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ABSTRACT: Malaria continues to devastate humanity with significant
global morbidity and mortality. The emerging resistance to antimalarials
suggests artemisinin and its derivatives will encounter the same challenges
as other antimalarial drugs. Strategies to accelerate developing new o
antimalarials include utilizing known sca olds and making structural Q@N
modifications to enhance properties and elucidate their mode of action. )
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We have focused on acridine derivatives and describe 18 acridine/ ) @ O /
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acridone analogs based on pyronaridine or quinacrine cores. Several
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molecules demonstrated potent in vitro activity against both chloroquine- 1 < il 2d
sensitive strains ofPlasmodium falciparum, with either no observed or low @ &
cytotoxicity. Additionally, we investigated the mode of action of these o nvito f Exvive < Invivo
derivatives, their combination with other antimalarials, and their P.faloparum P falciparum and P berghei

P. vivax

inhibitory activity against multidrug-resistant strains ofP. falciparum.
Compound 5a, an acridone-based derivative, demonstrated lower potency
against the atovaquone-resistant strain (1Cs,” ™%C68 > 12 5 uM) and exhibited a slow-acting mechanism, along with inhibition of
the mitochondrial bcl complex (ICs,?t = 2 uM). In contrast, compound 2d (ICs,""*P7 = 0.02 uM), an acridine-based derivative,
showed fast-acting inhibition, localized near the parasite’s digestive vacuole, and inhibited hemozoin formation (IC5, = 5 pM).
Acridine-based derivatives 2d showed potent nanomolar inhibitory activity against P. falciparum and P. vivax field isolates and
improved survival in mice infected with P. berghei, achieving a 100% survival rate at 30 days. These findings suggest that acridone-
and acridine-based derivatives likely act through distinct modes of action, providing valuable insights for developing new
antimalarials active against resistant strains of P. falciparum and demonstrating e cacy in both ex vivo and in vivo models.

I INTRODUCTION challenges such as incomplete coverage, inconsistent use, and
Malaria is one of the deadliest human pathogen-borne diseases, the development of insecticide-resistant mosquito populations.
accounting for more than 282 million cases and 610,000 The first approved malaria vaccine, Mosquirix (RTS, S/
estimated deaths in 2024.> Despite more than 200 species AS01),%" represents an important milestone but currently
included in the Plasmodium genus, only six are known to cause provides only partial protection in children and requires
malaria in humans (P. falciparum, P. vivax, P. ovalecurtisi, P. multiple doses for optimal e cacy. These limitations under-
ovalewallikeri, P. malariae, and P. knowlesi).” score the need for new antimalarials targeting novel

Insecticide-treated bed nets and artemisinin-based combi-
nation therapies (ACTs) have been the primary strategies for )
reducing the malaria burden over the past two decades." While Received:  August 6, 2025
ACTs are crucial components of treatment policies in Revised: ~ May 4, 2026
numerous malaria-endemic countries, the emergence of Accepted:  May 15, 2026
resistance to their components poses a serious threat to Published: May 26, 2026
malaria control, necessitating the development of new e ective
alternatives.*> Mosquito nets, although highly e ective, face

© 2026 The Authors. Published by : . .
American Chemical Society https://doi.org/10.1021/acsinfecdis.5c00682

W ACS Publications 1866 ACS Infect. Dis. 2026, 12, 1866—1883

920z ¥snbny 0z uo Jasn OINYd OVS 40 AINN Aq Jpd-Z890095 SIPoajuUISOB/Z6€9199/9981/9/Z L /3Pd-jonte/0qopie/Bio soe sqnd woly papeojumog


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+El+Chamy+Maluf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giovana+Rossi+Mendes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Igor+M.+R.+Moura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guilherme+Eduardo+de+Souza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Talita+Alvarenga+Valdes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Talita+Alvarenga+Valdes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vini%CC%81cius+Bonatto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriela+Silva+Oliveira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+Caroline+Campos+Aguiar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcos+L.+Gazarini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcos+L.+Gazarini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+C.+Puhl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalia+Monakhova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Lepioshkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vadim+Makarov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+R.+Lane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+R.+Lane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Renuka+Raman"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guilherme+A.+S.+Campolina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Camila+S.+Barbosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ama%CC%81lia+dos+Santos+Ferreira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ama%CC%81lia+dos+Santos+Ferreira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carolina+B.+G.+Teles"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dhelio+B.+Pereira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roberto+Rudge+de+Moraes+Barros"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ernest+Diez+Benavente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ernest+Diez+Benavente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sean+Ekins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rafael+Victorio+Carvalho+Guido"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsinfecdis.5c00682&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.5c00682?ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.5c00682?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.5c00682?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.5c00682?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.5c00682?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aidcbc/12/6?ref=pdf
https://pubs.acs.org/toc/aidcbc/12/6?ref=pdf
https://pubs.acs.org/toc/aidcbc/12/6?ref=pdf
https://pubs.acs.org/toc/aidcbc/12/6?ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsinfecdis.5c00682?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/aidcbc?ref=pdf
https://pubs.acs.org/journal/aidcbc?ref=pdf
https://creativecommons.org/licenses/by/4.0/

ACS Infectious Diseases

pubs.acs.org/journal/aidcbc

Table 1.

Antiplasmodial Activity against Chloroquine-Sensitive (3D7) Strain of

, Cytotoxicity against the

HepG2 Cell Line, and Selectivity Index of Pyronaridine Derivatives

R3 R3
/@EOH /@EOH OH
HN R4 HN R* HN R?
R! NZ O NF R O N O |/ P
1 2 3

R3

R" °N N

ICso Pf3°7  CCso HepG2

Compound R! R? R} R* R® (M) M) SI
Pym;:;i dine C H OMe 8+3 2308 288
1b cl H H OMe 14+3 8+2 571
2a cl H H H OMe 240 +80 19+1 79
2b cl H H OMe 2049 60+4 3000
2¢ cl H OMe 18+7 7+2 389
2d cl H OMe 2010 61 300
2e H cl OMe 5020 5+1 100
2f H CF; H OMe 2010 13.6+0.1 679
2 H CF; OMe 9+4 121 1333
2h H F H OMe 3020 6+2 200
2i H F OMe 3010 55+02 184
2k cl H H cl 20+ 10 15+1 750
2j cl H cl 30+ 10 8.7+0.1 290
3a H H H OMe 800 +300 16+3 20
3b H H OMe 900 200 341 38
artesunate - - - - - 15+4 n.d. n.d
@Mean values are represented with their respective standard deviations (n.d. = not determined).
mechanisms or repurposing existing sca olds. In this sense, antitumor,”*~>* antiprotozoal,*** antiviral,”® and antibacte-

acridine- and acridone-based (AC) compounds represent a
promising chemical series for investigation.®

Interest in acridine-based (AC) compounds as antimalarials
began with the discovery that synthetic dyes like methylene
blue (MB) and acridine orange (AO) inhibit P. falciparum at
nanomolar concentrations.® MB’s use was restricted due to
side e ects and toxicity, prompting the development of safer
drugs. Quinacrine, synthesized in 1932,° became the first
synthetic antimalarial to undergo clinical trials and was widely
used during World War 1l before being replaced by
chloroquine for safety and e cacy reasons.'® As resistance to
chloroquine spread, focus shifted to developing improved
quinacrine derivatives with enhanced tolerability and multi-
targeted activity.” '

Pyronaridine (Malaridine),*® an acridine-based drug synthe-
sized in 1970,"° when used in combination with artesunate
(Pyramax) is an e ective and a ordable treatment for
uncomplicated malaria.’® Furthermore, pyronaridine exhibits

1867

rial*’ activities.

