
Aldo-Keto Reductase 1C3 (AKR1C3) is a vital human enzyme involved in the NADPH-dependent 
reduction of carbonyl groups in various steroids and prostaglandins. Its overexpression is linked to 
cancers such as breast, endometrial, and prostate. This study investigated the potential e�ects of fatty 
acids from Palm Kernel (Elaeis guineensis) oil on AKR1C3 using GC-MS analysis and in-silico methods. 
We evaluated Gas Chromatography-Mass Spectrometry (GC-MS) data, physicochemical properties, 
lipophilicity, pharmacokinetics, Lipinski's drug-likeness, and toxicity of the molecules. Molecular 
docking studies with AKR1C3 were conducted using Autodock Vina software, followed by validation 
using the MM/GBSA method and stability assessment through 100 ns molecular dynamics (MD) 
simulations with Desmond software. Findings revealed that 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester (-8.2 kcal/mol) exhibited superior binding energies 
compared to the control ligand, 3-phenoxybenzoic acid (-8.1 kcal/mol). MM/GBSA calculations 
demonstrated favorable binding a�nities, and superimposed RSMD (0.878 Å) poses of ligands 
showed minimal deviation. Two of the complexes were more stable throughout the 100 ns simulation 
period, and test compounds displayed satisfactory drug-likeness, physicochemical properties, and 
toxicity pro�les. These promising results suggest further in vivo and in vitro exploration of the lead 
compounds as potential drug candidates targeting AKR1C3 in hormone-dependent cancers.
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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were expected to reach the site of action and produce favorable 
biological activity. None of these compounds violated Lipinski's 
rules, and all were predicted to have high intestinal absorption, 
except for p-Mentha-1,5,8-triene (PubChem CID: 527424), 
1,4-Cyclohexadiene-3-ethenyl-1,2-dimethyl- (PubChem CID: 
576908), and 1H-Indene-1-methylene- (PubChem CID: 
75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
ranged from 10000 mg/kg to 1 mg/kg (Table S3). 11 compounds 
were therefore selected for molecular docking.

Molecular docking
�e docking score of the 11 compounds ranged from 
-8.1kcal/mol to -6.2kcal/mol with the control ligand, 
3-phenoxybenzoic acid (PubChem CID: 19539), exhibiting a 
binding energy of -8.1 kcal/mol. Dodecanoic acid ethyl ester 
(PubChem CID: 7800) and 9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester (PubChem 
CID:5319879) displayed the highest binding energies of -8.3 
kcal/mol and -8.2 kcal/mol, respectively. In contrast, 
2-Hexenal- (E)- (PubChem CID:5281168) showed the lowest 
binding energy value of -4.5 kcal/mol. Other ligands had 
binding energies ranging from 5.5 kcal/mol to -6.9 kcal/mol 
(Table 1). �e highest docking score of the 2 compounds with 
the control were revalidated using MMGBSA protocol revealed 
a binding a�nity of -61.30 kcal/mol (Dodecanoic acid ethyl 
ester), -59.44 kcal/mol (9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester and -76.63 
kcal/mol (3-phenoxybenzoic acid (control) (Table 2). 
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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were expected to reach the site of action and produce favorable 
biological activity. None of these compounds violated Lipinski's 
rules, and all were predicted to have high intestinal absorption, 
except for p-Mentha-1,5,8-triene (PubChem CID: 527424), 
1,4-Cyclohexadiene-3-ethenyl-1,2-dimethyl- (PubChem CID: 
576908), and 1H-Indene-1-methylene- (PubChem CID: 
75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
ranged from 10000 mg/kg to 1 mg/kg (Table S3). 11 compounds 
were therefore selected for molecular docking.

Molecular docking
�e docking score of the 11 compounds ranged from 
-8.1kcal/mol to -6.2kcal/mol with the control ligand, 
3-phenoxybenzoic acid (PubChem CID: 19539), exhibiting a 
binding energy of -8.1 kcal/mol. Dodecanoic acid ethyl ester 
(PubChem CID: 7800) and 9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester (PubChem 
CID:5319879) displayed the highest binding energies of -8.3 
kcal/mol and -8.2 kcal/mol, respectively. In contrast, 
2-Hexenal- (E)- (PubChem CID:5281168) showed the lowest 
binding energy value of -4.5 kcal/mol. Other ligands had 
binding energies ranging from 5.5 kcal/mol to -6.9 kcal/mol 
(Table 1). �e highest docking score of the 2 compounds with 
the control were revalidated using MMGBSA protocol revealed 
a binding a�nity of -61.30 kcal/mol (Dodecanoic acid ethyl 
ester), -59.44 kcal/mol (9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester and -76.63 
kcal/mol (3-phenoxybenzoic acid (control) (Table 2). 
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Figure 1. GC–MS Chromatogram of Palm Kernel Oil Extract.

