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Abstract 

Background: This study evaluated anti-prostate potentials of compounds from methanol extract of Solanum 
aculeastrum Dunal berries (MESADB) against benign prostatic hyperplasia (BPH) and prostate cancer (PC). 

Methods: We used Swiss ADME and pKCSM tools to select drug-like candidates from MESADB. DisGeNET and related 
databases were used to identify targets for compounds of MESADB, BPH and PC. Molecular roles, biological processes, 
cellular components involved, and crucial pathways associated with biological processes of gene enrichment were 
obtained using Gene Ontology (GO) & Kyoto Encyclopedia of Genes and Genomes (KEGG), respectively. Docking was 
achieved using VINA tool. Antiproliferative and gene expression profiling were determined using 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) bioassay, and RT-qPCR respectively, and data analyzed 
using Graph Pad Prism (version 8.4). 

Results: Three ideal drug-like candidates [Undecane; D-Arabinitol; and 9-Oxabicyclo [3.3.1] nonan-2-one,6-hydroxy-] 
were identified. Key targets included TLR4, PTGS2, STAT3, ESR1, MTOR, SRC, MMP9, HDAC1, AKT1 and EGFR. GO 
analysis revealed key targets were mainly enriched in 601 biological processes (BP), 53 molecular function (MF) and 
24 cellular components (CC) terms (p < 0.05). KEGG analysis presented pathways for cancer, pathway of proteoglycans 
in cancer, amongst others. Docking revealed [D-Arabinitol; and 9-Oxabicyclo [3.3.1] nonan-2-one,6-hydroxy-] 
demonstrated high binding affinity with PTGS2 and EGFR. MESADB significantly (p < 0.0001) inhibited growth of DU-
145 cells with IC50 value and selectivity index of 5.11μg/ml and 14.84, respectively, while sparing Vero CCL-81 cells. 
There were significant (p < 0.0001) downregulations of EGFR, PTGS2 and BCL-2, in treated DU-145 cells compared to 
control. 

Conclusion: MESADB possesses antiprostate potentials. 
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Prostate cancer 
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1 Introduction 

Phytotherapy has continued to thrive over the years as a panacea to various diseases that have posed challenges to 
humanity due to their perceived cost-effective and relatively safer profiles [1, 2]. Phytochemicals present in extracts of 
medicinal plants have demonstrated potentials against different ailments and have been employed in traditional 
management of disease conditions [3]. Benign prostatic hyperplasia (BPH) is an age-related condition which affects 
approximately 70% of men who have attained 70 years and above [4], and it is characterized by abnormal enlargement 
of the prostate which results to manifestations of lower urinary tract syndromes (LUTs) [5]. The complications of BPH 
could lead to urinary discomforts which includes urgent and frequent passing of urine, nocturia, hesitancy and 
incomplete bladder emptying all of which affects quality of life of the affected patients [6–8]. The prevalence of BPH 
ranges from 8% in 31–40 years old men, to more than 80% in men older than age 80 [9]. Even though BPH is an 
abnormal enlargement of the prostate gland caused by cellular hyperplasia, which is non-malignant, it could cause 
complications and even progress to prostate cancer which could manifest as high-grade PC [10–12]. BPH was found to 
be associated with 2.9-fold increased risk of occurrence of prostate cancer [13]. 

Prostate cancer which is a life-threatening malignant disease of the prostate gland, also age related,  was ranked the 
second most common cancer that affects the elderly men and also the fifth cause of cancer-associated deaths globally 
[14]. World over, about 1,414,259 new cases were reported in 2020, with 77,300 reported new cases in Africa [15], 
which due to the increase in the aging population, has been estimated to increase to almost 2.3 million new cases and 
740, 000 deaths by 2040 [16]. Various explanations regarding the pathogenesis of these conditions that affect the 
prostate gland have been provided by researchers. Hormones, inflammation, and metabolic syndrome have all been 
implicated in both BPH and PC [10, 17–20]. The involvement of the enzyme, 5α-reductase which converts the androgen, 
testosterone to its active form, dihydrotestosterone (DHT), believed to cause stimulation of the prostate gland leading 
to abnormal enlargement [21] constitutes a vital aspect of the pathogenesis of these hormonal imbalance conditions. 
Improper regulation of apoptotic activity within the cell cycle could lead to abnormal surge in the number of cells, 
eventually progressing to uncontrolled growth of the prostate gland [22]. It is well known that inflammation is a risk 
factor for both BPH and prostate cancer [23, 24]. Chronic inflammation has also been implicated in the pathogenesis of 
BPH as inflammatory cytokines and chemokines released during inflammatory process that may ensue as a result of 
infection could result in the abnormal growth of the prostatic epithelial and stromal cells [25, 26].  

Apart from the fact that the conventional drugs indicated for management of these conditions such as 5α-reductase 
inhibitors and α-blockers, have to be used for a longer duration without proffering a significant curative solution [4], 
they are associated with disturbing side effects, such as vascular deficits, sexual dysfunction, hyperglycemia, and erectile 
dysfunction [27, 28]. Hence, more attention is being directed to the use of herbal products which appear more 
promising, have little or no adverse effects, more tolerable and are less expensive [29–31]. 

Solanum aculeastrum Dunal, belonging to the family, Solanaceae, is a plant native to tropical Africa and  South Africa 
which grows in a variety of terrains and climatic conditions [32, 33]. Preparations from the leaves and berries are 
folklorically employed in the management of disease conditions including cancer, stomach disorders, gonorrhea and  
indigestions [32, 34]. The steroidal alkaloid solamargine, from the berries of S. aculeastrum Dunal crude extract and 
aqueous fraction was reported to have demonstrated potent non-selective cytotoxic and inhibitory activities against 
different cancer types [35]. Also, the fruits, root barks and leaves have been used against cervical and skin cancers [36]. 
The cytotoxic activities of saponins and carpesterol from berries of S, aculeastrum Dunal were also documented recently 
against three human cancer cell lines including breast cancer (MCF-7), lung cancer (NCI-H460), and cervical cancer 
(Hela) [37]. 

In a prior study, we carried out an exhaustive and comprehensive phytochemical screening and GC-MS profiling of 
methanol whole extract and solvent fractions of the berries of S, aculeastrum Dunal, in which 32 bioactive compounds 
were identified from the methanol extract [38].  In the present study, we aimed to further evaluate the bioactive 
compounds identified by GC-MS analysis from the methanol whole extracts through in silico prediction of the targets 
involved in their activities involving molecular docking, with a focus to explore their potentials against prostate cancer 
(PC) and benign prostatic hyperplasia (BPH), prediction of the physicochemical properties, pharmacokinetic and 
toxicological profiles as well as in vitro laboratory evaluation to validate the anti-prostate potentials. 
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2 Materials and Methods 

