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ABSTRACT

One of the most common types of cancer is prostate cancer (PCa) and its prevalence rate is increasing in old men of 
~70 years. In pharmacotherapy, natural compounds and their structural analogs have been used for cancer treatment. 
Several studies have demonstrated the therapeutic potential of Linum usitatissimum, commonly known as flax, in 
treating various cancers. However, the specific mechanisms by which flax-derived compounds act on PCa remain 
unclear. This study aims to fill this gap by identifying and evaluating the bioactive compounds in flax microgreens. 
The GCMS analysis was carried out using a Shimadzu (GCMS-TQ8040 NX). The instrument temperature was 
set from 50°C up to 300°C for 37 minutes to give a 100% total peak area. The molecular docking studies were 
carried out using AutoDock tools 4.2 version software. The ADMET properties were predicted and analyzed 
using SWISSADME online (http://www.swissadme.ch/) and ProTox-3.0 online (https://tox.charite.de/protox3/
index.php?site) prediction tools. GC-MS analysis identified 58 phytocompounds in the methanolic extracts of flax 
microgreens. Among these, CID11002708 and CID290541 exhibited the highest binding affinities to PCa target 
proteins. The ADME/T result shows the compounds have low toxicity and specific metabolic characteristics. Taking 
into account, the results of molecular docking and ADMET evaluation, it can be concluded that CID11002708 and 
CID290541 hold promise as novel inhibitors for the treatment of PCa. The current results can further be validated 
via in vitro and in vivo studies.

1. INTRODUCTION
Prostate cancer (PCa) is a hereditary disease, and its prevalence rate 
is more common in men aged 70 years and above. Many obstacles 
have been placed in the way of the search for an etiological cause of 
PCa by the heterogeneity of the gland itself [1]. PCa stands out as 
one of the most prevalent malignancies and the second most common 
cancer among men followed by lung cancer in terms of fatality [2]. 
Globally, medicinal plants are now widely used, and in current years, 
they become crucial in the treatment of ailments [3]. The side effects 
of cancer medications have been traditionally minimized using 
different plant extracts due to their cost effectiveness, efficacy, easy 
accessibility, and preparation. Currently, several anti-cancer drugs 
have been developed from plants such as paclitaxel and taxol from 
Taxus brevifolia, vincristine and vinblastine from Catharanthus roseus 
and docetaxel (Taxotere) from Taxus baccata [4].

Flax is a multipurpose crop in the Linaceae family. The scientific 
name of flax “usitatissimum” originated from Latin which means 
“the most useful” one [5]. The health benefits of flax/flaxseed have 
drawn the researcher’s attention (Fig. 1), which include cancer 
treatment and prevention [6]. The seeds are abundant in lignans, 
dietary fiber, and essential fatty acids, and have been demonstrated 
to have anti-cancerous effects [7]. Secoisolariciresinol glycoside 
(SDG) is the most prevalent lignan of flax, when consumed, it will 
metabolize by the gut microbiota and produces two mammalian 
lignans, Enterodiol and Enterolactone [8]. Other lignans include 
isolariciresinol, anhydrosecoisolariciresinol, matairesinol pinoresinol, 
and pinoresinol diglucoside [9]. Several experimental studies in the 
past have documented the importance of flax/flaxseeds and their 
phytoconstituents in retarding the progression of different cancers 
[10]. Previous studies have shown that the flaxseeds in the diet 
reduce the risk of PCa by significantly decreasing the proliferation 
effect and the levels of prostate-specific antigen in Wistar rats [11]. 
According to Johnsson [12], the flax meal diet supplemented with 
seeds of flax showed anti-cancerous activity on colon cancer in rats. 
It has also been reported that flax extract containing enterolignans 
significantly reduced the risk of breast cancer in subjects [12]. 
Additionally, research findings by Saggar et al. [13] and Viveky et 
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al. [14] also revealed that flaxseed consumption led to a reduction in 
tumor growth rate in ovarian cancer subjects thereby exhibiting an 
anti-proliferative effect. Many lignans found in flaxseed suppress 
the important regulatory proteins and alter apoptotic pathways to 
specifically target cancer cells [15]. The class of cysteine proteases 
known as caspases (cysteine aspartyl-specific proteases) cleaves 
target proteins to cause apoptosis. [16]. When apoptotic control is lost, 
cancer cells are able to live longer and accumulate, this can lead to 
angiogenesis, an increase in tumor growth as well as cell proliferation 
and differentiation derangement [17]. Despite the fact that dietary 
lignans upregulate the estrogen receptor-mediated pathway and are, 
therefore, advised against consumption by patients with PCa, some 
lignans, such as SDG or trans-(-)-Hinokinin, have been shown to 
have antitumor effects on breast cancer cells through the inhibition 
of Akt, Cyclin D1, and CDK protein targets [18]. Progress through 
the four important stages of the cell cycle—G0/G1, S, G2, and M—is 
necessary for proliferation. These phases are controlled by a number 
of cyclin-dependent kinases, which function in complex with their 
cyclin partners to maintain genetic material duplication and cell 
division. The cell cycle derangement caused by abnormal expression 
of key regulatory proteins in the cell cycle is closely linked to the 
development of tumors [19]. Dibenzylbutyrolactol, a major lignan of 
flax showed strong anti-proliferative activity by arresting the G2/M 
checkpoint and enhancing the protein expression of the G2/M phase 
in human A549 and CL1-5 cells [20].