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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were expected to reach the site of action and produce favorable 
biological activity. None of these compounds violated Lipinski's 
rules, and all were predicted to have high intestinal absorption, 
except for p-Mentha-1,5,8-triene (PubChem CID: 527424), 
1,4-Cyclohexadiene-3-ethenyl-1,2-dimethyl- (PubChem CID: 
576908), and 1H-Indene-1-methylene- (PubChem CID: 
75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
ranged from 10000 mg/kg to 1 mg/kg (Table S3). 11 compounds 
were therefore selected for molecular docking.

Molecular docking
�e docking score of the 11 compounds ranged from 
-8.1kcal/mol to -6.2kcal/mol with the control ligand, 
3-phenoxybenzoic acid (PubChem CID: 19539), exhibiting a 
binding energy of -8.1 kcal/mol. Dodecanoic acid ethyl ester 
(PubChem CID: 7800) and 9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester (PubChem 
CID:5319879) displayed the highest binding energies of -8.3 
kcal/mol and -8.2 kcal/mol, respectively. In contrast, 
2-Hexenal- (E)- (PubChem CID:5281168) showed the lowest 
binding energy value of -4.5 kcal/mol. Other ligands had 
binding energies ranging from 5.5 kcal/mol to -6.9 kcal/mol 
(Table 1). �e highest docking score of the 2 compounds with 
the control were revalidated using MMGBSA protocol revealed 
a binding a�nity of -61.30 kcal/mol (Dodecanoic acid ethyl 
ester), -59.44 kcal/mol (9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester and -76.63 
kcal/mol (3-phenoxybenzoic acid (control) (Table 2). 

Ligands Binding energy 
(Kcal/mol)

Hydrogen Bonds 
and Distance (Å) 

Interacting amino acids 

p-Mentha-1,5,8-
triene  

-6.7 Tyr55 (2.89) Tyr216, Leu268, Gly222, Lys270, Phe306 
Ser217(3.10) 

1-o-Tolylprop-2-
en-1- 

-6.4 Tyr55 (3.08) 
His117(3.09) 

Tyr24, Trp227, Leu54 

1,4-Cyclohexadiene,3
-ethenyl-1,2-dimethyl-

-6.4 None Tyr24, Tyr55, His117, Tyr216, Phe306 

1H-Indene- 1-
methylene- 

-6.6 None Tyr24, Tyr216, Trp227, Phe306 

Phenol-2-ethyl-4-
methyl- 

-6.2 Tyr55(3.08) Tyr24, Leu54, Tyr216, Trp227, Phe306 
His117(3.09) 

Propofol -6.9 Tyr55(2.83) His117, Tyr216, Leu268, Phe306, Gly22 

Dodecanoic acid 
ethyl ester 

-8.3 Tyr55(2.99) Met120, Tyr317, Pro318, Phe311, Tyr319, Leu268, ser217, 
tyr216, Asn167, Phe306 

Dodecanoic acid -7 Leu219(3.19) Trp227, Phe306, Phe311, Tyr24, Tyr55, Lys270, Leu268, Ser217 
Ala218 (2.89) 

Dodecanoic acid- 
2-butoxyethyl 

ester 

-7.9 Ser217(3.23) Met120, Phe311, Gln222, Leu219, Phe306, Tyr216, His117, 
Asn167, Ser118 

Lys270(2.96) 

Ethyl trans-3-
isopropyl-2-

oxiranecarboxylate 

-5.5 Ser217(3.21) Tyr216, Ser221, Leu268, Lys270 

Gln222 (2.19) 

2-Ethylbutyric 
acid-2-hexyl ester 

-6.7 Tyr55(2.99) Tyr24, His117, Tyr216, Phe306, Phe311 

9-Octadecenoic 
acid (Z)-2-hydroxy-1

(hydroxymethyl) 
ethyl ester 

-8.2 Lys270(2.79, 3.08) Met120, Leu122, Phe311, Ser217, Tyr216, Leu122 

3-phenoxy benzoic 
acid(control) 

-8.l Tyr319 (3.02), 
Asn167 (3.06), 
Tyr216 (2.91) 

His117, Tyr55, Phe306, Met120, Phe311 

Table 1. Impact of metformin on Superoxide Dismutase.
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

Ligands Docking Score 
(kcal/mol) 

MMGBSA 
(kcal/mol) 

3-phenoxy benzoic acid 
(Control) 

-8.1 -76.63 

Dodecanoic acid ethyl ester -8.3 -61.30 
 9-Octadecenoic acid (Z)-

 
2-

hydroxy-1 (hydroxymethyl) 
ethyl ester 

-8.2 -59.44 

Table 2. Rescoring docking of top two ligands and control using 
MMGBSA

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Figure 2. The complex formed between the control ligand (3-phenoxy 
benzoic acid) and Aldo–Keto Reductase 1C3 (AKR1C3).

Figure 3. The 2D hydrophobic interaction (red curved lines) and 
hydrogen bond (green dashed lines) formation between ligands and the 
amino acid residue of the receptor using LigPlot. A: Dodecanoic acid 
ethyl ester and B: 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester.

