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ABSTRACT 

Objective: Benign prostatic hyperplasia (BPH) is a prevalent, non-cancerous condition affecting aging men worldwide. As an alternative approach 
to conventional treatment options, polyunsaturated fatty acids (PUFAs) have gained attention for their potential therapeutic effects on various 
health conditions. This study investigated the interaction of PUFAs obtained from Navicula salinicola with the macromolecule associated with BPH, 
represented by STAT3, that is involved in the androgen signaling pathway in BPH (PDB ID 6NJS), using molecular docking simulations. 

Methods: The docking simulations revealed the interaction patterns and binding affinities of 14 PUFAs with the amino acid residues of STAT3. The 
calculated binding energies and inhibition constants provided insights into the potential inhibitory effects of PUFAs on BPH.  

Results: Results indicated that γ-linolenic acid exhibited a strong binding affinity, forming hydrogen bonds with ARG609 and hydrophobic 
interactions with VAL637 and PRO639, highlighting its potential as a potent inhibitor. Docosahexaenoic acid also showed favorable interactions 
with ARG609 and hydrophobic residues, suggesting its potential therapeutic relevance.  

Conclusion: γ-Linolenic acid from N. salinicola exhibited a strong molecular interaction with STAT3.  
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INTRODUCTION 

Benign prostatic hyperplasia (BPH) is a prevalent, non-cancerous 
condition that affects a significant number of aging men worldwide 
[1]. BPH involves the enlargement of the prostate gland, leading to 
the compression of the urethra and subsequent urinary symptoms 
such as difficulty in urination, increased frequency, and nocturia [2]. 
Despite being a non-life-threatening condition, BPH can significantly 
impact the quality of life and well-being of affected individuals. 
Currently, available treatment options for BPH include medications, 
minimally invasive procedures, and surgery [3]. However, minimally 
invasive surgery is still surgery, and there are risks of complications 
such as bleeding, infection, and injury to organs [4, 5]. Therefore, 
there is a growing interest in exploring alternative and potentially 
more effective therapeutic approaches.  

The signal transducer and activator of transcription 3 (STAT3) is a 
protein that plays a role in the development of BPH. STAT3 is 
involved in the activation of NF-κB in the prostate as a result of high-
fat diet feeding, leading to inflammation [6]. Constitutive activation 
of STAT3 causes growth dysregulation and resistance to apoptosis 
through changes in gene expression, leading to hyperproliferation of 
prostate tissue [7]. STAT3 is involved in the androgen signaling 
pathway in BPH [8]. The aberrant activation of STAT3 leads to 
increased cell proliferation and reduced cell apoptosis, resulting in 
BPH development [9]. The EGF/STAT3 signaling pathway is involved 
in the development of BPH, and qianliening capsule (QC) treatment 
may significantly decrease the serum level of EGF in BPH rats as well 
as downregulate the mRNA and protein levels in STAT3 [10]. 

Among the numerous natural compounds investigated for their 
potential health benefits, PUFAs have garnered attention due to their 
diverse physiological roles and potential therapeutic effects [11]. 
PUFAs, particularly omega-3 and omega-6 fatty acids, are essential 
nutrients obtained through diet and have been extensively studied for 
their cardiovascular, anti-inflammatory, and anticancer properties 
[12]. Researchers have also begun to investigate their potential impact 
on prostate health, particularly in the context of BPH [13]. 

In recent years, a specific microalgae called N. salinicola has emerged 
as a promising source of bioactive compounds, including various 

PUFAs [14]. This microorganism thrives in saline environments and 
has been found to contain a rich reservoir of valuable lipids with 
potential health benefits [15]. N. salinicola is a species of diatom, a 
type of unicellular algae. Diatoms are known to be a potent source of 
PUFAs, which are essential for good health in humans and many 
animals [16]. N. salinicola has been studied for its fatty acid profile, 
and its potential as a source of PUFAs has been investigated [17]. 
Researchers have turned their attention to N. salinicola and its PUFA 
content to explore their therapeutic potential in various health 
conditions, including BPH. 

