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ABSTRACT: Pyrido[1,2-a]benzimidazoles (PBIs) are synthetic antiplasmodium
agents with potent activity and are structurally differentiated from benchmark
antimalarials. To study the cellular uptake of PBIs and understand the underlying
phenotype of their antiplasmodium activity, their antiparasitic activities were
examined in chloroquine (CQ)-susceptible and CQ-resistant Plasmodium
falciparumin vitro. Moreover, drug uptake and heme detoxification suppression
were examined in Plasmodium berghei-infected mice. The in vitro potency of PBIs
is comparable to most 4-aminoquinolines. They have a speed of action in vitro
that is superior to that of atovaquone and an ability to kill rings and trophozoites.
The antiparasitic effects observed for the PBIs in cell culture and in infected mice
are similar in terms of potency and efficacy and are comparable to CQ but with
the added advantage of demonstrating equipotency against both CQ susceptible
and resistant parasite strains. PBIs have a high rate of uptake by parasite cells and,
conversely, a limited rate of uptake by host cells. The mechanism of cellular
uptake of the PBIs differs from the ion-trap mechanism typically observed for 4-aminoquinolines, although they share key structural
features. The high cellular uptake, attractive parasiticidal profile, and susceptibility of resistant strains to PBIs are desirable
characteristics for new antimalarial agents.
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Malaria, caused by the unicellular pathogen Plasmodium,
represents a major public health problem worldwide.1,2

To assist in the current global effort to eradicate the disease, new
antiparasitic drugs acting on validated targets are needed,
especially with activity spanning multiple stages of the
Plasmodium life cycle3,4 and against drug-resistant parasite
strains.5,6 As a validated drug target, the heme detoxification
process is an example of the masterly evolutionary adaptation of
Plasmodium, in which the parasite digests approximately 80% of
red blood cell hemoglobin and releases cytotoxic heme, which is
transient and then oxidized to ferric hematin and detoxified by
hematin biomineralization to an inert form known as hemozoin
(Hz), which is harmless to the parasite.7−9

Pyrido[1,2-a]benzimidazoles (PBIs) are a class of synthetic
compounds with promising antimalarial properties.10−15 Studies
using heme fractionation assays suggest the potential of some
analogues to suppress heme detoxification as a contributing
mode of action. Subsequent studies of cellular uptake/local-
ization by confocal microscopy, taking advantage of their
inherent auto-fluorescence, demonstrated that different PBI
analogues exhibit different patterns of diffusion and subcellular
localization.14 As the PBI structure is structurally differentiated
from benchmark antimalarials and no obvious mechanistic

hypothesis is currently available, the mechanism underlying the
antiplasmodiumeffect of PBIs still needs to be clarifiedwithin the
context of drug discovery.

Here,wedemonstrate that the antiplasmodiumactivity of PBIs
is due to their ability to kill themalaria parasite in cell cultures and
infected mice. This property is the result of the ability of the
compounds to accumulate inside parasite cells and further
promoteheme toxification.Weprovide evidence for theblockage
of heme detoxification in view of the parasiticidal effects of the
tested PBIs on themalaria parasite and propose that by achieving
a high uptake in the parasites that is not driven by the ion-trap
mechanism typically observed for 4-aminoquinolines, PBIs can
diffuse across the cytosol and between the organelles, killing the
malaria parasite through multiple effects.
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■ RESULTS
PBIs areAntimalarialAgentsExertingActivityonRings

and Trophozoites. Antiplasmodium activity was initially
determined in a standard assay of Plasmodium falciparum asexual
blood stage (ABS)using asynchronous culture.Weobserved that
all three PBI compounds inhibited parasite growth after 48 h of
exposure with IC50 values consistent with previous reports of
antiparasitic activity determined after 72 h.11,12 All three PBIs
showed almost equipotent antiparasitic effects against both CQ-
susceptible 3D7 and CQ-resistant W2 strains, where PBI (1)
exhibited the highest antiparasitic potency among thePBIs, while
PBI (3) had the lowest potency (Figure 1). Based on this, we
conductedmultiple comparative studies on the phenotype of the
antiparasitic activity of PBIs relative to the 4-aminoquinolines
CQ and amodiaquine (AQ) as well as the quinoline methanol
mefloquine (MFQ) to reveal any similarities and differences
among them (Figure 2 and Figure S1).

PBI (1) is fast-acting in comparison to atovaquone and has a
speed of activity that is similar to MFQ, displaying potent
inhibitory activity after 48 h of parasite exposure and a peak in
activity after 72 h (Figure 2A). Given that the speed of action of

PBI (1) was similar toMFQ, we determinedwhether or not PBIs
have the same antimalarial phenotype as MFQ, a drug that acts
more specifically on trophozoites of ABS and, conversely, a drug
of lower activity against ring-stage parasites.16−18 Thus,
asynchronous parasites were treated under continuous drug
exposure (IC50) or under 6 h of drug exposure (IC50 w) followed
by a standard parasite washing method of three washes with
RPMI medium and incubated for 48 h. A timeframe of 6 h is
considered a short pulse of drug exposure as it does not reduce
parasite growth. This timeframe is within the 8 h timeframe of
parasite growth from early to late rings or from early to late
trophozoites in P. falciparum.18 Importantly, this timeframe is
useful to distinguish short (half-life < 3 h for artemisininins)-
from long-acting (half-life > 48−72 h for 4-aminoquinolines)
drugs.

