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Abstract

Background/Objectives: Malaria is a tropical disease mainly caused by Plasmodium fal-
ciparum and represents a global public health problem, with over 200 million cases and
500 thousand deaths reported worldwide. Considering its treatment limitations, it is es-
sential to develop new compounds against malaria. In this context, acridine derivatives
are privileged structures. Methods: Thus, new spiroacridines containing N-acylhydrazone
(AMTAC) and N-phenylacetamide (ACMD) were synthesized and evaluated in malaria
and cytotoxicity assays, as well as in silico studies. Results: As a result, five spiroacridines
showed inhibitory activity over 70% against the P. falciparum 3D7-GFP strain at 10 µM,
along with an IC50 range of 2–4 µM. After a brief Structure–Activity Relationship (SAR)
analysis, it was observed that the spiroacridine structure must be associated with the
hydrazone moiety to successfully inhibit parasite growth. In addition, these molecules
presented promising resistance profile, with selectivity for the parasite. After computa-
tional studies, spiroacridines showed better affinity with dihydrofolate reductase (DHFR),
overcoming the quadruple mutant resistance to pyrimethamine, with more stability in
complex with the enzyme. Conclusions: Therefore, the potential of spiroacridines against
malaria, with moderate resistance and selectivity profile, as well as DHFR inhibition greater
than pyrimethamine, was confirmed.

Keywords: acridine; malaria; tropical parasitic diseases; synthesis; molecular docking;
molecular dynamics; MM-PBSA; dihydrofolate reductase; thymidylate synthase
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1. Introduction
Malaria is a tropical disease transmitted through the bite of female Anopheles

mosquitoes and caused by protozoa of the Plasmodium genus, of which five species can
infect humans (P. falciparum, P. vivax, P. malariae, P. ovale, and P. knowlesi) [1]. Among these,
P. falciparum is responsible for 97% of cases reported globally and is notorious for inducing
severe clinical conditions due to its propensity to “sequester” infected erythrocytes in the
microvasculature of vital organs, which can lead to cerebral malaria and multiple organ
dysfunction [2,3].

Thus, malaria remains a public health issue of high global impact. According to recent
data published by the World Health Organization, approximately 263 million cases and
597,000 deaths from malaria were reported worldwide in 2023, of which approximately 95%
of these fatalities occurred in the African Region, mainly in four countries of Sub-Saharan
Africa: Nigeria, the Democratic Republic of the Congo, Niger, and the United Republic of
Tanzania, which account for more than half of global malaria-related deaths [4].

The chemotherapeutic treatment used to control malaria comprises an arsenal of
drugs categorized according to the specific stage of the parasite’s life cycle in which they
act. Thus, they consist of gametocides (artemisinin, chloroquine), blood schizonticides
(halofantrine, sulfadoxine, mefloquine, and quinine), tissue schizonticides (pyrimethamine
and primaquine), and sporonticides (pyrimethamine and primaquine) [5]. Nevertheless,
several limitations are associated with the drugs available for the treatment of malaria,
such as low efficacy, high toxicity, and the growing prevalence of resistant parasites, a
consequence directly related to the rising mutation rate of the Plasmodium genome. As
a result, there has been a continuous increase in the rates of global malaria cases since
2015 [6,7]. The spread of Plasmodium resistance to the current chemotherapeutic arsenal
underscores the urgent need for new antimalarial agents with novel mechanisms of action.
Therefore, there is an urgent demand for the development of novel chemical compounds
that can perform safe and effective antimalarial activity against drug-sensitive and drug-
resistant Plasmodium, targeting dual and multistage phases of the parasite life cycle [8].

Given this premise, the privileged acridine nucleus stands out. It is the central core
and the main pharmacophoric group of quinacrine, the first synthetic antimalarial in-
troduced into clinical practice, and currently employed as a scaffold for the design and
synthesis of novel promising antimalarial acridine derivatives or analogs. The acridine
nucleus demonstrates remarkable antimalarial potential, performing this activity through
multiple mechanisms of action, such as interaction with DNA, inhibition of parasitic topoi-
somerase II, disruption of the mitochondrial bc1 complex, and interference with hemozoin
formation [9–11].

In this context, acridine, specifically spiroacridine compounds, has attracted the inter-
est of researchers due to its mechanisms of action, positioning it as a potential chemothera-
peutic agents [12]. Thus, spiroacridine derivatives have been investigated by our research
group and stand out due to their antitumor [13–19], antileishmanial [20–22], and antifun-
gal [23] activities.

Based on this premise, this work proposes the synthesis and evaluation of the anti-
malarial activity and mechanism of action of spiroacridines. This study focused on the
rational design of new spiroacridine derivatives, their synthesis and structural charac-
terization, and the investigation of their antimalarial activity and parasite selectivity of
the obtained compounds, compared with their respective N-acylhydrazone reaction in-
termediates. For this purpose, in vitro assays were carried out against different strains
of P. falciparum that are sensitive and resistant to commercial drugs, along with in silico
theoretical studies of mechanism of action and pharmacokinetic prediction.
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2. Results
2.1. Design of Compounds

Considering the significant antimalarial activity and selectivity toward P. falciparum W2
of the hydrazine compounds ACS-AZ series (Figure 1), which showed IC50 of 0.90–3.20 µM
compared to primaquine (IC50 = 1.70 µM) [24], their structures were used to design new
acridine derivatives (Figure 1). For this, classic tools of medicinal chemistry were used to
perform chemical modifications. In this way, molecular expansion and retroisosterism were
applied to obtain the N-acylhydrazone spiroacridines (AMTAC), by reverting the position
of acetohydrazide (ACS-AZ 01-03), highlighted in blue, and expanding this moiety with
the addition of an sp2 carbon. This modification was performed to assess the relevance
of acetohydrazide moiety and to increase the chain, with the conversion of hydrazine
to hydrazone, besides the direct attachment of the amino group at the 9-position of the
acridine ring present in compounds ACS-AZ 01-03. After the retroisosterism modification,
the acetohydrazide group became more labile, which can possibly justify the spontaneous
cyclization generating the spiroacridine ring [12]. Subsequently, using molecular simplifica-
tion and bioisosterism, the N-phenylacetamide spiroacridine (ACMD-01) was designed by
removal of the imine group after the conversion of acetohydrazide to acetamide, allowing
the assessment of the relevance of the hydrazone moiety.

Figure 1. Design of N-acylhydrazone and acetamide spiroacridines. The acetohydrazide and N-
acylhydrazone moieties are represented in blue, whereas acetamide is represented in pink, as well as
the compound’s names which contains each group are represented in the corresponding color.



Antibiotics 2025, 14, 1214 4 of 25

2.2. Synthesis and Structural Elucidation

For the synthesis of AMTAC compounds, intermediates JR (Figure 2) were obtained
by aldol condensation of 2-cyanoacetohydrazide and different benzaldehydes in ethanol
under acidic conditions at room temperature [25,26]. Then, these compounds were submit-
ted to a Knoevenagel condensation with 9-acridinecarboxaldehyde (Figure 2). AMTAC-01,
AMTAC-02, AMTAC-06, and AMTAC-17 were already synthesized in previous works
of the research group, in a basic environment using ethanol as the solvent under re-
flux [12,16,19]. The same protocol was performed for the new spiroacridines AMTAC-21,
AMTAC-22, and AMTAC-24, resulting in yields of 69–90%. As for the synthesis of spiroacri-
dine ACMD-01, 2-cyano-N-phenylacetamide was acquired by an amidation reaction of
ethyl 2-cyanoacetate with aniline and submitted to a Knoevenagel condensation with 9-
acridinecarboxaldehyde (Figure 2), following the same protocol of Albino et al. (2025) [22].

Figure 2. Synthesis of N-acylhydrazone and acetamide compounds. Reaction conditions are as
follows: (a) EtOH, AcOH, r.t.; (b) 9-Acridinecarboxaldehyde, EtOH, Et3N, 78 ◦C; and (c) DMF,
aniline, 160 ◦C. The acetohydrazide and N-acylhydrazone moieties are represented in blue, whereas
acetamide is represented in pink, as well as the compound’s names which contains each group are
represented in the corresponding color.

Among these compounds, some were synthesized in previous works, and their struc-
tural elucidation was already carried out, such as JR-09 [26], JR-18 [27], JR-19 [25], as well
as AMTAC-01, AMTAC-02, AMTAC-06, AMTAC-17, and ACMD-01 [12,16,19,22]. How-
ever, the other compounds are reported for the first time, and their structures were confirmed
through 1H-NMR, 13C-NMR, and IR spectroscopy, as well as mass spectrometry, except for
the intermediates JR-11, JR-06, JR-10, and JR-28. These data were consistent with the expected
chemical structures, as described in the Supplementary Material (Figures S1–S22).

In all 1H-NMR spectra of JR, two characteristic singlets were observed, one in the
range of 11.8–12.0 ppm corresponding to NH group, and another at 3.7–4.3 ppm attributed
to methylene hydrogens, besides the aromatic shifts at 6.97–8.96 ppm. The duplicate peaks
can be justified by the possible formation of anti- and synperiplanar conformers, common in
N-acylhydrazones [26,28,29]. As for 1H- and 13C-NMR spectra of AMTAC-21, AMTAC-22,
and AMTAC-24, characteristic hydrogen peaks of the spiroacridine scaffold, such as NH
(9.85–11.49 ppm), pyrrole alkene (8.57–8.74 ppm), and imine (8.32–8.59 ppm), as well as
carbon shifts in carbonyl (160–161 ppm), imine (150–160 ppm), alkene (148 ppm), and the
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quaternary carbon (68–69 ppm) were identified. Moreover, both AMTAC and JR series of
compounds were represented in the E isomer of the imine bond since this configuration
is predominant in N-acylhydrazones of aromatic aldehydes, whereas the Z isomer is less
stable and short-lived due to steric hindrance [29].