Figure 5. 9-octadecanoic acid (Z) - 2-hydroxy-1-(hydroxymethyl) ethyl 
ester with Aldo-keto-reductase 1C3 protein: A) RMSD, B) RMSF, C) 
Protein-Ligand Contacts with interaction fraction: This shows for how 
long during the simulation timeline the residues were in contact with the 
ligands. For values ranging from 0-1, 1 means that there was contact 
100% of the simulation time and 0 for no contact during the simulation 
time.

Figure 4. Co-crystallized ligand (Green) extracted and re-docked 
(purple). Poses superimposed (RSMD: 0.878Å).

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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were expected to reach the site of action and produce favorable 
biological activity. None of these compounds violated Lipinski's 
rules, and all were predicted to have high intestinal absorption, 
except for p-Mentha-1,5,8-triene (PubChem CID: 527424), 
1,4-Cyclohexadiene-3-ethenyl-1,2-dimethyl- (PubChem CID: 
576908), and 1H-Indene-1-methylene- (PubChem CID: 
75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
ranged from 10000 mg/kg to 1 mg/kg (Table S3). 11 compounds 
were therefore selected for molecular docking.

Molecular docking
�e docking score of the 11 compounds ranged from 
-8.1kcal/mol to -6.2kcal/mol with the control ligand, 
3-phenoxybenzoic acid (PubChem CID: 19539), exhibiting a 
binding energy of -8.1 kcal/mol. Dodecanoic acid ethyl ester 
(PubChem CID: 7800) and 9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester (PubChem 
CID:5319879) displayed the highest binding energies of -8.3 
kcal/mol and -8.2 kcal/mol, respectively. In contrast, 
2-Hexenal- (E)- (PubChem CID:5281168) showed the lowest 
binding energy value of -4.5 kcal/mol. Other ligands had 
binding energies ranging from 5.5 kcal/mol to -6.9 kcal/mol 
(Table 1). �e highest docking score of the 2 compounds with 
the control were revalidated using MMGBSA protocol revealed 
a binding a�nity of -61.30 kcal/mol (Dodecanoic acid ethyl 
ester), -59.44 kcal/mol (9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester and -76.63 
kcal/mol (3-phenoxybenzoic acid (control) (Table 2). 
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Figure 6. Dodecanoic acid ethyl ester with Aldo-keto-reductase 1C3 
protein: A) RMSD, B) RMSF, and C) Protein-Ligand Contacts with 
Interaction Fraction: These show for how long during the simulation 
timeline the residues were in contact with the ligands. For Values 
ranging from 0-1, 1 means that there was contact 100% of the 
simulation time and 0 for no contact during the simulation time.

Figure 8. Ligand properties during 100ns MD simulation with 
Aldo-keto-reductase 1C3 protein: A) Ligand-RMSD, B) The radius of 
gyration (RGyr), C) Polar Surface Area (PSA) and D) Solvent 
Accessible Surface Area (SASA).

Figure 7. 3-phenoxy benzoic acid with Aldo-keto-reductase 1C3 
protein: A) RMSD, B) RMSF, and C) Protein-Ligand Contacts with 
Interaction Fraction: These shows for how long during the simulation 
timeline the residues were in contact with the ligands. For Values 
ranging from 0-1, 1 means that there was contact 100% of the 
simulation time and 0 for no contact during the simulation time.

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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were expected to reach the site of action and produce favorable 
biological activity. None of these compounds violated Lipinski's 
rules, and all were predicted to have high intestinal absorption, 
except for p-Mentha-1,5,8-triene (PubChem CID: 527424), 
1,4-Cyclohexadiene-3-ethenyl-1,2-dimethyl- (PubChem CID: 
576908), and 1H-Indene-1-methylene- (PubChem CID: 
75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
ranged from 10000 mg/kg to 1 mg/kg (Table S3). 11 compounds 
were therefore selected for molecular docking.

Molecular docking
�e docking score of the 11 compounds ranged from 
-8.1kcal/mol to -6.2kcal/mol with the control ligand, 
3-phenoxybenzoic acid (PubChem CID: 19539), exhibiting a 
binding energy of -8.1 kcal/mol. Dodecanoic acid ethyl ester 
(PubChem CID: 7800) and 9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester (PubChem 
CID:5319879) displayed the highest binding energies of -8.3 
kcal/mol and -8.2 kcal/mol, respectively. In contrast, 
2-Hexenal- (E)- (PubChem CID:5281168) showed the lowest 
binding energy value of -4.5 kcal/mol. Other ligands had 
binding energies ranging from 5.5 kcal/mol to -6.9 kcal/mol 
(Table 1). �e highest docking score of the 2 compounds with 
the control were revalidated using MMGBSA protocol revealed 
a binding a�nity of -61.30 kcal/mol (Dodecanoic acid ethyl 
ester), -59.44 kcal/mol (9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester and -76.63 
kcal/mol (3-phenoxybenzoic acid (control) (Table 2). 
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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were expected to reach the site of action and produce favorable 
biological activity. None of these compounds violated Lipinski's 
rules, and all were predicted to have high intestinal absorption, 
except for p-Mentha-1,5,8-triene (PubChem CID: 527424), 
1,4-Cyclohexadiene-3-ethenyl-1,2-dimethyl- (PubChem CID: 
576908), and 1H-Indene-1-methylene- (PubChem CID: 
75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
ranged from 10000 mg/kg to 1 mg/kg (Table S3). 11 compounds 
were therefore selected for molecular docking.