For all three PBIs, we observed that parasite washing does not
decrease their activity at 48 h. Furthermore, using PBI (1) as a
representative compound, we demonstrated that their antipar-
asitic activity determined after 72 h is not affected by parasite
washing. For MFQ, however, we observed that its antiparasitic
activity decreases after parasite washing in comparison to a

Figure 1. Structural modification of benzimidazole yields potent antiplasmodium agents. (A) Structure of the pyrido[1,2-a]benzimidazole (PBI) core
and its optimal derivatives denoted as PBI (1−3). (B)Table summarizing the drug properties. aIC50 values (median± standard error of themean) in nM
against the asexual blood stage of P. falciparum.bcLogP was calculated using ChemDraw 19.0. cIC50 values (mean ± standard deviation) in mM for β-
hematin inhibition activity (BHIA); IC50 = 0.23 ± 0.04 mM for CQ.

Figure 2. PBI (1) hinders parasite growth at rings and trophozoites of P. falciparum. (A) Representative concentration−response curve for PBI (1)
against asynchronous culture at different times of drug exposure. (B, C) Representative concentration−response curve against different parasite stages.
All experiments were performed using the 3D7 strain of P. falciparum, and unless indicated, parasite survival was determined in comparison to untreated
control after 72 h of incubation. In (B) and (C), asynchronous (72 h) or synchronized culture to rings or trophozoites were employed. Values are the
mean ± standard deviation of one single experiment; each concentration is shown in triplicate. The percentage of parasite survival was fitted to the
log(concentration) versus response with a variable slope equation to calculate IC50 (panel D). Replicate data from two to three experiments were
collected, and all associated data and statistical analysis are available in Figure S1.
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continuous drug exposure and that this decrease in activity is
observed at both 48 and 72 h of incubation (Figure S1).

To confirm the results above, we evaluated the antiparasitic
activity within 72 h on a culture synchronized to rings or
trophozoites of P. falciparum, and the IC50 for each parasite stage
was compared to an asynchronous parasite culture. Similar to
CQ, treatment with PBI (1) was able to kill all rings and
trophozoites of P. falciparum (Figure 2B,D). In contrast, the
difference between the IC50 of MFQ for rings was statistically
significant for the asynchronous culture (Figure 2C,D). As
expected based on what is already known and mentioned above,
MFQ treatment was only able to kill trophozoites. Based on this,
we infer that both CQ and PBI (1) are able to kill all rings and
trophozoites of P. falciparum. While bothMFQand PBI (1) have
a similar speed of action, with a peak in activity at 48 h, PBI (1)
does not share the same limited activity in terms of only killing
trophozoites of P. falciparum as observed for MFQ. Moreover,
the PBIs are hundreds of times more toxic to parasite cells than
mammalian cells (Table S1) and do not have a chemical liability
with respect to glutathione conjugation as AQ (Figure S2).
PBIs Exert In Vivo Parasiticidal Activity.Given the high in

vitro parasiticidal effects of PBIs against P. falciparum, we sought
to assess this effect in an experimental model of mice infected
with aCQ-susceptiblePlasmodium bergheiNK-65(GFP) lineage.
The drugs’ efficacy to suppress the parasitemia (i.e., to inhibit the
onset of parasite growth) was estimated using a standard Peters 4
day treatment regime.Meanwhile, their parasiticidal efficacy (i.e.,
to kill parasites in mice with prior parasitemia) was estimated
using a radical cure model.

As observed in Figure 3, both PBI (1) and CQ given by
subcutaneous administration presented efficacy to suppress
parasitemia and increased the median survival time of the mice,
ultimately curing them. At this same drug dosage, but
administered orally by gavage, CQ did not cure, while PBI (1),

tested in parallel, did. PBI compounds (2) and (3) also showed
efficacy in suppressing parasitemia (Table S2) albeit approx-
imately half the efficacy of PBI (1). From two independent
experiments, the parasiticidal efficacy after oral administration
was 71.0 ± 4.4% for CQ and 80.5 ± 5.5% for PBI (1) (Figure 3).
Maximum parasitemia reduction was observed at 24 h post-
treatment for CQ, but at 48 h post-treatment for PBI (1). We
attribute the delay in the reduction of parasitemia achieved by
PBI (1) to its slow absorption when given orally.11,12

To verify that the parasiticidal efficacywas preserved across the
different PBI analogues, the efficacy of PBI (3) was determined,
yielding a maximum reduction in parasitemia of 56.3 ± 13%,
which is consistent with the observed efficacy (Table S2). A
comparison with the untreated group showed that treatment
with CQ or PBI (3) did not result in a statistically significant
increase in the median survival time, but treatment with PBI (1)
did (Figure S3).
PBIs are Preferentially Taken Up by Parasites. To

understand the antiplasmodium property of PBIs, the uptake of
PBI (1) in live malaria parasites was studied. Asynchronous ex
vivo samples of P. berghei with infected red blood cells (iRBC)
and uninfected RBC (uRBC) were exposed to PBI (1), and its
intrinsic fluorescence was quantified by flow cytometry. The
fraction of parasites scored as PBI fluorescence-positive at
various time intervals was considered as a fraction positive and
interpreted as a drug uptake (Figure 4). First, it was established
that the uptake of PBI (1) by the parasites was gradual. By
estimating the proportion of stained to unstained parasites at
different times, it was concluded that uptake occurs in a few
seconds and that over time, the percentage of stained parasites
gradually increases while the percentage of unstained parasites
decreases proportionally (Figure 4A). The uptake of PBI (1) in
the parasites was steady at approximately 1 h, so this time frame

Figure 3.PBI (1) has efficacy against experimentalmalaria. (A, B)Representative dose−response curves for chloroquine andPBI (1) in the Peters 4 day
test in P. berghei-infected mice. Drug dosage was 60 μmol/kg of animal weight (CQ, 31 mg/kg; PBI (1) 29.5 mg/kg) for the indicated route of
administration: subcutaneously (s.c.) or orally by gavage (P.Os.). (C) Table summarizing the parameters, where the values aremean ± SD. aPercentage
of parasitemia suppression in comparison to vehicle. bMedian survival time in days. For the vehicle, themedians were 20 and 23 days. Percentage of cure
using n = 5 per group. cValues were determined by comparing the values pre-treatment and post-treatment at the indicated time. CQ = chloroquine
diphosphate; SD = standard deviation.
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was employed for the subsequent concentration-dependent
response experiments.