Even though early research on the anti-proliferative properties 
of lignans derived from flaxseeds has attracted attention and is 
somewhat encouraging, further investigation, especially in clinical 

settings, is necessary to support the viability of Linum usitatissimum 
as a PCa therapy. In this study, we conducted molecular docking 
simulation to confirm the potential interactions between the identified 
phytoconstituents of flax microgreens and PCa target proteins as well 
as to understand the basic mechanisms in which these compounds fit 
into the binding pocket of specific receptor molecules. The knowledge 
gathered from this study will not only help to clarify the medicinal 
potential of flax microgreens (L. usitatissimum), but also lay the 
foundation for future research on the physiological mechanisms of 
action of lignans in the treatment of PCa.

2. MATERIAL AND METHODS

2.1. Plant Material and Growth Conditions
The trays were filled with coco peat and the flaxseeds were sprinkled 
evenly and thickly over it. The flaxseeds were misted gently with a 
plant sprayer to avoid over watering and preventing the seed from 
being displaced. The trays were placed in a warm and well-lit area 
(Hi-Tech polyhouse 26°C to 30°C during daytime and 15°C to 18°C at 
night) to avoid direct sunlight as it can dry out the coco peat. The coco 
peat’s moisture level was checked daily and misted carefully to avoid 
overwatering. The microgreens were harvested by cutting them just 
above the surface of the coco peat with clean scissors.

2.2. Collection of Plant Material
Fax microgreens were collected from Hi-Tech Polyhouse (equipped 
with a fan pad system for cooling, thermo-regulation, and misting 

Figure 1. Diagrammatic representation of medicinal uses of flaxseed lignans.
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facility for maintaining humidity inside the chamber), Lovely 
Professional University (LPU) Phagwara, Punjab-India. The collected 
microgreens were washed to make them free from cocopeat and shade 
dried at room temperature.

2.3. Extraction by Cold maceration Technique
The powdered sample of flax microgreens was extracted using 
methanol. About 50 g of plant samples were extracted in 250 ml of 
solvent by cold maceration method. The powdered plant materials 
were kept in a conical flask in contact with the solvent in a stopped 
container for 24 hours with frequent agitation and then filtered using 
Whatmann filter paper no. 1. Using a rotary evaporator, the extract 
was concentrated at 40°C under reduced pressure to produce a viscous 
semi-solid material [21].

2.4. Preliminary Phytochemical Screening
The qualitative phytochemical screening of methanolic extract of flax 
microgreens was determined as previously described by Velavan [22] 
and Rajasree et al. [23].

