

5.0
0.2
31.4

3.8
0.3
32.6
3.4
0.3
2.8

1.4
0.3
6.5

2.3
0.4

P value?

0.000
0.000

0.000
0.000

0.000
0.000

0.256
0.246

0.001
0.002

0.053
0.052

dData are mean * SD with three independent assays, each performed in duplicates, were collected
per experiment. ICs, were determined by fitting to the Log vs. response-variable slope equation in

GraphPad Prism.

bThe relative IC5y was calculated using CQ as the reference.

“Resistance index (RI) is the ratio of IC5 for the resistant versus the sensitive strain (3D7).

4P value was determined by pair comparison CQ vs. CS and ART vs. CS (Student t-test).
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Strain Compound IC50. "M Relative Resistance P valued

IC5o° index®
Ring stage?
CS 3251.5¢ 69.2 4.7 -
1084.0

dData are mean + SD with three independent assays, each performed in duplicates, were collected
per experiment. IC;, were determined by fitting to the Log vs. response-variable slope equation in

GraphPad Prism.

bThe relative ICs, was calculated using CQ as the reference.

°Resistance index (RI) is the ratio of IC; for the resistant versus the sensitive strain (3D7).

4P value was determined by pair comparison CQ vs. CS and ART vs. CS (Student t-test).

Similarly, CS exhibited activity against two ART-resistant strains (CamWTC580Y(+) and Dd2R539T(+)),
with IC5g values in low micromolar concentrations (3.25+ 1.08 pM and 1.58 + 0.80 uM) and a resistance
index < 5 (Table 1). In contrast, ART showed slightly higher IC5, values against these resistant strains
compared to the parental strains CamWT and Dd2 (p > 0.05), consistent with previous studies [19]. As
expected, DdA2R539T(+) retained resistance to both CQ- and ART but remained sensitive to ONX-0914
(Table 1). Notably, CS demonstrated the lower IC;, value in ART-resistant strains (CamWTC580Y(+))
compared to the reverse strain (CamWT) (p > 0.05).

Effects of CS on the morphology of parasites in the erythrocytic
stage

Plasmodium-infected RBCs treated with ART demonstrated pyknotic nuclei and irreversible chromatin
condensation in necrotic or apoptotic cells after 12 h of exposure (Fig. 1a), highlighting that a high rate
of parasites were arrested at the ring stage. In contrast, ATQ, the slow-acting agent, did not induce
parasite damage in the first cycle. CS caused pyknotic parasites in the late stage after 24 h of treatment,
indicating a slow rate of clearance (Fig. 1a).

A kill rate assay was conducted to confirm the compound’s fast-acting nature using PfNF54-luc-GFP
parasites. Bioluminescence, which indicated parasite viability, was validated after 6 h of treatment
(Fig. 1b). While ART, known for rapid clearance, significantly suppressed parasite development at the
early ring stage after 6 h of exposure, CS demonstrated lower inhibition of Plasmodium proliferation, as
with ATQ, indicating slow activity. These findings suggest that CS is a slow-acting inhibitor of P
falciparum erythrocytic stages.

Synergistic in vitro with an antimalarial agent
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WHO recommended artemisinin combination therapy (ACT) as first-line treatment for uncomplicated
falciparum malaria [1]. The fixed ratio isobologram assay evaluated the effects of combining CS with
ART and CQ (Fig. 2). The FIC of the combination of ART and CS was 0.71 +0.12, indicating in vitro
synergy and suggesting therapeutic potential (Fig. 2c). Similarly, the isobologram analysis confirmed
synergy between CQ and CS with an FIC index of 0.39 + 0.33 (Fig. 2d).

In vivo antiplasmodial activity in P. yoelii XL-infected mice

Given its potent oral bioavailability and synergistic interaction with CQ, the in vivo efficacy of Irosustat
was evaluated using a 4-day suppressive test via oral treatment, both as monotherapy and in
combination with CQ, in a CQ-resistant P. yoelii XL mouse model (Fig. 3a). The compound was
administered four doses after inoculation and antiplasmodial activity was evaluated until 14th day post
infection (DPI) (Fig. 3a). Irosustat at dose of 40 mg/kg (PO) improved significantly SR and MSD, with SR
of 60% and MSD > 13 days after two weeks (Fig. 3b-c). Notably, the Irosustat/CQ combination
significantly improves the SR of 80% and MSD of 13.80 + 0.45 days compared to the untreated group
(Fig. 3b-c).