The PUFAs found in N. salinicola have been of particular interest due to 
their potential as inhibitors of benign prostate hyperplasia [18]. Benign 
prostate hyperplasia is a non-cancerous enlargement of the prostate 
gland that can cause urinary problems in men. PUFAs have been studied 
for their potential to inhibit the growth of prostate cells and reduce the 
risk of benign prostate hyperplasia [19]. Most data regarding the effects 
of high dietary n-6 PUFA are positively associated with prostate cancer 
incidence. However, the ratio of n-6 to n-3 fatty acids may be more 
important than the absolute amount of n-3 PUFA [20]. PUFAs are 
associated with a reduced risk of several types of carcinogenesis, 
including prostate cancer. However, this depends on numerous factors, 
including the source of omega-3 PUFAs. The consumption of a high-fat 
diet and obesity cause a reduction in testosterone and promote prostatic 
changes such as prostatitis, BHP, and high-grade prostatic intraepithelial 
neoplasma (HGPIN) until cancer [21].  

Despite these exciting developments, there remains a significant 
research gap about the molecular mechanisms underlying the 
potential inhibitory effects of PUFAs from N. salinicola on BPH [17]. 
Omega-3 PUFAs have been studied for their potential role in the 
treatment of benign prostatic hyperplasia (BPH). A study evaluated 
the effects of concentrated long-chain omega-3 polyunsaturated 
fatty acid (LCn3) supplementation on prostate cancer-specific 
quality of life in men treated by radical prostatectomy. The study 
found that LCn3 supplementation improved urinary incontinence 
and bowel function [22]. Another study investigated the effects of 
combination therapy with omega-3 fatty acids, tamsulosin, and 
finasteride in the treatment of men with lower urinary tract 
symptoms (LUTS) and BPH. The study found that the combination 
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therapy improved LUTS and BPH symptoms [23]. Omega-3 PUFAs 
have been shown to reduce blood pressure and vasodilation, which 
may be beneficial for men with BPH [24]. Supplementation of PUFAs 
and aerobic exercise have been shown to improve functioning, 
morphology, and redox balance in prostate-obese rats [21]. A study 
showed significantly lower omega-3 levels in men without prostate 
cancer, suggesting that omega-3 PUFAs may play a role in prostate 
cancer prevention [25]. While there have been some preliminary 
studies indicating the possible benefits of PUFAs in managing BPH, 
the exact molecular pathways and interactions between these 
bioactive compounds and prostate cells remain largely unexplored. 
Therefore, the present study aims to address this research gap 
through molecular docking analyses to gain deeper insights into the 
potential interactions between PUFAs from N. salinicola and the key 
molecules involved in BPH development. 

Molecular docking is a computational technique that can be used to 
predict the binding affinity of a ligand to a receptor. In the field of 
BPH, molecular docking has been utilized in various research 
designs to investigate the potential of therapeutic targets and 
inhibitors for the treatment of BPH. Molecular docking can be used 
to identify potential therapeutic targets for the treatment of BPH. “A 
functional genomics pilot study” utilized molecular docking to 
identify alternative Chinese herbal agents for the treatment of BPH 
[26]. Molecular docking can be employed to investigate the binding 
interactions between ligands and receptors in BPH [2]. Molecular 
docking can be used to identify potential inhibitors for the treatment 
of BPH [27]. 

Molecular docking simulations were used to study the interactions 
between PUFAs from N. salinicola and the selected target molecules 
involved in BPH pathogenesis. These simulations will predict and 
analyze the binding affinities and binding modes of PUFAs with the 
target molecules, providing insights into potential inhibitory effects. 

MATERIALS AND METHODS 

Materials 

The personal computer was equipped with an Intel® CoreTM i7-
7200U CPU at 2.50 GHz (4 CPUs at 2.7 GHz), 20 GB of RAM, and 
Windows 10 Pro 64-bit for molecular docking simulation. 