Along with NMR, the infrared spectroscopy results were as expected, with identifica-
tion of axial deformations of secondary amide (NH), aromatic C-H (sp2), amide carbonyl
(C=O), and aromatic C=C, as well as bending vibrations of amide (N-H) and aromatic
rings (C-H) with ortho, meta, or para substitutions. Finally, mass spectrometry corrobo-
rated the molecular weight and chemical formula of the synthesized compounds since the
calculated mass values were similar to the ion molecular peaks, with a slight difference
between the experimental and calculated m/z ratios in positive mode. In summary, these
characterization data are in agreement with previous studies performed with these kind of
compounds [12,16,18,19,22].

2.3. Antimalarial Activity Against Asexual Blood Stages

In order to assess the antiplasmodial activity of the compounds, a screening with fixed
concentrations at 10 µM was performed against unsynchronized cultures of the asexual
blood stages of P. falciparum 3D7HT-GFP (hereafter referred to as 3D7-GFP). The results
obtained with this assay were represented as a percentage of inhibition of P. falciparum
3D7-GFP culture, as displayed in Table 1. The JR intermediates were also evaluated in this
assay in order to assess the relevance of the spiroacridine scaffold.

For this experiment, compounds with inhibition percentages over 70% at the maximal
concentration (10 µM) were associated with considerable antiplasmodial activity. In this
way, almost all the spiroacridines, except AMTAC-06, AMTAC-24, and ACMD-01, showed
antimalarial potential, with percentages over 90%. However, the N-acylhydrazone interme-
diates (JRs) and the spiroacridine acetamide ACMD-01 were inactive against malaria due
to inhibition results under 20%.

Afterward, the five compounds AMTAC-01, AMTAC-02, AMTAC-17, AMTAC-21,
and AMTAC-22, which showed inhibition percentages over 70%, at 10 µM, were submitted
to the determination of Half-Maximal Inhibitory Concentration (IC50) against the following
three P. falciparum strains: 3D7-GFP (chloroquine-sensitive), Dd2 (chloroquine-resistant),
and MRA-1240 (artemisinin-resistant) (Table 1). For validation of these assays, chloro-
quine was used as a positive control, and the IC50 values were comparable to those of
other studies [30,31]. The concentration–response curves are displayed in Figures S23–S25
(Supplementary Material).

All compounds showed IC50 values around 2.0–4.0 µM against the three Plasmodium
falciparum strains evaluated (Table 1). Although these results are less potent compared to
chloroquine, which showed an IC50 of 0.02–0.26 µM [30,31], the resistance index (RI = IC50

of resistant strain/IC50 of susceptible strain) of spiroacridines showed favorable values,
between 0.6 and 1.3, compared to 11.0 and 7.9 for the standard drug. Since lower RI values
are associated with less resistance of the parasite strain against the compounds assessed,
spiroacridines showed the ability to overcome resistance towards chloroquine.



Antibiotics 2025, 14, 1214 6 of 25

Table 1. In vitro antimalarial activity against drug-sensitive and drug-resistant P. falciparum strains
(3D7-GFP, Dd2, and MRA-1240) after 72 h of treatment.

Compound R

Inhibition
(%) IC50 (µM) b RI c

10 µM 3D7-GFP Dd2 MRA-1240 Dd2 MRA-1240

AMTAC-01 96.8 ± 0.1 2.11 ± 0.60 1.37 ± 0.46 1.66 ± 0.08 0.6 0.8

AMTAC-02 97.6 ± 0.1 3.19 ± 0.49 3.12 ± 0.34 4.01 ± 0.17 1.0 1.3

AMTAC-06 62.4 ± 8.9 – – – – –

AMTAC-17 97.4 ± 0.1 3.28 ± 0.49 3.29 ± 0.38 4.09 ± 0.05 1.0 1.2

AMTAC-21 91.1 ± 0.1 3.78 ± 0.18 3.99 ± 0.23 4.07 ± 0.27 1.0 1.1

AMTAC-22 95.3 ± 0.1 3.01 ± 0.52 2.34 ± 0.11 2.88 ± 0.30 0.8 1.0

AMTAC-24 66.8 ± 10.8 – – – – –

ACMD-01 9.8 ± 1.6 – – – – –

JR-06 12.4 ± 1.0 – – – – –

JR-09 14.8 ± 0.4 – – – – –

JR-10 12.6 ± 1.4 – – – – –

JR-11 13.4 ± 1.4 – – – – –

JR-18 14.7 ± 7.2 – – – – –

JR-19 16.8 ± 5.0 – – – – –

JR-28 5.5 ± 11.5 – – – – –

CQ a – 94.34 ± 0.54 0.02 ± 0.01 0.26 ± 0.09 0.19 ± 0.07 11.0 7.9
a CQ = chloroquine. b Half-Maximal Inhibitory Concentration (IC50, µM). The results for each compound were
calculated relative to the control in two independent experiments, each performed in triplicate. Results are
presented as mean ± standard deviation (SD). c RI (resistance index) = IC50 (Dd2 or MRA-1240)/IC50 (3D7).
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2.4. Cytotoxicity Against Monkey Kidney Cells (Vero E6)

In the following stages, to assess the selectivity of compounds against P. falciparum over
mammalian cells, the cytotoxicity against monkey kidney cells (Vero E6) was determined
through MTT assay after 72h of treatment. Also, the selectivity index (SI) of compounds
was calculated by the ratio between a compound’s cytotoxicity against Vero E6 cells and
its antiplasmodial activity (SI = Vero E6 IC50/P. falciparum IC50). All IC50 values and
selectivity index (SI) are represented in Table 2. Despite AMTAC-22 presenting some
toxicity, with a 15–20% reduction in cell viability at all concentrations evaluated (12.5–100
µM), all spiroacridines showed safety towards the kidney cells, as well as the standard
drug chloroquine (Figure 3), with SI values over 20.

Table 2. In vitro cytotoxicity against monkey kidney cells (Vero E6) after 72 h of treatment.

Compound
IC50 (µM) b SI c

3D7-GFP Dd2 MRA-1240 Vero E6 3D7-GFP Dd2 MRA-1240

AMTAC-01 2.11 ± 0.60 1.37 ± 0.46 1.66 ± 0.08 >100.00 >47.3 >72.7 >60.2

AMTAC-02 3.19 ± 0.49 3.12 ± 0.34 4.01 ± 0.17 >100.00 >31.3 >32.0 >24.9

AMTAC-17 3.28 ± 0.49 3.29 ± 0.38 4.09 ± 0.05 >100.00 >30.5 >30.4 >24.5

AMTAC-21 3.78 ± 0.18 3.99 ± 0.23 4.07 ± 0.27 >100.00 >26.4 >25.1 >24.6

AMTAC-22 3.01 ± 0.52 2.34 ± 0.11 2.88 ± 0.30 >100.00 >33.2 >42.7 >34.7

CQ a 0.02 ± 0.01 0.26 ± 0.09 0.19 ± 0.07 >100.00 >4251.2 >387.5 >539.2
a CQ = chloroquine. b Half-Maximal Inhibitory Concentration (IC50, µM). The results for each compound were
calculated relative to the control in two independent experiments, each performed in triplicate. Results are
presented as mean ± standard deviation (SD). c SI (selectivity index) = IC50 (Vero E6)/IC50 (3D7-GFP, Dd2 or
MRA-1240).

Figure 3. Cytotoxic effects of test compounds AMTAC-01 (A), AMTAC-02 (B), AMTAC-17 (C),
AMTAC-21 (D), AMTAC-22 (E), and chloroquine (F) on Vero E6 cells. C, Control: 1% DMSO-treated
wells, considered as 100% cell viability. D: 10% DMSO. Results were expressed as mean of cell
viability ± standard deviation of four independent experiments performed in triplicates. *** p < 0.001,
** p < 0.01, and * p < 0.05, compared to the corresponding control group. Data were evaluated by
ANOVA, followed by Tukey’s post-test using GraphPad Prism 8.0.
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2.5. Proposing the Mechanism of Action Through Molecular Docking

To suggest the possible mechanism of action involved in the antimalarial activity
determined in vitro, the most potent compounds (AMTAC-01, AMTAC-02, AMTAC-17,
AMTAC-21, and AMTAC-22) were selected for molecular docking. For this purpose, phar-
macological targets essential for parasite survival were chosen for analysis, including dihy-
droorotate dehydrogenase (DHODH), bifunctional dihydrofolate reductase-thymidylate
synthase (DHFR), purine nucleoside phosphorylase (PNPase), topoisomerase II (Topo II),
prolyl-tRNA synthetase (ProRS), lactate dehydrogenase (LDH), enoyl acyl carrier protein
reductase (ENR), falcipain-2 (FP2), and falcipain-3 (FP3) of P. falciparum.

To validate the methodology, the Root Mean Square Deviation (RMSD) values for
DHODH, DHFR, PNPase, ProRS, LDH, ENR, FP2, and FP3 were in the range of 0.41–1.08
Å, below the 2.0 Å cutoff. As for Topo II, in the absence of a co-crystallized ligand, the
system was validated through the interaction profile of the inhibitor with the catalytic
residues within the active site, as described in the literature [32]. The binding affinity of
each compound was assessed using the Fitness Score, with the results summarized in
Table 3. Among the eight molecular targets evaluated, the most likely involved in the
antimalarial activity of the spiroacridines is DHFR, which presented higher score values
compared to the co-crystallized standard drug pyrimethamine.

Table 3. FitScore values of spiroacridine derivatives against relevant P. falciparum targets.