2.1 In silico studies 

2.1.1 Prediction of physicochemical properties of drug candidates using Swiss ADME Tool 

Following successful access to PubChem ((https://pubchem.ncbi.nlm.nih.gov/), the bioactive compounds in the 
MESADB identified by the Canonical Simplified Molecular Input Line Entry System (SMILES) of the GC-MS were 
retrieved. Succeeding the retrieval was the submission of the SMILES to the Swiss ADME tool 
(http://www.swissadme.ch/index.php) for prediction of the drug-likeness and bioactive compounds’ physicochemical 
properties. Parameters such as the total polar surface area, blood-brain barrier, drug metabolizing enzymes such as 
cytochrome P450s (CYP2D6 and CYP3A4) served as the basis for prediction coupled with the application of the 
Lipinski’s rule of five (RO5) which states that a drug candidate should have a number of rotatable bonds of < 10; a 
number of hydrogen bond donors of < 5; a number of hydrogen bond acceptors of < 10;  a lipophilicity (Log P) value of 
< 5 and should have a molecular weight of < 500g/mol. The principle is that a molecule or drug candidate that fails to 
meet two or more of the 5 components is predicted to be a non-orally accessible drug [39]. The knowledge that the polar 
atom of a molecule contributes to the topological polar surface area (TPSA), could aid in the prediction of the transport 
and distribution of the drug [40]. Molecules or drugs that possess abilities to cross the blood brain barrier (BBB) may 
be harmful to the nervous system. Moreso, a drug candidate is not expected to inhibit drug metabolizing hepatic 
enzymes which are majorly the cytochrome P450 enzymes especially CYP2D6 and CYP3A4 that are extensively involved 
in the metabolism of a wide variety of drugs [40]. Thereafter, we used the pKCSM tool to predict the pharmacokinetic 
properties and toxicity tendencies (ADMET) of our drug compounds (https://biosig.lab.uq.edu.au/pkcsm/prediction).  

2.1.2 Candidate targets identification in MESADB against BPH and PC 

BindingDB (https://bindingdb.org/rwd/bind/chemsearch/marvin/FMCT.jsp) tool was used to predict the compound 
targets and correspondence to known ligand molecules which have minimum similarity of greater than 0.7, and their 
Gene IDs were retrieved from the UniProtKB (https://www.uniprot.org) database. In the same vein, the SMILES of the 
compounds were uploaded to the Swiss Target Prediction (http:// www.swisstargetprediction.ch/) database. The study 
species were humans (Homo sapiens) and the probability of each potential target was determined to be >0. Using 
UniProt, the retrieved targets were converted into standardized abbreviations. Thereafter, the ensuing predicted 
compound targets from the two databases were pooled together, and this was followed by the removal of duplicates. 
The GeneCards (https://www.genecards.org/) and the DisGeNET databases served as the sources from which disease 
targets for BPH and PC were obtained. Using the keywords “benign prostatic hyperplasia” and “prostate cancer”, the 
targets from the databases were searched. Next, to avoid occurrence of repeats, the retrieved results were merged. 
Afterwards, the bioinformatics and evolutionary genomics platform 
(https://bioinformatics.psb.ugent.be/webtools/Venn/) was used to intersect the targets of bioactive compounds of 
MESADB and disease targets of BPH and PC, following which a Venn diagram was used to represent the common targets 
of BPH and PC [30]. 

2.1.3 The construction of protein-protein interaction (PPI) network 

To establish the physical connections between cell proteins, we constructed the PPI network of the proteins. The 
common potential targets were identified from the observed intersections and were uploaded to the database of STRING 
11.5 (https://string-db.org/). Once PPI network was established, this allowed the interactions between targets to be 
adequately explored. We had to set the minimum interaction threshold at 0.4, with "Homo sapiens" being the species. 
Following this, was the use of Cytohubba plug-in Cytoscape software (version 3.9.1) to analyze the topology of the 
network. With the aid of Maximal Clique Centrality (MCC) algorithm, the top 10 key targets were filtered out. The 
relevant proteins were taken as those which stick closely together in a protein network. The principle of Maximal Clique 
Centrality (MCC) is that, irrespective of whether low or high-degree proteins, it has a high capacity for capturing 
important proteins in the top-ranked list [41, 42]. 

2.1.4 Functions and Pathways of gene enrichment Analysis 

Information on the functions of genes such as molecular roles, biological processes and cellular components involved, 
as well as the crucial pathways associated with biological processes of gene enrichment were obtained using the Gene 
Ontology (GO) & Kyoto Encyclopedia of Genes and Genomes (KEGG), respectively. This was achieved by submitting the 
gene IDs of the intersected common targets in the enrichment tool, ShinyGO, version 0.76 ((http://ge-lab.org/go/), 
following which analysis was performed with Human as species; false discovery rate (FDR) set at 0.05, and number of 
pathways = 20 [43]. 

https://pubchem.ncbi.nlm.nih.gov/
https://biosig.lab.uq.edu.au/pkcsm/prediction
https://bindingdb.org/rwd/bind/chemsearch/marvin/FMCT.jsp
http://www.swisstargetprediction.ch/
https://www.genecards.org/
https://bioinformatics.psb.ugent.be/webtools/Venn/
https://string-db.org/
http://ge-lab.org/go/
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2.1.5 Molecular docking 

A novel component of computational drug design that has emerged in recent years is molecular docking [44]. We further 
conducted molecular docking analysis to study the strength and mode of interaction between the bioactive compounds 
from MESADB and the target genes. To achieve binding docking, we used the VINA tool in the PyRx software with a 
default exhaustiveness of 8. The Protein Data Bank (https://www.rcsb.org/) served as the database from which the 3D 
structures of target genes were retrieved. Also, PubChem (https://pubchem.ncbi.nlm.nih.gov/) was the database from 
which the 3D structures of the bioactive compounds of interest from MESADB were downloaded, after which they were 
converted to the PDBQT (Protein Data Bank, Partial Charge (Q), and Atom Type (T)) format using Open Babel plug-in in 
the PyRx software. Ligand energy minimization was achieved via the PyRx software and grid box was maximized to 
locate the best binding site. This was followed by identification and visualization of the bioactive compounds with the 
highest binding affinity (kcal/mol) using the Discovery Studio 2021 Client. A docking score of < -5.0 kcal/mol 
demonstrated by bioactive compounds’ interaction and their targets genes represents favorable binding interactions 
between ligands and receptors [45]. 

2.2 In vitro studies 

2.2.1 Culture of DU-145 Prostate Cancer and Kidney Epithelial Cell Lines (Vero CCL-81) 

Human prostate cancer cell line (DU-145) and Kidney epithelial cells (Vero CCL-81), which was the non-cancerous cell 
used to assess the cellular safety of the MESADB, obtained from the American Type Culture Collection (ATCC) were 
cultured at the Center for Traditional Medicine and Drug Research (CTMDR), Kenya Medical Research Institute (KEMRI), 
Nairobi, Kenya. Cell culture was done using Modified Eagle’s Medium (MEM, Sigma-Aldrich, USA) as the media, and 1 % 
L-glutamine (200 mM) (Sigma-Aldrich, USA), 10 % fetal bovine serum (FBS, Gibco, USA), 1.5 % sodium bicarbonate 
(Loba chemie, India), 1 % HEPES (1 M) (GoldBio, USA), and 1 % penicillin-streptomycin (Sigma-Aldrich, USA), were 
added as supplements,  in a humidified (95% humidity) incubator at 37°C and 5% CO2. The DU-145 and Vero CCL-81 
cell lines used in this research had passage numbers of DU145HTB-81/P-20 and Vero CCL-81/P-15, respectively, and 
were sub-cultured twice a week. All assays made use of the logarithmic growth phase of the cells. After 80% confluency, 
the cells were seeded in 96-well plate for MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide) assay 
[6, 30, 46]. 