The proposed mechanisms of action for AC-based
antimalarials include binding to heme® and inhibition of
hematin polymerization.’® Additionally, inhibition of the
mitochondrial bcl complex has been suggested as another
possible mechanism of action.?® We now describe 18 acridine/
acridone-based compounds that were synthesized and
evaluated against the malaria human parasite P. falciparum
and P. vivax and the murine parasite P. berghei. Studies of the
structure—activity relationship (SAR), mode of action, and
combinations with other antimalarial drugs provide valuable
information into the parasitological profile of this class of
compounds.

https://doi.org/10.1021/acsinfecdis.5c00682
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Figure 1. Structure—activity relationships (SAR) and in vitro and ex vivo antiplasmodial properties of AC-based compounds. (A) Summary of
structure—activity relationships (SAR). (B) Resistance indexes of AC-based compounds against a selection of panel of multidrug-resistant P.
falciparum strains. The resistance indexes (RI) were determined by the ratio of 1Cs, values of the resistant strains Dd2, K1, TM90C6B, and
3D7R_MMV848 per the sensitive strain 3D7. These data correspond to three independent experiments, mean = SD. As a note, cross-resistance is
considered when RI > 5, represented by the dashed line. (C) Evaluation of the ex vivo activity of compounds 1b and 2d against field isolates of P.
vivax and P. falciparum from Porto Velho-RO/Brazil. The antimalarials chloroquine and artemisinin were used as controls.

B resuits

Antiplasmodial Activities and Structure—Activity
Relationship

The compounds synthesized and assessed were separated into
two series, the pyronaridine derivatives (1a—3b) and the
quinacrine derivatives (4a—5a). These compounds were tested
for hemolytic activity and showed no hemolytic e ects at a
concentration of 10 pM (Figure S1). For the pyronaridine
derivatives (Table 1), three subseries (1—3) with di erent
positions of the heteroatoms in the tricyclic system were
synthesized, benzo[b]-1,5-naphthyridine (1), acridine (2), and
benzo[b]-1,8-naphthyridine (3), while the substituents groups
were somewhat like pyronaridine (1a).

Sca olds 1 and 2 exhibited higher antiplasmodial activity
compared to sca old 3, with their potency reaching up to 100-
fold greater than sca old 3. The presence of an extra nitrogen
atom in sca old 1 led to compounds slightly more potent than
acridine (2), as evidenced by the comparison between the 1a
- 2cand 1b - 2b. An additional ring nitrogen can modulate
basicity and electronic distribution and has been shown to
increase potency in related heterocyclic antimalarial sca olds.*
For example, reduced antiplasmodial activity was observed for
chloroquine analogues lacking basic nitrogen in the quinoline
sca old.**

To investigate the influence of substituent groups in
acridine-based compounds, sca old 2 was selected. Inves-

1868

tigations on the groups R; and R, showed that the Cl atom is
favorable at the R! position (e.g., 2c), while shifting the Cl to
the R? position (2e) resulted in a loss of up to 3-fold in
potency. However, when the Cl at R? is replaced with an F
atom (2i), the potency is nearly restored. The introduction of a
trifluoromethyl group at the R? position (2g) yielded the most
potent new compound (after pyronaridine) (IC5Pf3P’= 9
nM) within all tested series with a selectivity index of 1333.
This compound is equipotent to pyronaridine (1a, 1C5Pf®>’=
8 nM), but its cytotoxicity is 5-fold lower.

Next, we evaluated the importance of the pyrrolidinyl-
methylene group at R%/R* The removal of pyrrolidine groups
at both positions resulted in the least potent compound within
the series of benzo[b]-1,5-naphthyridine and acridine (2a,
ICs,Pf3P7= 240 nM), highlighting the importance of this
moiety to the potency and the significance of the basic
nitrogen in potent antimalarial compounds.®® The bioisosteric
substitution of the pyrrolidine to dimethylamine (2c - 2d)
led to no di erences in potency or cytotoxicity. However,
eliminating only one pyrrolidine ring 0 ered an opportunity to
considerably improve the selectivity index by reducing the
cytotoxicity, as demonstrated by compounds 2b and 2k, which
contain only one pyrrolidine ring in their chemical structure
and exhibit higher selectivity. Interestingly, when the CF;
group is presented at R? (2g) with both pyrrolidine rings at
R® and R* the potency increases 2-fold with no changes in
cytotoxicity compared to its counterpart containing only one

https://doi.org/10.1021/acsinfecdis.5c00682
ACS Infect. Dis. 2026, 12, 1866—1883
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Table 2.

Antiplasmodial Activity against Chloroquine-Sensitive (3D7) Strain of

, Cytotoxicity against the

HepG2 Cell Line, and Selectivity Index of Quinacrine Derivatives

o

2 3
RR
Z
R' N
4

compound R! R2 R®
4a, quinacrine Cl H OMe
4b H Cl OMe
4c H CF; OMe
4d Cl Cl Cl
5a
artesunate

i |
S8e)
I
cl N
H
5a
1C5PfP7(NM) CCgoHepG2 ( M) Sl
12+5 42 333
50 + 20 41+05 82
60 + 10 17 +4 283
20 + 10 5+2 250
728 + 6 >6.25 >8
15+4 n.d. n.d

#Mean values are represented with their respective standard deviations (n.d. = not determined).

pyrrolidine ring (2f). Hence, in this case, the presence of two
pyrrolidine groups at R® and R* results in a compound 2-fold
more selective. In addition, we assessed the influence of the
methoxy group at R® (2¢) in comparison with a chlorine atom
(2j), revealing no significant di erences. However, the absence
of the pyrrolidine ring at R® significantly reduces the
cytotoxicity of both 2c and 2j, leading to impressive selectivity
index values of 3000 (2b) and 750 (2k), as previously stated. A
summary of structure—activity relationships highlighting key
substitutions and their e ects on potency and selectivity is
shown in Figure 1A.

For the quinacrine derivatives series (Table 2), only a few
modifications were performed to enable a better understanding
of the influence of the substituent groups directly linked to the
acridine sca old. We also assessed the acridone sca old
derivative 5a, with the removal of the diethylpentane-1,4-
diamine moiety. In line with the findings observed for the
pyronaridine derivatives, shifting the chlorine atom from R; to
R, (4a - 4b) resulted in a loss of potency while maintaining
the cytotoxicity constant. However, in contrast to the
observations for pyronaridine derivatives, the presence of the
trifluoromethyl group at the R, position led to a reduction in
potency (4c, 1C5,Pf*P’= 60 nM), contrary to the trend
previously observed for the most potent compound, 2g.
Additionally, replacing the methoxy group (4a) with a chlorine
atom (4d) revealed no significant di erences. By changing the
sca old to acridone (5a), reduced potency against the parasite
was observed when compared to pyronaridine (1a) and
quinacrine (4a). In this way, the amino-phenol and the
diethylpentane-1,4-diamine moieties prove to be important in
achieving more potent and selective compounds.

The antiplasmodial activity of three additional and distinct
AC-based compounds (5b, 6, and 7) was assessed (Table S1).
These derivatives demonstrated limited inhibitory e ects.
Specifically, modifications included substitution at position 3
(e.g., morpholine) and position 4 (e.g., nitrile) of the
benzo[b]-1,6-naphthyridine (6) and 10-0xo0-5,10-
dihydrobenzo[b]-1,6-naphthyridine (5b) cores (IC5PfP" >
10 uM), as well as substitution with a morpholine group at
position 9 of the acridine core (7, IC5,Pf3P7 = 3.3 pM).