The drug uptake for parasites (iRBC) and hosts (uRBC) was
also examined. At the highest drug concentration (12,000 nM),
PBI (1)was taken up by both uRBC and iRBC and no substantial
selectivity was observed. However, when the concentration of
PBI (1) was gradually diminished, an increased uptake rate was
observed for iRBC. At 1300 nM, a drug concentration that
mimics a parasiticidal effect (10× IC50), PBI (1) was taken up by
iRBC 10 times more than by uRBC (Figure 4B). Furthermore,
we observed that when the concentration of PBI (1) was
gradually increased, the percentage of stainedparasites increased,
and this was inversely proportional to the percentage of
unstained parasites (Figure 4C).

Similar studies employing J774 cell lineage of murine
macrophages yielded similar findings (Figure 4D). However,
uptake inmacrophages was observed for lower concentrations of
PBI (1) than in the parasites, which can be explained by the
different cell sizes. This makes it hard to draw an accurate
comparison between the concentration-dependent effect of drug
uptake between the parasites and macrophages, but it does not
prevent an accurate comparison of the time-dependent effect.
Notwithstanding, after PBI (1) was pulsed for 1 h, the
percentages of stained iRBC and J774 cells remained constant,
while the percentage of stained uRBC decreased over time
(Figure 4E). Considering that uptake in uRBC was transitory
over time, this suggests that uRBC is an exchangeable
compartment, which means there could be an efflux of drug

Figure 4. Uptake of PBI (1) is gradual and preferential for parasites rather than hosts. (A) Uptake rate of PBI (1) at 3.0 μM in the parasites. (B−D)
Concentration-dependent drug effect for cellular uptake. (E) Kinetics of the uptake rate in the iRBC and uRBC. Asynchronous P. berghei parasites (1%
hematocrit, 5% parasitemia) were pulsed with PBI (1) at the indicated concentration and stained with 5 μM SYTO-61. Murine macrophages of J774
lineage (D)were seeded at 1× 106 cells and pulsedwith PBI (1) at the indicated concentration and stainedwith 0.5μMSYTO-61.Unless indicated, PBI
(1) was incubated for 1 h prior to analysis. PBI (1) (−): cells treated with PBI (1) but no intrinsic PBI-fluorescence was detected. PBI (1) (+): cells
treated with PBI (1) and scored as PBI-fluorescence positive. Data were normalized to the sum of the gates, and values are the mean ± SD of one
experiment. Three independent experiments were performed; each drug concentration was performed in triplicate. *p = 0.0022 (unpaired two-tailed t
test at 95% confidence interval). (F) Three-compartment model for the uptake of PBI (1) in the Plasmodium culture. The first compartment is the
extracellular fluid, which supplies the drug to a second compartment containing uRBC and iRBC. A drug efflux from the uRBC to the iRBC can take
place. A third and nonexchangeable compartment is the iRBC. iRBC = infected red blood cells; uRBC = uninfected RBC; SD = standard deviation.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00326
ACS Infect. Dis. 2022, 8, 1700−1710

1703

https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig4&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


from uRBC to the extracellular phase and iRBC as depicted in
Figure 4F. In competition studies, pre-incubation with CQ did
not alter the uptake of PBI (1) (Figure S4), suggesting that the
mechanismof cellular uptake and diffusion in the parasites differs
for these two classes of drugs. Finally, synchronous samples of
ANKA strain of P. berghei in rings or trophozoites were exposed
to PBI (1), and its uptake was quantified. This was important to
verify given that different parasite stages may have different drug
accumulation rates. PBI (1) was taken up by both rings and
trophozoites, and no statistical significance of the difference in
the percentage of drug uptake was observed (Figure S4).
PBIs Bind to the Cytosolic Heme. Heme is abundant in

parasites and in the mitochondria of macrophages, but less
accessible in the hemoglobin of RBC. Considering this, the
fluorescence of PBI (1) associated with the cellular pool of
soluble heme and hematin (referred to as the heme pool) was
estimated by treating the parasites for a short pulse, extracting the
heme pool, and measuring the PBI (1) fluorescence associated
with this fraction (Figure 5A,B). When the parasites were
exposed to 12,000 nM PBI (1), the concentration of PBI (1) in
the heme fraction was estimated at 6900 nM. When they were
exposed to 2000 nM PBI (1), a concentration that mimics the
parasiticidal effect without eliciting promiscuous uptake by
uRBC, the concentration of PBI (1) in the heme fraction was
estimated at 1096nM.To ensure that the fluorescence associated
with the parasite heme pool by PBI (1) was not compromised by
artifacts or unrelated molecules during heme extraction,
additional controls were employed (Figure S5), indicating a
reliable fluorescence profile of PBI (1) in the samples, and an
accurate determination by LC−MS also confirmed the presence
of PBI (1) in the heme-containing samples (Figure S6).