2.2.2 In vitro antiproliferative assessment of MESADB 

The (3-(4, 5-dimethylthiazol-2-yl)-2, 5 diphenyltetrazolium bromide) (MTT) assay was adopted to evaluate the 
antiproliferative/cytotoxic effect of MESADB. On achieving 80 % confluency, the DU-145 cells were washed with 
phosphate buffered saline (PBS, Sigma-Aldrich, USA) and detached by a 0.25 % trypsin-ethylenediaminetetraacetic acid 
(trypsin-EDTA) solution (Solarbio, China). Into a sterile Eppendorf tube, was placed 100 µl of cell suspensions with an 
addition of 50 µl of trypan blue (Loba chemie, India) and mixed. Using the hemocytometer, the number of viable cells 
were counted. Cell suspensions with a cell density of 1 × 104 cells/well were seeded in flat-bottomed 96-well plates and 
cultured for 24 hours, incubated at 37°C and 5% CO2. A stock solution of 100,000 µg/ml of MESADB was prepared 
initially using 100% dimethyl sulfoxide (DMSO, Finar Chemicals, India), with appropriate dilution using culture medium 
to achieve a final concentration of 0.2% DMSO in the test sample. Thereafter, the seeding medium was aspirated from 
the plates. A working concentration of MESADB, 200 µg/ml (in culture medium) was prepared, from which 100 µl were 
added for 48 h as screening treatments. Doxorubicin (Solarbio, China), at equivalent concentration served as the 
positive control, and 0.2 % DMSO as the negative control. 48 h post exposure of cells to treatments, was followed by 
addition of 10 μl of freshly prepared MTT (5 mg/ml) to each well with 4 hours incubation period. Afterwards, MTT was 
aspirated out, and 100 μl of 100 % DMSO was added to dissolve the formazan crystals. The absorbance was measured 
at 570 nm and the 96-well plates were read by Tecan microplate reader (Infnite M1000, Tecan). All assays were 
conducted in triplicates and percentage of alive cells was calculated by applying the formula below [46, 47]. 

Percentage (%) of alive cells = (Optical density experimental) / (Optical density control) × 100 

Following the initial screening at a single concentration (200 µg/ml), the MESADB with equal or less than 50 % cell 
survival 48 h post treatment was considered active and subjected to further antiproliferative studies using 
concentrations ranging from 6.25–200 µg/ml [48]. This was followed by the determination of the 50 % inhibition 
concentration (IC50). With the aid of the MTT cell proliferation assay, cytotoxicity of the MESADB was also assessed and 
50% cytotoxicity concentration (CC50) determined, using Vero CCL-81 cells. 

https://www.rcsb.org/
https://pubchem.ncbi.nlm.nih.gov/
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2.2.3 Selectivity index 

In order to determine the selectivity index (SI) for the tested MESADB and doxorubicin, we had to divide the CC50 by the 
corresponding IC50. 

2.2.4 Profiling of gene expression 

To explore how MESADB causes cytotoxic effect on DU 145 cells, gene expression profiling was conducted according to 
standard methods [2, 49]. Briefly, using a T-25 flask, 80% of the confluent DU 145 cells were treated with MESADB with 
equivalent IC50 concentration earlier calculated. Non-treated (negative control) cells were exposed to fresh growth 
media with 0.2% DMSO. Thereafter, cells incubation lasted for 48 hours. This was followed by total RNA extraction, after 
which reverse transcription was carried out with the aid of FIRE Script RT cDNA synthesis kit (Solis BioDyne, Estonia). 
For qRT-PCR detection, Luna Universal qPCR Master Mix (New England Biolabs) was used. The primers sequences used 
(Macrogen Europe BV, Netherlands) are shown in Table 1. The internal reference gene was GAPDH. 

Table 1 Primer sequences for RT-qPCR 

Gene Forward Primer Reverse Primer 

PTGS2 GTGCCTGGTCTGATGATGTA CTGCTTGTCTGGAACAACTG 

EGFR GTCCAGTATTGATCGGGAGA TTCCAAATTCCCAAGGACCA 

BCL-2 GGCCTCAGGGAACAGAATGAT TCCTGTTGCTTTCGTTTCTTTC 

GAPDH CCCCACCACACTGAATCTCC CTCACCTTGACACAAGCCCA 

2.3 Data analysis 

Data generated were analyzed using GraphPad Prism version 8.4 software (San Diego, CA, USA), and presented as mean 
± standard error of mean (SEM). One-way Analysis of Variance (ANOVA) followed by Dunnett’s post-hoc tests were 
performed to compare between and across groups. Values were considered statistically significant at p-value < 0.05. 

3 Results 

3.1 In silico studies 

3.1.1 Identified bioactive compounds present in the MESADB 

Table 2 shows the bioactive compounds identified by GC-MS profiling of MESADB, and the chromatogram and structures 
of the compounds are contained in our previous study [38]. 

Table 2 The bioactive compounds identified by GC-MS in the MESADB 

Peak 
No 

Retention 
Time 
(min) 

Identity of compound Peak 
Area 
(%) 

Molecular 
Weight 
(g/mol) 

Molecular 
Formula 

Class 

1 5.067 Undecane 0.77 156.31 C11H24 Alkanes 

2 6.653 2-Pentanol 2.23 88.15 C5H12O  Fatty Alcohols 

3 9.105 Eicosapentaenoic Acid 1.22 302.5 C20H30O2 Fatty Acids 

4 9.233 Shyobunol 1.17 222.37 C15H26O Terpenoid 

5 9.369 D-Arabinitol 15.71 152.15 C5H12O5 Carbohydrates 

6 9.603 3',5'-Dimethoxyacetophenone 2.44 180.2 C10H12O3 NC 

7 9.742 Germacrene D-4-ol 1.11 222.37 C15H26O Alcohol 

8 10.252 Hexanoic acid, 2-ethylhexyl ester 29.98 228.37 C14H28O2 NC 

https://pubchem.ncbi.nlm.nih.gov/compound/5352847
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9 10.34 2,3-Dehydro-4-oxo-7,8-dihydro-.beta.-
ionone 

2.46 206.28 C13H18O2 NC 

10 10.739 Cyclohexanol, 3-ethenyl-3-methyl-2-(1-
methylethenyl)-6-(1-methylethyl)-
,[1R(1.alpha.,2.beta.,3.alpha.,6.alpha.)]- 