Subsequent assays were then conducted with the aim of
characterizing the antimalarial properties of this series. Thus,
representative acridine- (e.g., 1a (pyronaridine), 1b, 2a, 2b, 2d,

1869

4a (quinacrine)) and acridone-based compounds (5a) were
used.

Inhibitory Activity against Multidrug-Resistant
Strains

The potency of representative AC-based compounds against
sensitive and multidrug-resistant (MDR) P. falciparum strains
was assessed. This representative resistant-strain panel includes
K1 and Dd2 (both resistant to chloroquine, sulfadoxine,
pyrimethamine, mefloquine, and cycloguanil),*> TM90C6B
(resistant to chloroquine, pyrimethamine, and atovaquone),*
and 3D7R_MMV848 (a 3D7-derived strain resistant to
MMV692848, a PfPI14K inhibitor).*®

The AC-based compounds 1b, 2a, 2b, 2d, and 5a
demonstrated no significant change in 1C5s when tested
against mutant lines K1, Dd2, and 3D7R_MMV848 (RI < 5)
(Figure 1B). A previous report indicated that 5a displayed 1Cs,
values of 45 and 65 nM against sensitive (D6) and resistant
(Dd2) P. falciparum strains, respectively.>* These values are

10-fold lower than those obtained herein, likely due to
di erences in the strain origin and genetic background (D6 x
3D7) used.* Despite some potency di erences, our results are
consistent with earlier findings in showing that 5a exhibits
comparable ICsy's between sensitive (3D7) and resistant
strains (K1, Dd2, 3D7R_MMV848 (RI  1)). This lack of
di erential activity suggests the absence of a shared resistance
phenotype among the tested mutants, indicating that these
derivatives may act via an alternative mechanism or that the
mutations do not influence their binding mode.* However,
compounds 2d and 5a exhibited reduced potency against
TMO0C6B strain (Rl > 5), suggesting cross-resistance with
atovaquone, a mitochondrial cytochrome bcl complex
inhibitor. The derivatives 2a, 2b, and 2c did not exhibit
reduced potency against TM90C6B strain (Rl < 5) (Figure
1B).
Inhibitory Activity against
Isolates
The ex vivo activity of representative compounds of subseries 1
(1b) and 2 (2d) was evaluated against field isolates of P. vivax
and P. falciparum circulating in Porto Velho-RO (Brazilian
Amazon). Chloroquine and artemisinin were used as controls.
The compounds showed comparable potencies between
laboratory culture strains and P. falciparum and P. vivax
isolates. Additionally, compounds 1b (ICs™ = 51 nM and

and Field

https://doi.org/10.1021/acsinfecdis.5c00682
ACS Infect. Dis. 2026, 12, 1866—1883
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Figure 2. Speed-of-action of AC-based compounds. (A) Speed-of-action assessment of 1b, 2a, 2d, and 5a. Pyronaridine (1a) and quinacrine (4a)
were used as control of the AC-based subseries. 1Cs, values were determined at 72 h, for parasites (3D7 strain) incubated for 24, 48, and 72 h with
compounds. Artesunate and chloroquine were used as a positive control for fast-acting inhibition, and pyrimethamine and atovaquone were used as
slow-acting inhibition controls. The results were normalized to the assessed 1Cx, value at 72 h. Ratios 1Cs,2*" /1C5,™*" < 1 distinguish fast-acting
compounds from nonfast-acting ones, represented by the dashed line. These data correspond to two independent experiments, mean 1Cs, + SD.
Statistical analysis was conducted by using ANOVA (** p < 0.01; a p value <0.05 indicates a significant di erence within samples) (B)
Morphological development of P. falciparum (3D7 strain) over 24 h of incubation with the AC-based compounds. The P. falciparum culture at 0.5%
parasitemia was incubated for 24 h at 10x the 1Cy, with the fast- and slow-acting controls (artesunate and atovaquone, respectively), as well as the
subseries controls (pyronaridine (1a) and quinacrine (4a)), and tested compounds 1b, 2a, 2d, and 5a. Images were taken at 24, 48, and 72 h. (C)
Fast-acting assessment of artesunate, chloroquine, pyronaridine (1a), quinacrine (4a), 1b, 2a, and 2d after short-term exposure. 1Cy, ratios
obtained after 3, 6, 9, and 12 h of exposure followed by washing and incubation until 72 h. Graphs represent the ratio between each time point 1Cg!
and 72h ICg,. Data are presented as mean = SD of two independent experiments.

ICs,™ =31 nM) and 2d (ICs," = 39 nM and I1Cs,™ = 21 nM) compounds 1b, 2a, and 2d, showed 1Cs,?*" /1C5,?" shifts 1,

showed comparable inhibitory activities between both isolates like chloroquine and artesunate, consistent with a fast-acting
(Figure 1C). As expected, field isolates of P. falciparum were mechanism. On the other hand, compound 5a demonstrated
resistant to chloroquine but sensitive to artesunate (Figure an 1Cg**" /1C5,™" ratio >1, suggesting a slow action profile
1C).*® Conversely, the P. vivax isolates were sensitive to both (Figure 2A). To confirm the speed-of-action, the morpho-
antimalarial controls used (Figure 1C). logical development of the parasite after 24 h of inhibitor
Speed-of-Action of AC-Based Compounds exposure was verified (Figure 2B). The parasites in the
To investigate the onset of action of our compounds, we negative control (without compound) developed according to
examined their time-dependent e ects on parasite growth. the expected timeline, progressing from ring to trophozoite in
Although rapid parasite clearance is an important attribute for the first 24 h and later from trophozoite to schizont, with new
agents targeting the asexual blood stages’ slower-acting ~ fings observed in 48 h, indicating one complete maturation
antimalarials also have clear clinical value, especially within cycle of the parasite. Over the incubation time of 72 h,
combination therapies where they contribute to sustained trophozoites were observed in the control without compounds
e cacy. Thus, characterizing the speed of action provides (Figure 2B). Artesunate (fast-acting control) caused parasite
insight into how each compound might be positioned within death within the first 24 h, as observed by the appearance of
future treatment strategies. A modified version of the in vitro pyknotic nuclei, the irreversible chromatin condensation of a
speed-of-action methodology® was employed to di erentiate necrotic or apoptotic cell (Figure 2B). By contrast, atovaguone
between fast- and slow-acting inhibitors.>* The incubation of (slow-acting inhibitor) allowed the parasite to develop from
fast-acting antimalarials for 24 h, as artesunate and ring to trophozoite in 24 h, delaying the development past this
chloroquine, yielded ICgs like the standard 72 h assay, with point, with ring-stage parasites still observed in 72 h. The
ICso2*" /1Cs,"™ ratios 1. In contrast, slow-acting controls subseries controls pyronaridine (1a) and quinacrine (4a), and
(atovaguone and pyrimethamine) exhibited 1C5?*" /1Cg,"2" the tested compounds 1b, 2a, and 2d caused parasite death
ratios greater than 1 (Figure 2A). The subseries controls within the first 24 h of incubation, comparable to artesunate.
pyronaridine (1a) and quinacrine (4a), as well as the tested At this time point, we verified the appearance of several
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Figure 3. Stage-specific activity of AC-based derivatives. (A) Chloroquine; (B) pyronaridine (1a); (C) 2d; and (D) 5a. The compounds were
tested against ring (0—16 h), trophozoite (16—32 h), and schizont (32—48 h) stages of P. falciparum using highly synchronized cultures.
Parasitemia was measured at 60 h by the SYBR Green assay. Data are presented as mean = SD of two independent experiments. Statistical analysis
was performed using one-way ANOVA followed by the Bonferroni post hoc test (*p < 0.05).

pyknotic nuclei. For compound 5a, the morphological analysis
indicated that the parasite development stalled in the ring stage
in 24 and 48 h, making it possible to observe young and
mature trophozoite stages in 72 h. These findings confirm that
the subseries controls, pyronaridine (1a) and quinacrine (4a),
as well as the tested compounds 1b, 2a, and 2d, act as fast-
acting inhibitors, while compound 5a shows a nonfast-acting
profile.