Preparation of ligand structures 

The chemical structures of PUFAs (table 1), in a *. sdf format file 
were obtained from the PubChem substance and compound 
databases (https://pubchem.ncbi.nlm.nih.gov/) [28]. The optimized 
3D structures were converted using Discovery Studio Visualizer into 
*. pdb file formats for further use in molecular docking simulations. 

Preparation of macromolecular structures  

The crystal structure of the signal transducer and activator of 
transcription 3 (STAT3) (PDB ID 6NJS) along with the native ligand of 
SD36 ([(2-{[(5S,8S,10aR)-3-acetyl-8-({(2S)-5-amino-1-
[(diphenylmethyl)amino]-1,5-dioxopentan-2-yl}carbamoyl)-6-
oxodecahydropyrrolo[1,2-a][1,5]diazocin-5-yl]carbamoyl}-1H-indol-5-
yl)(difluoro)methyl]phosphonic acid) [29] was downloaded from the 
Protein Data Bank. Water molecules, co-crystallized ligands, and other 
heteroatoms were removed from the 6NJS structure. Only the protein 
chain(s) of B relevant to the study were retained. The 6NJS structure was 
checked for missing atoms or residues. AutoDock Tools was used to add 
any missing hydrogen atoms and fill gaps in the protein chain. 

Validation of molecular docking  

Autodock 4.2 simulations were initiated to dock native ligand (ID 
SD36) onto the active site of the macromolecule (6NJS). A grid box was 
created around the native ligand of the macromolecule of the signal 
transducer and activator of transcription 3 (STAT3) (PDB ID 6NJS) to 
define the region where the native ligand would be docked. The grid 
dimensions were adjusted to cover the entire binding pocket while 
considering computational resources. Appropriate atom types, 
charges, and torsional information were assigned to the ligands. The 
docking parameters, such as the search algorithm (genetic algorithm), 
docking runs, and population size, were set up to customize the 
docking simulations. Autodock explored different conformations and 
orientations of the ligands within the binding site [30]. 

Simulation of molecular docking  

Simulation of molecular docking was carried out using Autodock 4.2. 
The ligand structures of PUFAs prepared in the earlier steps were 
loaded into Autodock. Appropriate atom types, charges, and 
torsional information were assigned to the ligands. The grid box was 
created based on the grid box obtained from the re-docking results. 
The docking parameters, such as the search algorithm (genetic 
algorithm), docking runs, and population size, were set up to 
customize the docking simulations. The results of the docking 
experiment using Discovery Studio Visualizer were analyzed and 
visualized [31]. 

Analysis of docking results  

The output files (*. dlg) generated by Autodock, containing docking 
scores, ligand poses, and interaction energies, were saved. By using a 
Discovery Studio Visualizer, the 6NJS macromolecular structure and 
the docked ligand poses were loaded into the program. The docking 
poses of each ligand within the binding pocket of the signal 
transducer and activator of transcription 3 (STAT3) were visualized 
and inspected. The binding interactions, such as hydrogen bonds, 
hydrophobic interactions, and pi-stacking, between the ligands and 
the amino acid residues of signal transducer and activator of 
transcription 3 (STAT3) were analyzed (for details, see [32–34]). 

RESULTS 

Validation of molecular docking procedures 

In this study, Autodock 4.2 was used to explore the molecular 
interactions between PUFAs from N. salinicola and the 
macromolecule associated with benign prostatic hyperplasia (BPH), 
represented by the signal transducer and activator of transcription 3 
(STAT3) (PDB ID 6NJS). Before docking, the macromolecule was 
processed to remove water molecules and any other heteroatoms 
while retaining the relevant protein chains associated with BPH. By 
processing the macromolecule in this way, it is possible to obtain a 
more accurate prediction of the interaction between the ligand and 
the macromolecular target. This is important for drug discovery and 
other applications that require understanding the binding affinity 
and specificity of a ligand to its target. 