0.99 NMW NMF NC 

11 10.96 9-Oxabicyclo[3.3.1]nonan-2-one,6-
hydroxy- 

1.4 156.18 C8H12O3  NC 

12 11.409 2,5,9-Tetradecatriene, 3,12-diethyl- 1.06 248.4 C18H32  NC 

13 11.566 Solavetivone 1.15 218.33 C15H22O Terpenes 

14 11.667 Globulol 1.36 222.37 C15H26O Terpenoid 

15 11.929 2-(1,4,4-Trimethyl-cyclohex-2-enyl)-
ethanol 

0.48 168.28 C11H20O NC 

16 12.104 Hexadecanoic acid, methyl ester 2.87 270.5 C17H34O2 Fatty Acids 

17 12.15 Eudesma-4(15),7-dien-1.beta. -ol 0.69 220.35 C15H24O Terpenoids 

18 12.232 Platambin 1.22 238.37 C15H26O2 Terpenoids 

19 12.416 Pentadecanoic acid 3.77 242.4 C15H30O2 Fatty Acids 

20 12.562 Glyceryl diacetate 2-linolenate 1.47 436.6 C25H40O6 NC 

21 12.923 Cyclopropane, 1-(1-hydroxy-1-heptyl)-
2-methylene-3-pentyl-  

0.63 238.41 C16H30O NC 

22 13.396 9,12-Octadecadienoic acid, methyl ester 6.64 294.5 C19H34O2 Fatty Acids 

23 13.426 9-Octadecenoic acid (Z)-, methyl ester 2.51 296.5 C19H36O2 Fatty Acids 

24 13.458 Methyl linolenate 1.69 292.5 C19H32O2 Fatty Acids 

25 13.499 Phytol 1 296.5 C20H40O Fatty Acids 

26 13.525 Methyl 2-nonynoate 0.86 168.23 C10H16O2 Fatty Acids 

27 13.595 Methyl stearate 0.93 298.5 C19H38O2 Fatty Acids 

28 13.97 Tricyclo[20.8.0.0(7,16)]triacontane, 
1(22),7(16)-diepoxy- 

1.57 444.7 C30H52O2 Fatty acids 

29 16.624 2-Palmitoylglycerol 1.2 330.5 C19H38O4 Glycerides 

30 18.052 Glyceryl monolinoleate 3.02 354.5 C21H38O4 Glycerides 

31 22.287 beta.-Tocopherol 0.84 416.7 C28H48O2 Vitamin 

32 24.929 Benzenepropanoic acid, .alpha.-(1-
hydroxyethyl)-.beta.-phenyl- 

5.59 270.32 C17H18O3 NC 

NMW=No Molecular Weight, NMF=No Molecular Formula, NC=Not Classified  

3.2 Prediction of physicochemical properties of drug candidates using Swiss ADME Tool 

Table 3 shows the detailed results of the drug candidates screening of 31 of the 32 compounds identified in the MESADB 
as one of the compounds (M10) did not successfully go through the screening. Out of the 31 compounds, only three (3) 
were considered ideal drug-like candidates which include Undecane, D-Arabinitol, and 9-Oxabicyclo [3.3.1] nonan-2-
one,6-hydroxy- (Table 4). 
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Table 3 Prediction of Drug-likeness of MESADB using ADME profiles 

Ligands 

Number 

Physical and chemical properties Lipinski 

Violation
s 

Veber 
Violation
s 

Egan 
Violation
s 

Ghose 
Violation
s 

Muegge 
Violation
s 

BBB 

MW 
(g/mol
) 

Molar 
refractive 
index 

Rotatabl
e 

bonds 
number 

LogP 
(Octanol/Water
) 

H-bond 

Acceptor
s 
Number 

H- 
bonds 
donors 
Numbe
r 

Categorical 

(Yes/No) 

Threshol
d 

≤500 40≤MR≤13
0 

≤10 ≤5 ≤10 ≤5 Yes/No Yes/No Yes/No Yes/No Yes/No Yes/N
o 

M1* 156.31 54.99 8 5.11 0 0 YES,1 YES, 0 YES, 0 NO, 1 NO, 3 NO 

M2 88.15 27.31 2 1.16 1 1 YES, 0 YES, 0 YES, 0 NO, 3 NO, 2 YES 

M3 302.45 97.66 13 4.67 2 1 YES, 1  NO, 1 NO, 1 NO, 1 NO, 1 NO 

M4 222.37 72.06 3 3.56 1 1 YES, 0 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M5* 152.15 31.96 4 -2.33 5 5 YES, 0 YES, 0 YES, 0 NO, 3 NO, 2 NO 

M6 180.2 49.62 3 1.13 3 0 YES, 0 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M7 222.37 72.36 1 3.56 1 1 YES, 0 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M8 228.37 70.7 11 3.69 2 0 YES, 0 NO, 1 YES, 0 YES, 0 YES, 0 YES 

M9 206.28 61.68 3 1.93 2 0 YES, 0 YES, 0 YES, 0 YES, 0 YES, 0 YES 

M10 NIL 

M11* 156.18 38.79 0 -0.12 3 1 YES, 0 YES, 0 YES, 0 NO, 2 NO, 1 NO 

M12 248.45 87.22 10 5.66 0 0 YES, 0 YES, 0 NO, 1 NO, 1 NO, 2 NO 

M13 218.33 68.98 1 3.46 1 0 YES, 1 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M14 222.37 68.82 0 3.81 1 1 YES, 0 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M15 168.28 53.04 2 2.59 1 1 YES, 0 YES, 0 YES, 0 YES, 0 NO, 2 YES 

M16 270.45 85.12 15 4.44 2 0 YES, 0 NO, 1 YES, 0 NO, 1 NO, 1 YES 
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M17 220.35 69.94 1 3.56 1 1 YES, 1 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M18 238.37 71.58 1 2.74 2 2 YES, 0 YES, 0 YES, 0 YES, 0 YES, 0 YES 

M19 242.4 75.99 13 3.94 2 1 YES, 0 NO, 1 YES, 0 YES, 0 NO, 1 YES 

M20 436.58 124.72 21 4 6 0 YES, 0 NO, 1 YES, 0 NO, 2 NO, 2 NO 

M21 248.45 87.22 10 5.66 0 0 YES, 0 YES, 0 NO, 1 NO, 1 NO, 2 NO 

M22 218.33 68.98 1 3.46 1 0 YES, 1 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M23 222.37 68.82 0 3.81 1 1 YES, 0 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M24 168.28 53.04 2 2.59 1 1 YES, 0 YES, 0 YES, 0 YES, 0 NO, 2 YES 

M25 270.45 85.12 15 4.44 2 0 YES, 0 NO, 1 YES, 0 NO, 1 NO, 1 YES 

M26 220.35 69.94 1 3.56 1 1 YES, 1 YES, 0 YES, 0 YES, 0 NO, 1 YES 

M27 238.37 71.58 1 2.74 2 2 YES, 0 YES, 0 YES, 0 YES, 0 YES, 0 YES 

M28 444.73 138.08 0 6.14 2 0 YES, 1 NO, 1 YES, 0 NO, 1 NO, 1 NO 

M29 330.5. 97.06 18 6.14 4 2 YES, 0 YES, 0 NO, 1 YES, 0 NO, 1 YES 

M30 354.52 105.72 18 3.42 4 2 YES, 0 NO, 1 YES, 0 YES, 0 NO, 2 YES 

M31 416.68 134.31 12 5.94 2 1 YES, 1 NO, 1 NO, 1 NO, 1 NO, 1 NO 

M32 270.32 78.06 5 3.01 3 2 YES, 0 YES, 0 YES, 0 YES, 0 YES, 0 YES 

*Compound M10 had no information 
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Table 4 Prediction of ADMET in silico pharmacokinetic profiles of Ideal drug-like candidates selected from bioactive compounds of MESADB 