Simultaneously, it was investigatedwhether PBI (1) binding to
the parasite heme pools altered the levels of soluble heme as
typically observed under heme detoxification blockage. In
comparison to the untreated parasites, PBI (1) treatment up to
6 h did not yield an increased level of soluble heme. In contrast,
CQ treatment did result in increased heme levels (Figure S5). To
characterize the drug’s affinity for the heme pool, we titrated the
hemin chloride with the PBI compounds in a separate set of
experiments. The 4-aminoquinolines were tested in parallel to
enable a multiple comparison of drug affinity. The Soret band
absorbance was monitored by UV−visible spectroscopy, and the
association constant (logK) was calculated (Figure 5C and
Figure S7). These experiments showed that the Soret peak
diminished as the PBI (1) concentration increased. At a ratio
closer to 1:1 stoichiometry, both CQ and PBI (1) exhibited
binding to hemin. For PBI (2) and (3), however, binding was
observed when a higher drug-to-hemin ratio was employed,
showing that these two PBI compounds have a low hemin-
binding affinity relative to CQ. These data support the in vitro
containment of PBI (1) in the parasite heme pool. However,
despite its great affinity for hemin in a neutral pH, PBI (1) does
not inhibit β-hematin formation (which takes place in an acid
pH) as potently as CQ. The dissimilarity in high affinity for
hemin but the relatively low potency to inhibit β-hematin
formationwas investigated bymeasuring the logK at an acidic pH
of 5.6 (Figure S7).The logK values of PBI (1) andCQwere lower
in an acidic pH than in a neutral pH of 5.6, but the observed
difference does not explain the lowpotency of PBI (1) toward the
inhibition of β-hematin formation, suggesting that other aspects
are involved.
In Vivo Heme Detoxification Suppression. To examine

the efficacy of PBI (1) in suppressing heme detoxification, the

Figure 5.PBI (1) is associated to the heme pool in a parasite cell culture.
(A) Fluorescence readings of the parasite heme pool extracted after 3 h
of drug exposure. (B) Concentration of PBI in μM in the samples
estimated by a linear regression from a standard curve of PBI (1)
concentration versus fluorescence. Asynchronous P. berghei parasites
(2.5% hematocrit, 10% parasitemia) were pulsed with PBI (1) at the
indicated concentration for 3 or 6 h, the heme was extracted, and
fluorescence wasmeasured. RFU values were normalized to a blank well
(solvent only). SYTO-61 (SYTO) and chloroquine (CQ)were added at
5.0 and 1.3 μM, respectively. Values are means ± SD by polling two
independent experiments. Each drug concentration was used in five
replicates. For SYTO-61, three replicateswere employed.RFU=relative
fluorescence units. CTRL = untreated iRBC. (C) Spectrophotometric
titration of hemin by increasing concentrations of PBI (1) in the
direction of the arrow. The inset shows the relative decrease of the
absorbance. An association constant (logK) of 5.04 ± 0.15 for PBI (1)
versus 4.87 ± 0.21 for CQ were determined.
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parasitemia (Figure 6A,B), hemoglobin levels, soluble heme, and
hemozoin (Figure 6C) were determined concomitantly in the
parasites following single-dose treatment in P. berghei-infected
mice with anticipated parasitemia of >5%. The cellular heme
fractionation of the peripheral blood of infected mice revealed
the substantial presence of hemozoin and a steep decline in the
levels of hemoglobin in comparison to uninfectedmice, denoting
the hallmarks of heme detoxification and anemia, respectively. In
this model, it was ascertained that CQ at 60 μmol/kg yielded an
augmented soluble heme level in direct proportion to the
decrease in the hemozoin content.

Tested in parallel toCQ, PBI (1) at 60μmol/kg given orally by
gavage or by subcutaneous injection led to a decrease in
parasitemia and a reduction in hemozoin formation in
comparison to untreated infected mice. These hemozoin
modulations correspond to a significant change in soluble
heme levels, namely, the build-up of soluble heme in the parasite
cells, which is presumably cytotoxic to parasites.7−9 To rule out
the potential for these effects to be the result of parasite burden
reduction, we further tested PBI (1) at 20 μmol/kg. The results

confirmed that while this dosage did not lead to a discernible
reduction in parasitemia, it did lead to amodulation of hemozoin.
Overall, the phenotypic response of PBI (1) and CQwas similar,
although a greater magnitude of CQ than PBI (1) was required
for heme augmentation. In addition, these phenotypic responses
were dissimilar to those observed for treatment with artesunate
or primaquine measured in a second block of experiments
(Figure S8). Presumably, these drugs can block the endocytosis
and digestion of hemoglobin19 and cause oxidative stress by
indirectly blocking hemoglobin digestion,20 respectively.

Finally, to overcome thenarrow time frameusing cellular heme
fractionation, hemozoin crystal formation in intact parasite cells
was monitored by polarized light microscopy at different times
after drug intervention. This was especially important given that
PBI (1) and CQ have different pharmacokinetic behaviors and
achieve maximum parasitemia reduction at different time points.
PBI (1) and CQ resulted in parasites with fewer hemozoin
crystals per field. The decrease in hemozoin formation was
coincidently achieved at the time of maximum parasitemia

Figure 6. PBI (1) efficiently suppresses heme detoxification in experimental malaria. (A, B) Parasitemia profile in P. berghei-infected Swiss mice
following single-dose therapy. (C) Effects of drug treatment on the heme species (hemoglobin, soluble heme, and hemozoin). (D)Effects of the drug on
the number of hemozoin crystals detected by polarized lightmicroscopy. Treatment was givenP.Os. at 60μmol/kg using n=3mice per group. All values
aremean±SD fromone single experiment, usingn=5per group.For untreated anduninfected animal groups, a singlemousewas used.Unless indicated,
treatmentwas givenby subcutaneous administration. Soluble heme:p<0.05 (one-wayANOVAandNewman−Keuls test) for infectedCTRLvsPBI (1)
at 20 μmol/kg; PBI (1) at 60 μmol/kg; PBI (1) at 60 μmol/kg (P.Os.); CQ. CTRL = control. CQ = chloroquine. P.Os. = orally by gavage.