2.5. Gas Chromatography–Mass Spectrometry Analysis
The Shimadzu (GCMS-TQ8040 NX) Gas Chromatograph was used 
for the GC-MS study. It was connected to a Perkin Elmer Turbomass 
5.1 mass detector Turbo mass gold with an Elite  1 (100% Dimethyl 
poly siloxane) capillary column measuring 30 m × 0.25 mm ID × 0.25 
μm. The temperature of the instrument was initially set to 50°C, and 
it remained there for 3 minutes. The oven temperature was increased 
at the rate of 10°C/minute, rosed up to 300°C and maintained for 8 
minutes. Injection port temperature was ensured at 250°C and helium 
flow rate at 1.02 ml/minute. The ionization voltage was 70 eV. The 
split mode of injection for the samples was 10:1. The range of the 
mass spectral scan was 34600 (m/z). It kept the interface temperature 
at 310°C and the ion source temperature at 240°C. The MS start time 
was 4 minutes, and the end time was 37 minutes with a solvent cut 
time of 4 minutes. The contents of phytochemicals present in the test 
sample were identified based on the comparison of peak area, peak 
height, retention time (minutes), and mass spectral patterns with those 
spectral databases of authentic compounds stored in the National 
Institute of Standards and Technology (NIST) library [24].

2.6. Protein Modeling Studies of Delta-Like Ligand 3 (DLL3)

2.6.1. Delta-like ligand 3 sequence recovery
The Delta-Like Ligand 3 (DLL3) sequence of humans was obtained in 
FASTA format from the UniprotKB database with sequence identity 
(ID: Q9NYJ7) [25]. The ExPASy ProtParam server was used to compute 
the physicochemical properties of protein sequence which include 
molecular weight (MW), isoelectric point (pI), instability index (II) 
[26], total number of amino acids residues, grand average hydropathy 
(GRAVY) [27], extinction coefficient [28], and aliphatic index (AI) 
[29–31]. The InterPro server and Conserved Domain Database (CDD) 
of the NCBI were used to confirm the protein domains and functional 
sites after they were identified using the Prosite database [32,33]. 
PSSpred and SOPMA online tools were used to study and analyze 
the structural features of the DLL3 [34,35]. The protein conformation 
was selected viz. alpha-helix, beta-sheet, coil and turn, window width, 
and similarity threshold were maintained at 17 and 8, respectively, 
whereas 50 output with used for SOPMA. The transmembrane regions 
were identified using TMHMM 2.0 [36]. Important features like 
solvent accessibility, amino acid arrangement, secondary structure, 

and their composition were assessed using the PredictProtein server. 
The buried hydrophobic and exposed hydrophilic regions reflected the 
solvent accessibility [37].

2.6.2. Protein modeling
The SWISS-MODEL online software was used to generate 3D 
structure of protein target DLL3 [38]. Comparative protein modeling 
is carried out by the SWISS-MODEL using fragment-based assembly 
and local similarity search. Protein threading, homology modeling, 
and ab-initio are the protein modeling techniques used by the SWISS-
MODEL. After superimposing the two created models, a standard 
deviation and distance plot were produced. Ramachandran plot 
analysis was used to study the stereochemical characteristics of the 
modeled protein [39]. The overall structural quality of the modelled 
DLL3 was obtained using SAVES v6.0 server with PROCHECK, 
VERIFY 3D, and PROVE [40–42]. The UCSF Chimera 1.13.1 was 
used to generate publication-quality images and structural analysis 
[43].