The grid parameters play a crucial role in defining the search space 
for docking simulations. The npts values of 40 Å, 56 Å, and 40 Å 
represent the number of grid sizes in the x, y, and z dimensions, 
respectively. The grid center, specified as (13.498, 54.118, and 0.1) 
Å, defines the center coordinates of the grid box within the 
macromolecule. The selected grid center should encompass the 
active site or binding pocket of the macromolecule to ensure that 
potential binding interactions are accurately explored during 
docking simulations. Grid data file was used to define the interaction 
potentials and polarizabilities of the receptor atoms. The spacing of 
0.375 Å between the grid points determined the resolution of the 
grid, influencing the accuracy of the docking results. A smaller 
spacing can yield more precise results, but it requires higher 
computational resources. In this study, the chosen grid spacing 
balances accuracy and computational efficiency. 
 

 

Fig. 1: Overlapping of the native ligand (SD36) model structure 
from the best pose resulting from re-docking against the native 

ligand (SD36) crystal structure of the 6NJS macromolecule 
 

The root-mean-square deviation (RMSD) value of 1.541 from the 
reference structure shows that the ligand poses produced by the 
docking simulations were a little different from the known binding 
conformation of the reference molecule (fig. 1). This deviation is 
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within an acceptable range of 2.0 Å, considering the inherent 
flexibility of both the ligand and the receptor during docking 
simulations. The RMSD value confirms the reliability of the docking 
methodology used in this study. 

The molecular interactions between SD-36 and the macromolecule of 
signal transducer and activator of transcription 3 (STAT3) (PDB ID 
6NJS) were successfully validated using Autodock 4.2. The RMSD value 
indicated that the docking simulations generated ligand poses in close 
agreement with the reference structure. The carefully chosen grid 
parameters and atom types ensured an accurate representation of the 
binding site and intermolecular interactions. This validation step 
supports the reliability and robustness of the docking methodology 
used in this study and provides a strong foundation for the subsequent 
analysis and interpretation of the docking results. The amino acid 
residues Glu-638 and Tyr-657 in the STAT3 SH2 domain have an 
important role in the activity of STAT3. These residues are involved in 
the binding of STAT3 to its target DNA and are potential targets for 
small-molecule inhibitors of STAT3 activity [35].  

Binding energies  

We further investigated the binding interaction energies of various 
PUFAs with the macromolecule associated with benign prostatic 

hyperplasia (BPH), represented by the PDB ID 6NJS. The interaction 
energies were calculated using Autodock 4.2, and the obtained 
binding energies and inhibition constants (Ki) for each PUFA are 
presented in table 1. 

The binding energies represent the strength of the interactions 
between each PUFA and the active site of the macromolecule (6NJS). 
A higher binding energy indicates stronger and more favorable 
interactions, suggesting a higher likelihood of the PUFA forming 
stable complexes with the macromolecule [36]. Based on the binding 
energies, it can be seen that the native ligand (SD36) has the most 
favorable binding energy of-6.93 kcal/mol, indicating a strong and 
stable interaction with the macromolecule. This native ligand likely 
represents a biologically relevant compound involved in BPH 
regulation. 

Among the PUFAs tested, γ-linolenic acid (-4.7 kcal/mol) and 
docosahexaenoic acid (-4.51 kcal/mol) also exhibit relatively high 
negative binding energies, suggesting that they have a strong affinity 
for the active site of 6NJS. This finding highlights their potential as 
potent inhibitors of BPH. On the other hand, several PUFAs, such as 
erucic acid, eicosatrienoic acid, and nervonic acid, show less 
favorable binding energies, indicating weaker interactions with the 
macromolecule.

