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Abstract

Malaria remains a major global health challenge due to the increasing resistance of Plasmodium
falciparum to existing antimalarial drugs. This study investigated structurally related analogues
of 4-hydroxyphenyl-3-nitrobenzoate as potential inhibitors of Plasmodium falciparum lactate
dehydrogenase (PfLDH, PDB ID: 1CET) using SwissSimilarity screening, molecular docking,
and ADMET analysis. Seven analogues were identified and evaluated alongside chloroquine and
lumefantrine as reference compounds. Among the screened compounds, A3, A5, and A4
exhibited stronger binding affinities (—7.7, —7.5, and —7.4 kcal/mol, respectively) than
chloroquine (—6.1 kcal/mol) and comparable affinity to lumefantrine (—7.1 kcal/mol). ADMET
predictions revealed favorable pharmacokinetic properties for the lead compounds. Furthermore,
A3 demonstrated stable binding interactions within the PfLDH active site through hydrogen
bonding and hydrophobic interactions. These findings suggest that A3 may serve as a potential
lead compound for further experimental evaluation as an antimalarial agent.
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1.0 Introduction

Malaria is an infectious disease transmitted by female Anopheles mosquitoes that affect the
world population and kill over one million people every year (Talapko, et al., 2019).
Plasmodium parasites are responsible for human malaria. Plasmodium falciparum, Plasmodium
vivax, Plasmodium ovale, Plasmodium knowlesi, and Plasmodium malariae are the five major
Plasmodium species responsible for human malaria. It is a life-threatening disease caused by
parasites belonging to five species of the genus Plasmodium falciparum which is transmitted
through the bite of infected female Anopheles mosquitoes (Nosten et al., 2022). In 2017 as per
the WHO report, 219 million cases of malaria were reported in 87 countries and the estimated
number of deaths was found to be 435,000 (Shibeshi et al., 2020). Despite such large figures
there is still no widely used efficacious vaccine available for malaria parasites. In the 21st
century, the drug resistance has emerged to almost all classes of antimalarial drugs and therefore
a sudden leap has been witnessed in malaria-related mortality, especially in Africa.

Plasmodium falciparum is transmitted to humans through the bite of infected female Anopheles
mosquitoes. Immediately the Plasmodium parasites are transmitted, they quickly travel to the
liver via the bloodstream to infect the liver cells and the parasites grow, multiply, and reproduce
thousands of merozoite cells (Alemayehu ef al., 2023). Several drugs such as Chloroquine,
proguanil, artemisinin, Atovaquone, and quinine have been used to treat malaria. Major
challenges associated with these antimalarial drugs include the lack of vaccine and the resistance
of Plasmodium falciparum to these antimalarial drugs (Wicht et al, 2020). The increasing
resistance to existing antimalarial drugs has required the development of new chemical
compounds with improved antimalarial activity and distinctive mechanisms of action.
(Hosseinzadeh et al.,2023).

SwissADMET is a free online tool that can help in assessing the drug-likeness and chemistry of
drug compounds. Swiss ADME provides an interactive interface that can help find information
on ADMET (Absorption, Distribution, Metabolism, Excretion, and Toxicity) (Mvondo et
al.,2021). Comparisons were conducted for the accuracy of results obtained from ADMET
software. PubChem (https://pubchem.ncbi.nlm.nih.gov) refers to an online server providing
information about chemical compounds, molecules, and biological activities. The database is
managed by the National Center for Biotechnology Information (NCBI) involving the National
Library of Medicine. It plays a major role in drug development in various fields including lead
identification and compound target profiling. (Kim et al., 2022).

The present study aimed to identify structurally related derivatives of 4-Hydroxylphenyl-3-
nitrobenzoate as potential inhibitors of the PfLDH active site using SwissSimilarity screening,
molecular docking, and ADMET analysis.