2.7. In silico Analysis and Biomolecular Interactions
A molecular docking simulation was used to study the protein-ligand 
interaction using PyRx tool which is a virtual screening tool that 
employs Vina as well as Autodock 4.2 [44,45]. The phytochemicals 
and three FDA-approved drugs in .sdf format were obtained from the 
PubChem database (www.pubchem.com) and converted into .pdbqt 
format before running docking [46,47]. The 3D structure of target 
proteins was downloaded from the protein databank (http://www.rscb.
org/pdb) and using grid box analysis, the active site was manually 
predicted [48]. Protein configurations were improved by removing 
extraneous water molecules and the only area essential for binding 
with ligands was kept. The optimal geometries for docking scenarios 
were obtained by ligand optimization. The docking begins as soon 
as the ligands and proteins are ready. In this stage, the ligands were 
bound into the active side of the protein and the binding affinity was 
measured. Through PyRx AutoDock Vina simulations, the binding 
affinity strengths and patterns were attained, and protein-ligand 
interaction was understood and identified. After the docking search was 
completed, the Protein-Ligand interaction profiler (PLIP), PyMOL, 
and LigPlot software were used to study protein-ligand interactions 
in the pdb format preparations [49–51]. The ligand’s binding strength 
was determined using a negative score (kcal/mol) [52]:

Ki = e–∆DG/RT

where ∆G = Gibbs free energy; R = (1.985 × 10-1 kcal/mol/K); T = 
(298.15 K).

2.8. ADME Prediction
SWISSADME online (http://www.swissadme.ch) [53] and ProTox-3.0 
online software (https://tox.charite.de/protox3/index.php?site) [54] 

prediction tools were used to evaluate the physicochemical properties, 
lipophilicity, water solubility, pharmacokinetics, drug-likeness and 
toxicity prediction, violations of Veber’s rule [55], violations of 
Lipinski’s rule of five [56] only one violation is accepted in case of 
variables [57].

3. RESULTS AND DISCUSSION

3.1. Flax Microgreens and Growth Conditions
The flaxseed germination time was about 8 days under controlled 
conditions. Figure 2 presents well-grown flax microgreens in a 
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highly controlled environment called “Hi-Tech Polyhouse” at LPU. 
Following their growth, extraction of phytochemicals from flax 
microgreens using methanol showed a good yield (33%).

3.2. Qualitative Screening Tests of the Methanolic Extract of 
Flax Microgreens
The qualitative analysis of the methanolic extract of flax 
microgreens showed the presence of numerous phytochemical 
constituents such as alkaloids, saponins, flavonoids, steroid, 
cardiac glycoside, coumarins, phenolic compounds, and chalcones 
whereas Tannins, Terpenoids, Emodins were absent as shown in 
Table S1 (see supplementary material), which agrees to the finding 
of Monica & Joseph [58] and Hanaa et al. [59] of about 80%. 
This can be attributed due to the high content of phytochemicals 
present microgreens.

3.3. GC-MS Profiling of Methanolic Extract of Flax 
Microgreens
A total of 58 chromatogram peaks were identified from methanolic 
extract of flax microgreens which corresponding to the bioactive 
compounds and were recognized by relating their retention time, peak 
area (%), peak height (%), and mass spectral fragmentation patterns to 
that of the known compounds described by the NIST library. According 
to research conducted by Farag et al. [60], 28 phytochemicals were 
identified from flaxseed whereas the current study revealed that 58 
different phytocompounds were identified from flax microgreens, this 
clearly indicated that flax microgreens are rich in phytocompounds. 
The total ion chromatogram is presented in Figure 3, Table S2 (see 
supplementary material) presents the phytocompounds along with 
their corresponding molecular formula, retention time, MW, and peak 
area (%).

All phytocompounds were docked against the target proteins and their 
binding affinities were recorded (See supplementary material). Among 
those, two lignans, i.e., CID11002708 and CID290541 exhibited the 
highest binding affinity and convenient molecular interaction across 
the target receptors. Figure 4 presents the ion chromatogram of the two 

phytochemicals, CID11002708 and CID290541, which exhibited the 
highest binding affinities to PCa target proteins.

Figure 2. Well grown flax microgreens under controlled conditions in Hi-Tech 
polyhouse facility.

Figure 3. GC-MS chromatogram of methanolic extract of flax microgreens 
(Linum usitatissimum L.).

