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ARTICLE INFO ABSTRACT

Keywords: Naegleria fowleri, known as the brain-eating amoeba, is the pathogen that causes the primary amoebic menin-
Naegleria fowleri goencephalitis (PAM), a severe neurodegenerative disease with a fatality rate exceeding 95%. Moreover, PAM
Primary amoebic meningoencephalitis cases commonly involved previous activities in warm freshwater bodies that allow amoebae-containing water
g}cl)ci/r;l;t]l;z;apy through the nasal passages. Hence, awareness among healthcare professionals and the general public are the key

to contribute to a higher and faster number of diagnoses worldwide. Current treatment options for PAM, such as
amphotericin B and miltefosine, are limited by potential cytotoxic effects. In this context, the repurposing of
existing compounds has emerged as a promising strategy. In this study, the evaluation of the COVID Box which
contains 160 compounds demonstrated significant in vitro amoebicidal activity against two type strains of
N. fowleri. From these compounds, terconazole, clemastine, ABT-239 and PD-144418 showed a higher selectivity
against the parasite compared to the remaining products. In addition, programmed cell death assays were
conducted with these four compounds, unveiling compatible metabolic events in treated amoebae. These com-
pounds exhibited chromatin condensation and alterations in cell membrane permeability, indicating their po-
tential to induce programmed cell death. Assessment of mitochondrial membrane potential disruption and a
significant reduction in ATP production emphasized the impact of these compounds on the mitochondria, with
the identification of increased ROS production underscoring their potential as effective treatment options. This
study emphasizes the potential of the mentioned COVID Box compounds against N. fowleri, providing a path for
enhanced PAM therapies.

Programmed cell death

1. Introduction

The genus Naegleria, comprising 47 species (De Jonckheere, 2011),
includes the species Naegleria fowleri, commonly known as the
brain-eating amoeba. The surge in the number of reported cases,
coupled with increased public awareness, has brought this microor-
ganism into prominence due to its pathogenic capacity to induce a CNS
infection known as primary amoebic meningoencephalitis (PAM)
(Gliémez and Garcia, 2021).

PAM is a rare disease, with a fatality rate of over 90% (Jahangeer
et al., 2020). Furthermore, individuals who are most susceptible to PAM
are often engaged in activities involving water sports or recreational
activities in warm freshwater bodies, leading to water inhalation
through the nasal passages (Cope et al., 2015; Kemble et al., 2012;
Linam et al., 2015). In addition, PAM primarily affects young children,
adolescents, and young adults, and it is crucial to recognize the early
symptoms of the disease for timely intervention (Martinez et al., 2022).

As mentioned above, infection usually begins with the inhalation of
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the trophozoite or cyst stages, present in water bodies or wet soils. Upon
reaching the individual’s nasal mucosa, if they are in the cyst form, these
transform into the trophozoite stage (Pinero et al., 2019), establishing a
neurochemical gradient due to exposure to specific chemical substances.
This is a result of their chemoattraction to neurotransmitters associated
with brain neurons, such as acetylcholine or noradrenaline (Baig, 2016).
Consequently, their locomotion is triggered, causing damage along the
path towards the brain, which, in advanced stages, greatly diminishes
the patient’s chances of survival. These injuries result from the release of
cysteine proteases by the amoeba, causing irreversible damage (Lee
et al., 2014; Serrano-Luna et al., 2007). These proteases play essential
roles in either invading host tissues or evading the immune system, thus
promoting the disease’s progression (Rodriguez-Mera et al., 2022).
Therefore, leading to the onset of symptoms. In its early stages, patients
may experience non-specific encephalitis symptoms such as headaches,
fever, and nausea, often mistaken as viral infections. However, as the
disease progresses, more severe neurological manifestations emerge,
including altered mental status, seizures, and hallucinations. PAM rapid
evolution leads to a significant decline in the patient’s condition, with a
propensity towards coma, often followed by a fatal outcome (Grace
et al., 2015; Giiémez and Garcia, 2021).

The diagnosing of N. fowleri infection is a significant challenge due to
its low morbidity and rapid progression. Commonly, methods like ce-
rebrospinal fluid analysis, induction of the flagellar or cyst stage, Poly-
merase Chain Reaction (PCR), and neuroimaging techniques are
employed to confirm the parasite’s presence and evaluate associated
damage (Grace et al., 2015; Schumacher et al., 1995). However, an early
diagnosis is crucial for effective treatment, emphasizing the need for
greater awareness among healthcare professionals and better diagnostic
tools to improve detection and patient outcomes, in view of the limited
number of diagnosed cases.