ACS Infectious Diseases pubs.acs.org/journal/aidcbc Article

https://doi.org/10.1021/acsinfecdis.2c00326
ACS Infect. Dis. 2022, 8, 1700−1710

1705

https://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.2c00326/suppl_file/id2c00326_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsinfecdis.2c00326?fig=fig6&ref=pdf
pubs.acs.org/journal/aidcbc?ref=pdf
https://doi.org/10.1021/acsinfecdis.2c00326?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


reduction for each drug: CQ at 24 h and PBI (1) at 72 h (Figure
6D and Figure S9).

■ DISCUSSION
PBIs are a class of synthetic compounds that are potent and
selective for the hemoglobin-degrading pathogens that cause
malaria10−15 and schistosomiasis,21,22 where hemoglobin
digestion plays a critical role in the mechanisms of growth and
survival of these parasites. Plasmodium, for instance, has evolved
to subvert the toxic catabolism of hemoglobin digestion by
developing a heme detoxification process to form non-toxic
hemozoin.7−9,23 In this work, we provide evidence for the
blockage of heme detoxification in viewof the parasiticidal effects
of the tested PBIs on the malaria parasite. Additionally, we
expand the antimalarial drug profile of PBIs by demonstrating
their powerful potential to exert parasiticidal effects to rings and
trophozoites, which were preserved for all three PBI analogues
studied here.
In vitro, against asynchronous P. falciparum culture, PBIs

potently inhibited parasite growth in both conditions of
continuous drug exposure or within a short pulse, denoting
that PBIs are long-acting drugs; this is consistent with previous
pharmacokinetics studies in mice.11,12 Subsequently, against
synchronous P. falciparum culture, PBIs potently inhibited
parasite growth anddid not share the limited antiparasitic activity
against ring stage parasites as observed for MFQ, generally
appearing to share a similar effect with AQ and CQ, which are all
able to kill both rings and trophozoites. Despite this, the PBIs
tested here were devoid of the chemical liability with respect to
glutathione conjugation, as typically observed for AQ.Moreover,
PBIs potently kill CQ-resistant parasites.
In vivo, against P. berghei, PBIs also exhibited significant

efficacy in arresting growth and killing parasites. In this study, the
observed efficacy of PBI (1)was superior to that ofCQ.To assess
its efficacy in suppressing parasitemia, PBI (1) was evaluated
using a single-dose regime given orally or by injection, with both
routes of treatment causing a sharp decline in parasitemia. Unlike
CQ, treatment with PBI (1) prolonged the survival of mice. This
is an interesting observation since both CQ24 and PBI (1)11 are
relatively long-acting drugs. One possibility for the difference in
mice survival outcomes could be the dissimilarity in the
parasiticidal effects of CQ and PBI (1), the latter being more
efficacious.

The unlabeled, aqueous-stable, and pH-dependent fluores-
cence signal of PBI (1),which is unique andunequivocal, enabled
its cellular uptake to be profiled definitively. This revealed that
the PBIs have a high rate of uptake for the intracellular phase
according to a biphasic model (extracellular and intracellular) of
three compartments (extracellular, intracellular uRBC, and
intracellular iRBC), where a shift to the intracellular phase of
iRBC takes place. The PBI saturation observed for the
intracellular phase was gradual in terms of time and
concentration, which is explained by the model whereby a drug
can cross membranes by lipid diffusion.25 Strikingly, our flow
cytometric analysis showed that uRBC behaves as a non-
exchangeable compartment for the uptake of PBIs. Conceivably,
uRBChasno cellular compartment ororganelle for thebindingof
PBIs to theirmolecular target, suggesting that itmayhave a role as
a transient cellular compartment of antimalarial drugs for iRBC.

Using a well-controlled protocol for heme extraction,26 we
quantified a significant amount of intact PBI (1) associated with
the parasite heme pool, which was time- and concentration-
dependent. It is useful to place this finding in the context of

previous data on antimalarial drug exposure. Both CQ and
artemisinin have been shown to co-localize with the heme pool,
but the fate of the drug and the cellular response can vary
depending on the chemical class, namely, heme augmentation
with respect to CQ exposure23,27 and heme alkylation with
respect to artemisinin.28,29Whatever the subsequent mechanism
and the fate of the drug, multiple observations all indicate that
drug co-localization with the heme pool can have serious
consequences for parasite death.

CQ and PBI (1) have different steps of uptake and diffusion in
the parasites: CQ enters the cells, diffuses in the cytosol, and, by
an ion-trap mechanism, irreversibly accumulates in the digestive
vacuole,30 but PBI (1) enters the cells and diffuses to the cytosol
and organelles but does not seem to accumulate in the digestive
vacuole. We attributed this to a lack of competition from CQ for
the cellular uptake of PBI in the parasites. This is also consistent
with the examination that the uptake of PBIs is similar in both
rings and trophozoites: the former is devoid of the digestive
vacuole. Although our ability to perform a comprehensive and
detailed uptake and cellular fractionating study was limited to
CQ-sensitive parasites, given the similar susceptibility of
sensitive and resistant parasites to PBIs, we hypothesize the
same profile of PBI uptake, diffusion, and binding to heme for
both parasite strains.
In vivo, heme increase was observed when PBI (1) treatment