 Figure 4. (a) (3R,4R)-3,4-bis(1,3-benzodioxol-5-ylmethyl)oxolan-2-one and (b) 5-[4-(1,3-benzodioxol-5-yl)-2,3-dimethylbutyl]-1,3-benzodioxole.
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3.4. Prostate Cancer Target Proteins
It may be possible to stop or slow the spread of PCa to other areas of the 
body by targeting a particular protein that is frequently overexpressed in 
the disease. The important PCa target proteins include Aurora A kinase 
(AURKA) [61], DLL3 [62], N-myc proto-oncogene protein (N-Myc) 
[63], Cytotoxic T-lymphocyte antigen 4 (CTLA-4) [64], 5α-Reductase 
(5AR) [65–68], Androgen receptor (AR) [69], Lysine-specific histone 
demethylase 1A (LSD1) [70], and CD27 [71]. The structure of all the 
target proteins except DLL3 was available and downloaded from PDB 
(http://www.rscb.org/pdb). Therefore, the modeling studies, sequence 
analysis, selection, and validation of DLL3 were done using different 
bioinformatic tools. The three-dimensional structure of drug targets, 
docking procedures, and ADME properties are depicted in Figure 5.

3.5. Protein Modeling Studies and Sequence Analysis of DLL3
The structure of DLL3 is not available on PDB database. Therefore, 
The DLL3 sequence of humans was retrieved in FASTA format from 
the protein sequence and functional information database (UniprotKB) 
with sequence identity (ID: Q9NYJ7). The ExPASy ProtParam server 
was used to compute the physicochemical properties of the query 
sequence and tabulated in Table 1. The result shows isoelectric point 
(pI), AI, Instability Index (II) and GRAVY values of query protein 
DLL3 were 7.590, 66.540, 53.730, and −0.1870, respectively, which 
corroborate with the findings of Joshi et al. [72]. The isoelectric 
point (pI) shows the acidity or basicity nature of the protein. With a 
wider temperature range, the query protein’s greater AI demonstrates 
its stability. The hydrophilic nature of the protein is indicated by the 
negative GRAVY values for protein.

The InterPro and CDD of the NCBI were used to confirm the protein 
domains and functional sites after they were identified using the Prosite 
database. Tables 2 and 3 present the domain, profile, and patterns 

found for DLL3’s characteristic functionalities. Six conserved EGF-
like domains were found by both Prosite, InterPro, and CDD, which is 
in line with the DLL3’s function and the body of existing literatures. 
Table 3 illustrates the amino acid sequences for each of the six EGF 3 
domains, along with their respective disulfide bond positions. Figure 6 
presents the sequence logo which helps in visualizing the cysteine 
residue position for disulfide bond in the EGF domain.

Figure 5. Three-dimensional structure of drug targets, docking procedures, and ADME properties.

Table 1. The physicochemical parameters of DLL3.

Physicochemical parameters DLL3

UniprotKB Accession number Uniprot ID: Q9NYJ7

Length of amino acid sequence 592.0

Protein Pi 7.590

Protein II 53.730

Protein AI 66.540

 GRAVY value −0.1870

Table 2. Identified domains from the sequence.

Database Accession 
number Identified domains

Prosite PS50026 EGF_3

CDD cd00054 Calcium-binding EGF-like domain 
(EGF_CA)

pfam07657 N terminus of Notch ligand C2-like 
domain (MNNL)

pfam00008 EGF-like domain (EGF).

smart00051 Delta serrate ligand (DSL)

InterPro IPR013032 EGF-like, conserved site (EGF_CS)
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Figure 6. Sequence Logo for DLL-3 domain.

Table 3. Prosite result shows the structure, sequence position and disulfide bond between amino acids in domains.

Protein name Domain name Sequence position Amino acid sequence Disulfide bond between AA