Currently, there are no specific drugs exclusively designed to fight
this infection. The treatment approaches often rely on a combination of
medications such as amphotericin B and miltefosine, along with certain
azole drugs that have demonstrated synergistic activity (Bellini et al.,
2018; Dunnebacke et al., 2004; Linam et al., 2015; Schuster et al., 2006).
Furthermore, adjunctive neuroprotective strategies have been explored,
including the induction of hypothermia and the administration of cor-
ticosteroids such as dexamethasone, among others, are implemented
(Dunn et al., 2016; Heggie and Kiipper, 2017; Jain et al., 2002). While
these therapies aim to combat the parasite, it is important to note that
many of these medications are metabolized in vital organs and possess
cytotoxic properties. This raises concerns about potential organ damage
as a result of the treatment itself, adding an additional layer of
complexity to managing this devastating disease (Laniado-Laborin and
Cabrales-Vargas, 2009). As a result, research efforts continue to explore
more targeted and effective treatment options to improve patient out-
comes and minimize potential side effects.

In the search for new therapeutic agents, an effective strategy in-
volves repositioning existing compounds, a method that is both cost-
effective and time-saving (Chang et al., 2015; Pushpakom et al.,
2019). This approach gains particular significance in the current global
context, with the world grappling with the COVID-19 pandemic, which
has propelled the search for potent antiviral agents. Initiatives such as
the COVID Box have surfaced in response to this pressing demand, of-
fering a curated collection of 160 potential drug candidates (Almeida--
Paes et al., 2021). These compounds encompass a range of bioactivities,
each demonstrating activity or suspected activity against SARS-CoV-2,
the virus responsible for the ongoing pandemic. Notably, these com-
pounds have displayed promising biological activities not only in the
fight against SARS-CoV-2 but also against other infectious agents,
including parasitic protozoa (Abbaali et al., 2021; Almeida-Paes et al.,
2021; El Saftawy et al., 2024; Reigada et al., 2019). As the demand for
innovative treatments against the deadly N. fowleri pathogen intensifies,
exploring the potential of COVID Box compounds to address this
amoebic infection emerges as a highly auspicious avenue for research.
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This article delves into the potential efficacy of these compounds in
targeting N. fowleri, offering a new and promising path in the ongoing
battle against PAM.

2. Material and methods
2.1. Chemicals

The COVID Box, provided by Medicines for Malaria Venture (MMV,
Geneva, Switzerland), is a collection of 160 commercially available
drugs with known or predicted activity against the newly discovered
pandemic virus, SARS-CoV-2, as shown in Supplemental Materials S1.
These compounds are initially arranged in 96-well plates at a concen-
tration of 10 mM, which are diluted to a concentration of 1 mM using
dimethyl sulfoxide (DMSO) for testing against N. fowleri. DMSO was not
exceeded at 1% of the total volume to avoid toxic effects on the
parasites.

After a first screening, four pure compounds were purchased. Ter-
conazole was obtained from Cymit Quimica S.L. (Barcelona, Spain).
ABT-239 and PD-144418 were purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Clemastine was purchased from Sigma-
Aldrich (Madrid, Spain).

2.2. Amoebic and cell culture

In the present study, two clinical strains were used to evaluate the
sensitivity of the compounds obtained from the COVID Box. Both strains,
ATCC® 30,808™ (Strain KUL, obtained from Belgium) and ATCC®
30,215™ (Strain Nf69, obtained from Australia), were acquired from the
American Type Culture Collection (ATCC) and selected for this research.
The strains were maintained in axenic trophozoite stage in culture flask
grown in 2% Bactocasitone medium, supplemented with 10% (v/v) fetal
bovine serum (FBS) (Biowest, VWR, Barcelona, Spain), 0.3% penicillin G
sodium salt (Sigma-Aldrich, Madrid, Spain), and 0.5 mg/mL strepto-
mycin sulphate (Sigma-Aldrich, Madrid, Spain). To be maintained at this
stage, the culture was incubated at 37 °C. On the other hand, to induce
the cyst stage, the trophozoites were cultured in MYAS medium at 28 °C
together with agitation on an orbital shaker. Under these conditions, the
trophozoites underwent a transformation into the resistant stage of the
parasite in approximately 10 days, as described in the protocol pub-
lished by Arberas-Jiménez et al. (2022); Arberas-Jiménez et al. (2022).

Amoebae cultures were handled in a biosafety level 3 (BSL-3) labo-
ratory, provided at the Instituto Universitario de Enfermedades Tropi-
cales y Salud Piblica de Canarias, University of La Laguna, following the
explicit list provided in Real Decreto 664,/1997 of May 12, 1997, which
is designed to safeguard the well-being of workers against potential
hazards associated with their exposure to biological agents during their
work activities.

In cytotoxicity assessments, the compounds were subjected to eval-
uation using a murine macrophage cell line, J774A.1 (ATCC® TIB-
67™), maintained in Dulbecco’s modified Eagle’s medium (DMEM, w/
v) supplemented with 10% (v/v) FBS and 10 pg/mL gentamicin (Sigma-
Aldrich, Madrid, Spain). To promote optimal growth, the cultures were
incubated in a controlled environment, precisely at 37 °C with a 5% CO4
concentration.