was given at 60μmol/kg, a dosage that is 10 times higher than the
minimum dosage to suppress parasitemia in the 4 day Peters
test.11 Our in vivo studies further revealed that even at 3 times
lower dosage (20 μmol/kg), PBI (1) can still suppress heme
detoxification prior to parasitemia reduction. However, we do
not interpret this as the primary mechanism of action; rather, we
posit that PBIs can induce parasite death by the mediation of
heme toxification. In support of this, heme detoxification
suppression was not achieved with short exposure to PBI (1)
despite its fast druguptake anddiffusion to the cytosol. It requires
prolonged exposure to an entire intraerythrocytic parasite cycle,
denoting the involvement of a primary unknown mechanism to
further affect heme detoxification. Conceivably, there are
underlying events prior to the suppression of heme detoxification
to achieve the antiplasmodium effect. One possibility, based on
the observation that PBI (1) binds to the cytosolic hemepool, is a
perturbation of essential heme-dependent signaling processes,
such as in the mitochondria and the organelles enriched with
heme-dependent proteins. An example of this mechanism is the
antimalarial drugmethyleneblue,which canbind toboth free and
protein-bound heme, changing the iron oxidative state and
thereby affecting heme detoxification18 and the homeostasis of
heme-depending proteins.31

Currently, our findings indicate that PBIs are potent against
ring and trophozoite stages, similar toCQandAQ.The actions of
PBIs to exert antiparasitic activity, however, involve a
suppression of heme detoxification and other mechanisms. The
speed of action of PBIs is similar to MFQ and quinine, which
suppress to some degree heme detoxification but primarily exert
antiparasitic activity through othermechanisms of action. Unlike
MFQ, which inhibits enzymatic activity in trophozoites and a
drug removal step canmitigate its antiparasitic activity,32−34 PBIs
have activity not affected by a drug removal step, suggesting that
the primary targets of PBIs are either non-enzymatic or
conserved over the asexual blood stage.
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■ CONCLUSIONS
To eliminate the burden of Plasmodium malaria, efficient
therapeutic strategies must be employed to avoid delayed
parasite clearance and subsequent parasite resistance. The
experimental PBI (1) showed more significant effectiveness at
killing asexual blood-stage parasites thanCQ,AQ, andMFQ, also
demonstrating an ability to arrest the growth of and kill the
parasite in vivo. This efficiency is accompanied by powerful
suppression of heme detoxification in vivo. The exact primary
molecular target of PBIs remains undefined. Here, we
hypothesize that it is conserved across rings and trophozoites,
of easy drug access, and essential not only for growth but also for
survival. This is based on the high, sustainable, diffused drug
uptake, which was observed to be preferential for parasite rather
than host cells. The strong parasiticidal effect elucidated here are
highly desirable properties in antimalarial drugs.

■ METHODS
General Materials. Chloroquine diphosphate, hemin

chloride (BioXtra), and tribromoethanol were obtained from
Sigma-Aldrich (St. Louis, MO, USA). May−Grunwald−Giemsa
stain was obtained from Panotico (Laborclin, Pinhais, Brazil).
Tribromoethanol was dissolved in 2-propanol:water 20% (v/v).
DNA-staining SYTO-61 was purchased from Life (Carlsbad,
USA). All other general chemicals and solvents were of analytical
or HPLC grade. Experimental drugs were synthesized and
purified as previously described.11,12

Parasites and Culture. The following lines were used: CQ-
sensitive 3D7 and CQ-resistant W2 strains of P. falciparum, CQ-
sensitive NK65 strain of P. berghei expressing green fluorescent
protein (GFP), and ANKA strain of P. berghei expressing GFP
and luciferase. P. falciparum was cultivated in human AB+

erythrocytes with daily maintenance in RPMI-1640 supple-
mentedwith 5% (v/v)Albumax II (Life, Carlsbad, USA), 25mM
HEPES (ChemCruz, Dallas, USA), 300 μM hypoxanthine (MP
Biomedicals, Santa Ana, USA), 11 mM glucose (Sigma-Aldrich,
St. Louis, USA), and 20 μg/mL gentamicin (Life, Carlsbad,
USA).
Speed of Action and Determination of IC50 Values

against P. falciparum. For experiments of 24 or 48 h
incubation, 100μLof an asynchronized culture at 1%parasitemia
and 2.5% hematocrit in RPMI was dispensed in a 96-well round-
bottom plate. For experiments of 72 h incubation, 100 μL of an
asynchronized culture at 0.5% parasitemia and 2.5% hematocrit
in RPMI was dispensed in a 96-well round-bottom plate. Then,
100 μL of the drugs (5.0−0.0025 μM) previously suspended in
RPMIwere dispensed in the respectivewells. Each concentration
was tested in triplicate at seven different concentrations.
Untreated parasite samples received 100 μL of medium
containing 0.5% DMSO. Plates were incubated at 37 °C in 3%
O2, 5% CO2, and 91% N2. After freezing and thawing, 150 μL
from the contents of each well was transferred to another plate
together with 50 μL of lysis buffer containing 0.5× SYBR green I
nucleic acid (Life, Carlsbad, USA) and sealed. Fluorescence was
read using a Filtermax F5 multi-mode microplate reader
(Molecular Devices, San Jose, USA) using excitation at 485 nm
and emission at 538 nm, and data were collected using Softmax
software. Blank subtraction was done by using the signal of a well
containing uninfected AB+ erythrocytes. Percentage inhibition
was determined in comparison to untreated cells, and the
concentrations required for 50% inhibition (IC50 values) were
determined by using non-linear regression with the log-

(concentration) versus response−variable slope−equation
available in Prism. Three independent experiments were
performed.
Antiparasitic Activity on Specific Parasite Stages of P.