Target RMSD 10 (Å)
FitScore

AMTAC-01 AMTAC-02 AMTAC-17 AMTAC-21 AMTAC-22 Standard 11

DHODH 1 0.78 58.22 46.79 13.49 56.60 50.98 74.96
W-DHFR 2 0.41 70.45 68.33 70.36 71.33 75.16 65.65
M-DHFR 3 0.46 65.53 61.73 66.78 70.66 72.85 63.45
PNPase 4 0.45 46.48 49.04 44.08 51.08 49.58 64.76
Topo II 5 – 41.23 46.61 48.80 40.21 40.35 50.77
ProRS 6 1.01 48.06 56.75 48.58 53.05 55.58 67.43
LDH 7 0.51 50.25 49.38 54.95 53.96 54.62 56.94
FP2 8 0.73 70.38 74.74 69.08 79.23 74.13 108.76
FP3 9 1.08 78.06 72.73 63.90 80.82 74.51 131.94

1 Plasmodium falciparum dihydroorotate dehydrogenase (ID: 9DIK); 2 Plasmodium falciparum wild-type bifunc-
tional dihydrofolate reductase-thymidylate synthase (ID: 3QGT); 3 Plasmodium falciparum quadruple-mutant
bifunctional dihydrofolate reductase-thymidylate synthase (ID: 3QG2); 4 Plasmodium falciparum purine nucleoside
phosphorylase (ID: 5ZNC); 5 Plasmodium falciparum topoisomerase II (ID: 6CA8); 6 Plasmodium falciparum prolyl-
tRNA synthetase (ID: 4WI1); 7 Plasmodium falciparum lactate dehydrogenase (ID: 1U4O); 8 Falcipain-2 (ID: 3BPF);
9 Falcipain-3 (ID: 3BWK); 10 RMSD: Root Mean Square Deviation; 11 DSM681 (DHODH), pyrimethamine (DHFR
W and M), quinine (PNPase), etoposide (Topo II), TCMDC-124506 (ProRS), 2,6-naphthalenedicarboxylic acid
(LDH), E64 (FP2), and K11017 (FP3).

All spiroacridines showed greater affinity with both DHFR enzymes, wild-type
(wtDHFR) and quadrupole-mutated (qmDHFR), compared to pyrimethamine, with higher
FitScore values, except for AMTAC-02 with the mutated enzyme. The binding mode
showed that hydrophobic interactions are essential for affinity with the active site, includ-
ing π-π stacking and alkyl–aryl interactions. However, the H-bond with some essential
residues, such as Asp54 and Ile164, can improve complex stabilization [33,34], considering
the high score of AMTAC-01 (70.45) (Figure 4). Although AMTAC-21 and AMTAC-22
showed higher scores, AMTAC-01 was more active in the in vitro assays due to its higher
potency and lower toxicity. Thus, this compound was selected for further in silico analysis
through MD simulations and MM-PBSA calculations.
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Figure 4. Three-dimensional representation of DHFR complex with pyrimethamine (magenta) and
AMTAC-01 (cyan) (A). Two-dimensional interaction diagram of DHFR complexes with AMTAC-01
(B) and pyrimethamine (C). Legend: dark green = hydrogen bond; light green = carbon–hydrogen
interaction; dark pink = π-π stacking; light pink = π-alkyl and alkyl interactions; and red = unfavorable
acceptor–acceptor; All carbon, nitrogen, oxygen and sulfur atoms are represented in gray, blue, red
and yellow color, respectively.

2.6. Molecular Dynamics (MDs) Simulations to Propose the Target and Insights to
Overcome Resistance

After molecular docking, the enzymes wtDHFR and qmDHFR, which provided the
best results, were chosen for MD simulations to suggest their potential as drug targets for
this chemical class of compounds. In addition, the MD simulations were performed with
the complexes with AMTAC-01, as it is expected to be the most active compound in the
work. Then, after 100 ns of simulation, the compound AMTAC-01 showed great stability
in the RMSD plots at the binding site of both enzymes (Figure 5A,B). For wtDHFR, the
RMSD value for the free enzyme was around 6 Å, stabilizing after 40 ns of simulation. In
addition, the complexes with pyrimethamine and AMTAC-01 showed similar variations,
ranging from 4 to 5 Å (Figure 5A). On the other hand, for qmDHFR, the free protein showed
RMSD around 5 Å, and the complexes with pyrimethamine and AMTAC-01 were around
4 Å (Figure 5B). Also, it is clear that the lowest stability of pyrimethamine at qmDHFR
compared to wtDHFR, and the improved stability of AMTAC-01, may suggest DHFR as
the main drug target, as well as provide additional information that this spiroacridine can
overcome resistance to pyrimethamine.

Next, for the Root Mean Square Fluctuation (RMSF) results (Figure 5C,D), a simi-
lar standard is observed in the simulations of the free DHFR and in the complexes with
pyrimethamine and AMTAC-01. The fluctuations of the residues were up to 10 Å, with
higher intensity in the region of the binding site between residues 50–150 for the complexes
with wtDHFR, highlighting the permanence of the compounds at the binding site (Fig-
ure 5C). Nevertheless, for the complexes with qmDHFR (Figure 5D), a minor fluctuation
in the region of the binding site for the complex with pyrimethamine is expected due
to resistance. Furthermore, the permanence of AMTAC-01 at the binding site is clear,
suggesting once again that the compound can overcome resistance to pyrimethamine.
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Figure 5. Plots of MD simulation in a 100 ns trajectory: RMSD of wtDHFR (A) and qmDHFR (B), and
RMSF of wtDHFR (C) and qmDHFR (D), highlighting the free proteins (black lines) and in complex
with the standard compound (red line) and AMTAC-01 (green line).

The plot of the radius of gyration (Rg) (Figure 6A,B) suggests the rigidity and compact-
ness of the protein. In this way, for wtDHFR (Figure 6A), the complexes with pyrimethamine
and AMTAC-01 presented similar values throughout the simulations, around 30 Å, stabi-
lizing around 40 Å. However, for qmDHFR (Figure 6B), it is clear that AMTAC-01 allowed
better stability compared to pyrimethamine, around 29 and 31 Å, respectively. Furthermore,
the Solvent Accessible Surface Area (SASA) plots (Figure 6C,D) provided information about
the influence of water molecules on the stability of the complexes. In fact, both compounds
in complex with wtDHFR (Figure 6C) showed great stability relative to the free protein,
with values around 330 nm2, stabilizing after 20 ns of simulation. Similar to previous
results, for the complexes with qmDHFR (Figure 6D), after 60 ns of simulation, trajectory
deviations occur for the complex with pyrimethamine, with values around 340 nm2, while
the complex with AMTAC-01 maintains stability similar to the free protein, with values
around 320 nm2. Once again, our findings prove that DHFR is the main target, and the
information about the resistance of DHFR against pyrimethamine suggests that AMTAC-01
can overcome this mechanism of resistance.

Finally, the analysis of the H-bond plots (Figure 7A,B) for the compounds in complex
with wtDHFR and qmDHFR highlighted up to four H-bond interactions at the binding site
for pyrimethamine in complex with wtDHFR and up to two for AMTAC-01 (Figure 7A).
However, for the complexes with qmDHFR (Figure 7B), a decrease in the H-bond interac-
tions was observed for pyrimethamine, showing up to three interatctions and a progressive
decrease throughout the trajectory. In contrast, for the complex with AMTAC-01, the results
showed an increase in H-bond interactions throughout the trajectory, with a maximum
of five interactions. These data confirm the resistance of qmDHFR to pyrimethamine and
once again suggest the importance of the molecular scaffold of spiroacridine AMTAC-01 in
overcoming resistance against this target.
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Figure 6. Plots of MD simulation in a 100 ns trajectory: Rg of wtDHFR (A) and qmDHFR (B), and
SASA of wtDHFR (C) and qmDHFR (D), highlighting the free proteins (black lines) and in complex
with the standard compound (red line) and AMTAC-01 (green line).
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2.7. Validation of DHFR Targeting Through MM-PBSA Calculations

To confirm our hypothesis that spiroacridine AMTAC-01 overcomes resistance against
qmDHFR, we performed a Molecular Mechanics Poisson–Boltzmann Surface Area (MM-
PBSA) calculation to provide the binding free energy and per-residue contribution in the
binding process. Thus, in the first analysis, AMTAC-01 showed a better value of free
binding energy compared to pyrimethamine (∆Gbind = −68.018 and −50.837 kJ.mol−1,
respectively), confirming the previous findings, with superior binding energy as well as
the ability to overcome the quadruple resistance relative to pyrimethamine (Table 4). In
addition, for the best fit of the ligand, it is clear that the van der Waals interactions were
critical in the coupling process compared to electrostatic interactions (−160.079 and −47.442
kJ.mol−1, respectively), similar to the standard compound pyrimethamine (−112.880 and
−12.113 kJ.mol−1, respectively), confirming the binding mode analysis from the molecular
docking, which pointed out the relevance of hydrophobic interactions. Also, the best
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SASA energy for AMTAC-01 compared to pyrimethamine (−19.119 and −14.481 kJ.mol−1,
respectively) suggested the permanence of the compound in the hydrophobic environment,
which indicates the best fit at the binding site and corroborates the ∆Gbind values.

Table 4. Results of binding free energy calculation and interaction parameters by MM-PBSA of the
pyrimethamine and AMTAC-01 in complex with qmDHFR.

Compound ∆Gbind
(kJ.mol−1)

SASA
(kJ.mol−1)

Polar solvation
(kJ.mol−1)

Electrostatic
(kJ.mol−1)

van der Waals
(kJ.mol−1)

Pyrimethamine 1 −50.837 ± 10.296 −14.481 ± 0.821 88.637 ± 20.564 −12.113 ± 14.691 −112.880 ± 12.000
AMTAC-01 −68.018 ± 13.969 −19.119 ± 1.185 158.622 ± 32.375 −47.442 ± 15.868 −160.079 ± 21.005

1 the pyrimethamine used as a standard compound was co-crystallized in PDB 3QG2.