2.3. Invitro activity against trophozoites and cysts of N. fowleri

The screening of the 160 compounds was conducted. N. fowleri tro-
phozoites (ATCC® 30,808™ strain) were seeded at a concentration of 2
x 10° cells/mL in Bactocasitone culture medium using a Countess 3 FL
Automated Cell Counter (Thermo Fisher Scientific, Spain). The tropho-
zoites were allowed to adhere to the plate for 15 min. Afterward, the
compounds were added at a concentration of 100 pM, with each occu-
pying one well of the plate. After the addition, the alamarBlue® reagent
was placed, enabling the selection of relevant compounds through a
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colorimetric change. The compounds that did not meet the specified
activity criteria or exhibited cytotoxicity above predetermined thresh-
olds were excluded. Specifically, compounds that achieved both a 60%
inhibition of the amoebic population and less than 20% cytotoxicity
when cultured with macrophages were selected for further studies.

To evaluate the in vitro activity of the selected compounds, chemo-
therapy assays were performed in 96-well plates. In short, N. fowleri
trophozoites (at the same concentration mentioned above) were added.
Once the trophozoites were incubated, the previously diluted com-
pounds (DMSO) were added to the plate. Negative control cells were
incubated with bactocasitone medium alone. Finally, a 10% of the total
volume of alamarBlue® was added. After 48 h of incubation, the EnS-
pire® Multimode Plate Reader (PerkinElmer, Madrid, Spain) was used to
measure the emitted fluorescence (McBride et al., 2005; Rizo-Liendo
etal., 2019) at 570/585 nm. To determine the Inhibitory concentrations
50 and 90 values, a nonlinear regression analysis with a 95% confidence
interval was conducted using GraphPad Prism 9 software.

Following the evaluation of the molecule’s activity on N. fowleri
trophozoites, the same experiment was performed against the cyst stage.
For this purpose, N. fowleri cysts were initially pre-treated with 1% SDS
to eliminate any non-mature cysts. Afterward, to assess the efficacy of
the chemicals against the parasite’s resistant phase, serial dilutions were
prepared in a 96-well microtiter plate (Thermo Fisher Scientific, Madrid,
Spain). Once the compounds were diluted, 2 x 10° cells/mL of N. fowleri
cysts were incubated. After the 24-h cyst incubation, the growth medium
of the 96-well plate was replaced to facilitate excystation and determine
cyst viability. Non-treated N. fowleri cysts were used as the negative
control. Subsequently, alamarBlue® cell viability reagent (10% of the
well total volume) was added, enabling to differentiate between non-
viable cysts and trophozoites by oxidation-reduction reactions. After,
the activity plates were incubated at 37 °C for 72 h. Fluorescence values
were obtained using the EnSpire® Multimode Plate Reader (Perki-
nElmer, Madrid, Spain), and the ICsy was determined from statistical
analysis.

2.4. In vitro cytotoxicity against murine macrophages cell line

For the evaluation of cytotoxicity of the products of interest, a mu-
rine macrophage cell line J774A.1 (ATCC® TIB-67™) was used. The
macrophages were cultured in 96-well plates at a concentration of 10°
cells/mL using the Countess 3 FL Automated Cell Counter (Thermo
Fisher Scientific, Spain) with RPMI (Roswell Park Memorial Institute,
1640) medium supplemented with 10% fetal bovine serum at 37 °C in a
5% CO4 atmosphere. Subsequently, the diluted compounds were added
at different concentrations. Finally, 10% of the total volume of ala-
marBlue® was added as previously mentioned. The plate was read using
an EnSpire® Multimode Plate Reader (PerkinElmer, Madrid, Spain) and
analyzed in GraphPad Prism 9.0 to determine the cytotoxic concentra-
tion (CCsp) and subsequently obtain the selectivity index (CCso/ICsp).

2.5. Programmed cell death (PCD) induction in N. fowleri

A selection of the products of relevance, those with the highest
selectivity index, was used to study programmed cell death (PCD) in
N. fowleri (ATCC® 30,808™). Therefore, the trophozoites were incu-
bated in a 96-well plate at a concentration of 5 x 10° cells/mL making
use of a Countess 3 FL. Automated Cell Counter (Thermo Fisher Scien-
tific, Spain). Once attached to the wells, they were treated with ICqq of
the chemicals during 24 h. In order to expose the different metabolic
events characteristic of a PCD, the reagents were added according to
manufacturer’s instructions under dark conditions to avoid their
degradation. The results were revealed by fluorescence obtained using
EVOS™ M5000 fluorescence inverted microscope (Invitrogen, Thermo
Fisher Scientific, Madrid, Spain). For each objective lens thickness (40 x
and 100 x ), five images were taken. The percentage of stained cells after
the incubation of the cells with the dyes was also calculated. Moreover, a
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one-way analysis of variance (ANOVA) was used for data analysis on
order to evaluate the differences between negative control and treated
cells. The results are shown as the mean value of three different images
+ standard deviation (SD).