Compounds 
number 

Absorption Distribution Metabolism Excretion Toxicity 

Intestinal 

Absorption 

(Human) 

Substrate Inhibitor Total 
Excretion 

Permeability Cytochromes 

BBB CNS 2D6 3A4 1A2 2C19 2C9 2D6 3A4 AMES 
toxicity 

Hepatotoxicity Skin 
irritation 

Numeric (% 
Absorbed) 

Numeric 
(log BB) 

Numeric 
(Log PS) 

Categorical (Yes/No) Numeric 
(Log 
ml/min/kg 

Categorical (Yes/No) 

M1 92.764 0.844 -1.69 NO NO NO NO NO NO NO 1.654 M1 92.764 0.844 

M5 29.627 -1.153 -4.028 NO NO NO NO NO NO NO 0.859 NO NO NO 

M11 96.549 -0.285 -3.267 NO NO NO NO NO NO NO 1.269 NO NO NO 
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3.2.1 Identification of Overlap Targets among Drug Candidates of MESADB, BPH & PC 

A total of 141 potential targets were identified as targets for the 3 prioritized bioactive compounds of the MESADB, 
using the SWISS Target Prediction (STP) and BindingDB (BDB) databases following removal of duplicates. Furthermore, 
a total of 1967 target genes that are closely related to BPH and PC after removal of duplicates were retrieved and 
retained from the GeneCards and DisGeNET databases. The gene data sets obtained from the 141 related targets of 
MESADB, and the 1967 BPH and PC related targets overlapped, and a total of 56 intersecting gene targets were obtained 
which were represented into an online Venn diagram (Figure 1). 

Figure 1 Identification of Overlap Targets among Drug Candidates of MESADB (SA-METH), BPH and Pc 

3.2.2 Construction of Compound-BPH-PC Protein-Protein Interaction (PPI) network 

Figure 2 PPI interaction network of 56 potential anti‑PC/BPH targets of MESADBP constructed using STRING 
Database. The red colour intensity indicates the significance of the target genes in the PPI network 
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A total of 56 key target genes were obtained by mapping the targets of the compounds from the MESADB to the BPH 
and PC disease targets. The 56 targets were imported into the STRING database, retrieved in TSV format, and imported 
into Cytoscape for visualization and analysis which led to the retrieval of a network consisting of 56 nodes and 263 
edges (Figure 2). The average node degree was 9.39, the average local clustering coefficient was 0.555, and the PPI 
enrichment p-value was < 1.0e-16, which implies that proteins have more interactions among themselves than would 
be expected for a random set of proteins of similar size drawn from the genome. Thereafter, the top 10 hub targets of 
selected drug candidates of MESADB were obtained (Figure 3). 

Figure 3 PPI network for the top 10 hub targets for MESADB. The intensity of the colour represents the significance 
(p<0.05) of the targets, with darker red indicating a higher degree. 

3.2.3 Combination of Overlap Targets among Drug Candidates, BPH & PC; Construction of Compound-BPH-PC PPI 
network and Top-10-hub-targets  

Figure 4 shows the intersection of the potential proteins of bioactive compounds from MESADB and disease targets of 
prostate cancer (PC) and benign prostatic hyperplasia (BPH), protein-protein interaction (PPI) network and top 10 hub 
target genes [A, Venn diagram of overlap targets; B, PPI network of targets of MESADB, and PC & BPH; C, top 10 core 
targets of MESADB]. 
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Figure 4 MESADB(SA-METH) -PC & BPH intersection., PPI network and top 10 hub target genes 

3.2.4 Gene Ontology enrichment terms of MESADB 

The 56 key targets of the bioactive compounds from MESADB against BPH and PC were enriched in 678 GO (Gene 
Ontology) including 601 for biological processes (BP) terms, 53 for molecular function (MF) terms and 24 for cellular 
components (CC) terms (p < 0.05). In the dot plot charts, the top significant GO terms for each category were represented 
(Figures 5-7). Their order of relevance were ranked from top to bottom using -Log10 (p value). The GO analysis 
demonstrated that the key targets are involved in the biological processes (BP) with roles including response to oxygen 
containing compound, response to hormone, regulation of cell population proliferation, inflammatory response, and 
regulation of cell death. The cellular components (CC) were mainly enriched in the membrane raft, membrane micro 
domain and cell surface. There was association of key targets with various molecular functions through Molecular 
function (MF) analysis including nuclear receptor activity, zinc ion binding, ligand-activated transcription factor 
activity, transition metal ion binding and steroid binding. It was revealed by the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis that the key targets were significantly enriched in 123 pathways, and by-Log10 p 
values (Figure 8), the top 20 significant pathways were screened which gave rise to selection of the top 10 KEGG 
pathways that were subjected to analysis as the most important molecular pathways involved in the actions of the 
bioactive compounds from the MESADB against BPH and PC (Table 5). 

Figure 5 Biological processes of Gene Ontology enrichment terms of MESADB in PC & BPH. The y-axis represents the 
enriched categories, the x-axis represents the number of enrichments, the colour explains the importance of pathways 

using FDR by −Log10 (p value), the higher the FDR, the more significant. 
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Figure 6 Cellular components of Gene Ontology enrichment terms of MESADB in PC & BPH. The y-axis represents the 
enriched categories, the x-axis represents the number of enrichments, the colour explains the importance of pathways 

using FDR by −Log10 (p value), the higher the FDR, the more significant.  

Figure 7 Molecular function terms of Gene Ontology enrichment terms of MESADB in PC & BPH. The y-axis represents 
the enriched categories, the x-axis represents the number of enrichments, the colour explains the importance of 

pathways using FDR by −Log10 (p value), the higher the FDR, the more significant. 
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Figure 8 KEGG enrichment pathways of MESADB in PC & BPH. The y-axis represents the enriched categories, the x-
axis represents the number of enrichments, the colour explains the importance of pathways using FDR by −Log10 (p 

value), the higher the FDR, the more significant. 

D-Arabinitol (M5) -PTGS2 complex 

D-Arabinitol (M5) -EGFR complex 

9-Oxabicyclo [3.3.1] nonan-2-one, 6-hydroxy (M11) -EGFR complex 
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9-Oxabicyclo [3.3.1] nonan-2-one, 6-hydroxy (M11)-PTGS2 complex 

 Keys 

Figure 9 3D and 2D representation of the interactions of the selected drug candidates from the bioactive compounds 
from the MESADB with PC & BPH 

Table 5 Top 10 enriched KEGG pathways of MESADB targets in PC & BPH (the order of importance was ranked from 
top to bottom by −Log10 (p value) 