Finally, the increase in polar solvation energy for AMTAC-01 compared to pyrimethamine
(158.622 and 88.637 kJ.mol−1, respectively) suggested the lowest solvation of the ligand and
greater permanence at the binding site, away from water molecules, and once again corrob-
orating the ∆Gbind values. Furthermore, the per-residue contribution showed that AMTAC-
01 provided more interactions at the binding site of qmDHFR compared to pyrimethamine.
In this way, the compound showed the best contribution of energy for the residues Ala16,
Trp48, Cys50, Met55, Phe58, and Ile112 (−5.0988, −3.6532, −3.4679, −4.8579, −10.6650, and
−4.8427 kJ.mol−1, respectively) that can improve binding energy and promote greater
potential against qmDHFR.

3. Discussion
In this work, a repurposing of spiroacridines with antitumoral, antileishmanial, and

antifungal potential was performed for a possible antimalarial activity towards Plasmodium
falciparum, the main agent of this infectious disease, considering both sensitive and resistant
strains to conventional antimalarial drugs, such as quinolines and artemisinin derivatives.
Drug repurposing has emerged as a valuable strategy to accelerate the discovery of novel
therapies, reducing the costs and time associated with traditional drug development. This
approach is relevant for parasitic diseases, due to the limited investments and rising
resistance of parasites against current treatments. Some studies highlight the potential
of drug repositioning for protozoan infections and the cross-application of antitumoral
compounds to parasitic targets, considering similar features such as rapid proliferation,
altered metabolism, and evasion of host defenses [35–37].

Along with the assessment of already existing spiroacridines, new ones with different
substituents were submitted to the evaluation of the effect of certain moieties on antimalarial
activity. Spiroacridines were successfully synthesized and characterized, through IR and
NMR spectroscopy, as well as mass spectrometry. Then, the compounds were initially
evaluated against the 3D7-GFP strain, which is susceptible to chloroquine and mefloquine
and expresses green fluorescent protein (GFP). The production of this protein increases
according to the development of the parasite inside the red blood cell (RBC). In this way,
the number of green fluorescent events detected in the FITC channel of the flow cytometer
at 488 nm consists of the amount of surviving parasites in the culture [38].

Considering the substitution profile of compounds (Figure 8), a brief Structure–Activity
Relationship (SAR) was performed. From this, it was observed that halogens such as
chlorine can reduce the antimalarial potential of this scaffold. However, electron-donating
moieties, like methoxy and heterocycles, including quinoline and indole, seem to preserve
the activity of the unsubstituted analog. However, the exchange of methoxy with hydroxy
at the para-position was associated with reduced potential against P. falciparum 3D7-GFP.

In addition, since the N-acylhydrazone intermediates (JRs) were inactive against
malaria due to inhibition results below 20%, it is possible to suggest that only the N-
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acylhydrazone moiety is not relevant for activity against P. falciparum. In addition, the
spiroacridine alone was also inactive towards malaria, as the removal of the imine group,
by exchanging the hydrazine of AMTAC-01 for the amide of ACMD-01, almost completely
removed the antimalarial activity of the former. Thus, it can be inferred that both spiroacri-
dine and N-acylhydrazone moieties alone do not have antiplasmodial potential, but their
association resulted in notable activity against P. falciparum. After this, the five compounds
which showed considerable antiplasmodial activity, with inhibition over 70% at 10 µM,
were also active against chloroquine- and artemisinin-resistant strains, showing IC50 values
of approximately 2.0 to 4.0 µM.

Figure 8. Structure–Activity Relationship (SAR) analysis of spiroacridines for antimalarial activity.
Blue color represents modifications in the benzene ring with different substituents or replacement with
a heterocycle, whereas pink and purple highlights the relevance or not of 2-cyano-N-acylhydrazone
moiety and imine group, respectively.

Considering this and the high values of RI for the standard drug (11.0 and 7.9), as
expected for these resistant strains [39], the spiroacridines do not exhibit cross-resistance
with quinolines and artemisinins, the main antimalarials used in current treatments [5].
These findings also suggest a possible mechanism of action targeting a different signaling
pathway in the parasite compared to both antimalarial drug classes mentioned before. In
addition, some antiplasmodial drugs are less potent against P. falciparum 3D7 compared to
chloroquine, such as tafenoquine (1.7 µM) [30], primaquine (9.4 µM) [40], and deferoxamine
(27.6 µM) [41], showing that spiroacridines are still promising, with similar potency as
antimalarial drugs.

Moreover, the Japanese Global Health Innovative Technology (GHIT) Fund, assembled
with experts, established the relevant criteria for the discovery of hit compounds against
infectious diseases. It was verified that it is essential for a hit compound to present a
selectivity index of at least 10, comparing the activity against parasites with toxicity towards
mammalian cells [42]. All compounds evaluated in this work, including chloroquine,
showed low cytotoxic effect, with high selectivity indexes over 20 for all parasite strains.

Along with these results obtained in this study, Silva and colleagues (2019) [16]
evaluated the acute non-clinical toxicity of AMTAC-17 in mice, which led to an estimated
Median Lethal Dose (LD50) greater than 5000 mg/kg, according to OECD guidelines, showing
the in vivo safety of spiroacridines. In addition to that, Albino and coworkers (2025) [22]
evaluated the half-maximal hemolytic concentration (HC50) of AMTAC-01 and AMTAC-02,
observing no cytotoxicity against erythrocytes up to 400 µM, which also indicates that the
antiplasmodial mechanism of action is not correlated with toxicity.
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After confirming the antiplasmodial potential of the compounds towards resistant
strains and the selectivity of the active spiroacridines, this research aimed to assess their
possible in silico mechanism of antimalarial action. In this way, the parasite’s DNA synthe-
sis and replication, essential for its development and growth, are associated with several
enzymes, including DHFR-TS, LDH, Topo II, and PNPase. Other enzymes, such as ProRS
and falcipains, are also crucial for parasite survival through their involvement in protein
synthesis. Among these relevant targets, the most probable to justify the antiplasmodial
activity of spiroacridines was DHFR-TS, which presented higher affinity scores than the
standard drug pyrimethamine in molecular docking simulations. This enzyme is responsi-
ble for both folate and thymidylate production, crucial for the synthesis of pyrimidines,
purines, and some amino acids involved in the synthesis of DNA. This pathway is relevant
for selectivity, considering its absence in humans [34].

To validate the molecular docking and confirm the proposed target, MD simulations
were performed against wtDHFR and qmDHFR. Furthermore, this study also likely gen-
erated insights into overcoming DHFR’s resistance to pyrimethamine [43–45]. Several
mutations are related to the resistance of DHFR to pyrimethamine. The best-known ones
are the single mutant S108N, the least resistant; the moderately resistant double mutants
such as N51I + S108N and C59R + S108N; as well as the highly resistant triple mutant
C59R + S108N + I164L and quadruple-mutant N51I + C59R + S108N + I164L [46]. In this
way, our work, in addition to proposing the main drug target of the compounds, focused
on providing insights into overcoming DHFR resistance.

After analyzing the 100 ns MD simulation trajectory of both wtDHFR and qmDHFR
enzymes, it is clear that AMTAC-01 was able to form a stable complex similar to
pyrimethamine, and that both compounds showed stability similar to the free protein.
On the other hand, in the simulation with qmDHFR, as expected, pyrimethamine lost some
of its stability, while AMTAC-01 maintained the stability of the complex, comparable to the
free protein. Similar to other works [47,48], MD simulations were crucial to identify critical
insights that can help to overcome resistance and design new drugs.

Thus, considering the current status of malaria in the world, with about 263 million
cases and 597,000 deaths in 2023 according to WHO, and the growing resistance of Plas-
modium falciparum against current drugs, the main findings of spiroacridines overcoming
resistance in vitro against chloroquine and artemisinin drugs, as well as qmDHFR towards
pyrimethamine, are relevant for the search for new chemotypes targeting resistant parasites,
which aligns with WHO’s call for diversification of the antimalarial pipeline [4].

In addition, the analysis of RMSD, RMSF, Rg, and SASA results supported our findings.
The RMSD provides information about deviations that occur in a trajectory, in which
smaller deviations indicate better stability of the complex, corroborating the affinity of the
compound for the target. In addition, RMSF shows the fluctuations of the residues that
provide the permanence of the ligand at the binding site throughout a trajectory [49]. The
Rg can be used to determine the minor changes during the trajectory that contribute to
better rigidity and protein compaction, suggesting stability of the complex formed [50]. As
for the SASA, it can be used to investigate the interference of water molecules during the
trajectory, in which minor variations, similar to RMSD, RMSF, and Rg, contribute to the
stability of the complex [51]. Another critical experiment was the H-bond simulation [52], in
which the simulation with qmDHFR demonstrated a decrease in H-bonds to pyrimethamine
and an increase in these interactions when simulated with AMTAC-01.

Finally, the MM-PBSA results were critical to provide the binding free energy of a
ligand in a trajectory of MD simulation and show its affinity against a target [53]. Thus, it
was demonstrated that AMTAC-01 presents a higher binding free energy when complexed
with qmDHFR compared to the complex with pyrimethamine, and the energetic per-residue
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contribution highlights more interactions with critical residues of the binding site that
contribute to the great potential of AMTAC-01. All these data suggest the validation of
the protocol, since pyrimethamine resistance is well known, and support the proposal
that spiroacridine AMTAC-01 was able to demonstrate DHFR as a primary target with
additional capacity to overcome resistance when simulated with the quadruple-mutant.
However, further in vitro and in vivo validation are required to confirm the DHFR inhibition
mechanism suggested by computational models, as well as to fully assess pharmacokinetic
properties and systemic toxicity.