2.5.1. Analysis of chromatin condensation

To detect chromatin condensation, a double DNA-binding dyes
named Hoechst 33,342/Propidium Iodide (PI) (Life Technologies,
Madrid, Spain) and an inverted fluorescence microscope EVOS™ FL Cell
Imaging System M5000 (Life Technologies, USA) were used. To perform
the experiment, the fluorescent reagents were added at a final concen-
tration of 1 pM for 15 min to amoebae previously treated for 24 h with
the ICqq of the compounds. Double staining revealed three groups in the
experiment: amoebae in PCD process emitting blue fluorescence due to
chromatin staining; amoebae emitting blue and red fluorescence at the
same time, indicating an advanced stage in the PCD pathway; and no
fluorescence at all, which are the cells not treated with the compounds.

2.5.2. Plasma membrane permeability

During apoptosis, the cell membrane has the potential to become
more permeable, leading to the release of specific molecules and trig-
gering signaling pathways that culminate in controlled cell degradation.
The plasma membrane integrity of non-treated and treated amoebae was
evaluated using the DNA-binding dye SYTOX™ Green and the EVOS™
FL Cell Imaging System M5000 microscope (Life Technologies, USA) to
reveal the presence of fluorescence. SYTOX™ Green reagent was added
to a final concentration of 1 pM. Once added, the 96-well plate was left
to incubate in the dark for 15 min. After this time, the results were
detected under the inverted fluorescence microscope.

2.5.3. Assessment of mitochondrial membrane potential (A¥'m)
depolarization

Assessment of the mitochondrial membrane potential of amoebae
was performed using the JC-1 mitochondrial membrane potential
detection kit (Cayman Chemicals Vitro SA, Madrid, Spain). After the
incubation period of the amoebae with the compounds, 10 pl of JC-1 was
added and incubated for 1 h. Due to the extended incubation period,
trophozoites undergo morphological changes, displaying increased
swelling. This agent emits fluorescence at two different wavelengths.
When the mitochondrial membrane potential is in optimal conditions,
the reagent will be found in dimer form in the mitochondria emitting red
fluorescence (~590 nm). In contrast, mitochondrial damage will result
in a decrease of this potential, causing the reagent to disperse and
remain as a monomer emitting green fluorescence (~529 nm). In this
assay, the fluorescence emitted by the dimer and the monomeric forms
of the dye were measured using the EVOS™ M5000 Cell Imaging System
software (Life Technologies, Madrid, Spain) in order to calculate the
ratio between the red and the green fluorescence intensities. For this,
three different images were analyzed and the mean value and the SD
were determined. A decrease in the mentioned ratio of the treated cells
when compared to the negative control indicates mitochondrial mem-
brane damage.

2.5.4. Detection of amoebic ATP synthesis

To analyze the ATP levels of amoebae, the Cell Titter-GLO® Lumi-
nescent Cell Viability reagent (Promega Biotech Ibérica, Madrid, Spain)
was used. Following the 24-h incubation, the same amount of reagent
(v/v) was added as the volume of the plate. After addition of the reagent,
the luminescence emitted was analyzed using the EnSpire® Multimode
Plate Reader (PerkinElmer, Madrid, Spain).

2.5.5. Identification of intracellular ROS overproduction

During apoptosis, ROS can act as signals to trigger and regulate
various cellular signaling pathways. Additionally, excessive accumula-
tion of these can damage key components such as DNA, proteins, or
lipids. The fluorogenic reagent CellROX® Deep Red (Invitrogen, Thermo
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Fisher Scientific, Madrid, Spain) was used to determine the presence of
reactive oxygen species (ROS). After incubation time with the com-
pounds, the reagent was added at a final concentration of 5 mM for 30
min. This dye binds to the ROS and emits an intense red fluorescence.

2.6. Statistical analysis

The experiments in this study were performed in triplicate (n = 3),
and statistical parameters including the mean and standard deviation
(SD) were obtained. GraphPad Prism 9.0 (GraphPad Software, CA, USA)
was utilized for generating inhibition curves and conducting statistical
analyses. Differences between the values were assessed using one-way
analysis of variance (ANOVA). The data are presented as mean =+ stan-
dard deviation (SD) of the triplicate experiments, with a significance
level set at p < 0.05.

3. Results
3.1. Screening of compounds from the COVID box library

For the initial screening of the COVID Box, the compounds demon-
strating an amoebicidal activity against N. fowleri ATCC® 30,808™
trophozoites were highlighted (Fig. 1). As a result, 62 out of the 160
compounds were excluded and are not shown in the graph due to the
absence of growth inhibition. Hence, 98 of the 160 molecules met this
threshold; with 37 compounds that induced an inhibition between 60
and 80%, and 8 compounds that exhibited an inhibition exceeding 80%.
However, this activity needs to be accompanied by low cytotoxicity. 33
compounds exhibited a cytotoxicity of less than 20% of the macrophage
population. 14 of these compounds were selected, exhibiting amoebic
inhibition percentages above 60% and cytotoxicity values below 20%.
Among them, products which activity against N. fowleri had already
been described and others not available on the market were excluded.
The terconazole, clemastine, ABT-239 and PD-144418 were the selected
molecules for further studies.