To verify how fast the inhibitors were, the compounds were
incubated with parasites for 3, 6, 9, and 12 h. Next, the samples
underwent washing and were further incubated under
inhibitor-free conditions until 72 h, and then the 1CgY/
ICs,"?" ratios for each time point were calculated. The controls,
artesunate and chloroquine, demonstrated decreased inhibitory
activity within the initial 3 h of incubation, with ICy, ratios
>25-fold compared to their respective 72 h 1Cx, values (Figure
2C). Extension of the incubation to 6 h resulted in 5- to 8-fold
reductions in 1Cs, ratios. Expected levels of antiplasmodial
activity were achieved from 9 h onward (ICg, ratios <2).
Among the subseries controls, pyronaridine (1a) exhibited
ICs, ratios 1 across all time points, indicating that a 3 h
incubation period is su cient for its full inhibitory e ect
(Figure 2C). Quinacrine (4a) showed only 4-fold reduction in
inhibitory activity following 3 h of incubation when compared
to the 72 h 1Cs; but reached ICs, ratios <2 from 6 to 12 h.
With respect to the tested compounds, 2a displayed behavior
comparable to artesunate and chloroquine, requiring more
than 9 h of incubation to reach maximal inhibitory activity
(Figure 2C). Compounds 1b and 2d exhibited 3-fold
reductions in inhibitory activity after 3 h of incubation relative
to the 72 h ICs, and showed ICs, ratios <2 during the 6 to 12
h interval. These results confirm that the compounds are fast-
acting inhibitors, exhibiting maximal activity in less than 12 h
of incubation.
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Stage-Specific Inhibitory Activity of AC-Based Compounds

To investigate the stage-specific e ects of the representative
compounds 2d and 5a, as well as chloroquine and pyronaridine
(1a) (controls), highly synchronized P. falciparum cultures
(ring stages) were prepared. The compounds were incubated
with parasites at the ring (0—16 h), trophozoite (16—32 h),
and schizont (32—48 h) stages. Parasitemia was assessed at 60
h using the SYBR Green assay. For comparison purposes, 1Cs,
values were also determined under continuous exposure
throughout the full 72 h erythrocytic cycle. Chloroquine
displayed potent inhibitory activity against ring stages,
moderate activity against trophozoites, and no measurable
e ect on schizonts (Figure 3A). Similarly, pyronaridine (1a)
(Figure 3B) and 2d (Figure 3C) exhibited a stage-dependent
activity profile similar to that of chloroquine, with a
pronounced inhibitory e ect on the ring and trophozoite
stages. In contrast, compound 5a did not show detectable
inhibitory activity against any stage of parasite development
(ICss > 10 uM), suggesting that its antiplasmodial e ect
requires prolonged exposure, as observed in the 72 h assay
(IC5, 500 nM) (Figure 3D).

Combination Studies of AC-Based Compounds with
Proguanil

The data obtained from the cross-resistance, speed-of-action,
and stage-specific assays for compound 5a suggest unique
characteristics within the tested series of this study. These
findings led us to hypothesize that compound 5a acts
distinctively from the other tested compounds. Furthermore,
its resistance profile against the TM90C6B strain suggests a
potential similarity in antiplasmodial action to that of
atovaquone. Given that the combination of atovaquone and
proguanil (Malarone) is synergistic against P. falciparum,*® the
combination of the subseries controls pyronaridine (1a) and
quinacrine (4a) and 1b, 2a, 2d, and 5a with proguanil was
evaluated. As expected, atovaquone showed synergistic
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Figure 4. Combination investigation with proguanil. Upper panels: Isobolograms of association of atovaquone (A), 5a (B), pyronaridine (1a) (C),
and 2d (D) with proguanil. Experimental data are represented by the red region and red dots, while the black line and gray region indicate the
additivity curve. Bottom panels: Statistical analysis for the combination of atovaquone, 5a, pyronaridine (1a), and 2d with proguanil. The data
represent the > FIC50 values from three independent experiments. Statistical analysis was conducted by using Student’s paired t test (p value
<0.027 indicates a statistical distinction between the experimental findings and the additivity isobole).

behavior in combination with proguanil (Figure 4A). The same
behavior was observed for compound 5a combined with
proguanil against P. falciparum (Figure 4B). These findings
indicated that compound 5a may share the same mode of
action as atovaquone (e.g., inhibition of the cytochrome bcl
complex). On the other hand, both pyronaridine (1a) and 2d
in combination with proguanil showed antagonistic behavior
(Figure 4C,D, respectively). Compounds 1b, 2a, and
quinacrine (4a) also showed antagonistic interactions with
proguanil (Figure S2).

Cellular Localization of AC-Based Compounds by Confocal
Microscopy

The intracellular distribution of compound 2d, 5a, and
pyronaridine (1a) (subseries control) in P. falciparum-infected
erythrocytes was analyzed by fluorescence microscopy. The
compounds were tested at 10 uM. Confocal microscopy
images and fluorescence measurements of infected erythro-
cytes revealed the selective uptake of 2d by the parasites,
particularly in two small spheres located near the digestive
vacuole (DV), identified by the existence of the dark hemozoin
crystals (Figure 5A,B). Furthermore, faint and di use
cytoplasmic fluorescence was noted in addition to the punctate
labeling. No labeling was observed in uninfected red blood
cells, indicating the specificity of accumulation within P.
falciparum parasites. The subseries control, pyronaridine (1a),
demonstrated intrinsic fluorescence intensities significantly
weaker compared to that of 2d (Figure 5B). Nonetheless, a
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detectable distinction in fluorescence intensity was measured
between the parasite DV region and a corresponding area in
uninfected erythrocytes.

To provide further evidence that compound 5a might be
targeting the parasite’s mitochondria, we monitored the e ect
of this compound on the mitochondrial membrane potential
(Ayy,) by measuring the fluorescence changes in cells loaded
with tetramethylrhodamine ethyl ester (TMRE) in real time.
TMRE is a cationic red-orange, fluorescent dye that reversibly
accumulates inside energized membranes. Upon addition of
TMRE to P. falciparum-infected erythrocytes, a fluorescent
signal (red) was observed in specific subcellular locations
within the cytosol (except for the food vacuole), corresponding
to plasma and mitochondrial membrane potential (Figure 5C,
upper panel). When adding the autofluorescent compound 5a
(blue), a simultaneous reduction in the red fluorescence of
TMRE was observed as 5a accumulates inside the parasite,
indicating that it collapses membrane potential-dependent
accumulation of TMRE in P. falciparum-infected erythrocytes
(Figure 5C, lower panel). This data is further evidence that 5a
may be promoting parasite death through a mechanism
associated with the mitochondria in the parasite. Therefore,
the microscopy analysis indicated that the localization of
pyronaridine derivative 2d is distinct from that observed for
compound 5a.
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Figure 5. Intracellular localization of compounds 2d and 5a in P. falciparum-infected erythrocytes. (A) Confocal microscopy images showing the
bright field (BF) and the distribution of compound 2d (blue) at 10 pM in P. falciparum-infected erythrocytes. White arrows indicate patterns of
accumulation close to the hemozoin and hence the digestive vacuole (DV). (B) Fluorescence measurements of infected erythrocytes in the
presence of compounds 2d and pyronaridine (1a) by confocal microscopy. Mean fluorescence intensity was measured within regions of interest
(ROIs) surrounding the DV of Plasmodium-infected erythrocytes (yellow circles) and compared with ROIs of equivalent size selected in uninfected
red blood cells (RBC) (white circles). ****p < 0.0005, Student’s t test; a.u., arbitrary units. Scale bars of 5 ym for 2d and 25 pym for pyronaridine
(1a). (C) Detection of 5a on Ay, from P. falciparum parasites in live cell confocal microscopy images. Bright-field (BF) and 100 nM TMRE
fluorescence (red) images of infected erythrocytes in the initial time fluorescence (TO) (upper panel) and 3 min (lower panel) after the addition of

10 puM of 5a (blue). ‘M’ indicates the parasite mitochondrion.