4. Materials and Methods
4.1. Synthesis and Structural Characterization

The reagents applied for the synthesis of the compounds were obtained from Sigma
Aldrich, (St. Louis, MO, USA) and all solvents used in the reactions were acquired from
Sigma Aldrich, Merck (Darmstadt, Germany), and Fluka (Buchs, Switzerland). To monitor
the reactions, Thin-Layer Chromatography (TLC) was carried out with Fluka Analytical
silica gel, with 0.2 mm thickness, associated with UV light (250 nm). As for the chemical
structure elucidation, Nuclear Magnetic Resonance spectra of 1H and 13C were acquired
with Bruker (80 MHz, Bruker BioSpin, Billerica, MA, USA), Varian Plus (Varian, Santa Clara,
CA, USA, 300, 75 MHz), and Bruker Avance (400, 100 MHz, Bruker BioSpin, Billerica, MA,
USA), using DMSO-d6 as solvent and tetramethylsilane (TMS) as the standard. Chemical
shifts were reported in parts per million (ppm), and the multiplicities were presented
as follows: singlet (s), doublet (d), doublet of doublet (dd), ddd (doublet of doublet
of doublets), t (triplet), td (triplet of doublet), and multiplet (m). In addition, infrared
spectroscopy was carried out through two types of techniques: with KBr disks on an
IRPrestige-21 spectrometer (Shimadzu®, Kyoto, Japan) and by Attenuated Total Reflectance
(ATR) on an IRSpirit spectrometer (Shimadzu®, Kyoto, Japan). Finally, two different mass
spectrometry assays were performed with a high-resolution electrospray ionization mass
(HRESIMS–microTOF) and Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
(MALDI-TOF) spectrometer (Bruker®), in positive ion mode (M + H+).

4.2. General Procedure for the Synthesis of Spiroacridines

Initially, for the synthesis of N-acylhydrazone spiroacridines, the JR intermediates were
obtained with different substituents, including H (a), 4-OCH3 (b), 4-Cl (c), 3,4,5-OCH3 (d),
4-Quinoline (e), 3-Indole (f), and 4-OH-3,5-OCH3 (g). For this, the protocol performed
by Ramos et al. (2022) [26] was followed through acidic aldol condensations between
2-cyanoacetohydrazide and different benzaldehydes. Subsequently, these compounds were
submitted to Knoevenagel condensation with acridine aldehyde to generate the spiroacridines
(AMTAC), following the same reaction conditions of the previous study by de Almeida et al.
(2016), with ethanol as solvent and triethylamine as base, under reflux [12]. As for the synthesis
of acetamide ACMD-01, the intermediate 2-cyano-N-phenylacetamide was obtained through
amidation reaction, following the procedure used by Albino et al. (2025) [22].

For chemical characterization of compounds, the structures of JR-09, JR-18, JR-19,
AMTAC-01, AMTAC-02, AMTAC-06, AMTAC-17, and ACMD-01 were already eluci-
dated in previous studies [12,16,22,25–27]. As for the other compounds, their structural
elucidation is described below.

(E)-N’-(4-chlorobenzylidene)-2-cyanoacetohydrazide (JR-06): white powder. Molecu-
lar formula: C10H8ClN3O. Molecular weight: 221.6430 g/mol. Yield: 85.81%.
1H-NMR (DMSO-d6, 80 MHz). δppm: 11.84 (s, 1H, NH), 8.16 (s, 1H, N=CH conformer),
7.99 (d, 1H, J = 8.0, N=CH), 7.63 (m, 4H, Ar-H), 4.21 (s, 2H, CH2), and 3.81 (s, 1H, CH2

conformer). IR (ATR, γ, cm−1): 3185 (N-H amide), 3095 (C-H sp2), 2967 (C-H sp3), 2261
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(nitrile), 1671 (C=O amide, C=N), 1593 (N-H amide, C=C Ar), 1486 (C=C Ar), 1254 (C-N),
1082 (C-Cl Ar), and 821 (C-H p-Ar).

(E)-2-cyano-N’-(3,4,5-trimethoxybenzylidene)acetohydrazide (JR-10): yellow powder.
Molecular formula: C13H15N3O4. Molecular weight: 277.2759 g/mol. Yield: 95.96%. 1H
NMR (DMSO-d6, 80 MHz). δppm: 11.79 (s, 1H, NH), 8.07 (s, 1H, N=CH conformer), 7.91
(s, 1H, N=CH), 7.02 (s, 2H, Ar-H), 4.23 (s, 2H, CH2), 3.81 (s, 8H, O-CH3), and 3.68 (s, 3H,
O-CH3). IR (ATR, γ, cm−1): 3187 (N-H amide), 3089 (C-H sp2), 2994 (C-H sp3), 2262 (nitrile),
1677 (C=O amide, C=N), 1580 (N-H amide, C=C Ar), 1501 (C=C Ar), 1234 (C-N, C-O aryl
ether), 1127 (C-O aryl ether), 818 (C-H p-Ar), 761 (C-H m-Ar), and 682 (C-H m-Ar).

(E)-2-cyano-N’-(4-methoxybenzylidene)acetohydrazide (JR-11): white powder. Molec-
ular formula: C11H11N3O2. Molecular weight: 217.2239 g/mol. Yield: 94.00%. 1H NMR
(DMSO-d6, 80 MHz). δppm: 11.65 (s, 1H, NH), 8.09 (s, 1H, N=CH conformer), 7.94 (s, 1H,
N=CH), 7.64 (d, J = 8.2 Hz, 2H, benzene), 6.98 (d, J = 8.4 Hz, 2H, benzene), 4.17 (s, 2H, CH2),
and 3.79 (s, 3H, O-CH3). IR (ATR, γ, cm−1): 3215 (N-H amide), 3073 (C-H sp2), 2966 (C-H
sp3), 2256 (nitrile), 1671 (C=O amide, C=N), 1605 (C=C Ar), 1566 (N-H amide, 1513 (C=C
Ar), 1253 (C-N, C-O aryl ether), 1026 (C-O aryl ether), and 835 (C-H p-Ar).

(E)-2-cyano-N’-(4-hydroxy-3,5-dimethoxybenzylidene)acetohydrazide (JR-28): yel-
low powder. Molecular formula: C12H13N3O4. Molecular weight: 263.2493 g/mol. Yield:
84.28%. 1H NMR (DMSO-d6, 400 MHz). δppm: 11.68 (s, 1H, NH), 11.55 (s, 1H, NH
conformer), 8.94 (s, 1H, C=CH conformer), 8.88 (s, 1H, C=CH), 8.03 (s, 1H, OH con-
former), 7.87 (s, 1H, OH), 6.98 (s, 1H, benzene conformer), 6.97 (s, 1H, benzene conformer),
4.21 (s, 2H, CH2), 3.80 (d, J = 3.1 Hz, 2H, O-CH3 conformer), 3.79 (d, J = 3.1 Hz, 2H, OCH3).
13C NMR (DMSO-d6, 100 MHz), δppm: 164.54, 158.54, 148.44, 144.86, 148.13, 148.11, 138.22,
137.94, 124.08, 123.99, 116.25, 115.87, 104.86, 104.72, 56.08, 56.07, 24.80, and 24.31. IR (ATR,
γ, cm−1): 3320 (O-H); 3255 (N-H amide), 3165 (C-H sp2), 2958 (C-H sp3); 2259 (nitrile),
1684 (C=O amide, C=N), 1595 (C=C Ar), 1517 (N-H amide), 1488 (C=C Ar), 1243 (C-N, C-O
aryl ether), 1105 (C-O aryl ether), 835 (C-H p-Ar), 741 (C-H m-Ar), and 675 (C-H m-Ar).
HRESIMS: m/z 264.0977 [M+H]+ (calc. for C12H14N3O4, 264.0979).

(E)-5′-oxo-1′-((quinolin-4-ylmethylene)amino)-1′,5′-dihydro-10H-spiro[acridine-
9,2′-pyrrole]-4′-carbonitrile (AMTAC-21): yellow powder. Molecular formula: C27H17N5O.
Molecular weight = 427.4568 g/mol. Yield: 90.88%. 1H NMR (DMSO-d6, 300 MHz).
δppm: 10.10 (s, 1H, NH), 8.80 (d, 1H, quinoline), 8.74 (s, 1H, C=CH), 8.59 (s, 1H, N=CH),
7.97 (dd, 1H, quinoline), 7.87 (dd, 1H, quinoline), 7.73 (m, 1H, quinoline), 7.53 (m, 2H, quino-
line), 7.30 (m, 2H, spiroacridine), 7.08 (m, 4H, spiroacridine), and 6.87 (m, 2H, spiroacridine).
13C NMR (DMSO-d6, 75 MHz). δppm: 161.40, 150.65, 148.36, 143.19, 138.99, 137.03, 131.03,
130.21, 129.99, 128.13, 127.71, 124.66, 123.55, 121.22, 119.95, 115.65, 112.51, 111.25, 109.32,
and 69.29. IR (ATR, γ, cm−1): 3362 (N-H amide), 2240 (nitrile), 1702 (C=O amide, C=N),
1611 (C=C Ar), 1485 (C=C Ar), and 1256 (C-N). MALDI-TOF MS: m/z 427.8930 [M + H]+

(calc. for C27H17N5O, 427.4568).
(E)-1′-(((1H-indol-3-yl)methylene)amino)-5′-oxo-1′,5′-dihydro-10H-spiro[acridine-