Delta-like ligand 
3 EGF_3 

216–249 APLVCRAGCSPEHGFCEQPGECRCLEGW

TGPLCT

220–231, 224–237, 239–248

274–310 GPGPCDGNPCANGGSCSETPRSFECTCP

RGFYGLRCE

278–289, 283–298, 300–309

312–351 SGVTCADGPCFNGGLCVGGADPDSAYIC

HCPPGFQGSNCE

316–327, 321–339, 341–350

353–389 RVDRCSLQPCRNGGLCLDLGHALRCRCR

AGFAGPRCE

357–367, 362–377, 379–388

391–427 DLDDCAGRACANGGTCVEGGGAHRCSC

ALGFGGRDCR

395–406, 400–415, 417–426

429–465 RADPCAARPCAHGGRCYAHFSGLVCACA

PGYMGARCE

433–444, 438–453, 455–464

Figure 7. Transmembrane helix prediction of DLL-3 using DeepTMHMM (1.0.24).
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PSSpred and SOPMA online tools were used to study and analyze 
the structural features of the DLL3 as shown in Table S3 and Figure 
S1 (see supplementary material). The result of SOPMA is comparable 
with that of PSSpred prediction. The secondary structure of DLL3 
shows the extended strands, beta turns, alpha helix, and domination of 
random coils. The PredictProtein server shows a very high percentage 
in turns and coils, whereas in strands and helix was significantly lower. 
According to the region’s solvent accessibility, 45.31%, 41.10%, 
and 13.59% of DLL3’s regions are buried, exposed to solvent, and 
intermediate regions, respectively. The result from DeepTMHMM 
1.0.24 revealed that the predicted amino acids in signal, extracellular, 
transmembrane, and cytoplasmic regions were 1–26, 27–491, 
492–513, and 514–618, respectively, (Figure 7 and Table 4) which 
agrees with the findings of Joshi et al. [72] of about 70%. This can be 
attributed due to DeepTMHMM 1.0.24 server updation.

3.6. Homology Modeling and Validation
Figure 8 presents the accurate prediction of the C2, DSL, and EGF 
domains generated from the SWISS-MODEL server. Newly modeled 
protein subjected to additional analysis viz; Ramachandran plot 
analysis, distance plot standard deviation, RMSD values, secondary 
structure, cytoplasmic and transmembrane helix prediction. Figure 8 
presents the sequence alignment between Human DLL3 and Delta-
like protein 1(DLL1). The template used for modeling of DLL3 

protein was the crystal structure of Delta-like ligand (DLL1) with 
PDB ID (4XBM). The reliability and quality of the generated model 
were determined. Figure 9 presents the homology-modeled structure 
of Human DLL3. The quality of the built protein was further 
evaluated using PROVE and PROCHECK server. Protein residues 
are categorized using the Ramachandran plot according to their areas 
in the quadra plot and the φ and ψ angles of the protein backbone. 
Glycine is represented by triangles in the quadra plot, while other 
amino acids are represented by squares. The yellow and red areas 
represent the allowed and most allowed regions, respectively. The 
Ramachandran plot of both (query and template sequences) of 
protein which has been generated using SWISS MODEL is shown in 
Figure 10. The residues in black color showed the most favored and 
allowed regions, whereas the red color indicates either the residues 
are in disallowed or allowed regions. Table 5 shows that 0.6% of 
amino acid residues were in the disallowed region. Figure S2 (see 
supplementary material) presents ERRAT plot in chains A and B of 
modeled DLL3 protein. The ERRAT plot also shows some of the 
regions with high error, these results suggest the need for model 
refinement. After completion of three iterations of loop refinement, 
there is no residue in the ERRAT plot displays a high error and 
~99% residues are present in generously allowed regions in the plot. 
The atomic calculation in the form of z-score from PROVE server 
indicates the quality of the modeled protein structure (Table 6).

3.7. Molecular Docking Analysis
Eight target proteins were downloaded from the Protein Databank and 
using grid box analysis, the binding pocket was manually predicted 
[46]. The phytocompounds in .sdf format were obtained from the 
PubChem database and converted into .pdbqt format [44]. The PyRx 
tool, a virtual screening tool that uses both Vina and Autodock, was 
used for molecular docking [43]. The binding affinities of 58 flax 
microgreen phytocompounds against PCa target proteins are shown in 
Table S4 (see supplemental material), from which the best two lignans 
(CID290541 and CID11002708) were chosen for further study. 

Table 4. Prediction of the DLL3 domain locations using DeepTMHMM 
1.0.24. 