Molecular docking
�e docking score of the 11 compounds ranged from 
-8.1kcal/mol to -6.2kcal/mol with the control ligand, 
3-phenoxybenzoic acid (PubChem CID: 19539), exhibiting a 
binding energy of -8.1 kcal/mol. Dodecanoic acid ethyl ester 
(PubChem CID: 7800) and 9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester (PubChem 
CID:5319879) displayed the highest binding energies of -8.3 
kcal/mol and -8.2 kcal/mol, respectively. In contrast, 
2-Hexenal- (E)- (PubChem CID:5281168) showed the lowest 
binding energy value of -4.5 kcal/mol. Other ligands had 
binding energies ranging from 5.5 kcal/mol to -6.9 kcal/mol 
(Table 1). �e highest docking score of the 2 compounds with 
the control were revalidated using MMGBSA protocol revealed 
a binding a�nity of -61.30 kcal/mol (Dodecanoic acid ethyl 
ester), -59.44 kcal/mol (9-Octadecenoic acid 
(Z)-2-hydroxy-1(hydroxymethyl) ethyl ester and -76.63 
kcal/mol (3-phenoxybenzoic acid (control) (Table 2). 
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Aldo–keto reductase 1C3 (AKR1C3) is a human aldo–keto 
reductase enzyme that catalyses the NADPH-dependent 
reduction of carbonyl moieties on a variety of steroids and 
prostaglandins synthesis [1]. Over-expression of AKR1C3 has 
been implicated in several hormone-dependent malignancies, 
including breast, endometrial, and prostate cancers, with higher 
expression levels correlating to increased disease aggressiveness 
and poor patient prognosis [2-5].

 Research on AKR1C3 inhibitors has led to the development 
of various compounds, such as cyclopentane derivatives, 
hormone analogues, natural products, non-steroidal 
anti-in�ammatory drug (NSAID) analogues, metal complexes, 
and sulfonylureas [6]. Despite these e�orts, no speci�c AKR1C3 
inhibitor has been successfully commercialized. Current 
inhibitors face limitations, such as non-speci�city and adverse 
e�ects associated with long-term use, particularly in the case of 
NSAIDs [7,8].

 Given these challenges, traditional herbs have gained 
attention as potential alternative sources of AKR1C3 inhibitors 
due to their natural, eco-friendly nature and potential for fewer 
adverse e�ects [9]. �e two common varieties of palm kernel oil 
in Nigeria, Elaeis guineensis (virenscens ‘Ojukwu’ and 
nigrescens), have been used in traditional medicine [10]. �e oil 
contains unsaturated fatty acids that can be metabolized in the 
human body to produce important prostaglandins [11].

In this study, we utilized gas chromatography-mass 
spectrometry (GC–MS) to identify and analyze the fatty acids 
in palm kernel oil extract. �is analytical technique enables 
the detection of a wide range of compounds, including those 
found in medicinal plants [12]. Furthermore, we employed 
computer-aided tools (molecular docking and molecular 
dynamics) to investigate the potential inhibitory e�ects and 
mechanism of these fatty acids on AKR1C3 [13,14]. In-silico 
techniques provide insight into drug-receptor interactions 
and allow for the prediction of drug candidate binding to 
target proteins.

 By combining these analytical and computational 
methods, our research aims to explore the potential of fatty 
acids in palm kernel oil as natural inhibitors for AKR1C3. �e 
results may contribute to the development of alternative and 
therapeutic options for hormone-dependent malignancies 
targeting AKR1C3.

Materials and Methods
Materials
Palm kernel fruits were collected from Gbajimba village, 
Benue State, and identi�ed by a plant taxonomist from the 
Department of Botany, Federal University of Agriculture, 
Makurdi, Benue State, Nigeria.

Methods
Palm kernel preparation

Palm kernel fruits were boiled for 2 hours at 100°C, air-dried for 
48 hours, de-shelled, and homogenized by pounding for 30 
minutes.

Palm kernel oil extraction

Palm kernel oil was extracted using a Soxhlet extractor with 
n-hexane as the solvent following the method of [15]. Brie�y, 
25g of crushed palm kernel was loaded into the Soxhlet 
extractor, and the extraction was carried out for 6 hours. A�er 
extraction, n-hexane was evaporated using a water bath, 
yielding 50ml of palm kernel oil.