Inhibition of Cytochrome bcl Complex and Hemozoin
Formation by AC-Based Compounds

To evaluate our hypothesis that compound 5a inhibits
cytochrome bcl complex, an enzymatic assay was conducted
to measure cytochrome bcl complex decyl ubiquinol-
cytochrome ¢ oxidoreductase activity. Mitochondrial fractions
were extracted from P. falciparum 3D7 parasites, and the assay
was performed using compounds 5a and pyronaridine (1a) in
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parallel with negative (DMSQO) and positive (atovaquone)
controls. Atovaquone showed an 1Cg, of 16 nM against the P.
falciparum cytochrome bcl activity, confirming the high
potency described previously.** Pyronaridine showed no
inhibition of the cytochrome bcl complex (IC5, > 200 M)
(Figure 6A). On the other hand, compound 5a showed an 1Cx,
of 2 uM against the P. falciparum cytochrome bcl (Figure 6A).
These data indicated that 5a inhibits the parasite bcl complex.
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Figure 6. (A) Inhibition curves of the P. falciparum cytochrome bcl complex by pyronaridine (1a) (black) (ICs, > 200 uM), compound 5a (red)
(ICsp = 2.01 £ 0.02 pM), and atovaquone (blue) (ICsy = 0.016 + 0.002 pM). Data are representative of three independent experiments. (B)
Resistance index (RI = |Cg MUt/ |C 4 Reference Strain for 53 and atovaguone against Dd2_V259L (mutation in Qo), Dd2Pold _122L (mutation in Qi),
Dd2 Pold _L144S (mutation in Qo), and SB1-A6 (PfDHODH CNV (2-fold) + C276F mutation), and for DSM265 in SB1-A6. (C) B-Hematin
inhibition by chloroquine (green) (ICsy = 49 & 3 uM), pyronaridine (1a) (black) (IC5, =5 = 1 uM), compound 2d (purple) (ICs, =5 + 2 pM),
and compound 5a (red) (ICs, > 1000 uM). Data are representative of three independent experiments. Absorbance units (a.u.) were recorded at
405 nm.

Figure 7. Generation of parasite resistance to pyronaridine (1a) and compound 5a, inhibitory potency on isolated clonal parasites, and number of
resistant P. falciparum clones harboring mutated genes. (A) Selection scheme showing inability to evolve resistance to pyronaridine (1a) with Dd2-
Pold (B) but successful isolation of resistance with compound 5a in 3 independent flasks. (C) Ratios between ICg, values of resistant line to 5a
from each flask (Dd2-Pold A-C) and ICs, values of Dd2-Pold parental line. (D—F) ICs, shifts of clonal parasites compared to the parental Dd2-
Pold line. (D) compound 5a, (E) atovaquone, and (F) pyronaridine (1a). Data shown is mean + SD. (G) Venn diagram showing the number of
clones resistant to 5a sharing mutations in P. falciparum glutathione synthetase (GS), T-complex protein 1 (TCP-1), and lipase genes.
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To further probe target engagement, compound 5a was
evaluated against four P. falciparum mutant strains:
Dd2_V259L harboring the V259L mutation in the Qo site
of Cytochrome b;*? Dd2Pold_122L and Dd2Pold_L144S,
mutants named after substitutions in the Qi and Qo subsites of
the cytochrome bcl complex, respectively;”® and SB1-A6, a
strain carrying both a copy number variation ( 2-fold) and a
C276F mutation in the P. falciparum dihydroorotate
dehydrogenase (PfDHODH) gene.** The resistance indexes
(RI) were calculated as the ratio between the 1Cs, values of the
mutant strains and the reference strain. Specifically, 1C5, values
for Dd2Pold_122L and Dd2Pold_L144S were compared to
those of Dd2Pold, SB1-A6 to 3D7, and Dd2_V259L to Dd2.
Atovaquone and DSM265 were used as reference controls.
Compound 5a exhibited a high level of resistance in both the
Dd2_V259L and SB1-A6 strains (Figure 6B). A similar
resistance profile was observed for atovaquone in
Dd2_V259L and for both atovaquone and DSM265 in SB1-
A8, indicating cross-resistance in this genetic background.
However, compound 5a showed no cross-resistance against the
Dd2Pold_L144S (Qo) and Dd2Pold_122L (Qi) strains,
maintaining its potency in these mutant lines. In contrast,
atovaquone showed no cross-resistance in Dd2Pold_122L but
exhibited high resistance in Dd2Pold_L144S, consistent with
its known interaction with the Qo subsite of Cytochrome b.**

To assess whether the tested compounds impact hemozoin
formation, a B-hematin inhibition assay was performed with
compounds 2d and 5a, as well as pyronaridine (1a) and
chloroquine (used as positive controls) (Figure 6C).
Pyronaridine (1a) (ICs, = 5 uM) and compound 2d (ICs, =
5 uM) demonstrated greater inhibition of f-hematin formation
compared to chloroquine (ICsy = 49 uM), while compound 5a
showed minimal inhibitory activity under the same assay
conditions (Figure 6C). In conjunction with the observed
localization of 2d near the parasite’s food vacuole (Figure 5A),
these findings corroborate the proposed mechanism of action
for compound 2d, indicating that its antiplasmodial activity is
achieved through interference with the hemozoin formation
pathway. Additionally, the potent inhibitory e ect of
pyronaridine agrees with previous findings indicating a similar
mechanism for acridine derivatives.*®*’

Resistance Selections for AC-Based Compounds

Aiming to understand the mode of action of compound 5a,
selection of resistant parasites was performed using Dd2-Pold
parasites in three flasks with an initial inoculum of 1 x 10°
parasites per flask under a selection pressure of 3 x 1Cqy,. The
same protocol was applied to pyronaridine (1a) (control).
Genetically engineered Dd2-Pold parasites have D308A and
E310A mutations in the delta subunit of DNA polymerase
(PF3D7_1017000), which increases the propensity for the
parasites to acquire mutations.”® The parasite clearance was
observed on days 4 and 7 for pyronaridine (1a) and compound
5a, respectively, then the inhibitors selection pressure was
removed on day 17, and cultures were monitored for
recrudescence for 60 days (Figure 7A,B). No recrudescence
was observed for pyronaridine (1a) during the 60 days of
experiment (Figure 7A), whereas selection with compound 5a
yielded recrudescent parasites in all 3 flasks on day 21 of
selection (Figure 7B). Selected parasites from each flask were
phenotyped and showed ICg, shifts from 8- to 25-fold
compared to the parental strain (Figure 7C).
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Limiting dilution was performed with cultures from all flasks
to obtain six clonal parasites from each flask. Compound 5a
elicited varying levels of resistance among seven selected
clones, which were sent for whole-genome sequencing (WGS).
Clones from flask A (6a_A_C7 and 6a_A_H4) were highly
resistant to 5a, exhibiting a 30-fold reduction in potency
compared to Dd2-Pold parasites. Clones isolated from flasks B
and C showed di erent levels of resistance: two clones
(6a_B_C3 and 6a_C_C4) were highly resistant, exhibiting a
30-fold shift in 1C5, compared to the parental parasites, while
three others (6a_B_ A8, 6a_B H4, and 6a_C_G6) exhibited
ICs values for compound 5a that were 8-fold higher than the
parental strain (Figure 7D). Furthermore, the e ects of
atovaquone (Figure 7E) and pyronaridine (1a) (Figure 7F)
were investigated in these clonal parasites, and no cross-
resistance to either antimalarial was observed.