9,2′-pyrrole]-4′-carbonitrile (AMTAC-22): yellow powder. Molecular formula: C26H17N5O.
Molecular weight = 415.4461 g/mol. Yield: 69.84%. 1H NMR (DMSO-d6, 300 MHz).
δppm: 11.49 (s, 1H, NH), 9.79 (s, 1H, NH), 8.93 (s, 1H, C=CH), 8.45 (s, 1H, N=CH),
7.62 (m, 2H, indole), 7.34 (m, 1H, indole), 7.26 (m, 2H, indole), 7.11 (m, 2H, spiroacridine),
6.99 (m, 4H, spiroacridine), and 6.85 (m, 2H, spiroacridine). 13C NMR (DMSO-d6, 75 MHz).
δppm: 160.80, 159.92, 148.85, 139.26, 137.26, 131.72, 130.29, 127.39, 124.19, 123.18, 122.18,
121.07, 120.67, 115.44, 112.91, 112.62, 112.21, 111.80, 110.02, and 69.72. IR (ATR, γ, cm−1):
3453 (NH, amine), 3350 (N-H amide), 3058 (C-H sp2), 2241 (nitrile), 1702 (C=O amide, C=N),
1611 (C=C Ar), 1519 (N-H amide, amine), 1479 (C=C Ar), and 1245 (C-N). MALDI-TOF MS:
m/z 415.606 [M + H]+ (calc. for C26H17N5O, 415.4461).
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(E)-1′-((4-hydroxy-3,5-dimethoxybenzylidene)amino)-5′-oxo-1′,5′-dihydro-10H-
spiro[acridine-9,2′-pyrrole]-4′-carbonitrile (AMTAC-24): yellow powder. Molecu-
lar formula: C26H20N4O4. Molecular weight = 452.4614 g/mol. Yield: 77.87%.
1H NMR (DMSO-d6, 400 MHz). δppm: 9.85 (s, 1H, NH), 8.57 (s, 1H, C=CH),
8.32 (s, 1H, N=CH), 7.28 (m, 2H, spiroacridine), 7.02 (ddd, J1 = 14.55 Hz, J2 = 8.09 Hz,
J3 = 1.37 Hz, 4H, spiroacridine), 6.86 (td, J1 = 8.07 Hz, J2 = 7.12 Hz, J3 = 1.20 Hz, 2H, spiroacri-
dine), 6.66 (s; 2H, benzene), and 3.69 (s; 6H, O-CH3). 13C NMR (DMSO-d6, 100 MHz).
δppm: 160.73, 160.05, 148.71, 148.04, 138.86, 138.55, 130.11, 126.96, 124.03, 120.40, 115.04,
112.46, 111.87, 108.86, 104.66, 68.96, 56.06, and 55.94. IR (ATR, γ, cm−1): 3534 (O-H phenol),
3311 (N-H amide), 3085 (C-H sp2), 2924 (C-H sp3), 2236 (nitrile), 1705 (C=O amide, C=N),
1612 (C=C Ar), 1586 (N-H amide), 1483 (C=C Ar), 1222 (C-N, C-O aryl ether), 1115 (C-O
aryl ether), 831 (C-H p-Ar), 744 (C-H m-Ar), and 660 (C-H m-Ar). HRESIMS: m/z 453.1546
[M + H]+ (calc. for C26H21N4O4, 453.1557).

4.3. Investigation of Antiplasmodial Activity Against Asexual Blood Stages

Firstly, to prepare the samples for in vitro assays, each compound was dissolved in
DMSO (Sigma-Aldrich®, Merck, Darmstadt, Germany), obtaining a solution of 5 mM, from
which two other solutions, at 100 µM and 10 µM were prepared through dilution with
RPMI-1640 medium (Invitrogen™, Carlsbad, CA, USA), supplemented with AlbuMAXII
(Invitrogen™, Carlsbad, CA, USA). In parallel, the parasite cultures used in the in vitro
assays include the following P. falciparum strains: 3D7-GFP (MRA-1029, MR4, ATCC®,
Manassas, VA, USA, chloroquine-sensitive, expressing Green Fluorescent Protein), Dd2
(MRA-150, ATCC®, Manassas, Virgínia, chloroquine-resistant), and IPC5202 (MRA-1240,
ATCC®, Manassas, VA, USA, artemisinin-resistant). These cultures were obtained through
BEI Resources, NIAID, NIH (MR4, ATCC®, Manassas, VA, USA), contributed by Andrew
M. Talman, Robert E. Sinden, David Walliker, and Didier Ménard. The parasites were
cultivated with 5% hematocrit at 37 ◦C and an atmosphere enriched with 5% of CO2 [54].

Then, to assess the antiplasmodial activity of the compounds, a screening assay was
initially performed against the P. falciparum 3D7-GFP strain. For this, unsynchronized cul-
tures were incubated in a 96-well flat-bottom plate at 1.2% hematocrit and 1.0% parasitemia,
in the presence and absence of 1 µM and 10 µM of each compound, for 72 h at 37 ◦C and 5%
CO2. Chloroquine (Sigma-Aldrich®, Merck, Darmstadt, Germany) was used as a standard
drug at the same concentrations as the other compounds. Parasite growth was determined
by flow cytometry (CytoFLEX, Beckman Coulter Life Sciences, Indianapolis, IN, USA) with
a 96-well plate reader, using Fl-1 with an excitation wavelength of 488 nm for GFP detection.
The flow cytometry data were analyzed with FlowJo v10 software (FlowJo LLC, Ashland,
OR, USA) to calculate the percentage inhibition of compounds.

The most potent compounds in the screening, with at least 70% inhibition at the highest
concentration (10 µM), were selected for further development by the determination of half-
maximal inhibitory concentrations (IC50) [38]. In order to accomplish this, unsynchronized
cultures of 3D7-GFP, Dd2, and MRA-1240 were incubated at 1.2% hematocrit and 1.0%
parasitemia with serial three-fold dilutions of the compounds, ranging from 10,000 nM to
0.17 nM, in 96-well flat-bottom plates for 72 h at 37 ◦C and 5% CO2. Parasite growth was
quantified by flow cytometry (CytoFLEX, Beckman Coulter Life Sciences, Indianapolis, IN,
USA) using GFP detection in a 96-well plate reader (Fl-1 channel) for the 3D7-GFP strain.
The others (Dd2 and MRA-1240) were stained with SYBR Green I (20×), which is also
detected at 488 nm. Data analysis was performed with FlowJo v10 software (FlowJo LLC,
Ashland, OR, USA), and the half-maximal inhibitory concentrations (IC50) were calculated
using GraphPad Prism 5 (trial version), with mean IC50 values obtained from at least two
independent experiments, each conducted in triplicate.
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4.4. Evaluation of Cytotoxicity Against Mammalian Cells

In order to evaluate the cytotoxicity of the compounds, a Vero E6 viability assay
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was performed only for the
active compounds which passed through the antiplasmodial screening and were submitted
to the IC50 assay. For this, monkey kidney cells (Vero E6) were seeded at a density of
5 × 103 cells/mL in 96-well plates and allowed to adhere for 6 h. Vero E6 cell line was
obtained from the Cell Bank of Rio de Janeiro and cultured in DMEM media (Dulbecco’s
Modified Eagle Medium) plus 10% inactivated fetal bovine serum (FBS) and 1% penicillin–
streptomycin. Treatments were performed by adding 100 µL of medium solutions with
test drugs, resulting in concentrations ranging from 12.5 to 100 µM (DMSO 1%, v/v). After
72 h of incubation at 37 ◦C and under 5% of CO2, the cultures were incubated with MTT
at 0.5 mg/mL for 2 h. After this, the formazan crystals were dried in room temperature
and dissolved in DMSO. Cell viability was determined by measuring the absorbance at
570 nm (Absorbance microplate reader EL800, BioTek, Winooski, VT, USA), and control
wells containing DMSO at 1% were considered as 100% cell viability [55].

4.5. Statistical Analysis

All statistical analyses and graphical representations were performed using the Graph-
Pad Prism 8.0 software package. Dose–response curves were generated by fitting the data to
a nonlinear regression model [log(inhibitor) vs. response—variable slope]. Concentration
values were logarithmically transformed, and data were normalized so that the minimum
and maximum responses corresponded to 0% and 100% inhibition, respectively. The
IC50 values were obtained from the fitted curves. Each experiment was carried out in
triplicate and repeated independently, and results were expressed as mean ± standard
deviation.

4.6. Molecular Docking

The possible mechanism of antimalarial action was proposed through molecular
docking, which was conducted using the most active compounds identified through
in vitro assays and selected crystallographic structures obtained from the Protein Data
Bank. The following targets were evaluated: dihydroorotate dehydrogenase (ID: 9DIK),
wild-type and quadruple-mutant bifunctional dihydrofolate reductase-thymidylate syn-
thase (ID: 3QGT and 3QG2), purine nucleoside phosphorylase (ID: 5ZNC), topoisomerase
II (ID: 6CA8), prolyl-tRNA synthetase (ID: 4WI1), lactate dehydrogenase (ID: 1U4O), and
falcipains 2 and 3 (ID: 3BPF and 3BWK) of P. falciparum. Molecular structures were drawn
using MarvinSketch, ChemAxon (https://www.chemaxon.com), and 10 conformations
were generated per compound, with the most stable one geometrically optimized with
ORCA [56,57], using the semi-empirical PM3 (Parametric Method 3) method [58].

The protein structures were submitted to the Genetic Optimization for Ligand
Docking—GOLD 2022.3.0 software [59]—to perform molecular docking simulations. These
were treated with the addition of hydrogens and the removal of water molecules, main-
taining the essential cofactors for each target. After that, the active site was selected in a
region of 6.0 Å around the co-crystallized ligand, with 10 Genetic Algorithm operations
performed for each molecule. For falcipains 2 and 3, cysteine proteases, covalent docking
was necessary to promote the formation of a covalent bond between a chemical group of
the compound and the Cys42 residue of the enzyme. In the case of topoisomerase II, due
to the absence of a co-crystallized ligand, the active site of the enzyme was determined
according to the catalytic residues reported in the literature [32].