GC-MS and phytochemical analysis

�e GC-MS analysis was performed using Shimadzu 
GC-MS-QP2010 PLUS under speci�ed conditions: injector 
temperature at 250ºC, oven temperature at 60ºC, ion source 
temperature at 200ºC, interface temperature at 250ºC, pressure 
at 100.2 KPa, column �ow at -1.61 ml/min, purge �ow at 5.6 
ml/min, and total �ow rate at 39.4 ml/min. Manual injection of 
the sample was done at a split ratio of 20:0, and the total running 
time was 11 minutes. �e National Institute of Standard and 
Technology (NIST) library database was used for mass 
spectrum interpretation.

ADME and protox prediction

SwissADME (http://www.swissadme.ch/index.php) was used to 
pro�le the physicochemical, lipophilicity, pharmacokinetics, 
and Lipinski's drug-likeness of 46 ligands. Toxicity assessment 
was performed on Protox (http://tox.charite.de/protoxII). All 
the ligands were compared to the control ligand 
3-phenoxybenzoic acid and ranked based on their ADME and 
toxicity pro�les to �nd the top drug-like candidates. 

Protein and ligand preparation

�e crystal structure of Escherichia Aldo-Keto Reductase 1C3 
(PDB 3UWE) is similar to the other structures in the aldo-keto 
reductase family [16]. 3UWE was obtained from Protein Data 
Bank (PDB) database (https://www.rcsb.org/structure/3uwe) 
and re�ned using Discovery Studio (2016) [17] Visualizer, 
following a re�nement protocol that included addition of polar 
hydrogens, assigning AD4 type atoms, and computing 
Gasteiger charges. �e protein-ligand binding pockets were 
obtained from literature [18]. Ligands were obtained in 'sdf ' 
format from Pub Chem (www.pubchem.ncbi.nlm.nih.gov) 
open chemistry database and optimized using Avogadro2 
so�ware (https://two.avogadro.cc/). �e optimization involved 
an energy minimization step with MMFF94 (Merck Molecular 
Force Field 94) force �eld, 4 steep per update, and the steepest 
decent algorithm. �is was followed by saving the ligands as 
'pdb' �les for further assessment and molecular docking.

Molecular docking

Auto Dock Vina version 1.5.7 was used to perform docking, and 
binding a�nities of the ligands were calculated [19]. �e grid 
box for the active site ASP50 was set at x = 6.431, y = 1.774, and 
z = 11.775, using Gauss View 5.0 [20] to get the receptor 
coordinates with dimensions of 24 × 24 × 24Å for x, y, and z, 
respectively. �e protein and ligands were prepared in 'pdbqt' 
format for docking using command lines and the value for 
exhaustiveness was 8 with a default energy range of 3.0kcal/mol.

MMGBSA calculations

Binding free energies were calculated using MM-GBSA, VSGB 
2.0 implicit solvation model, and OPLS-2005 via Prime [21]. 
�e binding free energy was calculated using the equation:

ΔGbind = Gcomplex - Gprotein - Gligand  (1)

Where G complex, Gprotein, and Gligand represent the free 
binding energy of the protein-ligand complex, protein, and 
ligand, respectively.

Post-docking analysis

Protein-ligand complexes were analyzed using Ligplot+ 
(version 2.2.5) [22] to identify potential hydrogen bond 
interactions and possibilities for non-covalent bond formation 
[23]. �e Superposition module from Maestro was employed to 
overlay the re-docked co-crystallized ligand with the ligands 
itself, to con�rm the validity of the docking protocol 
implemented [24].

Molecular dynamic simulation analysis

�e stability of the best-docked complex was evaluated through 
a 100 ns MD simulation using Desmond so�ware [25]. �e 
system was prepared using a protein preparation wizard and 
re�ned by PROKA pH. �e simulation environment model was 
created using the TIP3P solvation model, and an orthorhombic 
box of dimensions 10x10x10 Å was used. Na+ and Cl—ions 
were added to neutralize the system. �e entire system was 
optimized using the OPLS3e force �eld [26-28]. 

 �e simulation time was set at 100 ns with recording 
intervals speci�ed as 100.00ps for trajectory and 1.2 for energy. 
�is would result in approximately 1000 frames. �e simulation 
was run in the NPT ensemble class, with a temperature of 
300.0K and pressure of 1.01325 bar. Before the simulation, the 
model system was relaxed using the default relaxation protocol. 
RESPA integrator parameters include a Time step (fs): bonded: 
2.0 near:2.0 far: 6.0. For the ensemble, the Nose-Hoover chain 
thermostat method was chosen with a relaxation time of 1.0ps. 
For interactions, the Coulombic method was used with a 
short-range cuto� method. �e cuto� radius was set at 9.0 Å. 
Maestro Simulation interaction diagram module was used to 
calculate the following values: Root Mean Square Deviation 
(RMSD) was calculated by aligning with the protein RSMD, 
root-mean-square �uctuation (RMSF), protein-ligand 
interactions, radius of gyration (rGyr), Solvent Accessible 
Surface Area (SASA), and Polar Surface Area (PSA). Also, the 
maestro simulation interaction diagram module was used to 
plot the corresponding graphs.