Score Pathways P-value Gene count 

1 Path: hsa05200 Pathways in cancer 1.24E-13 17 

2 Path: hsa05205 Proteoglycans in cancer 5.50E-11 11 

3 Path:hsa05145 Toxoplasmosis 7.95E-09 8 

4 Path:hsa05207 Chemical carcinogenesis-receptor activation 2.06E-08 9 

5 Path: hsa04931 Insulin resistance 1.49E-07 7 

6 Path:hsa04915 Estrogen signaling pathway 6.88E-07 7 

7 Path: hsa05235 PD-L1 expression and PD-1 checkpoint pathway in cancer 1.19E-06 6 

8 Path: hsa01522 Endocrine resistance 1.25E-06 6 

9 Path: hsa05161 Hepatitis B 1.25E-06 7 

10 Path: hsa05206 MicroRNAs in cancer 1.25E-06 7 

3.2.5 Molecular Docking 

We selected top 10 hub target proteins for molecular docking to further investigate the interactions between the 
bioactive compounds from MESADB and their target genes. The structures of the compounds [Undecane, D-Arabinitol, 
and 9-Oxabicyclo [3.3.1]nonan-2-one,6-hydroxy-] were uploaded to VINA tool of the PyRx software for analysis of their 
potentials for docking with TLR4, PTGS2, STAT3, ESR1, MTOR, SRC, MMP9, HDAC1, AKT1, and EGFR. The three selected 
bioactive compounds were each docked separately with the top 10 hub target genes, after which the docking score for 
each target protein was recorded (Table 6). A docking score of -5.0 kcal/mol or less is indicative of a favorable binding 
interactions between ligands and receptors in accordance with the VINA scoring system [45]. To this end, the molecular 
docking analysis showed a significant binding affinity of two of the compounds (M5 and M11) from the MESADB with 
their target genes. A strong docking activity was demonstrated between these compounds and two hub target genes, 
PTGS2 and EGFR as seen in the respective docking scores of below -5.0 kcal/mol (Table 6).  This, therefore, infers a high 
level of accuracy in the process of selection of the top 10 hub target genes as well as pointing towards potential 
effectiveness of these bioactive compounds in BPH and PC treatment. The 3D and 2D interactions of the selected drug 
candidates from the bioactive compounds of the MESADB with target genes of BPH & PC are shown (Figure 9).  
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Table 6 Binding affinities and ligand-receptor interactions of selected drug candidates from bioactive compounds of 
MESADB with selected hub genes. 

Complex Binding energy (kcal/mol) Interaction residues Type of bond 

M5-PTGS2 -5.1 Glu140, Arg333, Glu236 Hydrogen 

M5-EGFR -5.4 Kxy1103, Asp837, Tyr869, Asn842, Arg841 Hydrogen 

M11-PTGS2 -5.7 Gln429, Glu396, Thr394 Hydrogen 

M11-EGFR -5.8 Phe723, Lys745, Asn842, Asp855 Hydrogen 

3.3 In vitro studies 

3.3.1 In vitro antiproliferative assessment of MESADB 

Figure 10 (A) Inhibition of cellular proliferation by Doxorubicin (Positive Control): Inhibition of cellular proliferation 
on serial concentrations 2-fold dilution on DU-145 cells to obtain IC50 of Doxorubicin, NC= Negative Control (0.2% of 
DMSO) (B). Cellular safety: Determination of cellular safety of doxorubicin using kidney epithelial non-cancerous Vero 
CCL-81, at 2-fold serial dilution of the doxorubicin to determine CC50.  

All treatments lasted for 48 h and were done in triplicate (n = 3); values were expressed as Mean ± SEM, Significant at p < 0.05; ****p < 0.0001. 

All treatments lasted for 48 h and were done in triplicate (n = 3); values were expressed as Mean ± SEM, Significant at p < 0.05; ****p < 0.0001 

Figure 11 (A) Inhibition of cellular proliferation by MESADB: Inhibition of cellular proliferation on serial concentrations 
2-fold dilution on DU-145 cells to obtain IC50 of MESADB, NC= Negative Control (0.2% of DMSO) (B). Cellular safety: 
Determination of cellular safety of MESADB using kidney epithelial non-cancerous Vero CCL-81, at 2-fold serial dilution 
of the MESADB to determine CC50.  
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3.3.2 Selectivity index (SI) 

The IC50 and CC50 values for doxorubicin and MESADB were obtained from the data in figures 10 and 11, respectively. 
The IC50 and CC50 of MESADB were 5.11 µg/ml and 75.833 µg/ml respectively, which gave a calculated SI of 14.84. 
whereas the IC50 and CC50 values of doxorubicin were 4.643 μg/ml and 53.210μg/ml, resulting to a calculated SI of 11.46. 

3.3.3 Gene expression analysis 

The mRNA expression of EGFR, PTGS2 and BCL-2 were determined by RT-qPCR to validate the top putative molecular 
targets of MESADB in DU-145 prostate cancer cells as demonstrated by network pharmacology and molecular docking 
(Figure 3, Table 6). EGFR and PTGS2 were among the top ten target genes which also showed strong docking activities 
with the promising compounds of MESADB. In addition, we included the BCL-2 gene owing to its function in cell 
proliferation and apoptosis. The relative mRNA expression levels of target genes were normalized to GAPDH as the 
housekeeping gene using the 2- ΔΔCt method. The results are presented in Fig. 12. There were significant 
downregulation of EGFR (p < 0.0001), PTGS2(p < 0.0001), and BCL-2 (p < 0.0001), compared to untreated control.  

A B  C 

Figure 12 Relative gene expression analysis of MESADB treated DU-145 cells and the untreated control (0.2 % 
DMSO). (A) EGFR, (B)PTGS2, (C) BCL-2. **** p ≤ 0.0001 as compared to untreated control 

4 Discussion 

The current study focused on evaluation of the potentials of GC-MS identified bioactive compounds from the MESADB 
against BPH and PC through network pharmacological and in vitro experimental approach. Using the Rule of 5 (RO5) 
that incorporates evaluation of the pharmacokinetic profiles of drug candidates such as absorption, distribution, 
metabolism, and excretion (ADME), the blood-brain barrier, liver drug metabolizing enzymes including CYP2D6 and 
CYP3A4, as well as the toxicity profiles (ADMET), 3 bioactive compounds with promising drug-likeness properties were 
identified out of the GC-MS identified bioactive compounds from the MESADB. A total of 56 common potential target 
proteins of the selected bioactive compounds, BPH and PC were identified. Of these, the top 10 hub targets with better 
protein-protein-interaction (PPI) network were selected including TLR4, PTGS2, STAT3, ESR1, MTOR, SRC, MMP9, 
HDAC1, AKT1 and EGFR, which represent potential targets of the bioactive compounds from MESADB against BPH and 
PC. 

Our results of the protein-protein interaction (PPI) network construction revealed 56 nodes, 263 edges, average node 
degree of 9.39, average local clustering coefficient of 0.555, and PPI enrichment p-value of less than 1.0e-16. This 
therefore suggests that the proteins have good interactions within the network. The edges represent the strings linking 
the proteins and the 263 edges in our study represent a better interaction amongst the proteins since there are more 
links connecting the proteins. This means that a particular protein with more links to various other proteins in the 
network may activate or deactivate other connected proteins, therefore suggesting that proteins work as a cluster 
within the network. The number of nodes reflects the number of genes earlier loaded in the STRING database. The node 
degree is obtained through the number of edges or linkages one protein has with others and the more the linkages with 
other proteins, the more the node degree. Therefore, in our study, an average node degree of 9.39 was obtained meaning 
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that the top 10 selected hub genes had more connections, hence more interactions with various other proteins, for which 
reason they were selected. The cluster coefficient in PPI is the measure of the degree to which the proteins cluster 
together and represents the interconnectivity of the proteins within the network. It broadens understanding of the 
biological network amongst a group of proteins which work together to achieve a specific biological function. 