Subsequently, the conformations of the molecules with the highest Fitness Score were
selected for further analysis of the binding regions, types of interactions, and amino acids

https://www.chemaxon.com
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of the active site that participate in the bonds using Discovery Studio 2021 v21.1.0.20298
software. Next, to validate the methodology, molecular redocking was performed, priori-
tizing conformations with the lowest RMSD of the distances between the atoms and below
2.0 Å. This protocol followed others published by our research group [50,51,60,61].

4.7. Homology Modeling

The 3D structure of wtDHFT and qmDHFR under the PDB codes 3QGT and 3QG2,
respectively, were submitted to the SWISS-MODEL web tool [62] to build the complete
structure of the target to use in the MD simulations. Thus, the FASTA sequence of both
PDBs was added to the SWISS-MODEL to search for similar templates. In this way, the
best template for wtDHFT and qmDHFR was the bifunctional dihydrofolate reductase-
thymidylate synthase (Code: Q8I1R6.1), available in AlphaFold DB (gene: Q8I1R6_PLAF7)
from Plasmodium falciparum (3D7). Finally, the 3D structure of both targets was built and
used in MD simulations.

4.8. Molecular Dynamics (MDs) Simulations

To confirm the findings from molecular docking, MD simulations were performed
with the most promising target DHFR, wild-type and quadruple-mutant, in complex with
the most active compound (AMTAC-01). In addition, the MD simulations were performed
using the wtDHFR and qmDHFR structures constructed by homology modeling, as they
represent the complete structure of the target. Thus, the MD simulations were performed
using the GROMACS 2020® software. Initially, charges and hydrogens were added using
UCSF Chimera® 1.17.1 software through the DockPrep tool. Then, the CHARMM36 force
field was applied using the TIP3P solvation method. In parallel, ligand topology was
generated using the web software SwissParam (http://www.swissparam.ch/) [63]. Next,
a 1.0 nm triclinic box was created, adding water and ions at physiological concentration.
This was followed by system equilibrium in 10,000 steps by the conjugate gradient method
and the system’s total minimization in 20,000 steps. After this, NVT (constant number
of particles, volume, and temperature) and NPT (constant number of particles, pressure,
and temperature) equilibriums were performed at 300 K for 10 ns. The final simulation
was performed at 100 ns. The Root Mean Square Deviation (RMSD), Root Mean Square
Fluctuation (RMSF), radius of gyration (Rg), and Solvent Accessible Surface Area (SASA)
plots were generated using the Xmgrace® 5.1.25 software. This protocol agrees with other
previously published works from our research team [49–52,61,64,65].

4.9. MM-PBSA Calculations

The Molecular Mechanics Poisson–Boltzmann Surface Area (MM-PBSA) method was
used to calculate the Gibbs free binding energy (∆Gbinding) based on van der Waals and
electrostatic (unbound) interactions between the ligand and its receptor during an MD
simulation. For this, ∆Gbinding was calculated as the difference between the free energy of
the protein–ligand complex (Gcomplex) and the unbound protein and ligand (Gprotein and
Gligand) (Equation (1)). These individual energy values are calculated from the average
potential energy of molecular mechanics in vacuum (EMM) minus the entropic contribution
to the free energy in vacuum by the temperature and entropy (TS) added to the solvation
energy (Gsolvation) (Equation (2)). Furthermore, EMM is the sum of bonded interactions such
as dihedral, angle, bond, and improper (Ebond), and non-bonded interactions (Enon-bonded),
that constitute the electrostatic (Eelec) and van der Waals interactions (Evdw) using the
potential functions of Coulomb and Lennard-Jones, respectively (Equation (3)). Finally,
the solvation free energy (Gsolvation) is the sum of electrostatic and non-electrostatic con-
tributions in the solvation free energy (Gpolar and Gnon-polar, respectively) (Equation (4)).
These calculations were performed using the g_mmpbsa tool [66] through the trajectory

http://www.swissparam.ch/
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files obtained after MD simulations using GROMACS 2020® software. Then, ∆Gbinding

values were determined as the average free interaction and solvation energies [67]. This
protocol is based on other works from our research group [50–53].

∆Gbinding = Gcomplex − (Gprotein − Gligand) (1)

Gx = (EMM) − TS + (Gsolvation) (2)

EMM = Ebonded + Enon-bonded = Ebonded + (Evdw + Eelec) (3)

Gsolvation = Gpolar + Gnon-polar (4)

5. Conclusions
Considering the results obtained in this study, spiroacridines were successfully synthe-

sized, and their structure was confirmed by spectroscopy and spectrometry. The spiroacri-
dine derivatives, particularly AMTAC-01, exhibited potent in vitro antiplasmodial activity
against both chloroquine- and artemisinin-resistant P. falciparum strains, with low cytotox-
icity toward mammalian cells (Vero 6). For the mechanism of action, through molecular
docking, MD simulations, and MM-PBSA calculations. Our work proposed DHFR as the
primary target related to the antimalarial activity of the compounds. Our findings suggest
that AMTAC-01 is capable of overcoming resistance to qmDHFR, generating essential
insights in medicinal chemistry and drug discovery.
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1H-NMR 1-Hydrogen Nuclear Magnetic Resonance
3D7-GFP Plasmodium falciparum 3D7HT-GFP
13C-NMR 13-Carbon Nuclear Magnetic Resonance
∆Gbind Gibbs Free Binding Energy
ATR Attenuated Total Reflectance
CQ Chloroquine
DHFR Dihydrofolate Reductase
DHODH Dihydroorotate Dehydrogenase
ENR Enoyl Acyl Carrier Protein Reductase
FP2 Falcipain-2
FP3 Falcipain-3
GFP Green Fluorescent Protein
GHIT Japanese Global Health Innovative Technology
GOLD Genetic Optimization for Ligand Docking
HRESIMS High-Resolution Electrospray Ionization Mass
IC50 Half-Maximal Inhibitory Concentration
LD50 Median Lethal Dose
LDH Lactate Dehydrogenase
MALDI-TOF Matrix-Assisted Laser Desorption/Ionization Time-of-Flight
MD Molecular Dynamics
MM-PBSA Molecular Mechanics Poisson–Boltzmann Surface Area
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PNPase Purine Nucleoside Phosphorylase
ProRS Prolyl-tRNA Synthetase
qmDHFR Quadrupole-Mutated Dihydrofolate Reductase
Rg Radius of Gyration
RI Resistance Index
RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
SAR Structure–Activity Relationship
SASA Solvent Accessible Surface Area
SI Selectivity Index
TLC Thin-Layer Chromatography
Topo II Topoisomerase II
wtDHFR Wild-Type Dihydrofolate Reductase

References
1. de Azevedo Teotônio Cavalcanti, M.; Da Silva Menezes, K.J.; De Oliveira Viana, J.; de Oliveira Rios, É.; Corrêa de Farias, A.G.;

Weber, K.C.; Nogueira, F.; dos Santos Nascimento, I.J.; de Moura, R.O. Current Trends to Design Antimalarial Drugs Targeting
N-Myristoyltransferase. Future Microbiol. 2024, 19, 1601–1618. [CrossRef] [PubMed]

2. Nascimento, I.J.d.S.; Cavalcanti, M.d.A.T.; de Moura, R.O. Exploring N-Myristoyltransferase as a Promising Drug Target against
Parasitic Neglected Tropical Diseases. Eur. J. Med. Chem. 2023, 258, 115550. [CrossRef]

3. Salkeld, J.; Duncan, A.; Minassian, A.M. Malaria: Past, Present and Future. Clin. Med. 2024, 24, 100258. [CrossRef]
4. World Health Organization. World Malaria Report 2024; World Health Organization: Geneva, Switzerland, 2024;

Volume WHO/HTM/GM, ISBN 978-92-4-010444-0.
5. Alven, S.; Aderibigbe, B. Combination Therapy Strategies for the Treatment of Malaria. Molecules 2019, 24, 3601. [CrossRef]

[PubMed]
6. Gujjari, L.; Kalani, H.; Pindiprolu, S.K.; Arakareddy, B.P.; Yadagiri, G. Current Challenges and Nanotechnology-Based Pharma-

ceutical Strategies for the Treatment and Control of Malaria. Parasite Epidemiol. Control 2022, 17, e00244. [CrossRef]
7. Hanboonkunupakarn, B.; White, N.J. Advances and Roadblocks in the Treatment of Malaria. Br. J. Clin. Pharmacol. 2022, 88, 374–382.

[CrossRef]
8. Ravindar, L.; Hasbullah, S.A.; Rakesh, K.P.; Hassan, N.I. Triazole Hybrid Compounds: A New Frontier in Malaria Treatment.