Results
GC–MS results of palm kernel oil extract 
Forty-six (46) compounds were identi�ed in the GCMS analysis 
of the crude extract with their retention time as shown on the 
chromatogram (Table S1). From the GC–MS chromatogram 
below, the two promising compounds Dodecanoic acid ethyl 
ester and 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester had a retention time of 19.634 
and39.169 respectively (Figure 1).

ADME and toxicity profiling 

We initially screened a library of 46 compounds based on their 
ADME and toxicity pro�les. Twelve (12) candidates with the 
highest drug-like potential were identi�ed. �ese compounds 

Revalidating docking scores using MMGBSA
Additionally, the Prime MMGBSA module analyzed the 
binding energy calculation of selected top two compounds 
based on their binding a�nity towards the active site binding 
pocket of the target molecule. MMGBSA score of the lead 
molecule Dodecanoic acid ethyl ester was -61.30, whereas the 
second lead molecule 9-Octadecenoic acid (Z)- 2-hydroxy-1 
(hydroxymethyl) ethyl ester showed a slightly lower MMGBSA 
score of-59.44 (Table 2).

Molecular dynamics
Two compounds and controls were subjected to molecular 
dynamics simulations to predict the stability of the complexes 
and validate the bonds formed and their corresponding 
strength. �e RMSD measurements were used to evaluate the 
stability of the docked complexes. �e RMSD value of the 3 
compounds ranged from 2.2 Å to 2 Å with an average shi� of 
~1-3 Å (Figure 5-7a). �e 9-Octadecenoic acid (Z)- 
2-hydroxy-1 (hydroxymethyl) ethyl ester complex was stable 
throughout the simulation except for a minor dri� during the 
15ns to 20ns timeline. Dodecanoic acid ethyl ester complex was 
shown to be moderately stable. �e complex initially showed 
moderate dri�, but a�er 45, it became more stable (Figure 6a). 
3-phenoxy benzoic acid complex stayed quite consistently stable 
throughout the analysis, with an average RMSD value of the 
complex of ~2 Å (Figure 7a). 

 Minor �uctuations in RMSF were noticed in all three 
complexes, but no major alterations were observed throughout 
the experiment. Each complex remains stable (Figure 5-7b). �e 
protein-ligand contact interactions showed that di�erent 
residues were in contact with the ligand for di�erent durations 
during the simulation (Figure 5-7c).

 Post-docking analysis of the control ligand using LigPlot+ 
(version 2.2) showed that the complex formed by 
3-phenoxybenzoic acid with AKR1C3 revealed three hydrogen 
bonds interaction with Asn167 (3.06 Å), Tyr216 (2.91 Å), and 
Tyr319 (3.02 Å) residues (Figure 2, Table 1). In contrast, the 
Dodecanoic acid ethyl ester complex with AKR1C3 formed one 
hydrogen bond with Tyr55 (2.99 Å) and hydrophobic 
interactions with Met120, Pro318, Tyr317, Tyr319, Phe311, 
Asn167, Tyr216, Ser217, and Leu268 while 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester formed a complex  
with AKR1C3, revealing two hydrogen bonds with Lys270 (2.79 
Å, 3.08 Å) and 12 hydrophobic interactions (Figure3). 

Protein-ligand interaction analysis was also performed: It was 
discovered that the ligand 9-Octadecenoic acid (Z)-2-hydroxy-1 
(hydroxymethyl) ethyl ester interacted with 20 amino acids of 
the protein Aldo keto-reductase 1C3 across the simulation 
period, including Tyr24 (0.15Å), Leu54 (0.05Å), Tyr55 (0.02Å), 
and Trp86 (0.075Å). Met120(0.1Å), Leu122(0.075Å), Val137 
(0.02Å), Phe139 (0.075Å), Tyr216(0.35), Ser217(0.9Å), Ala218 
(0.875Å), Leu219 (0.75Å), Gly220 (0.6Å), Ser221 (0.03Å), 
Gln222(0.4Å), Trp227 (0.2Å), Leu 268 (1.0Å), Lys270(0.02Å), 
Phe306 (0.5Å) andPhe311 (0.3Å); Dodecanoic acid ethyl ester 
interacted with 30 amino acids of the protein Aldo 
keto-reductase 1C3 which are Gly22 (0.01Å), �r23 (0.13Å), 
Tyr24 (0.55Å), Asp50(0.3Å), Leu54 (0.04Å), Tyr55 (0.2Å), 
Lys84 (0.03Å), Trp86 (0.1Å), His117 (0.01Å), Met120 (0.03Å), 
Leu122(0.03Å), Leu128(0.03Å),Pro130(0.01Å), Val137(0.01Å), 
Phe139(0.01Å), Ser166(0.01Å), Gln190 (0.05Å), Tyr216 (0.4Å), 
Ser217 (0.375Å), Ala218 (0.01Å), Leu219 (0.01Å), Gly220 