2.0 Materials and Methods

2.1  Swiss Similarity and ADMET Studies

The compounds examined in this study were obtained through a ligand-based virtual screening
approach using the SwissSimilarity platform (http://www.swisssimilarity.ch). Originally,
approximately 100 bioactive compounds previously identified from Morinda lucida in our earlier
study (Olarinoye et al., 2026) were screened against Plasmodium falciparum Glutathione
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reductase (1I0NF). Among these compounds, 4-hydroxyphenyl-3-nitrobenzoate exhibited the
best docking affinity (—8.3 kcal/mol) and favorable ADMET properties and a total binding
energy value of (-19.09 kcal/mol).Using the chemical structure of 4-hydroxyphenyl-3-
nitrobenzoate as the query molecule, SwissSimilarity was employed to search for structurally
related analogues from publicly available chemical databases integrated within the platform,
including compounds with similar molecular structures and pharmacophore features. The
screening generated several structurally correlated derivatives, from which seven compounds
were selected : Al, (Phenyl salicylate), A2, (Benorilate), A3, (1,4-dihydroxy-3-
methylnaphthalen-2-yl ~ 4-aminobenzoate), @ A4,  (2-oxo-2H-naphtho[1,8-bc]furan-6-yl4-
nitrobenzoate), A5,[(1S)-2-[(2,3-dimethoxyphenyl)methylamino]-1-(4-nitrophenyl)-2-
oxidanylidene-ethyl] prop-2-enoate], A6, (Phenyl aminosalicylate),A7, (5-methanoyl-2-nitro-
phenyl) 2-(3-methoxyphenyl)ethanoate), Chloroquine and Lumefantrine. The chemical structures
of the selected derivatives were subsequently retrieved in structure-data format from publicly
accessible databases such as PubChem (https://pubchem.ncbi.nlm.nih.gov) and prepared for
computational analysis. Prior to molecular docking and ADMET evaluation, the ligand structures
were converted into appropriate three-dimensional conformations and subjected to geometry
optimization to obtain stable conformations suitable for molecular docking studies.

The molecular docking simulation was carried out using Pyrex 0.8 operating on AutoDock grid
and AutoDock Vina. The grid constraints used were: size (A) X = 27.5183, Y = 26.3422, Z
=9.3206 and coordinates (A) X =57.2943, Y = 44.1083, Z = 25.0000 respectively. The 3D
structure of the protein was retrieved from the RCSB database (https://www.rcsb.org/). Prior to
docking, intrinsic ligand and non-essential molecules were detached using Discovery Studio
(Javaid et al., 2026).

RSCB PDB database (https://www.rscb.org/), the Protein Target Retrieval 3D structure files of
Plasmodium falciparum Lactate dehydrogenase (LDH) with PDB ID: 1CET was acquired and
saved in pdb file format. Lactate dehydrogenase is an enzyme that is involved in generating
energy in the body by facilitating the conversion of pyruvate into lactate in a reversible manner.
PfLDH is an essential glycolytic enzyme involved in parasite energy metabolism and is
considered a promising antimalarial drug target (Biro ef al., 2022). Therefore, PfLDH plays a
serious role in the glycolytic pathway of the malaria parasite by catalyzing the interconversion of
pyruvate and lactate during energy metabolism. The protein was improved through repair,
additional hydrogen and side chain atoms were included, secondary structure was assigned, and
Ramachandran analysis revealed that the protein structure was good through VADAR server
(Nnyigide et al., 2022) as shown in Figure 1.
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Figure 1: Structural preparation and validation of Plasmodium falciparum lactate dehydrogenase
(PfLDH; PDB ID: 1CET): (A) clean protein (B) Ramachandran plot and (C) Secondary chain
structure.