Transmembrane prediction 
software Location of domain Sequence 

position

DeepTMHMM 1.0.24 
prediction of the DLL3 

domain locations

Signal 1–26

Extracellular region 27–491

Transmembrane Helix region 492–513

Cytoplasmic region 514–618

Figure 8. Aligment between human DLL3 and DLL1.
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Table 7 presents the docking result of two lignans against eight PCa 
target proteins. The binding affinities ranged from −5.3 to −10.6 Kcal/
mol across the docking result. The results indicate that CID11002708 
shows the best binding affinity to several target proteins compared to 

CID290541. CID11002708 exhibited strong binding affinity (−6.60, 
−7.90, −9.50, −10.20, and −8.50 kcal/mol) toward CTLA-4, AURKA, 
5AR, AR, and CD27, respectively, making it a more useful candidate 
for multi-target therapy. Compared to CID11002708, CID29054 was 
less effective generally across the different protein targets, although 
having a slightly higher binding affinity (−5.80 and −10.60 kcal/mol) 
toward DLL3 and LSD1. The docking results were also compared to 
some of the FDA-approved drugs for the PCa such as Mitoxantrone 
chloride (CID51082), Flutamide (CID3397), and Darolutamide 
(CID67171867) [73]. The binding affinity of FDA-approved drugs 
were presented in Table 8. As compared to standard drugs, the 
CID11002708 and CID290548 showed binding affinities closer to that 
of FDA-approved drugs and can be consider as novel inhibitors for 
the treatment of PCa. According to the findings of Joshi et al. [72], the 
binding energy of DLL3 and reference inhibitor Nicotine is −5.9 kcal/
mol, this aligned with current findings of the studied phytochemicals 
(CID11002708 and CID290541) have binding affinities of −5.3 and 
−5.8 kcal/mol against DLL3, respectively. CID11002708 demonstrated 
a binding affinity of −7.9 kcal/mol against AR, which is comparable 
to or better than known AR inhibitors such as enzalutamide [74]. 
Similarly, CID11002708’s binding affinity of −10.2 kcal/mol for 5AR 
is higher than that of finasteride’s binding affinity of −9.8 kcal/mol 
[75], and it could serve as a novel candidate in this category of PCa 
inhibitors.

Figure 10. Ramachandran map of Q9NYJ7 (Query sequence) and template sequence model.

Table 5. PROCHECK tool generates a Ramachandran plot for the final DLL3 models.

Modeling server Protein 
name

Accession 
number

Regions of amino acid residues Percentage (%)

Swiss Model DLL3 Q9NYJ7 Amino acids in the most favoured region 82.20

Amino acids in generously allowed region 1.90

Amino acids in additionally allowed region 15.30

Amino acids in disallowed region 0.60

Figure 9. Homology modeled structure of human DLL3.
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3.8. Inhibition Constant (Ki) Prediction
To understand the anti-cancer activity of the presently studied compounds, 
the Inhibition constant (Ki) value predictions were done. The inhibition 

constant (Ki) value is a useful parameter to quantitatively measure the 
concentration of compound required to produce half maximum inhibition 
to a given biological process and is universally used to symbolize the 
inhibitory effect of compounds [76]. Table 9 shows the predicted 
Inhibition constant (Ki) value for the studied compounds (CID11002708 
and CID29054) were in a range of 0.0175–129.750 micro molar. The 
CID11002708 has shown the best possible inhibitory potential with 
0.0175 micro molar, whereas CID29054 has shown the least predicted 
Inhibition constant (Ki) value across the protein targets. In comparison to 
control FDA drugs, the CID11002708 and CID29054 show the predicted 
Inhibition constant (Ki) value closer to that of control FDA drugs.

Table 6. PROVE analysis for the DLL3 model.

Protein (Accession number) Z-score information Value(s)

Delta-like ligand 3 (Q9NYJ7) Average (mean) 0.751

Standard deviation 1.391

Root mean square (RMS) 1.580

Table 7. Molecular docking result of flax microgreens lignans (CID11002708 and CID290541) against prostate cancer target proteins. 