Several studies have reported the involvement of the identified top 10 genes in benign prostatic hyperplasia (BPH) and 
prostate cancer (PC). The presence of the epidermal growth factor (EGF) and its receptor (EGFR) was revealed in 
samples of human benign prostatic hyperplastic patients [50]. Furthermore, a retrospective study which examined 
normal prostates, benign hyperplastic and neoplastic prostatic tissues for the presence of a variant EGFR (EGFRvIII) 
revealed the progressive increase in the expression of this mutant receptor with a gradual transformation of the tissues 
to the malignant phenotype which may explain the role of this receptor in the occurrence and progression of prostate 
cancer, further suggesting it, as a possible target in prostate cancer therapy [51]. Similarly, the AKT Serine/Threonine 
Kinase 1 (AKT-I) gene has also been implicated  in BPH and PC patients [52, 53].  This suggests AKT-1 as a potential 
target for BPH and PC. 

The Matrix metalloproteinases (MMPs) family have proteolytic effects on cell membranes; and MMP9 is specifically 
known to release proangiogenic factors which exerts its effects on endothelial cells, provoking cell migration and 
proliferation. An elevated level of MMP9 results to metastasis in androgen-independent prostate cancer [54]. 
Prostaglandin endoperoxide synthase 2 (PTGS2) is known to catalyze the rate-limiting step in the synthesis of 
prostaglandins which are potent inflammatory mediators, whose expression is controlled by cytokines, growth factors, 
and tumour promoters [55]. Studies have reported the significant roles of PTGS2 gene in suppression of the immune 
system, apoptosis, cell proliferation, tumour progression and metastasis [56, 57], and has been implicated in a number 
of cancers including prostate cancer (PC) [58–61]. 

Furthermore, signal transducer and activator of transcription 3 (STAT3) has also been implicated in prostate cancer. 
The findings from a previous study revealed that the activation of the STAT3 signaling pathway was involved in prostate 
cancer cell growth that was stimulated by interleukin-6 (IL-6) expression [62]. The Estrogen Receptor 1 (ESR1) has been 
implicated in benign prostatic hyperplasia, metastatic and non-metastatic prostate cancer [63], which is also consistent 
with the reports that ESR1 expression  caused permanent enlargement of the prostate gland and escalated androgen 
responsiveness [64], making it a spotlight target for therapeutic interventions of these conditions. The involvement of 
the mammalian target of rapamycin (mTOR) signaling pathway on the protective effect of interleukin 8 (IL-8) on 
prostate cancer cells has been revealed. It was reported in a study which demonstrated the effect of GSK-3β in inducing 
oxidative stress to cause prostate cancer cell death, that interleukin-8 (IL-8) protects the prostate cancer cells via 
activation of the mTOR signaling pathway, leading to the attenuation of oxidative stress through inhibition of GSK-3β 
[65]. 

Certain group of proteins referred to as activators or repressors which are said to be co-regulators interacting with 
nuclear receptors have been shown to be part of the androgen receptor (AR) activation process. These co-regulators 
could alter the transactivation of the nuclear receptors leading to enhancement of events such as remodeling of 
chromatin, recruitment of pre-initiation complex and movement of RNA polymerase [66, 67]. The nuclear receptor co-
activator 1 (NCOA1), also known as steroid receptor co-activator-1 (SRC1), nuclear receptor co-activator 2 (NCOA2) or 
steroid receptor co-activator-2 (SRC2) and nuclear receptor co-activator 3 (NCOA3) or steroid receptor co-activator-3 
(SRC3), all belonging to the p160/SRC proto-oncogene tyrosine-protein kinases protein family, are among the most 
studied co-activator groups with such co-regulatory functions [68]. Investigations have demonstrated that AR co-
regulators alteration could play a role in prostate cancer progression [66, 67], as elevated expression of SRC1 was seen 
in prostate tumours [69]. In addition, the SRCs are known for their important functions in diverse cellular processes 
such as cell motility, morphology, proliferation and survival [70]. 

The toll-like receptor (TLR) family, include a group of  proteins involved in pathogen recognition with innate immunity 
and play important roles in the immunity process of pathogens [71–73]. The toll-like receptor-4 (TLR4) has been linked 
with the risk of occurrence of benign prostatic hyperplasia (BPH) and prostate cancer (PC). Studies have demonstrated 
that TLR4 may trigger the induction of T cells differentiation, causing generation of cytokines, and may also mediate 
inflammatory responses through Nuclear factor kappa B (NF-κB) signaling, in a bid to building adaptive immunity [74–
76]. It was demonstrated in a study conducted among Chinese population that mutation in TLR4 which disrupts its 
normal functioning could pose a risk and poor prognosis of BPH [77]. Furthermore, activation of TLR4 by Gram-negative 
bacteria lipopolysaccharide (LPS) provokes cascades of inflammatory reactions that leads to production of cytokines, 
making LPS an agonist of TLR4 [78]. Frequent exposure to LPS has been shown to promote progression and metastasis 
of prostate cancer [79], therefore pointing out the possibility of bacterial infection or TLR4 stimulation by LPS in the 
pathogenesis of prostate cancer [80]. 
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Histone deacetylase 1 (HDAC1) is a co-repressor that controls cell differentiation and proliferation, eliciting its function 
by targeting p53 amongst other transcription factors, mostly elevated in malignant tissues such as in prostate cancer, 
though could also be expressed in benign tissues such as in benign prostatic hyperplasia at a lower level [81, 82], and 
has been associated with the development of prostate cancer [83]. As obvious, the identified top 10 hub target genes 
play significant roles in benign prostatic hyperplasia (BPH) and prostate cancer (PC), putting them in a spotlight as 
potential targets for the therapeutic interventions of these prostatic conditions. 

We conducted Gene Ontology (GO) analysis to investigate the molecular functions of the genes, biological processes and 
cellular components involved in the actions of the bioactive compounds of the MESADB. The GO analysis revealed 
different crucial biological processes such as response to oxygen containing compound, response to hormone, 
regulation of cell population proliferation, inflammatory response, and regulation of cell death. The cellular components 
(CC) were mainly enriched in the membrane raft, membrane micro domain and cell surface. There was association of 
key targets with various molecular functions (MF) including nuclear receptor activity, zinc ion binding, ligand-activated 
transcription factor activity, transition metal ion binding and steroid binding. The KEGG pathway analysis which was 
conducted to identify the possible significant pathways through which the bioactive compounds of the MESADB may 
act revealed pathways in cancer, pathway of proteoglycans in cancer, pathways in toxoplasmosis, chemical 
carcinogenesis-receptor activation pathways, pathways in insulin resistance, estrogen signaling pathway, PD-L1 
expression and PD-1 checkpoint pathway in cancer, pathways in endocrine resistance, Hepatitis B pathway, and 
MicroRNAs in cancer pathways.  