The WGS analysis of the seven selected clones revealed the
acquisition of three mutations across three genes relative to the
parental strain Dd2-Pold. Clones from Flask B (5a_B_C3,
5a_B_A8, and 5a_B_H4) exhibited a M5211 mutation in the
T-complex protein 1 (TCP-1) gene and a 11264N mutation in
the putative lipase gene, whereas clones from Flask A
(5a_A _C7 and 5a_A H4) and Flask C (5a_B_C3) displayed
a M42l mutation in the glutathione synthetase (GS) gene
(Tables S2 and S3). Given that these clones did not share
common genetic alterations, we conducted direct Sanger
sequencing to determine whether the remaining 11 clones,
which were not submitted to WGS, were resistant to 5a carried
mutations in the candidate genes previously identified (Tables
S2 and S3). The combined analysis of WGS and Sanger
sequencing data revealed that 50% of the clones (9/18)
exhibited the M42l mutation in the GS gene, 33% (6/18)
carried the M5211 mutation in the TCP-1 gene and 11264N
mutation in the lipase gene, and 17% (3/18) had no mutations
in these genes (Figure 7G). These findings suggest that
compound 5a may independently be selected for two distinct
pathways.

and
Compounds

ADME Properties of AC-Based

We generated multiple classification models using our
proprietary Assay Central software.*® Models were generated
with extended-connectivity fingerprints (ECFP6) and the
algorithms used produces a probability-like score and an
applicability score for individual chemical compounds. Models
are built on training data derived from various Public data sets,
including from databases such as ChEMBL*’ and from the
literature. Typically, a threshold of 0.5 is used to determine if a
compound is predicted to be active, but higher scores suggest a
higher likelihood of activity. Applicability scores consider both
the model overlap and the individual bias and precision of the
overlapping fingerprints.*® There is not a defined threshold for
an acceptable applicability score, but it is ideal to have a higher
score for confidence in the prediction (1 max). The consensus
scores are based on majority rule classification (agreement for
=4 algorithms, when equal to 4, a compound is predicted as
active). The threshold for activity is shown for each model.
ADMET model predictions were conducted for compounds 2d
and 5a. Compound 2c, an equipotent and close analogue of
2d, was included in the analysis because it could serve as a
surrogate compound for in vivo studies.

These models predicted low acute oral toxicity for all
compounds (only predicted toxicity at =2000 mg/kg model
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Figure 8. In vivo antimalarial activity assessment and survival analysis in mice infected with P. berghei NK65. Upper panels: Parasitemia reduction
following treatment with pyronaridine 1a (A) and compound 2d (B) at 50 mg/kg/day for three consecutive days postinfection is shown relative to
the untreated control group. Chloroquine (20 mg/kg/day) was included as a reference antimalarial. Bottom panels: Survival analysis of mice
treated (PO, 50 mg/kg/day) with compound pyronaridine 1a (A) and 2d (B) and standard antimalarial chloroquine evaluated during the

experiment (30 days) (n = 3—4).

for 2d/2c) as well as no predicted AMES mutagenicity nor P-
glycoprotein or CYP inhibition. All compounds are predicted
to have high bioavailability and reasonable human clearance
with high intestinal absorption. All compounds are also
predicted to pass through the blood—brain barrier (BBB).
hERG toxicity is predicted for both 2c and 2d but not for 5a.
The consensus score and applicability domain scores are all
shown in Tables S4—S6.

In addition to the predicted ADME properties, we
experimentally assessed physicochemical (e.g., solubility) and
pharmacokinetic (e.g., metabolic stability, plasma protein
binding, stability in human plasma, and permeability) proper-
ties of compounds 2c, 2d, and 5a (Table S7). For compound
2d, solubility was high, and mouse and human liver
microsomes showed good metabolic stability. Mouse and
human plasma protein binding was high, while in vitro stability
in plasma was unstable. The Caco-2 e ux ratio was very high,
suggesting likely P-gp involvement. For compound 2c,
solubility was low, while mouse and human metabolic stability
was good. Mouse and human plasma protein binding was high,
while half-life indicated it was unstable. The Caco-2 e ux ratio
was also very high, suggesting likely P-gp involvement. In the
cases for 2c and 2d, some of the predictions did not
correspond with the in vitro data, which could be because
they are outside the applicability domain of the model. For
compound 5a, solubility was very low, and mouse and human
liver microsomal stability showed that the compound was
unstable. In contrast, the compound had high protein binding
and was stable in mouse and human plasma proteins. The
e ux ratio was low, indicating no e ect of e ux transporters
(Table S7).
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Activity of AC-Based Compounds

To determine whether derivative 2d could function similarly to
pyronaridine (1a) in a malaria murine model, we evaluated
their in vivo antimalarial activity against P. berghei (NK65
strain). The in vivo activity of compound 5a was not assessed
because the compound showed poor in vitro physicochemical
and pharmacokinetic properties. Compound 2d was adminis-
tered at 50 mg/kg/day for three consecutive days post-
infection, and parasitemia was monitored on days 5, 8, and 11.
Chloroquine (20 mg/kg/day) served as a positive control.
Both pyronaridine (1a) and compound 2d achieved a 100%
reduction in parasitemia at all evaluated assessment days
comparable to chloroquine (Figure 8A,B, upper panels). In
addition, survival analysis revealed that mice treated with
pyronaridine (1a) and 2d showed markedly improved survival
compared with the untreated control group (Figure 8AB,
bottom panels). The survival of the 2d-treated group was
comparable to those of the chloroquine-treated animals
(Figure 8A,B, bottom panels). Compound 1b, an equipotent
and close analogue of 1a, also showed significant in vivo
antimalarial activity (Figure S3). Collectively, these results
demonstrate that 2d is well-tolerated and shows substantial
antimalarial activity in vivo, providing protection in the murine
malaria model.