falciparum. One hundred microliters of 3D7 strain in rings or
trophozoites at 0.5% parasitemia and 2.5% hematocrit in RPMI
was dispensed in a 96-well round-bottom plate. Then, 100 μL of
the drugs (5.0−0.0025 μM) previously suspended in RPMIwere
dispensed in the respective wells. Each concentration was tested
in triplicate at seven different concentrations. Untreated parasite
samples received 100 μL of medium containing 0.5% DMSO.
Plateswere incubated for 6h at 37 °C in3%O2, 5%CO2, and91%
N2, the cells were washed, the medium was replaced, and they
were returned to the incubator for the remaining 72h. Plateswere
processed, and IC50 values were calculated as described above.
Cytotoxicity Assay in Mammalian Cells. Compounds

were tested for in vitro cytotoxicity against the murine
macrophages of J774 lineages, and cellular viability was
determined by bioluminescence using the CellTiter-Glo kit
(Promega, Madison, USA). The culture was maintained in
DMEM containing 10% fetal bovine serum and supplemented
with L-glutamine, vitamins, and amino acids in 75 cm2 flasks at 37
°C,with themedium changed twiceweekly.Cells from60 to 80%
confluent cultures were trypsinized, washed in complete
medium, and plated at 4 × 104 cells per well in 100 μL of
complete medium in 96-well flat-bottom white plates for 24 h at
37 °Cprior to the addition of the compounds. Triplicate aliquots
of compounds and the reference drugs (stock solution in
DMSO) covering seven different concentrations (100−1.56
μM) at twofold dilutions were added to the wells, and the plates
were incubated for 72 hmore. Controls included compound-free
wells with DMSO (vehicle) as positive controls and cell-free
wells with medium only, which were used for background
subtraction. Following incubation for 72 h at 37 °C, the plates
were maintained at room temperature, the culture medium was
removed, and 100 μL from the CellTiter-Glo kit was added to
each well. Bioluminescence was measured using a Filtermax F5
multi-mode microplate reader (Molecular Devices, San Jose,
USA) and Softmax software. CC50 data were obtained from at
least two independent experiments and analyzedusingGraphPad
Prism version 5.01. The selectivity index (SI) was calculated
using the CC50s from mammalian cells divided by the IC50
obtained against the asexual blood stage of P. falciparum 3D7.
Assessment of Drug Uptake. For experiments with P.

berghei-infected RBC, blood was harvested from infectedmice as
described in the “Mice and Parasites” section below, and a
solution containing 1% final hematocrit and 5% parasitemia was
aliquoted to each well. The NK-65 strain of P. berghei was
employed for the experiments using asynchronous culture, and
the ANKA strain of P. berghei was employed for the experiments
using synchronous culture in rings or trophozoites. For the J774
cells, 1 × 106 cells were seeded per well in 1 mL of supplemented
medium. The plates were incubated for 24 h at 37 °C prior to
experiments. One milliliter of cells in 24-well plates was
incubated with different concentrations of PBI (1), ranging
from 12 to 0.14 μM, at indicated times (0.5 to 3 h). For J774, the
cells were detached by trypsin. Afterward, samples were washed
with sterile saline and incubated with SYTO-61 at 5.0 μM (for
iRBC) and at 0.5 μM (for J774 cells) for 30 min in the dark.
Samples werewashed and placed in polypropylene tubes, and the
cells were resuspended in 1 mL of isoton diluent. For iRBC and
J774 cells, 100,000 and 10,000 events were respectively acquired
using a BD LSRFortessa Cell Analyzer (BD, New Jersey, USA).
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Parasites were identified by the GFP signal in the FITC channel
(gain of 500 V), and young and mature parasites were identified
by SYTO-61 staining quantified in the APC channel (gain of 450
V). The intrinsic fluorescence of PBI (1) was detected in the
AmCyan channel (gain of 527 V) and adjusted in comparison to
cells without PBI (1) treatment (untreated). No spillover into
these channels was observed. Viable J774 cells were gated with a
two-dimensional dot plot between the APC (gain of 562 V) and
FSC (gain of 150 V) channels. A second gate was created by a
two-dimensional dot plot between the APC and AmCyan (gain
of 320 V) channels to select viable cells positive for the intrinsic
fluorescence of PBI (1). For the competition experiments,
inhibitors (chloroquine or quinine) were added at the indicated
concentration 30 min prior to adding PBI (1), and data analysis
was performed as described above. Each drug concentration was
tested in triplicate. Uptake was calculated using the equation
{=(Q2*100)/(Q2 + Q1)}, where Q2 is the cells positively
stained for PBI (1) and Q1 is the cells negatively stained for PBI
(1). Each experiment was performed independently three times.
Extraction of Heme Pool.A 1mL solution containing 2.5%