Irosustat significantly suppressed the proliferation of P. yoelii after 4 days of treatment, reducing
parasitemia to 3.50 + 0.40% at 40 mg/kg (PO) as monotherapy and to 1.90 + 0.80% when combined with
CQ, compared to positive group (p < 0.001) (Fig. 4a). Irosustat sustained antiplasmodial activity after two
weeks but did not eliminate parasites completely (Fig. 4a). By 14 DPI, Irosustat suppressed parasitaemia
by more than 90% in combination therapy, which was significantly greater than that of monotherapy (p <
0.05) (Fig. 4b). CQ at dose of 10 mg/kg demonstrated minimal disruption of P, yoelli parasites,
consistent with the CQ-resistant phenotype of the strain (Fig. 4a-b). Although not complete parasite
clearance, survival in mice treated with Irosustat was better than in untreated mice. To be specific,
Irosustat improved body weight and clinical symptoms. No weight loss was observed in mice treated
with Irosustat by 14 DPI compared to untreated mice (p < 0.01) (Fig. 4c-d). Since parasitemia negatively
correlates with body weight [31], this supports the compound’s efficacy. Mice administered with
Irosustat exhibited fewer symptoms (quiet, ruffled fur, and anaemia) (Fig. 4d). Hepatomegaly and
splenomegaly, prominent in the control group, were significantly attenuated in both the Irosustat
monotherapy and Irosustat/CQ treatment groups (p < 0.001) (Fig. 5a-b). Treated mice reduce liver and
spleen sizes without tissue discoloration, reflecting reduced parasite -associated tissue pathology in
organs (Fig. 5a-d).

Discussion

The increase of drug-resistant P, falciparum strains requires novel antimalarial agents that improve both
clinical symptoms and prevent transmission. According to the Medicines for Malaria Venture (MMV), the
desired characteristics for Target Candidate Profile 1, Target Candidate Profile 2, and Target Candidate
Profile 4 include long-term half-life, prevention of recrudescence, potent oral bioavailability, promising
combination, and transmission-blocking [32, 33]. Targeting cholesterol and lipid metabolism has
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emerged as a potent approach, as it can disrupt the survival of blood- and liver-stage parasites [6, 7, 8.
Herein, CS, a human cholesterol and lipid inhibitor, demonstrated moderate nanomolar-range anti-
plasmodial activity, slow clearance, and in vitro synergy with a previous anti-malarial agent during the
growth and development of erythrocytic-stage parasites. Its favourable oral bioavailability, along with low
toxicity, further supports its potential as a novel antimalarial candidate.

Host-derived cholesterol and lipid metabolism constitute vital pathways for Plasmodium, and disruption
of these processes has been explored as a potential antimalarial strategy [6, 7, 8]. Previous studies have
shown that inhibitors of cholesterol and lipid metabolism, such as triclosan, thiolactomycin, and statins,
demonstrated in vitro activity in the moderate micromolar range against sensitive and resistant P
falciparum strains [9, 10, 11]. Specifically, rosuvastatin inhibited the Pf3D7 and PfDd2 strains with ICx
values of 25 and 17 pM, respectively, while atorvastatin exhibited an ICx; value of 80 uM [11]. Our study
revealed the inhibitory effect of CS against the sensitive Pf3D7 in the moderate nanomolar range (ICsg <
800 nM), moderate micromolar against CQ- resistant strains (K1, Dd2) (ICsy < 23 pM), and low
micromolar against ART- resistant strains (ICsq < 4 pM), which was lower than that of statin derivatives.
Rat RBCs sequestered greater than 70% of the precursor of CS within 30 min administration, supporting
its antiplasmodial activity during the blood stage [34]. However, CS'’s precursor was partially degraded,
with only 48% retained inside RBCs after 24 h, thereby necessitating higher doses to achieve effective
parasite killing [34]. Structural optimization to enhance stability, along with evaluation of CS
pharmacokinetics and its activity against the sexual and liver stages of P, falciparum and other
Plasmodium strains, could provide evidence for its repurposing as an antiplasmodial agent.