 

Table 1: Interaction energies of polyunsaturated fatty acids (PUFAs) in benign prostatic hyperplasia (PDB ID 6NJS) 

Code Polyunsaturated fatty acids (PUFAs) Binding energy, kcal/mol Inhibition constant (Ki), mmol 
SD36 Native ligand -6.93 0.0083  
ALA α-Linoleic acid -3.88 1.4400  
ARA Arachidonic acid -3.94 1.3000  
CHA Cis-10-Heptadecenoic acid -3.38 3.3200  
DHA Docosahexaenoic acid -4.51 497.8400  
EIA Eicosatrienoic acid -2.49 10.4500  
ELA Elaidic acid -3.25 4.1400 
EPA Eicosapentaenoic acid -3.16 4.8100  
ERA Erucic acid -2.34 19.2300  
GLA γ-Linolenic acid -4.70 0.3575  
HDA Hexadecadienoic acid -3.54 2.5500  
MYA Myristoleic acid -3.64 2.1600  
NEA Nervonic acid -2.75 9.5900  
OLA Oleic acid -3.14 4.9800  
PAA Palmitoleic acid -3.59 2.3200  

 

The inhibition constant (Ki) represents the concentration of the 
PUFA required to achieve 50% inhibition of the macromolecule's 
activity. A lower Ki value indicates a more potent inhibitor. The 
study found that γ-linolenic acid was a potent inhibitor with a Ki of 
0.35746 mmol, followed by the native ligand (SD36) with a Ki of 
0.00833 mmol. 

It's worth noting that while some PUFAs show favorable binding 
energies and low Ki values, others exhibit weaker interactions. 
These results suggest that not all PUFAs may have significant 
inhibitory effects on BPH, and their potential as therapeutic agents 
should be further investigated in experimental settings. 

Binding mode 

Interaction analysis was performed to investigate the binding 
patterns between the top PUFAs and the amino acid residues of the 
macromolecule associated with BPH, represented by the PDB ID 
6NJS. Analysis was conducted using Discovery Studio Visualizer, and 
the obtained data on hydrogen bonds (HB) and hydrophobic 
interactions (HI) between PUFAs and amino acid residues are 
presented in fig. 2. The interaction analysis provides valuable 
insights into the key residues involved in the binding of PUFAs to the 
active site of the macromolecule (6NJS), shedding light on the 
potential binding modes and stabilization of the complexes. 

 

  
Native ligand (SD36) 
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γ-Linolenic acid (GLA) 

  
Docosahexaenoic Acid (DHA) 

 

Fig. 2: A 2D and 3D view of the bond between top-two of the best-pose of PUFAs into amino acid residues of benign prostatic hyperplasia 
(PDB ID 6NJS) 

 

Hydrogen bonds are important non-covalent interactions that play a 
pivotal role in ligand-receptor binding. The native ligand (SD36) 
forms four hydrogen bonds with specific amino acid residues of the 
macromolecule, namely GLU612, SER613, SER636, and GLN644. 
These hydrogen bonds contribute significantly to the stability of the 
ligand-receptor complex. Besides, γ-linolenic acid and 
docosahexaenoic acid also form a hydrogen bond pattern similar to 
SD-36. Tetapi, γ-linolenic acid, and docosahexaenoic acid also form 
hydrogen bonds with the same amino acid residue, ARG609. This 
indicated that interaction suggests a common binding mode for 
these PUFAs within the active site of the macromolecule. 

Hydrophobic interactions involve van der Waals forces between 
non-polar regions of the ligand and the receptor. γ-Linolenic acid 
and docosahexaenoic acid engage in two hydrophobic interactions 
each, involving the amino acid residues VAL637 and PRO639. These 
hydrophobic interactions contribute to the stability of the complexes 
by minimizing unfavorable solvent exposure to hydrophobic ligands 
and receptor regions. 

Overall, interaction analysis showed the importance of certain amino 
acid residues in stabilizing the binding of PUFAs to BPH-related 
macromolecules. Hydrogen bonding and hydrophobic interactions 
play an important role in mediating these interactions. The 
identification of key residues involved in the binding of PUFAs 
provides valuable information for future structure-based drug 
design and the development of potential therapeutic agents for BPH.  