(0.175Å), Ser221( 0.175Å), Gln222 (0.02Å), Trp227 (0.03Å), 
Leu268 (0.05Å), Lys270 (0.2Å), Tyr272 (0.02Å), Phe306 (0.4Å), 
Phe311 (0.05Å); 3-phenoxybenzoic acid interacted with 21 
amino acids of Aldo-keto-reductase 1C3 protein that includes 
Tyr24 (0.3Å), Leu54 (0.05Å), Tyr55 (0.02Å), Trp86 (0.05Å), 
His117 (0.01Å), Ser118 (0.18Å), Met120 (0.01Å), Leu128 
(0.01Å), Asn167 (0.4Å), Glu192 (0.02Å), Arg199 (0.01Å). 
Tyr216 (0.03Å), Trp227 (0.2Å), His304 (0.01Å), Phe306 (0.8Å), 
Asn307 (0.6Å), Ser308 (1.2Å), Ser310 (0.01Å), Phe311 (0.02Å), 
Tyr317 0.01Å) and Tyr319 (0.05Å). �ese interacting residues 
are all represented as vertical green bars in RMSF graphs, 
demonstrating their stability under dynamic settings (Figures 
5,6 and 7).

�e radius of gyration is a key parameter of the protein drug 
complex used to study the folding properties and 
conformations of the protein drug complexes. A comparatively 
high radius of gyration value indicates that a protein molecule is 
packed loosely, while a lower radius indicates a more compact 
protein structure. A more compact protein indicates that the 
drug molecule has not signi�cantly interfered with the folding 
mechanism of the protein. Analysis of the radius of the gyration 
parameter (Figure 8B) shows all the experimented complexes to 
be compact, and neither one displayed a greater amount of 
�uctuation under dynamic conditions. �e average RGyr value 
of 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) ethyl 
ester complex, dodecanoic acid ethyl ester complex, and 
3-phenoxy benzoic acid complexes were 6.5Å, 5.1 Å and 3.4 Å 
respectively. Although the 3-phenoxy benzoic acid complex 
appeared to be compact and tight in the overall MD simulation, 
the 9-Octadecenoic acid (Z)-2-hydroxy-1 (hydroxymethyl) 
ethyl ester complex was the most stable.

 Protein Aldo keto reductase 1C3 with ligand 
9-Octadecenoic acid (Z)-2-hydroxy-1-(hydroxymethyl) ethyl 
ester complex and protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complexes showed similar PSA curve 
throughout the simulation period (Figure 8C). �e average PSA 
for both these complexes was 98 Å2. While for Protein Aldo 
keto reductase 1C3 with ligand Dodecanoic acid ethyl ester 
complex, the average PSA was 49Å2.

 Solvent Accessible Surface Area analysis (SASA) reveals a 
better understanding of the protein-drug complexes' 

hydrophobic and hydrophilic behaviour. For SASA (Solvent 
accessible surface area) the protein Aldo keto reductase 1C3 
with ligand Dodecanoic acid ethyl ester complex showed the 
highest SASA of 150 Å2, while the Protein Aldo keto reductase 
1C3 with ligand 9-Octadecenoic acid 
(Z)-2-hydroxy-1-(hydroxymethyl) ethyl ester complex showed 
lowest SASA. �e protein Aldo-keto-reductase 1C3 with ligand 
3-phenoxy benzoic acid complex displayed a moderate value as 
observed in Figure 8D

 �e Root Mean Square Deviation (RMSD) analysis is an 
important step towards measuring the stability of the 
protein-ligand complex. A stable RMSD indicates that the 
binding of the protein-drug complex does not cause any 
signi�cant changes in the structure of the protein.

 Ligand RMSD refers to the Root mean square deviation of 
a ligand with respect to the reference conformation. �e Protein 
Aldo keto reductase 1C3 with Dodecanoic acid ethyl ester 
complex showed the most �uctuation here with a maximum 
value of 1.9 Å and minimum of 0.6 Å. �e other two complexes 
of Aldo keto reductase 1C3 with 9-Octadecenoic acid 
(Z)-2-hydroxy-1 (hydroxymethyl) ethyl ester complex and 
3-phenoxy benzoic acid displayed a more compact curve and 
stability in their ligand-RMSD curve (Figure 8A). For each 
complex value less than 3Å indicates stability.