3.0 Results and Discussion

Following similarity screening, the pharmacokinetic properties of the identified compounds were
evaluated using SwissADME and pkCSM. Lipinski's rule of five physicochemical parameters
was used to analyze bioactive drug-like compounds with specific biological targets. Based on the
rule of five, a drug molecule is expected to have a molecular weight below 500 g/mol
(Theerawatanasiriku et al.,, 2020), logP below 5, HBD below 5, HBA below 10, and TPSA
below 140A2. As evident in Table 1, all the compounds had excellent molecular weights below
500 g/mol except Lumefantrine, whose molecular weight was 528.94 g/mol. Log p values of all
the compounds were less than 5 except Lumefantrine with the value greater than 5, HBD values
and HBA values were within the acceptable ranges suggesting favorable oral drug-likeness
properties. Therefore, the TPSA of all the compounds is less than 140A%, meaning most
compounds demonstrated acceptable physicochemical and predicted pharmacokinetic properties.
They also have good biological membranes crossing ability (Alhyari et al., 2022). The solubility
in water is shown by Log S, where the absorption rate is usually higher. Water solubility at 250
°C is efficient in all the compounds of oral drugs. Caco-2 permeability was an important factor,
where Caco-2 permeability refers to the human epithelial colorectal adenocarcinoma cell line; it
was important in assessing permeability (Kus, et al., 2023). High Caco-2 permeability exists in
all the compounds except compounds Al and A6. Human intestinal absorption is the main area
for the absorption process. The small intestine percentage value is the absorption value.
Percentage value of more than 30% in a compound is considered high, while that of less than
30% is considered low. In Table 1, all the compounds had high absorption values, ranging from
99.273 to 74.444 (Billat et al., 2017). The volume of distribution (VDss) refers to an imaginary
volume that represents a uniform distribution of a substance at a particular concentration level
within human plasma. A higher VDss indicates more extensive distribution of the drug in tissues
compared to plasma. If the VDss value is above 0.15, it shows a high level, whereas if below
0.15, it indicates a low level. As illustrated in table one, the VDss range was between 1.332 and -
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2.172, having minimum and maximum values respectively (Laborante et al.,2025). BBB
permeability predicts the ability of compounds to penetrate the central nervous system indicating
probable central nervous system penetration. The value above 0.3 shows easy crossing of the
brain and the value below -1 shows poor distribution of the compound to the brain. Compounds
A2 and A5 demonstrated a higher predicted ability to cross the blood- brain barrier. Conversely,
the four compounds (A1, A3, A4, and A 6) poorly distribute to the brain. During metabolism, the
substrates of Cytochromes P450 enzymes exist primarily in the liver. All compounds except
Chloroquine were predicted not to be CYP2D6 substrates, whereas all compounds reacted with
the CYP450 1A2 inhibitor except for compounds A4, AS, and Chloroquine. Drug compound
excretion happens through the kidney and liver. The table below shows the total clearance rate
values of the compounds, which range between 0.247 and 1.092.

The AMES test is crucial for predicting the potential mutagenicity of a drug candidate
(Bhandare et al., 2025). All compounds are positive regarding the mutagenic potential except for
A3 and A4. No compounds will cause skin sensitization. From the table below, compounds A3,
A5, A7, and Chloroquine are positive for hepatotoxicity. Compared with standard antimalarial
drugs, the identified derivatives also revealed favorable predicted pharmacokinetic properties.
Most compounds satisfied Lipinski’s rule of five, exhibited high gastrointestinal absorption, and
displayed acceptable bioavailability profiles. In contrast, lumefantrine violated certain drug-
likeness criteria due to its relatively high molecular weight (528.94) and LogP value (7.86).
Furthermore, compounds A3 and A4 were predicted to be non-mutagenic in the AMES toxicity
assessment, suggesting relatively safer pharmacological profiles than some of the reference
compounds. These comparative observations suggest that the identified derivatives, particularly
A3, possess pharmacokinetic, physiochemical and binding characteristics comparable to or better
than several previously reported PfLDH inhibitors. Therefore, these compounds may represent
promising scaffolds for further optimization and experimental validation in antimalarial drug
development. To further investigate the inhibitory potential of the compounds, molecular
docking studies were performed against PfLDH.
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Table 1: Lipinski Drug-Likeness and Physicochemical Properties of the Selected Derivatives and
Reference Antimalarial Drugs