Molecular docking is an important aspect of network pharmacology that enhances the validity and accuracy of the in 
silico evaluation results [84, 85]. Our molecular docking results revealed that the bioactive compounds from MESADB 
which earlier showed their drug-like properties and sailed through the screening process demonstrated good docking 
activities with high binding affinity with two core target proteins (PTGS2 and EGFR), which further strengthens the 
prediction of the compounds’ therapeutic potentials against BPH and PC. To further validate the results obtained from 
network pharmacology prediction, we conducted in vitro antiproliferative and gene expression analysis. Interestingly, 
our results on anti-proliferative assay revealed that MESADB caused significant anti-proliferative effects on the DU-145 
prostate cancer cell lines while sparing the non-cancerous kidney epithelial cells (Vero CCL-81). The IC50 value with 
which MESADB demonstrated selective cytotoxic activities against DU-145 cells was 5.11μg/ml. Doxorubicin, which 
was the standard positive control drug used, caused cytotoxicity against DU-145 cells with an IC50 value of 4.643 μg/ml, 
which was at a close range with that of MESADB. The CC50 value of MESADB on Vero CCL-81 cells was 75.833μg/ml, 
implying relatively non-cytotoxic effects on Vero cells. Also, doxorubicin had a CC50 of 53.210μg/ml on Vero cells. The 
resultant selectivity index (SI) of MESADB was 14.84. while doxorubicin had an SI of 11.46. 

Furthermore, to validate the predicted molecular targets of MESADB in BPH and PC, we conducted gene expression 
analysis using RT-qPCR. Previous study reported increased expression of a variant EGFR (EGFRvIII) in BPH and PC [51]. 
Treatment of DU-145 with MESADB showed a significant downregulation of EGFR compared to control. This result 
further supports the outcome of our molecular docking analysis and gives credence to the anti-proliferative assays. 
Studies have revealed the role of PTGS2 gene in suppressing the immune system, apoptosis, cell proliferation, tumour 
progression and metastasis [56, 57], and it being implicated in a number of cancers including prostate cancer (PC) [58–
61]. Our analysis showed a significant downregulation of PTGS2 gene in treated DU-145 prostate cancer cells compared 
to untreated control, supporting our in silico molecular docking findings as well as anti-proliferative assays. BCL-2 is an 
anti-apoptotic gene, involved in the control of mitochondrial apoptotic pathway through mechanisms involving binding 
to pro-apoptotic proteins, prevention of pore formation and release of cytochrome C [30]. In our study, there was a 
significant downregulation of BCL-2 gene in treated DU-145 prostate cancer cells compared to untreated control, again 
supporting the potential role of our MESADB in treatment of BPH and PC. 

According to one of the criteria for a plant extract or fraction to be considered for purification as a promising therapeutic 
drug agent, it should possess an IC50 < 30 μg/ml, as established by the US National Cancer Institute (NCI) [86]. Therefore, 
based on this criterion, MESADB showed promising result. With the understanding that drugs with low IC50 values are 
likely to be effective at low concentrations, which may translate to reduced risk of systemic untoward effects when 
taken [30], the low IC50 value observed with MESADB and selective cytotoxic activities against DU-145 prostate cancer 
cells suggest this plant as a potential source for drug candidates against prostatic conditions such as prostate cancer 
(PC) and benign prostatic hyperplasia (BPH). 

The findings from our study partly conform and partly differ from the outcome of a previous study which evaluated the 
anti-proliferative activities of methanol extract and diethyl ether, chloroform and aqueous fractions of S.aculeastrum 
Dunal berries (SADB)against various cancerous cell lines including A2780 (ovarian carcinoma), Caco-2 (colon 
carcinoma), DU-145 (prostate carcinoma), HepG2 (hepatocarcinoma), MCF-7 (breast carcinoma), MDA-MB-231 (breast 
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adenocarcinoma cell lines), SH-SY5Y (neuroblastoma) and SK-Br3 (breast adenocarcinoma) and non-cancerous [3 T3-
L1 (pre-adipocytes); C2C12 (myo-blast); EA.hy.926 (hybrid endothelial) and SC-1 (mouse fibroblast )] cell lines, and 
reported that both the methanol crude extract and aqueous fractions of SADB at IC50 values of 10.72 μg/mL and 17.21 
μg/mL respectively, demonstrated cytotoxicity against all cell lines including DU-145 prostate carcinoma cell lines[35], 
which also conforms with our findings. However, the cytotoxic effects reported in their study was non-selective as it 
was against both cancerous and non-cancerous cell lines [35], which differs from our findings as MESADB demonstrated 
selective cytotoxic effects against DU-145 prostate cancer cell lines. 

Also, in our study, the IC50 values for the cytotoxic activities exhibited by MESADB against DU-145 cell lines was 5.11 
μg/ml, which also differs from the earlier study [35]. Furthermore, three human cancer cells including lung cancer (NCI-
H460), breast cancer (MCF-7), and cervical cancer (Hela) reportedly succumbed to cytotoxic effects of saponins and 
carpesterol from the methanol/water (80/20) extracts of SADB with  IC50 values < 10 μg/ml in a recent study [37]. 
Moreso, ethanol extracts of SADB demonstrated the highest cytotoxic activity against leukemic cells with IC50 of 
1.36μg/ml amongst 91 Kenyan medicinal plants screened [87]. The difference in IC50 values observed in these studies 
compared to ours may be attributed to variations in plant locations. 

The phytochemical screening of the MESADB in our previous study revealed the presence of glycosides, alkaloids, 
steroids, terpenoids, flavonoids, phenols, tannins,  and saponins [38]. These secondary metabolites could be responsible 
for the significant antiproliferative activities demonstrated against DU-145 prostate cancer cell lines. It is well known 
that flavonoids are important secondary metabolites with anticancer activities [88] amongst other medicinal properties. 
The anticancer activities of the terpenoids are also well documented [89]. Also, saponins have been reported to possess 
anticancer and apoptosis regulatory activities [90] as well as ability to lower cholesterol levels and disrupt cancer cells 
multiplication process [91]. Furthermore, phenols are known for their relevance in prevention and treatment of cancers 
and other ailments [92], and steroidal alkaloids have also been reported to possess anticancer activities [93]. Our result 
is supported by the outcome of previous study where two steroidal alkaloids, tomatidine and solasodine isolated from 
Solanum aculeastrum Dunal berries showed significant inhibitory activities against HT-29 (colonic adenocarcinoma), 
Hela (cervical adenocarcinoma) and MCF-7 (breast adenocarcinoma) cell lines by interfering with the cell cycle in the 
G0/G1 phase [32]. Although our study did not evaluate the specific mechanism of action involved in the anti-proliferative 
activities of MESADB against DU-145 prostate cancer cell lines, it may involve a similar mechanism of action as reported 
[32]. 

5 Conclusion 

The network pharmacological screening to select drug-likeness candidate yielded three bioactive molecules which 
include M1, Undecane; M5, D-Arabinitol; and M11, 9-Oxabicyclo [3.3.1] nonan-2-one,6-hydroxy-. Docking outcome 
revealed that two [M5, D-Arabinitol; and M11, 9-Oxabicyclo [3.3.1] nonan-2-one,6-hydroxy-] out of the three bioactive 
compounds demonstrated strong binding affinity with two (PTGS2 and EGFR) of the hub genes. Furthermore, MESADB 
demonstrated significant anti-proliferative activities against DU-145 prostate cancer cells compared to negative control, 
which was supported by the outcome of our gene expression analysis.  
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