DISCUSSION 

N. salinicola has been studied for its fatty acid profile and its 
potential as a source of PUFAs [37]. The role of N. salinicola in the 
production of PUFAs is related to its ability to synthesize these 
compounds through specific pathways [38]. The fatty acid profile of 
N. salinicola is similar to that of other diatoms, with 14:0, 16:0, 
16:1n-7, and 20:5n-3 (EPA), being the major fatty acids for polar and 
neutral lipids. The strong concentration of 16:1n-7 and its high 

enrichment supported its central role as a precursor of the C16 
PUFA pathway. The C16 PUFA pathway is initiated by 16:1n-7, which 
is first desaturated in 16:2n-7 or 16:2n-4. 

The position of the double bond in the fatty acid chain affects PUFA 
binding energy. PUFAs with a greater number of double bonds tend 
to exhibit more negative (lower) binding energies. This means that 
they have stronger interactions with the target macromolecule. This 
was because double bonds can enhance the flexibility and 
conformational adaptability of fatty acids, thereby allowing them to 
better fit into the binding pockets of the macromolecule. 

The position of the first double bond from the omega end (methyl 
end) of the fatty acid chain also plays a role. Omega-3 PUFAs (e. g., α-
linoleic acid, docosahexaenoic acid, and eicosapentaenoic acid) often 
exhibit more negative binding energies compared to omega-6 PUFAs 
(e. g., arachidonic acid and γ-linolenic acid). Omega-3 PUFAs are 
often linked to anti-inflammatory effects. Their extended carbon 
chain and higher number of double bonds may contribute to 
stronger interactions with the target, resulting in lower binding 
energies [39]. 

Monounsaturated fatty acids with a single, double bond (e. g., oleic 
acid and palmitoleic acid) tend to have moderate binding energies. 
While they have one double bond, their overall flexibility might be 
slightly limited compared to PUFAs with multiple double bonds. 
Elaidic acid, a trans-fatty acid, also demonstrates moderate binding 
energy. The trans configuration of the double bond could influence 
the interaction with the target, resulting in relatively moderate 
binding energy. The cis-10-heptadecenoic acid, with one double 
bond, displays moderate binding energy. The specific position of the 
double bond and its influence on interactions with the target 
contribute to this energy level. 

In summary, the position and number of double bonds in PUFAs 
significantly impact their binding energy. Even though the binding 
energy of the omega-3 PUFAs was less than that of the native ligand, 
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PUFAs have advantages. Omega-3 PUFAs are a type of polyunsaturated 
fatty acid that is known for its anti-inflammatory effects and can be 
obtained from plant-based and marine sources. They have been shown 
to reduce the risk of cardiovascular disease, improve cognitive 
function, and improve depression [12]. PUFAs with higher numbers of 
double bonds and omega-3 configurations often exhibit stronger 
interactions with the target, resulting in more negative binding 
energies. The relationship between fatty acid structure and binding 
energy underscores the importance of understanding molecular 
interactions for potential therapeutic applications. 

CONCLUSION 

Molecular docking was used for in silico investigation of the 
inhibitory effect of benign prostate hyperplasia on STAT3 protein by 
15 PUFAs from N. salinicola. PUFAs from N. salinicola were found to 
interact with the macromolecule STAT3 (PDB ID 6NJS). α-Linolenic 
acid and docosahexaenoic acid had substantial binding affinities for 
certain amino acid residues in the macromolecule's active site. 
Notably, α-linolenic acid exhibited strong hydrogen bonding and 
hydrophobic interactions, indicating its potential as a potent BPH 
inhibitor. These findings suggest that natural substances like PUFAs 
could be used as innovative and targeted treatment agents for BPH 
control. However, more research is needed to demonstrate the 
inhibitory effects of PUFAs on BPH and to understand the underlying 
molecular dynamics.  
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