3.2. Demonstration of the inhibitory and cytotoxic effect of the COVID
box compounds

The four selected molecules from the COVID Box were evaluated for
their amoebicidal activity against the trophozoite form of two type
strains of N. fowleri, ATCC® 30,808™ and ATCC® 30,215™. Simulta-
neously, their toxicity was assessed using the murine macrophage cell
line J774A.1 (ATCC® TIB-67). Activity assays revealed that out of the
tested compounds, four of them exhibited significant activity, as pre-
sented in Table 1. Specifically, terconazole, clemastine, ABT-239 and
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Fig. 1. Scatter plot representing the amoebic growth inhibition (%) and cyto-
toxic effect (%) of the screening of the 98 molecules. Only those demonstrating
a certain amoebic inhibition were included in the data graph.
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PD-144418 (Fig. 2) demonstrated remarkable amoebicidal activity
(Table 1) with low toxicity. Out of these four products, terconazole
demonstrated significant anti-Naegleria activity, exhibiting consistent
ICsp values against ATCC® 30,808™ and ATCC® 30,215™ strains (3.68
+ 0.61 pM and 0.81 + 0.49 pM, respectively). Moreover, this molecule
demonstrated the least cytotoxicity among the selected compounds,
with a CCso of 84.60 + 15.58 pM, indicating its high selectivity and
preference for the parasite. Furthermore, all compounds demonstrated
cysticidal activity against N. fowleri with ICsg values ranging from 2.46
to 10.44 pM.

3.3. Programmed cell death process induced in N. fowleri

The four previously mentioned compounds were used to study the
type of PCD observed in N. fowleri. To evaluate, trophozoites of ATCC®
30,808™ strain were treated with the ICgy of the molecules for 24 h.
Non-treated amoebae were used as a negative control in each experi-
ment, while amphotericin B served as a positive reference for evaluating
PCD process.

3.3.1. Alterations in chromatin structure

The chromatin condensation, a characteristic indicator of cell death,
was analyzed using the Hoechst 33,342 stain (Life Technologies,
Madrid, Spain), which binds to condensed chromatin emitting blue
fluorescence. Additionally, the propidium iodide (PI) dye was also
employed in the assay, binding to the DNA of cells in an advanced state
of cell death, emitting red fluorescence. The results of this experiment
demonstrated clear chromatin condensation, emitting blue fluorescence
in treated amoebae with the selected compounds from the COVID Box
(Fig. 3 E, H, K, N). Furthermore, none of the treatments resulted in the
amoebae reaching an advanced stage of apoptosis, evidenced by the
absence of red fluorescence (Fig. 3 F, I, L, O). These results could be
contrasted with the controls employed. In the negative control
(Fig. 3A-C), there is an absence of fluorescence due to the healthy state
of the amoebae. In contrast, in those treated with amphotericin B
(Fig. 3P-R), our reference drug, the emission of blue fluorescence was
observed. Differences between the values were assessed using an
ANOVA. The results displayed significant differences (****p < 0.0001)
when comparing treated cells to the negative controls.

3.3.2. Cell membrane permeability shifts

To assess the increased membrane permeability caused by the COVID
Box products, SYTOX™ Green (Life Technologies, Madrid, Spain) dye
was employed. Similar to the COVID Box compound-treated samples
(Fig. 4C-J), which seem to damage the plasma membrane, thus
enhancing permeability, trophozoites treated with amphotericin B
(Fig. 4 K, L), used as a positive control, emitted green fluorescence.
Negative control (untreated) amoebae (Fig. 4 A, B) are impermeable to
the reactive, resulting in non-fluorescence emission. This reagent targets
the same cellular component as PI, binding to nucleic acids and causing
fluorescence emission. However, SYTOX™ Green exhibits greater
sensitivity and efficacy in the analysis of the cell membrane perme-
ability. This explains the green fluorescence emitted upon the addition
of this reagent in Fig. 4, contrasting the absence of red fluorescence in
the previous assay using PI (Fig. 3). A one-way analysis of variance
(ANOVA) was conducted to analyze disparities between the values,
demonstrating significant divergences (****p < 0.0001) between the
treated cells and the negative control.

3.3.3. Evaluation of mitochondrial membrane potential disruption

The disruption of mitochondrial membrane potential was deter-
mined using the JC-1 Mitochondrial Membrane Potential Detection Kit
(Cayman Chemicals Vitro SA, Madrid, Spain). In this assay, emphasis is
placed on the difference in intensity emitted between non-treated and
treated trophozoites. Under normal conditions, as seen in the negative
control (Fig. 5A-C), the reagent is in the form of J-aggregates emitting
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Table 1
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Antiparasitic response (equal to ICso) of tested compounds against the two strains of N. fowleri, along with the assessment of the cytotoxic concentration (CCsp) in
murine macrophages and their selectivity index (SI). Moreover, the ICqs, used for programmed cell death assays in N. fowleri ATCC® 30,808™, are indicated. All data
were obtained from the mean of the 3 replicates of each assay, with their corresponding standard deviation.