The ability of cholesterol and lipid metabolism inhibitors to synergize with conventional antimalarial
drugs has been investigated in previous research [6, 11, 35]. ART and CQ have long served as first-line
antimalarials; however, increasing resistance of both drugs has been observed [1]. Combination therapy
involving cholesterol and lipid metabolism inhibitors with ART and CQ has been considered as a
potential therapy to overcome resistance. Nevertheless, statins (rosuvastatin) demonstrated no synergy
effect with CQ and ART against Pf3D7 (FIC > 1) [11]. In contrast, atorvastatin (AVA) showed synergistic
effects when combined with quinine against P, falciparum strains [36]. A recent study found that coupling
primaquine or artesunate to a steroid increases their potency against P. falciparum [35]. Notably, CS
demonstrated potent synergy with CQ and ART against 3D7 (FIC < 0.8), but slow parasite clearance was
observed. This synergy could result from the different modes of action and the half-life time of ART and
CS. While ART is characterized by rapid clearance and short half-life (T1/2 = 1-3 h), CS exhibited a longer
half-life (T4, = 31.3+ 6 hat 5mg and 28.5 + 12 h at 20 mg) after oral administration in a human trial [37,
38]. These features support CS as a potent candidate in the ACT regimen as MMV recommendation [32,
33]. Further studies on the potent combination of CS with other conventional drugs, as well as
hybridization strategies with ART against different Plasmodium strains, may enhance therapeutic
development.
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A limitation of these inhibitors is their modest efficacy in an in vivo model. Previous research revealed
that a single regimen of atorvastatin showed no improvement in survival rate, but the prophylactic
scheme employing AVA combined with mefloquine alone delayed mouse death, parasitaemia, and
cerebral malaria symptoms [39]. In this study, due to the poor pharmacokinetics of CS, Irosustat was
used to elevate endogenous CS levels and demonstrated significant improvements in survival,
parasitaemia, and growth inhibition, both as monotherapy and in combination with CQ, overcoming CQ-
resistant P. yoelii in the mouse model. However, the expected long-term protection was not observed.
Although it has high oral bioavailability, rapid degradation within red blood cells, and moderate inhibition
of Plasmodium limited total elimination and relapse protection. In the future, the optimization of
structure, dosing, and the combination of Irosustat with ART could be investigated in a rodent malaria
model to evaluate its in vivo potential.

Conclusions

Repurposing Irosustat for malaria treatment offers a promising antiplasmodial agent, owing to CS'’s
antiparasitic activity against drug-sensitive and drug-resistant strains in vitro, its synergistic interactions
with standard antimalarial drugs, and its effectiveness upon oral administration. However, major hurdles
remain, including minimizing potential toxicity, optimizing structure and hybridization, and addressing the
risk of resistance development. These obstacles must be resolved before developing Irosustat as an
antimalarial therapy.

Abbreviations

ACTs
Artemisinin-based combination therapies
ART
Artemisinin
ATQ
Atovaquone
AVA
Atorvastatin
CcQ
Chloroquine diphosphate salt
CS
Cholesterol sulfate
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Distilled water
DPI
Day post infection
FAS-II
Fatty acid biosynthesis
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High-density lipoprotein
LDL

Low-density lipoprotein
MSD

Mean survival days

PO

Per oral route

RBCs

Red blood cells

SR

Survival rate
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Figure 1

Morphologies of the CS-treated parasites, inhibitor kill rates. a Morphology of CS-treated Pf3D7
parasites. Parasites were cultured with 0.1% DMSO or the indicated inhibitors (239.2 nM ATQ, 63 nM
ART, and 2.1 pM CS concentrations nearly 3 times greater than the corresponding ICs) for 48 h, and their
morphologies on Giemsa-stained smears were evaluated at various time points. ART treatment resulted
in pyknotic morphology early, at 12 h, whereas CS treatment did so after 24 h. The black arrows indicated
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pyknotic vacuoles. Scale bars = 5 ym. b Kill rate assay. NF54-luc-GFP parasites were incubated with
inhibitors for 6 h. The measured bioluminescence signals were normalized to those of the untreated
control and converted to a growth inhibition rate. ART (fast-kill) and ATQ (slow-kill) were used as controls
for treatment.
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Figure 2