Discussion
In this study 46 compounds were identi�ed from GC-MS 
analysis of palm kernel oil extracts. 11 of these compounds 
passed various drug-likeness and toxicity tests. Two (2) of the 
compounds were promising with the highest binding a�nity: 
Dodecanoic acid ethyl ester (-8.3 kcal/mol) (Compound I); 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (-8.2 kcal/mol) (Compound II). �ese 2 compounds were 
subjected to molecular dynamic simulations and showed stable 
conformations with RMSD values ranging from 2.2 Å to 2 Å. 
Other MD simulation parameters (RMSF, rGyr, PSA, SAS) were 
considered, suggesting the complexes' stability as explained in 
our results.

 �e �rst aim of this study was to �nd an e�ective inhibitor 
of AKR1C3 from a natural source. Our choice was palm kernel 
oil. We deem this to be important because current inhibitors of 
AKR1C3 are NSAIDs, and studies have shown that long-term 
usage leads to various systemic toxicity (gastric, renal, and 
cardiovascular) [7,8]. Secondly, we aimed to suggest a 
speci�city and putative inhibition mechanism from our data. 

 As stated above, two compounds with high binding a�nity 
were identi�ed and formed stable complexes. To elucidate the 
inhibitory and speci�city mechanism, we had to study the 
binding sites of AKR1C3. �ere are 5 compartments: oxyanion 
site, which is the catalytic site (Asp50, Tyr 55, Lys84, His117); 
steroid channel (Tyr24, Leu54, Ser129, Trp227); SP1 (Ser118, 
Asn167, Phe306, Phe311, Tyr319); SP2 (Trp86, Leu122, Ser129, 
Phe311), and SP3 (Tyr24, Glu192, Ser221, Tyr305) sub-pockets 
[29,30]. Previous inhibitors [6,30] have been designed to exploit 
the conserved nature of SP1-3 sub-pockets in AKR1C3 for 
speci�city.

 Based on this observation we were able to elucidate that the 
compounds may competitively inhibit AKR1C3, �rstly, because, 
of strong hydrogen bonds formed during molecular dynamics 
by the compounds with residues (distance of H bond in Å) in 
the oxyanion site (catalytic site)–Compound I: Asp50 (0.3Å), 

Tyr55 (0.2Å), Lys84 (0.03Å) and His117 (0.01Å), Compound II: 
Tyr55 (0.02Å). Secondly, interaction with residues in the steroid 
channel Compound I: Tyr24 (0.55Å), Leu54 (0.04Å) and 
Trp227 (0.03Å), compound II: Tyr24 (0.15Å), Leu54 (0.05Å), 
and Trp227 (0.2Å). [1] suggested that interactions with residues 
in the steroid channel guide the substrate for e�cient binding at 
the catalytic site (oxyanion site). We also suggest that speci�city 
is achieved via interactions with SP1-3 residues. Compound I: 
SP1: Phe306 (0.4Å) and Phe311 (0.05Å), SP2: Trp86 (0.1Å), 
Leu122 (0.03Å) and Phe311 (0.05Å), SP3: Tyr24 (0.55Å) and 
Ser221 (0.175Å); Compound II: SP1: Phe306 (0.5Å) and Phe311 
(0.3Å). SP2 Trp86 (0.075Å), Leu122 (0.075Å), and Phe311 
(0.3Å) and SP3: Tyr24 (0.15Å) and Ser221 (0.03Å)), both 
compounds seem to exhibit a good speci�city as they interacted 
with same residues in the SPI pocket. �ese binding 
mechanisms are also in line with the work of [29] who reported 
that AKR1C3 possesses a large active site with multiple 
ligand-binding cavities annotated as the oxyanion site, steroid 
channel, and sub pockets SP1, SP2, and SP3. [29] further 
reported that all of the previously characterized inhibitors of 
AKR1C3 share the common characteristic of an occupied SP1 
site, which is lined by residues Phe306, Phe311, Tyr319, Ser118 
and Asn167.Dodecanoic acid ethyl ester (Compound I) and 
9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) ethyl 
ester (Compound II) are no exception.

 Overall, our data suggests that the fatty 
acid,9-Octadecenoic acid (Z)-2-hydroxy-1(hydroxymethyl) 
ethyl ester (compound II) present in palm kernel oil may 
e�ectively inhibit AKR1C3 with little or no toxicity. However, 
we were not able to demonstrate exclusive speci�city for 
AKR1C3, also, our extrapolations are based on simulations and 
there is need for in-vitro and in vivo data to support our claims.

Conclusions
�e compound 9-Octadecenoic acid (Z)-2-hydroxy-1- 
(hydroxymethyl) ethyl ester has been predicted to possess 
inhibitory potentials for AKR1C3. �e rigorous analysis of the 
MDS data further validated simulated complexes and binding 
a�nity with bonding interactions formed. 
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75581). However, most of the compounds penetrated the 
blood-brain barrier (BBB). (Table S2).

 Eleven (11) of the top twelve (12) compounds exhibited no 
potential for toxicity, except for 1-Ethyl-2- 
methylpropylisopropylphosphono�uoridate (PubChem CID: 
581214), which fell under toxicity class 1. �e LD50 values 
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were therefore selected for molecular docking.

Molecular docking
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