S/N Mw Log Gl BBB nHB nHBA MR Logk LogS BS TPSA Class
P absor D P (A?) NRB
ption (cm/s)

Al 22923 227 High YES 2 3 4.27 -546  -3.68 0.55 72.55 3 S
A2 31330 251 High No 1 5 83.65 -6.68 -350 0.55 81.70 0 S
A3 30932 294 High No 3 4 88.76  -5.66  -432 0.55 92.78 3 M.S
A4 33527 283 High No 0 6 89.13 -5.58 -5.67 0.55 98.42 4 M.S
A5 40038 2.10 High NO 1 7 105.55 -6.61 -3.80 0.55 119.68 0 S
A6 33042 227 High YES 2 3 5.36 -546  -3.78 0.55  84.55 3 M.S
A7 31528 206 High NO 0 6 83.13 -643 424 055 98.42 0 M.S
Chl 319.87 4.15 High Yes 1 2 9741 -496 -455 055 28.16 2 M.S
oro

Lu 52894 7.86 Low No 1 2 152.61 -334 -833 0.55 2347 0 S
me

Mw = Molecular Weight, HBD = Hydrogen Bond Donor, HBA = Hydrogen Bond Acceptor, BS
= Bioavailability Score, MR = Molar Refractivity, C= class, TPSA = Topological Polar Surface
Area, NRB = Number of rotatable bond, S= soluble, MS = Moderate Soluble, lume =

lumefantrine, chloro = Chloroquine

Table 2: The PKSCM ADMET properties of the Derivatives
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Renal NO NO YES NO NO NO NO YES NO
OCT2su
bstrate

AMES YES YES NO NO YES YES YES YES NO
toxicity

Max. 0.14 0.55 0.295 1.012 0.081 0.14 0.342 -0.167 0.074
tolerated
dose
(human)
HERG 1 NO NO NO NO NO NO NO NO NO
inhibitor
HERG NO YES YES NO NO NO YES YES NO
II
inhibitor
Oral Rat 2411 2.184 2.585 2.848 2.648 2411 2.691 2.85 2.429
Acute

Oral Rat  1.089 1.488 2.167 2926  2.003 1.089 1.114  1.026 1.043

Hepatot NO NO YES NO YES NO YES YES NO
oxicity

Skin NO NO NO NO NO NO NO NO NO

Sensitiza

tion

4.0 Molecular Docking Results and Analysis

Molecular docking of the ligands and the standard drugs Chloroquine and lumefantrine were
performed against Plasmodium falciparum lactate dehydrogenase (PDB: 1CET). The results
were displayed in Table 3. Docking validation was performed by re-docking the co-crystallized
ligand into the active site of 1CET. The accuracy of the docking protocol was evaluated, the
native ligand in the receptor (ICET) was viewed in the active centre using Discovery studio
revealed the active-site grid coordinates of X =27.5183, Y = 26.3422, Y = 9.3206 before and
after re-docking of the native ligand with the receptor. The RMSD obtained between the
experimental and re-docked poses was less than 2.0 A, indicating reliable reproduction of the
native binding positioning and validating the docking protocol. The binding affinities ranged
from 6.1 to 7.7kcal/mol and the inhibition constant (Ki) ranged from 1.83 and 28.46 uM. Among
the chosen compounds, A3 had the best binding affinity, according to the molecular docking
studies. The binding affinities of the seven derivatives and the two reference standards
(Chloroquine and Lumefantrine) that exhibited predicted activity against Lactate dehydrogenase
(1CET) receptor (Afolabi et al., 2024) are presented in Table 3. The binding energies ranged
from —7.7 kcal/mol (A3) to —6.3kcal/mol (A1l to A7). Precisely, A1 showed binding energies of
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—6.3 kcal/mol, A2 —7.0 kcal/mol, A3 —7.7 kcal/mol, A4 —7.4 kcal/mol, A5 —7.5 kcal/mol, A6
—6.4kcal/mol and A7 -6.5 kcal/mol. The reference drugs Chloroquine and Lumefantrine
displayed binding energies of —6.1 and —7.1 kcal/mol, respectively. A3 interacted with PRO 250
through Pi-Alkyl bond, VAL 138 through unfavorable acceptor- acceptor, PRO246, THR 97
through hydrogen bond, MET 30 through Van der Waals, ILE 31 through Pi- sigma bond, GLY
29 through Amide Pi-stacked.