B oiscussion

Considering the proliferation of drug-resistant Plasmodium
parasites, malaria continues to pose a significant challenge to
global health.>*° This study explored two series of acridine/
acridone compounds: pyronaridine derivatives (1a—3b) and
quinacrine derivatives (4a—5a). Considering that pyronar-
idine—artesunate (Pyramax) is an approved artemisinin-based
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combination therapy (ACT) and that cytotoxicity is not a
primary clinical limitation for either pyronaridine or quina-
crine, we have investigated the critical influence of specific
substituent groups and molecular sca olds (acridine and
acridone) on the antiplasmodial potency and cytotoxic e ects
on HepG2 cells (Figure 1A). HepG2 cells are a well-
established and widely used human hepatic model for assessing
early toxicity in drug discovery.”® Additionally, we have
evaluated these compounds against resistant P. falciparum
strains.>> We did not observe notable changes in ICs,’s of
pyronaridine (1a) and AC-based compounds evaluated (1b,
2a, 2b, 2d, and 5a) in the Dd2 and K1 strains (Figure 1A),
which agrees with earlier findings.>*>* Furthermore, AC-based
compounds did not show cross-resistance to MMV848,
indicating that they do not target PfPI4K, an attractive
molecular target for antimalarial discovery.>* Nevertheless, we
observed that 2d and 5a were 7- and 70-fold less potent,
respectively, against the TM90C6B strain (Figure 1A), which
is resistant to atovaquone (cytochrome bcl complex inhibitor).
Cross-resistance between acridone derivatives and atovaquone
has been previously reported. Kancharla et al.>® discovered new
acridone derivatives with improved e cacy. However, these
acridones exhibited cross-resistance to atovaquone. Dodean et
al>® conducted a lead-optimization campaign that yielded
candidates with enhanced potency and reduced cross-
resistance to atovaquone. Nevertheless, these optimized
acridone derivatives retained some degree of cross-resistance,
consistent with the reduced potency observed for compounds
2d and 5a against the TM90C6B strain in our study. Suswam
et al>" have reported that the derivatives of acridine,
WR243251 (dihydroacridinedione), showed cross-resistance
(4- to 9-fold) in P. falciparum strains that exhibited a significant
increase in resistance (8700- to 23,000-fold) to atovaquone.

Reduced ex vivo susceptibility for pyronaridine in African
isolates from imported malaria cases®® and in P. vivax clinical
isolates from the China-Myanmar® were reported. Our
findings revealed potent inhibitory activities on the P.
falciparum and P. vivax Brazilian field isolates (Figure 1B),
indicating that the derivatives are active against circulating
strains of the parasites. Notably, even using the hypermutable
Dd2-Pold parasites,”® we failed to generate resistance to
pyronaridine after selection for 60 days (Figure 7A),
reinforcing its low propensity for drug resistance.

The speed-of-action assay showed that pyronaridine (1a),
pyronaridine derivatives 1b, 2a, and 2d, and quinacrine (4a)
act as fast-killers of P. falciparum parasites, while the acridone-
based compound 5a showed a slow-acting inhibition, like
atovaquone (Figure 2). Resistance to atovaquone is a concern
and is associated with mutations in the parasite’s Cytochrome
b gene.’® Nevertheless, the synergistic combination of
atovaquone and proguanil represents one of the most useful
antimalarial medications. Given this, we conducted drug
combination studies between AC-based compounds with
proguanil. While pyronaridine (1a) (Figure 4C) and 2d
(Figure 4D) presented an antagonist association with
proguanil, compound 5a (Figure 4B) revealed significant
synergy, comparable to the outcomes of atovaquone (Figure
4A).

The knowledge about the mode of action of acridine
derivatives is limited, although some findings suggest that AC
derivatives may target the inhibition of hemozoin (-hematin)
formation, mitochondrial bcl complex, and DNA topoisomer-
ase 11.5° The selective accumulation of 5a in P. falciparum-
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infected erythrocytes promotes simultaneous reduction in the
red fluorescence of TMRE, indicating that it collapses the
membrane potential (Figure 5C). Biagini et al.?® showed that
deshydroxy-1-imino derivatives of acridine (e.g., dihydroacri-
dinediones) cause a decrease of approximately 20% in total
cellular-dependent TMRE fluorescence, suggesting a potential
impact on mitochondrial function. In addition, dihydroacridi-
nediones were potent inhibitors of the parasite’s mitochondrial
bcl complex (ICs, 15 nM).*® Dodean et al.®? developed a
series of acridone-based inhibitors as broad-spectrum anti-
malarials. The compounds inhibited the in vitro P. falciparum
blood-stage growth against multidrug-resistant parasite in the
picomolar range; however, they did not identify the site(s) of
action of these inhibitors.

Compound 5a inhibited the P. falciparum cytochrome bcl
complex, while pyronaridine (1a) showed no inhibitory e ect
up to 200 yM (Figure 6A). The proposed mode of action
observed for compound 5a aligns with that of atovaquone and
may account for their comparable antiplasmodial profiles
observed in both speed-of-action and cross-resistance assays, as
well as their synergistic interaction in combination with
proguanil. Nonetheless, compound 5a showed comparable
potency against parasite strains carrying mutations in the Qo
(Dd2Pold_L144S) and Qi (Dd2Pold_122L) binding sites of
the cytochrome bcl complex (Figure 6B) but showed
substantial resistance levels to the Dd2_V259L strain, which
possesses a mutation in the Qo site.** These findings indicate
that while 5a may share some resistance mechanisms with
cytochrome bcl complex and DHODH inhibitors, its binding
mode likely di ers from that of atovaquone, possibly binding
to a distinct subsite or a partially overlapping region within the
cytochrome bcl complex. The further assessment of this is
outside the scope of the current study.

Intracellular localization analysis indicated that 2d accumu-
lated in two small spheres surrounding the DV (Figure 5).
These spherical structures are referred to as lipid bodies®® for
which evidence suggests a role in heme detoxification within
the parasite.®’ In addition, the B-hematin inhibition assay
indicated that 2d acts by blocking hemozoin formation in the
parasite (Figure 6C). This likely mode of action has been
proposed for pyronaridine and acridine derivatives and is
related to the accumulation of toxic hematin within the
parasite’s food vacuole.®*

To better understand the di erent modes of action for
pyronaridine (1a) and compound 5a, we conducted in vitro
selection studies (Figure 7). While our attempts to generate
la-resistant parasites were unsuccessful, recrudescent parasites
emerged within 21 days for compound 5a, which was 8 to 25
times less potent against these recrudescent parasites. WGS
analysis for 7 clones (out of 18) identified the mutations
M5211 in the TCP-1 gene, 11264N in the putative lipase gene,
and M42l in the GS gene that could be related to the
resistance phenotype. These data were confirmed for the
remaining 11 clones by Sanger sequencing, which revealed two
types of potential resistance mechanisms: mutations in TCP-1
and lipase putative genes and mutations in the GS gene
(Tables S2 and S3).

Transcriptomic studies identified a correlation between
artemisinin partial resistance (APR) and increased expression
of unfolded protein response (UPR) pathways, including TCP-
1 ring complex (TRIC),%*® previously described to participate
in the UPR of other species. Moreover, up-regulation of
pathways associated with protein export or turnover, lipid
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metabolism and transport, and mitochondrial electron trans-
port chain were observed in k13 gene-edited isogenic parasites
in the absence of dihydroartemisinin (DHA).%” Mok et al.®’
reported an increase in redox enzyme expression after 48 h of
DHA treatment, suggesting an interconnected mechanism,
including enhanced ability to eliminate damaged proteins via
the UPR response and ubiquitination, remodeling of secretory
and vesicular transport that impact hemoglobin endocytosis,
and also protein and lipid tra cking, for parasites to survive
DHA treatment.®” The slow-acting profile of compound 5a,
particularly its e ect on stalled parasite development at the ring
stage after 48 h exposure (Figure 2B), in conjunction with the
up-regulation of TCP-1, lipid metabolism, and oxidative stress
responses associated with APR, raises the question of whether
compound 5a elicits resistance mechanisms as complex as (and
possibly like) artemisinin derivatives. However, to shed further
light on the resistance mechanisms identified in our study, a
deeper investigation of the roles of TCP-1, lipase, and GS
genes on this phenotype would need to be conducted in the
future (e.g., using CRISPR).