COMPOUND N. FOWLERI ATCC® N. FOWLERI ATCC® 30,215™  MURINE MACROPHAGES J774.A1  S.I. ATCC® N. FOWLERI ATCC® 30,808™
30,808™ ICsq (MM) ICso (MM) CCso (MM) 30,808™ ICoo (MM)
Trophozoite Cyst Stage
Stage
TERCONAZOLE 3.68 + 0.61 2.46 + 0.81 + 0.49 84.6 + 15.58 22.99 30.91 + 2.38
0.28
CLEMASTINE 7.68 + 0.32 8.2+ 5.69 + 1.16 58.66 + 3.88 7.64 18.56 + 5.64
3.37
ABT-239 3.65 + 0.79 9.41 + 3.05 + 0.2 68.5 + 13.26 18.77 14.69 + 4.09
2.63
PD-144418 4.71 + 0.95 10.44 + 6.48 + 2.83 48.76 + 12.5 10.35 17.35 + 3.28
2.3
AMPHOTERICIN 0.12 + 0.03 0.53 + 0.16 + 0.02 >200 >1650 0.35 + 0.02
B 0.03
MILTEFOSINE 38.74 + 4.23 21.52 + 81.57 +7.23 127.89 + 8.85 3.3 89.47 + 17.37
2.62
Cl
0 AN
3/ _/ "
e L
/\\‘\"
N-N o
N
N
terconazole clemastine

a0
N O

ABT-239

PD-144418

Fig. 2. 2D chemical structures of selected molecules.

red fluorescence due to the positive charge in this organelle. In contrast,
amoebae exposed to the compounds (Fig. 5D-R) exhibit a drastic
decrease in this potential, resulting in lower red colour intensity
compared to healthy cells, causing the reagent to disperse and remain in
a monomeric form emitting green fluorescence. The results obtained
from the amoebae treated with the COVID Box agents (Fig. 5D-0) were
corroborated by the positive control, amphotericin B (Fig. 5P-R), where
green fluorescence emission was also shown. ANOVA was used to assess
differences among the values, indicating substantial contrasts (****p <
0.0001) in the comparison between the treated and non-treated cells.

3.3.4. Inhibition of ATP production

An additional indicator of mitochondrial damage is a significant
decrease in ATP production. To measure ATP levels, the Cell Titer-Glo®
Luminescent Cell Viability Assay kit (Promega Biotech Ibérica, Madrid,
Spain) was used. The results are depicted in a bar graph (Fig. 6), illus-
trating the inhibition of ATP synthesis in treated amoebae with these
chemicals. Moreover, the significant damage inflicted by clemastine on
the mitochondria is emphasized, able to inhibit over 96% of ATP syn-
thesis in comparison to the negative control (non-treated cells). This
inhibition result is similar to that obtained in treated cells with the
reference compound amphotericin B (>98%). Furthermore, the signifi-
cance of this decrease was confirmed by the ANOVA (****p < 0.0001),

thus validating the mitochondrial damage.

3.3.5. ROS overproduction identification

To detect this ROS accumulation, CellROX Deep Red fluorescent kit
(Thermo Fisher Scientific, Madrid, Spain) was used. In the negative
control (Fig. 7 A, B), untreated amoebae, internal defense and repair
mechanisms counteract any potential oxidative stress, making the
generated ROS either non-visible or barely visible under the inverted
fluorescence microscope. On the other hand, in treated trophozoites
with COVID Box products (Fig. 7C-J), red fluorescence emission occurs
due to the accumulation of these species, indicating increased cellular
stress. The results of the drugs under evaluation were compared to those
obtained from our positive control (Fig. 7 K, L), where a similar fluo-
rescence pattern was observed. Differences between the values were
assessed using a one-way analysis of variance (ANOVA). The results
displayed significant differences (****p < 0.0001) when comparing
treated cells to the negative controls.