A4 interacted with LYS 198, ASN 197, ASN 140, HIS 195 through hydrogen bond, GLY 321
through Pi-Anion, MET 325 through Pi-sulfur. AS interacted with MET 325, PRO 141 through
Pi-Alkyl bond, ASN 140, LYS 198 through hydrogen bonding, ASN 197 through Van der
Waals, ALA 236 through Pi-alkyl bond, GLY 196 through Pi-sigma bond, HIS 195-carbon
hydrogen bond, HIS 195 through Amide Pi-stacked, HIS 195 through Pi-Pi T- shaped.
Chloroquine interacted with MET 199, ASP 230 through hydrogen bonding and VAL 233
through Pi-sigma bond. Lumefantrine interacted with HIS 195 through Pi-carbon bond, VAL
138, LEU 163 through Alkyl bond, VAL 240 through Pi-Alkyl bond, TYR 247 through Alkyl
bond, and GLY 99 through hydrogen bond. Therefore, A3 demonstrated stronger binding affinity
than chloroquine and lumefantrine, suggesting improved stabilization within the PfLDH active
site. The docking protocol was validated by re-docking the co-crystallized ligand into the active
site of PfLDH and calculating the RMSD between docked and crystallographic poses.

A3

o
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Chloroquine
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Figure 2: Molecular interaction profiles of compounds A3, A4, AS5,Chloroquine and
Lumefantrine compounds within the active site of PfLDH (PDB ID:1CET).
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Table 3: Binding affinity and non-binding interaction of (1CET) receptor with the ligands

S/N Binding Affinity Inhibition ICET receptor Electrostatic ~ /Hydrophobic
AG (Kcal/mol) constant amino acids forming interaction involved
Ki(uM) H-bond with ligand

A3 -1.7 1.83 THR 97 PRO 250, VAL 138, PRO
246, MET 30, ILE 31, THR
97, GLY 29

A4 -7.4 4.40 LYS 198, ASN 197, GLY 321, MET 325, LYS

ASN 140 198, ASN 197, ASN 140
A5 -7.5 2.58 ASN 140,LYS 198, MET 325, PRO 141, LYS

198, ASN 197, ALA 236,
GLY 196, HIS 195, ASP

168, HIS 195

Chloro -6.1 28.46 MET 199, ASP 230 MET 199, ASP 230, VAL
233

Lume -7.1 5.12 GLY 99 VAL 138, LEU 163, VAL

240, TYR 247, GLY 99

5.0 Conclusion

In this work, 4-hydroxy 3-nitrophenyl benzoate derivatives may serve as prospective inhibitors
of lactate dehydrogenase enzymes, to develop novel antimalarial drugs. As predicted by ADMET
studies and molecular docking procedure, the ligand 1,4-dihydroxy-3-methylnaphthalen-2-yl) 4-
aminobenzoate (A3) showed promising affinity towards the target protein compared to other
drugs. Based on ADMET properties, A3 1,4-dihydroxy-3-methylnaphthalen-2-yl) 4-
aminobenzoate demonstrated favorable docking and ADMET profiles and may warrant further
experimental evaluation. Additionally, the docking results provide preliminary computational
insights that require further validation through molecular dynamics simulations and experimental
studies.
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