Eur. J. Med. Chem. 2023, 259, 115694. [CrossRef]
9. Fonte, M.; Tassi, N.; Gomes, P.; Teixeira, C. Acridine-Based Antimalarials—From the Very First Synthetic Antimalarial to Recent

Developments. Molecules 2021, 26, 600. [CrossRef]
10. Albino, S.L.; da Silva, J.M.; de Caldas Nobre, M.S.; Silva, Y.M.S.d.M.E.; Santos, M.B.; de Araújo, R.S.A.; do Carmo Alves de

Lima, M.; Schmitt, M.; de Moura, R.O. Bioprospecting of Nitrogenous Heterocyclic Scaffolds with Potential Action for Neglected
Parasitosis: A Review. Curr. Pharm. Des. 2020, 26, 4112–4150. [CrossRef] [PubMed]

11. Teixeira, C.; Vale, N.; Pérez, B.; Gomes, A.; Gomes, J.R.B.; Gomes, P. “Recycling” Classical Drugs for Malaria. Chem. Rev. 2014, 114, 11164–11220.
[CrossRef]

12. de Almeida, S.M.V.; Lafayette, E.A.; Silva, W.L.; de Lima Serafim, V.; Menezes, T.M.; Neves, J.L.; Ruiz, A.L.T.G.; de Carvalho, J.E.;
de Moura, R.O.; Beltrão, E.I.C.; et al. New Spiro-Acridines: DNA Interaction, Antiproliferative Activity and Inhibition of Human
DNA Topoisomerases. Int. J. Biol. Macromol. 2016, 92, 467–475. [CrossRef]

13. Menezes, T.M.; de Almeida, S.M.V.; de Moura, R.O.; Seabra, G.; de Lima, M.d.C.A.; Neves, J.L. Spiro-Acridine Inhibiting
Tyrosinase Enzyme: Kinetic, Protein-Ligand Interaction and Molecular Docking Studies. Int. J. Biol. Macromol. 2019, 122, 289–297.
[CrossRef]

14. Sousa, V.M.; Duarte, S.S.; Silva, D.K.F.; Ferreira, R.C.; de Moura, R.O.; Segundo, M.A.S.P.; Farias, D.; Vieira, L.; Gonçalves,
J.C.R.; Sobral, M.V. Cytotoxicity of a New Spiro-Acridine Derivative: Modulation of Cellular Antioxidant State and Induction of
Cell Cycle Arrest and Apoptosis in HCT-116 Colorectal Carcinoma. Naunyn-Schmiedeb. Arch. Pharmacol. 2024, 397, 1901–1913.
[CrossRef]

15. Duarte, S.S.; Silva, D.K.F.; Lisboa, T.M.H.; Gouveia, R.G.; Ferreira, R.C.; de Moura, R.O.; da Silva, J.M.; de Almeida Lima, É.;
Rodrigues-Mascarenhas, S.; da Silva, P.M.; et al. Anticancer Effect of a Spiro-Acridine Compound Involves Immunomodulatory
and Anti-Angiogenic Actions. Anticancer Res. 2020, 40, 5049–5057. [CrossRef]

16. Silva, D.K.F.; Duarte, S.S.; Lisboa, T.M.H.; Ferreira, R.C.; Lopes, A.L.d.O.; Carvalho, D.C.M.; Rodrigues-Mascarenhas, S.; da
Silva, P.M.; Segundo, M.A.S.P.; de Moura, R.O.; et al. Antitumor Effect of a Novel Spiro-Acridine Compound Is Associated with
Up-Regulation of Th1-Type Responses and Antiangiogenic Action. Molecules 2019, 25, 29. [CrossRef]

https://doi.org/10.1080/17460913.2024.2412397
https://www.ncbi.nlm.nih.gov/pubmed/39440556
https://doi.org/10.1016/j.ejmech.2023.115550
https://doi.org/10.1016/j.clinme.2024.100258
https://doi.org/10.3390/molecules24193601
https://www.ncbi.nlm.nih.gov/pubmed/31591293
https://doi.org/10.1016/j.parepi.2022.e00244
https://doi.org/10.1111/bcp.14474
https://doi.org/10.1016/j.ejmech.2023.115694
https://doi.org/10.3390/molecules26030600
https://doi.org/10.2174/1381612826666200701160904
https://www.ncbi.nlm.nih.gov/pubmed/32611290
https://doi.org/10.1021/cr500123g
https://doi.org/10.1016/j.ijbiomac.2016.07.057
https://doi.org/10.1016/j.ijbiomac.2018.10.175
https://doi.org/10.1007/s00210-023-02686-0
https://doi.org/10.21873/anticanres.14508
https://doi.org/10.3390/molecules25010029


Antibiotics 2025, 14, 1214 23 of 25

17. Melo, C.d.O.; Silva, V.R.; Santos, L.d.S.; Urtiga, S.C.; de Moura, R.O.; Marcelino, H.R.; Soares, M.B.P.; Bezerra, D.P.; Oliveira, E.E.
Spiro-Acridine Derivative-Loaded PLA Nanoparticles for Colorectal Cancer Treatment. J. Drug Deliv. Sci. Technol. 2024, 101, 106244.
[CrossRef]

18. de Sousa, V.M.; Duarte, S.S.; Ferreira, R.C.; de Sousa, N.F.; Scotti, M.T.; Scotti, L.; da Silva, M.S.; Tavares, J.F.; de Moura, R.O.;
Gonçalves, J.C.R.; et al. AMTAC-19, a Spiro-Acridine Compound, Induces in Vitro Antitumor Effect via the ROS-ERK/JNK
Signaling Pathway. Molecules 2024, 29, 5344. [CrossRef] [PubMed]

19. Gouveia, R.G.; Ribeiro, A.G.; Segundo, M.Â.S.P.; de Oliveira, J.F.; de Lima, M.d.C.A.; de Lima Souza, T.R.C.; de Almeida,
S.M.V.; de Moura, R.O. Synthesis, DNA and Protein Interactions and Human Topoisomerase Inhibition of Novel Spiroacridine
Derivatives. Bioorg. Med. Chem. 2018, 26, 5911–5921. [CrossRef]

20. Almeida, F.S.; Sousa, G.L.S.; Rocha, J.C.; Ribeiro, F.F.; de Oliveira, M.R.; de Lima Grisi, T.C.S.; Araújo, D.A.M.; Nobre, M.S.d.C.;
Castro, R.N.; Amaral, I.P.G.; et al. In Vitro Anti-Leishmania Activity and Molecular Docking of Spiro-Acridine Compounds as
Potential Multitarget Agents against Leishmania Infantum. Bioorg. Med. Chem. Lett. 2021, 49, 128289. [CrossRef] [PubMed]

21. de Oliveira Viana, J.; Sena Mendes, M.; Santos Castilho, M.; Olímpio de Moura, R.; Guimarães Barbosa, E. Spiro-Acridine
Compound as a Pteridine Reductase 1 Inhibitor: In Silico Target Fishing and in Vitro Studies. ChemMedChem 2024, 19, e202300545.
[CrossRef]

22. Albino, S.; Nobre, M.; da Silva, J.; dos Reis, M.; Nascimento, M.; de Oliveira, M.; Borges, T.; Albuquerque, L.; Kuckelhaus, S.;
Alves, L.; et al. Synthesis, Biological Evaluation, Molecular Dynamics, and QM-MM Calculation of Spiro-Acridine Derivatives
Against Leishmaniasis. Microorganisms 2025, 13, 1297. [CrossRef]

23. de Oliveira Viana, J.; Silva e Souza, E.; Sbaraini, N.; Vainstein, M.H.; Gomes, J.N.S.; de Moura, R.O.; Barbosa, E.G. Scaffold Repositioning
of Spiro-Acridine Derivatives as Fungi Chitinase Inhibitor by Target Fishing and in Vitro Studies. Sci. Rep. 2023, 13, 7320. [CrossRef]
[PubMed]

24. Silva, M.d.M.; Macedo, T.S.; Teixeira, H.M.P.; Moreira, D.R.M.; Soares, M.B.P.; Pereira, A.L.d.C.; Serafim, V.d.L.; Mendonça-Júnior,
F.J.B.; de Lima, M.d.C.A.; de Moura, R.O.; et al. Correlation between DNA/HSA-Interactions and Antimalarial Activity of
Acridine Derivatives: Proposing a Possible Mechanism of Action. J. Photochem. Photobiol. B Biol. 2018, 189, 165–175. [CrossRef]

25. Moraes, A.D.T.d.O.; de Miranda, M.D.S.; Jacob, Í.T.T.; Amorim, C.A.d.C.; de Moura, R.O.; da Silva, S.Â.S.; Soares, M.B.P.; de
Almeida, S.M.V.; Souza, T.R.C.d.L.; de Oliveira, J.F.; et al. Synthesis, in Vitro and in Vivo Biological Evaluation, COX-1/2 Inhibition
and Molecular Docking Study of Indole-N-Acylhydrazone Derivatives. Bioorg. Med. Chem. 2018, 26, 5388–5396. [CrossRef]
[PubMed]

26. Ramos, K.R.d.L.P.; da Silva, S.C.; Marchand, P.; Barreto Mota, F.V.; de Assis Correia, J.C.; Gomes Silva, J.d.A.; de Lima, G.T.;
Santana, M.A.; da Silva Moura, W.C.; Dos Santos, V.L.; et al. Effects of Acylhydrazone Derivatives on Experimental Pulmonary
Inflammation by Chemical Sensitization. Anti-Inflamm. Anti-Allergy Agents Med. Chem. 2022, 21, 135–151. [CrossRef]

27. de Lima Porto Ramos, K.R.; Silva, J.d.A.G.; de Sousa, R.S.; de Oliveira Borba, E.F.; de Farias Silva, M.G.; Albino, S.L.; Paz, S.T.;
Soares da Silva, R.; Peixoto, C.A.; dos Santos, V.L.; et al. N-Acyl Hydrazone Derivatives Reduce pro-Inflammatory Cytokines,
INOS and COX-2 in Acute Lung Inflammation Model. Chem. Biol. Interact. 2025, 420, 111677. [CrossRef]

28. Xu, S.-K.; Jia, Z.-M.; Liu, W.-Q.; Gu, Y.-Z.; Xi, J.-H.; Xu, J.; Yang, G.-Z.; Yang, X.-Z.; Chen, Y. Synthesis and Antiproliferative
Evaluation of New Hybrids of Piperine and Acylhydrazone. Nat. Prod. Res. 2024, 1–6. [CrossRef]
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