4. Discussion
The urgent need for novel therapies against Naegleria fowleri em-

phasizes the persistent challenges posed by this neglected pathogen.
With limited attention from pharmaceutical companies coupled with
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Fig. 3. Double staining kit (Hoechst 33342/PI) for the analysis of chromatin condensation. Negative control (A-C), terconazole (D-F), clemastine (G-I), ABT-239
(J-L), PD-144418 (M-0) and amphotericin B (P-R). Notably, all treated amoebae with an ICy of the respective molecules exhibited blue fluorescence (B, E, H, K, N,
Q). Additionally, after 24 h, no red fluorescence was observed, indicating that the amoebae were in an early stage of apoptosis. A negative control was used as a
reference of healthy cells. Amphotericin B served as a reference compound for evaluating its effects against amoebae in comparison to the test compounds. All images
were taken at the same time with 3 different visible/fluorescent channels with a thickness of 40x. An EVOS™ M5000 Cell Imaging System, Life Technologies, Madrid,
Spain was used to capture the images. Scale bar: 75 pm. The bar graph (S) presents the percentage of cells that emit blue and red fluorescence post-incubation with
the dyes. The data represents the mean values from three separate assays, along with the standard deviation (SD). A one-way analysis of variance (ANOVA) was also
assessed to determine the statistical differences between the treated cells and the negative control, *p < 0.05; ****p < 0.0001; ns = not significant. Each counting
involved the analysis of three different pictures using the EVOS™ M5000 software tools.
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Fig. 4. Increase of plasma membrane permeability determined by SYTOX™ Green reagent. Negative control (A-B), terconazole (C-D), clemastine (E-F), ABT-239
(G-H), PD-144418 (I-J) and amphotericin B (K-L). All treated amoebae with an ICqy of compounds exhibited green fluorescence (B, E, H, K, N, Q), indicating
enhanced membrane permeability, facilitating the ingress of the reagent and its binding to nucleic acids. A negative control served as a reference for healthy cells,
demonstrating impermeability to the utilized reagent. Amphotericin B was utilized as a reference compound to assess its effects on amoebae in comparison to the
evaluated compounds. All images were captured simultaneously using distinct (Overlay/GFP) channels at 40x. An EVOS™ M5000 Cell Imaging System, Life
Technologies, Madrid, Spain was used to capture the images. Scale bar: 75 pm. In the bar graph (M), the mean value =+ SD of green fluorescence-stained amoebae and
the negative control was displayed. A one-way analysis of variance (ANOVA) was conducted to assess the statistical variances between the treated cells and the
negative control. Statistical significance was represented as follows: **p < 0.01; ***p < 0.001; ****p < 0.0001; ns = not significant. Three separate images were

analyzed using the EVOS™ M5000 software, for each count.

limited research and divulgation, the development of effective treat-
ments for diseases caused by N. fowleri remains a serious unmet
requirement. Within this research context, our principal aim was to
identify compounds, sourced from the COVID-Box, capable of effectively
combat N. fowleri and potentially serve as the foundation for future
chemicals development. This approach led to the discovery of four
promising molecules namely terconazole, clemastine, ABT-239, and PD-
144418. These active compounds demonstrated promising inhibitory
effects against N. fowleri, showing an in vitro ICsq value of 1.96 + 0.60
pM in parasite viability (ATCC® 30,808™) upon exposure to tercona-
zole, ICsp of 7.68 + 0.32 pM with clemastine, ICsy of 3.65 + 0.79 pM

with ABT-239, and ICsp 4.71 + 0.95 pM with PD-144418. In addition,
the effect of these compounds against the resistance phase of the parasite
was also demonstrated. This, coupled with a cytotoxic concentration
ranging from 48 to 84 pM among the compounds, results in all of them
achieving a selectivity index higher than the one obtained for some
certain reference drugs such as miltefosine (see Table 1).

Moreover, considering the broad-spectrum activity of the evaluated
compounds, they are likely to demonstrate significant efficacy against a
variety of other pathogenic microorganisms. Terconazole, recognized
for its antifungal properties, has exhibited notable activity against
Candida albicans and Candida glabrata (Sood et al., 2000; Spitzer and
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Fig. 5. JC-1 manifests the mitochondrial membrane potential depolarization. Negative control (A-C), terconazole (D-F), clemastine (G-I), ABT-239 (J-L), PD-
144418 (M-O) and amphotericin B (P-R). All treated amoebae with an ICyy of molecules exhibited green (C, F, I, L, O, R) and red fluorescence (B, E, H, K, N,
Q), indicating a decline in mitochondrial membrane potential. A negative control was used as a reference for healthy cells. Treated trophozoites with amphotericin B
at ICqg served as a positive control. All images were captured simultaneously using three different (Overlay/RFP/GFP) channels at 40 x magnification, employing an
EVOS™ M5000 Cell Imaging System, Life Technologies, Madrid, Spain. Scale bar: 75 pm. The bar graph (S) illustrates the percentage of cells emitting green and red
fluorescence after incubation with the dyes. Data represent the mean values + SD of three different assays. A one-way analysis of variance (ANOVA) was also assessed

to determine the statistical differences between the treated cells and the negative control, **p < 0.01; ***p < 0.001; *

*p < 0.0001; ns = not significant. For each

counting, three different pictures were analyzed in the EVOS™ M5000 Cell Imaging System software, Life Technologies.
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Fig. 6. ATP production was measured by Cell Titer-Glo®. Non-treated amoebae
were used as negative control. Treated trophozoites with Amphotericin B ICg
was carried out as a positive control. All treated trophozoites with ICqy of
COVID Box compounds displayed a significative decrease in ATP levels
compared with Negative control. Data represent the mean values of three
different assays and the standard deviation (SD). A one-way analysis of variance
(ANOVA) was also assessed to determine the statistical differences between the
treated cells and the negative control, ****p < 0.0001.