In addition to our detailed analysis of the in vitro and ex vivo
properties of the AC-based compounds, we assessed the in vivo
antimalarial activity of compound 2d by using a P. berghei
model. It is noteworthy that compound 2d exhibited a 100%
reduction in parasitemia in the mice-treated group comparable
to pyronaridine (1a) and chloroquine controls (Figure 8). The
survival of mice treated with 2d was comparable to that
observed for the groups treated with both of the controls.
These findings are considerably greater than the minimum
threshold used for classifying a compound as active in an in
vivo experiment (greater than 30%),°® suggesting that treat-
ment with 2d protected the animals from Plasmodium
infection.

B concrusions

We have synthesized 18 synthetic compounds belonging to
two series: pyronaridine and quinacrine derivatives. We
identified derivatives with potent and selective properties,
exhibiting comparable or enhanced SI compared to pyronar-
idine and quinacrine and additionally had similar or improved
in vitro ADME properties. The most promising candidates
were found within the pyronaridine class, demonstrating
activity against multidrug-resistant P. falciparum erythrocytic-
stage parasites, exhibiting equipotent ex vivo activity against P.
vivax and P. falciparum Brazilian isolates, and achieving desired
therapeutic outcomes in an in vivo mouse model. Moreover,
mode of action investigations of acridine/acridone-based
compounds were consistent with a distinct mechanism.
Specifically, the acridone-based 5a targets the mitochondrial
electron transport chain at the bcl complex (like atovaquone)
in P. falciparum, while acridine-based 2d localizes near the
parasite’s digestive vacuole and supports it acting as an
inhibitor of hemozoin formation. The synergistic combination
of compound 5a with proguanil positions acridone derivatives
as potential new agents for chemoprotection, filling a crucial
gap in available options (primarily represented by atovaquone-
proguanil) and signaling the need for further exploration. In
vitro evolution studies conducted on compound 2d failed to
generate resistant parasites, thereby suggesting a low
propensity for resistance. Conversely, parasites resistant to 5a
were obtained using the same protocol. These resistant
parasites exhibited mutations in T-Complex protein 1 (TCP-
1), lipase putative and glutathione synthetase (GS) genes,
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indicating a possibly complex mechanism of resistance like that
observed with artemisinin. These combined findings o er
invaluable insights that can guide the development of the next
generation of potential clinical candidates based on AC
compounds, paving the way for further novel and e ective
treatments for malaria.

B vetHobs

Chemistry: Synthesis of Pyronaridine Derivatives for
Antimalarial Evaluation

The synthetic procedures and physicochemical properties in our
previous paper for compounds 1b, 2d—j, 3a,b, and 4b—d, have been
described by Jones et al.%° and for compounds 2a—c by Puhl et al.,”
and for compound 5a by Dodean et al.%

Parasite Culture

The P. falciparum strains were cultured in human erythrocytes
maintained in RPMI 1640 medium (Sigma-Aldrich), supplemented
with 0.2% NaHCO,, 25 mM HEPES, 11 mM b-glucose, 10 mg/L
hypoxanthine, 25 mg/L gentamicin, and 0.5% (m/v) AlbuMAX II,
essentially as previously described.”” The culture medium was
routinely changed daily, and culture flasks were maintained under a
90% N,, 5% CO,, 5% O, gas mixture at 37 °C.

Antiplasmodial Activity and Cross-Resistance
Studies

The antiplasmodial activity of the AC-based compounds was assessed
against P. falciparum blood parasites 3D7 strain. Parasites were
synchronized to the ring stage through sorbitol treatment,’? and the
density of parasites was determined using the SYBR Green |
method.”® The antiplasmodial activity of test compounds was
evaluated against a representative panel of P. falciparum-resistant
(Dd2, K1, 3D7®_MMV848, TM90C6B, Dd2_V259L, Dd2-Pol-
0_122L, Dd2-Pold_L144S, and SB1-A6) strains. A resistance index
(RI) was calculated by the ratio of 1Cg et stain tq 1C 357 Rl > 5
was considered indicative of cross-resistance.”” The study was
approved by the Research Ethics Committee (CAAE
67642722.50000.5505). The details of the protocol used are
described in the Supporting Information Methods.

Clinical Isolate Schizont Maturation Assay

Clinical isolates of P. falciparum and P. vivax were obtained in
September and October 2024 from patients enrolled at the Centre of
Malaria Control in Porto Velho, Brazil. The study received ethical
approval from the Centro de Pesquisa em Medicina Tropical
(CEPEM) ethics committee (CAAE 58738416.1.0000.0011). Test
compounds, along with standard antimalarials such as artesunate and
chloroquine, were assessed on 7 P. vivax and 6 P. falciparum isolates,
all of which were subjected to compound incubation for =40 h. The
details of the protocol used are described in the Supporting
Information.

Speed-of-Action Assay

To determine whether test compounds acted as fast- or slow-acting
inhibitors, a protocol adapted from Le Manach et al.* was used. The
details of the protocol used are described in the Supporting
Information Methods.

Activity in Combination with Proguanil

Drug combination assays were conducted following the methodology
outlined by Fivelman et al.”® Additivity was assessed using the Hand
model,”® with fractional inhibitory concentration (FICs,) values
calculated for seven di erent compound proportions, expressed in
terms of 1Cy, equivalents. FICs, values from three independent
experiments were subjected to nonlinear fitting and statistically
compared to the additivity isobole. The details of the protocol used
are described in the Supporting Information Methods.
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Intracellular Localization Studies by Confocal Microscopy

Erythrocytes infected with P. falciparum (3D7 strain) nonsynchronous
parasites were washed in MOPS bu er, resuspended in the same
bu er, and plated on a microscopy chamber previously pretreated
with L-polylysine. The localization of the autofluorescent AC-based
compound 2d was achieved by adding 10 uM of it to the cells
immobilized in the chamber. Additionally, the tetramethyl rhodamine
ethyl ester (TMRE) was used to assess whether the autofluorescent
AC-based compound 5a a ected the membrane potential of
mitochondria in malaria-infected red blood cells. The cells
immobilized in the chamber were loaded with 100 nM TMRE, and
subsequently, compound 5a (10 pM) was added. Membrane
potential-dependent fluorescence changes were then monitored in
real time. The details of the protocol used are described in the
Supporting Information.

Assay against

A suppressive parasite growth test was performed in mice infected
with P. berghei NK65 strain (originally received from the New York
University Medical School), as described previously.”” The use of
laboratory animals was approved by the Ethics Committee for Animal
Use of Universidade Federal do Estado de Sad Paulo, UNIFESP
(CEUA N 6630080816). The details of the protocol used are
described in the Supporting Information.

Inhibition Cytochrome bcl Complex Assay

P. falciparum mitochondria were extracted from isolated parasites with
some modifications.”® The details of the protocol used are described
in the Supporting Information.

-Hematin Inhibition Assay

The p-hematin inhibition assay was performed as previously
described.”® The details of the protocol used are described in
Supporting Information.

Selecting for Resistance in and
Sequencing

The generation of resistance parasites was performed according to
Paquet et al. with some modifications.>* The details of the protocol
used are described in the Supporting Information.

Stage-Specificity Assay
To identify the asexual blood stage most susceptible to the tested
compounds, we followed a previously established protocol.®® The

details of the protocol used are described in the Supporting
Information.

and ADME Assays

ADMET properties were predicted using our in-house Assay Central
software and models.*® These were followed by in vitro assays for
Caco-2 cell permeability, kinetic solubility testing, mouse and human
liver microsome stability, mouse and human plasma stability, and
mouse and human plasma protein binding performed by a CRO
(Syngene) as described in the Supporting Information.
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