final hematocrit and 10% parasitemia from the blood of P.
berghei-infected mice was aliquoted to each well. PBI (1) was
added at respective concentrations (12 or 2.0μM).The platewas
incubated for 3 or 6 h. Cells were washed with sterile saline, and
RBC was lysed with an ice-cold solution of 0.1% saponin in 1×
PBS and incubated on ice until the solutions cleared. The
resulting parasite pellets were washed extensively with PBS
solution to remove residual hemoglobin, 200 μL of glacial acetic
acidwas added, sampleswere transferred to glass vessels, and 750
μL of pure acetone was added. After centrifugation, the pellets
were discarded and the supernatant containing hemewas dried in
a desiccator cabinet filled with silica. Samples were dissolved in
8:2 (v/v) dimethyl sulfoxide/acetic acid. Standard curves of PBI
(1) and hemin chloride were serially diluted in the same solvent
mixture. A second curve for hemin chloride was diluted in 0.1 M
NaOH solution. To estimate the amount of PBI (1) in the heme
pool, fluorescence spectra were measured using a Fluoroskan
DCA-0595 microplate reader (PerkinElmer) at excitation and
emission wavelengths of 355 and 480 nm, respectively, and
SYTO-61 at excitation and emission wavelengths of 480 nm and
535 nm, respectively. Afterward, the amount of heme pool was
estimated by reading the Soret band at 405 nm in a UV−vis
SpectraMax 190 microplate reader (Molecular Devices,
Sunnyvale, USA). The nature of the heme pool was further
confirmed by adding 25 μL of pyridine (25%, v/v) in HEPES 0.1
M buffer and reading the Soret band again at 405 nm. Each drug
concentration was tested in five replicates. Each experiment was
performed independently three times.
Mice and Parasites.Male Swiss mice (4 to 8 weeks old) for

experimental study were obtained from the Animal Resource
Facility at Instituto Gonçalo Moniz (Salvador, Brazil). Male or
female BALB/cmice (7 to 8 weeks old) were used for the weekly
passage ofmalaria parasites. The animals were housed under a 12
h light/dark cycle with free access to sterilized food pellets and
sterilized water. These studies were approved by the Instituto
Gonçalo Moniz Animal Ethics Committee (approval number
014/2018).
P. berghei parasites were maintained by continuous weekly

blood passage in Swiss mice. The mice were euthanized by
tribromoethanol (300 mg/kg animal weight), blood was
collected by cardiac puncture, and a standard inoculum of 107

parasitized erythrocytes per 200 μL was prepared by dilution in
0.9% saline and administered by intraperitoneal (i.p.) injection to

the experimentalmice. Parasite enumeration in infectedmicewas
determined in the peripheral blood collected from the tail veins.
Todetermine parasitemia in the passagemice, blood smearswere
mounted on slides and stained with May−Grunwald−Giemsa.
For the experimental study, parasite enumeration was performed
by flow cytometry using the GFP signal and co-staining with 5.0
nM Mitotracker deep red FM (Life Invitrogen) for 15 min
incubation. The studies were designed to use groups of equal
sizes with a minimal number of randomized animals. The
endpoint for inducing euthanasia was set when a mouse had
severe anemia or presented signs of cerebral malaria.

P. berghei-Infected Mice (Peters Test). Male Swiss mice
were inoculated with 1 × 106 parasitized erythrocytes per 200 μL
by i.p. injection. After 3 h (orally treated by gavage; P.Os.) or 24 h
(subcutaneous treatment; s.c.), the mice were randomly allotted
to n = 5 per group and treated once a day with 100 μL by s.c.
injection or P.Os. of respective drug or vehicle for four
consecutive days. The drugs were solubilized in DMSO and
diluted in a solution of Kolliphor (Cremophor, 4%), polysorbate
80 (5%), sorbitol (5%), glucose (5%), and Tween-20 (5%) in
0.9% saline to a final concentration of 20% (v/v) DMSO. The
untreated group received the vehicle only. Parasitemia was
determined at regular intervals for 10 days. Animal survival was
monitored twice a day for 40 days after infection. Parasitemia
reduction was determined in comparison to the vehicle drug.
One single experiment was performed for each drug dosage.

P. berghei-InfectedMice (Radical Cure).Male Swiss mice
were inoculated with 1 × 106 parasitized erythrocytes per 200 μL
by i.p. injection. After parasitemia peaked at 5%, mice were
randomly divided in n = 3 per group and treated once per 100 μL
by P.Os. of their respective drug or vehicle. Twenty-four hours
after drug administration, parasitemia was determined daily for 3
days. Animal survival was monitored twice a day for 40 days after
infection. Parasitemia reductionwas determined as thedifference
between pre-treatment and post-treatment. Blood smears were
made from tail blood and fixed overnight in 0.5 mL of 0.5%
glutaraldehyde. Slides were mounted and stained with 20 μL of
Antifade Mounting Medium with DAPI for 20 min. Parasites
were visualized by Nomarski-type differential interference
contrast (DIC) and nuclei staining for DAPI, and hemozoin
light scattering was visualized by reflection contrast polarized
light microscopy using an inverted microscope (Leica model
DMi8) adapted for fluorescence, DIC, and polarized light. At
least 20 fields per group were photographed, and the number of
parasites (DAPI stained) containing hemozoin (confirmed by
polarized light scattering)was blindly counted. Two experiments
were performed for each drug dosage.
Heme Detoxification Assessment. P. berghei-infected

mice at parasitemia of up to 10% were randomly divided into n
=5per group.Treatmentwas performedby a single dose givenby
s.c. or P.Os. Untreated infected mice (vehicle) and non-infected
mice (naiv̈e) were included as control groups. Parasitemia was
determined by flow cytometry before (pre-treatment) and after
drug treatment. After 24 h treatment, mice were anesthetized as
described above, and blood was gently aspirated in the brachial
plexus using heparin-coated tips and transferred into heparinized
blood collection vials. Blood was centrifuged at 2500 rpm at 4 °C
for 5min, plasmawas separated, and cell pelletswerewashedwith
saline. Equal volumes of the remaining pellets were transferred to
new tubes, suspended in 1.0 mL of saponin at 0.05% and frozen
overnight. Then, samples were centrifuged at 10,000 rpm at 4 °C
for 10 min, 0.5 mL of saline was added, and centrifugation was
repeated twice. The resulting cell pellets were processed to
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determine hemoglobin, soluble heme, and hemozoin according
to a previously described method.35 One single experiment was
performed for each drug dosage.
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