Fixed ratio isobolograms of ART vs EPO, ART vs ATQ, CS vs ART, and CQ against 3D7 (CQ- and ART-
sensitive strain). ART vs EPO was used as a control for synergistic interaction, while ART vs ATQ was
used as a control for antagonistic interaction. a Isobologram showing interaction between ART vs EPO
against 3D7. b Isobologram showing interaction between ART vs ATQ against 3D7. ¢ Isobologram
showing interaction between CS vs ART against 3D7. d Isobologram shows interaction between CS vs
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CQ against 3D7. ATQ vs ART served as the control for antagonistic interaction (3 FIC5y = 1.75 + 0.39)
while EPO vs ART served as the synergistic effect (3 FIC5y = 0.12 + 0.05). CS demonstrated synergism
with ART and CQ (3 FIC5, = 0.71 £ 0.12 and 0.39 * 0.33), respectively (n=3 biological replicates based on
technical duplicates). Y FICs, < 0.8 is considered synergistic, whereas 3 FICs, > 1.5 indicates
antagonism. The IC5, was calculated in Prism 10.2.2 via the equation (log[inhibitor] vs. response-variable
slope [four parameters]).
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Combination of the mean survival days (MSDs) and survival rate (SR) after treatment with Irosustat via
oral route, as determined using curative treatment (4-day suppression). a Flowchart of the in vivo assay.
D-0 (+6 h), D-1, D-2, and D-3, the days of treatment after inoculation. The mice were treated with a single
dose of Irosustat (40 mg/kg, PO) or with a combination of CQ (10 mg/kg, PO) for 4 days after
inoculation. Mice were monitored for 14 days. b Survival of mice in the group treated with CQ (10
mg/kg), Irosustat (40 mg/kg), Irosustat/CQ combination at 14 days of post-infection (DPI), and negative
(uninfected mice), positive (infected mice), and vehicle groups. ¢ MSDs and SRs for each group at 14
DPI. Irosustat increased the MSD and survival rate of mice after treatment, both as monotherapy and in
combination with other agents. Each group included 5 mice.
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Effect of Irosustat administered via oral routes on parasitaemia suppression, weights, and clinical
symptoms. a Parasitaemia follow-up at 14 DPI. At least 1000 red blood cells were counted under a
microscope to evaluate parasitaemia. b Rate of parasitaemia suppression after 4 days of treatment
calculated using the following equation: (% suppression=100-100"(parasitaemia of
intervention/parasitaemia positive). Intervention (infected mice with treatment), positive (infected mice
without treatment). Irosustat significantly suppressed the parasite proliferation in combination with CQ,
greater than in monotherapy (p < 0.05). ¢ Weights of the mice at 14 DPI. Compared with mice receiving
no treatment, those receiving oral Irosustat showed improvements in body weight. d Clinical symptoms.
Symptom expression was normalized by calculating the percentage of mice with symptoms within each
group relative to the total number of mice in that group. Statistical significance calculated using a two-
tailed t-test (* p< 0.01, ** p < 0.001). The data are shown as the means * standard deviations. The error
bars indicate the standard deviation (SD) of the mean. Each group included 5 mice.
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Figure 5

Effects of Irosustat on the organs' pathology in P. yoelii-infected mice. a-b Liver and spleen sizes. Organ
size was calculated as height x width (mm). Mice treated with Irosustat alone or in combination with CQ
had smaller livers and spleens than untreated mice. cGross pathological features of organs (brain, heart,
lung, liver, kidneys, and spleen) after sacrifice (colour and size). d Images of the brain, heart, lung, liver,
kidney, and spleen. Scale bar = 5 mm. Negative (uninfected mice), positive (infected mice). Organs were
collected from 3 mice per group. a-bStatistical significance calculated using a two-tailed t-test is
expressed relative to the positive and vehicle (infected mice and infected mice treated with vehicle)
using asterisks (** p < 0.001, *** p < 0.0001).
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