Wiederhold, 2018), as well as against the protozoa Trypanosoma cruzi
(Reigada et al., 2019). This molecule that belongs to the group of azoles,
acts by inhibiting the 14-alpha-demethylase, a key enzyme for the
ergosterol biosynthesis (Zarn et al., 2003) that has been demonstrated as
an essential lipid for the N. fowleri trophozoite’s survival (Zhou et al.,
2018). In fact, compounds that bind to the ergosterol or inhibit its
synthesis are already used to treat N. fowleri infections, like amphoter-
icin B and fluconazole (Hahn et al., 2020; Pugh and Levy, 2016).

Clemastine, in addition to its antihistamine effects (Herman and
Vender, 2003), is another of the compounds that have shown anti-viral
activity against respiratory viruses, in specific SARS-CoV-2 (Sauvat
et al., 2020). Moreover, it has also shown antiprotozan activity against
the parasites of the apicomplexa group, Toxoplasma gondii and Plas-
modium spp. (Abbaali et al., 2021). The mechanism of action of clem-
astine in protozoa relies on its bind and destabilization of the TRiC/CCT
chaperonin (Abbaali et al., 2021; Lu et al., 2020). This heterooligomeric
complex is required for the folding of the cytoskeletal proteins actin and
tubulin, which are part of the microfilaments and microtubules of the
cells, as well as been involved in the cell division (Grantham, 2020;
Wang et al., 2020).

ABT-239 is a potent H3 histamine receptor antagonist. These mole-
cules are related to the treatment of different cognitive disorders such as
schizophrenia or Alzheimer (Esbenshade et al., 2008; Fox et al., 2005).
Since the H3 histamine receptor is located in the CNS (Schlicker and
Kathmann, 2017), the cross of the blood brain barrier (BBB) would not
represent any issue for the treatment and elimination of the amoebae in
the brain. In fact, this is one of the most common obstacles in the search
of new molecules to fight the PAM. This work represents the first report

of the biological activity against a microorganism.

PD-144418 is a highly affinity, potent and selective sigma 1 (c1)
receptor ligand with antiviral activity (Gordon et al., 2020). On the
other hand, recently, the similarity between the ¢1 brain receptor and
the catalytic domain of ERG2 has been described, sharing 30% sequence
identity and 60% sequence homology (Shi et al., 2019). This enzyme is
considered as a potential therapeutic target against N. fowleri since it is
involved in the ergosterol biosynthesis. Having this in mind, some au-
thors have proposed the non-opioid 61 receptor as new target to find
novel molecules with anti-Naegleria activity (Zhou et al., 2018). The
great activity of the PD-144418 against two different strains of N. fowleri
described in this work is aligned with the previous statement. These
results demonstrate that these compounds can combat several infections
and contribute to the effective treatment of a wide range of diseases.

The compounds to be considered as alternative therapeutic option
against PAM, must induce a controlled death of the parasite, by trig-
gering a programmed cell death (PCD) process in the parasite. In this
context, our study focused on investigating PCD induction, emphasizing
the identification of key metabolic events crucial for pathogen elimi-
nation without compromising the patient’s well-being. Recognizable
features associated with PCD induction include chromatin condensation,
alterations in plasma membrane permeability, increased ROS produc-
tion and a decrease of the mitochondrial membrane potential. These
events suggest the activation of specific PCD pathways, which can
trigger the regulated elimination of Naegleria fowleri trophozoites. On
the other hand, inducing a non-regulated cell death, often marked by the
absence of typical apoptotic or autophagic features, may trigger in-
flammatory processes, exacerbating the disease’s pathogenesis and
hastening the patient’s demise.
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Fig. 7. ROS overproduction was detected using CellROX Deep Red fluorescent kit. Negative control (A-B), terconazole (C-D), clemastine (E-F), ABT-239 (G-H), PD-
144418 (1-J) and amphotericin B (K-L). All treated amoebae with an ICyg of compounds exhibited red fluorescence (B, E, H, K, N, Q), indicating an increase in the
formation of ROS. A negative control served as a reference for healthy cells, with lower levels of ROS, barely showing any fluorescence. The effects of the treated
amoebae were compared with a positive control, the reference drug amphotericin B. The images were all captured at the same time, employing separate Overlay/GFP
channels at 40x magnification. For capturing the images, EVOS™ M5000 Cell Imaging System, Life Technologies, Madrid, Spain was used. Scale bar: 75 pm. In the
bar graph (M), the mean value + SD of amoebae of stained cells and negative control was presented. An analysis of the statistical variances between the treated and
non-treated cells was conducted through a one-way analysis of variance (ANOVA). Representation of statistical significance was as follows: ****p < 0.0001; ns = not
significant. Each count involved the analysis of three separate images using the EVOS™ M5000 software.
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