No Protein 
(PDB ID) Compound RMSD Binding 

Energy
Inhibition 

constant (Ki)
No. of H 

bond Amino acids involved in H-bonding

1.

2.

3.

4.

 

5.

6.

7.

8.

DLL3

(4xmb.2)

CTLA-4

(3osk.1)

AURKA

(4j8m)

LSD1

(6kgm) 

N-Myc

(5G1X)

5AR

(7BW1)

AR

(3L3X)

CD27

(7KX0)

CID11002708

CID290541

CID11002708

CID290541

CID11002708

CID290541

CID11002708

CID290541 

CID11002708

CID290541

CID11002708

CID290541

CID11002708

CID290541

CID11002708

CID290541

16.133

15.315

16.906

9.008

22.686

22.695

7.204

10.552 

17.645

19.214

7.825

6.658

6.942

15.538

6.191

5.842

−5.3

−5.8

−7.0

−6.7

−8.5

−7.8

−10.2

−10.6 

−6.6

−6.4

−10.2

−9.1

−7.9

−7.5

−9.5

−7.6

129.750 µM

55.990 µM

7.350 µM

12.490 µM

0.584 µM

1.957 µM

0.0343 µM

0.0175 µM 

14.785 µM

20.711 µM

0.0343 µM

0.219 µM

1.654 µM

3.245 µM

0.112 µM

2.741 µM

1

1

3

1

1

0

2

7 

1

1

1
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0

3

4

5

LYS219A.

LYS197A.

SER15A, SER20A, THR89B.

ASP118B.

ALA213A.

------

MET332A, VAL333A.

VAL288A, SER289A, ARG316A, MET332A, VAL333A, 
LYS661A, GLU801A.

GLU62B.

SER84B.

TYR107A

-------

--------

--------

HIS148B, GLY150B, THR152B, ALA154B.

HIS148B, GLY150B, CYS151A, THR152A, THR152B.

Table 8. Binding affinities and inhibition constant (Ki) values of some of the FDA approved drugs across eight target proteins. 

Protein (PDB ID) Mitoxantrone chloride 
(kcal/mol)

Flutamide  
(kcal/mol)

Darolutamide 
(kcal/mol

Mitoxantrone 
chloride  Ki Flutamide  Ki Darolutamide Ki

DLL3 (4xmb.2) −5.9 −6.8 −7.7 48.100 µM 10.555 µM 2.316 µM

CTLA-4 (3osk.1) −6.7 −6.8 −7.3 12.490 µM 10.555 µM 4.545 µM

AURKA (4j8m) −7.6 −8.4 −9.9 2.741 µM 0.712 µM 0.0569 µM

LSD1 (6kgm) −9.1 −10.2 −11.3 0.219 µM 0.034 µM 0.0053 µM

N-Myc (5G1X) −6.3 −7.5 −7.7 24.512 µM 3.245 µM 2.316 µM

5AR (7BW1) −8.3 −9.4 10.9 0.843 µM 0.132 µM 0.0105 µM

AR (3L3X) −7.9 −10.5 −10.8 1.654 µM 0.021 µM 0.0125 µM

CD27 (7KX0) −8.7 −8.6 −10.5 0.429 µM 0.508 µM 0.021 µM

Table 9. Physicochemical properties, lipophilicity and drug-likeness of CID290541 and CID11002708. 

Compound ID MW (g/mol) TPSA n-HBD n-HBA n-ROTB M Ref Log P L.V V.V Pre. LD50 ( mg/kg)

CID290541 338.48 36.92 0 4 5 92.06 4.2 0 0 2,260

CID11002708 354.35 63.22 0 6 4 91.23 2.72 0 0 1,500

Note. [a] MW: molecular weight (<500, expressed as Dalton); [b] TPSA: Topological polar surface area (Å2 ); [c] n-HBD: number of hydrogen bond donors (≤5); [d] n-HBA: number of 
hydrogen bond acceptors (≤10); [e] n-ROTB: number of rotatable bonds; [f] M Ref: molar refractivity; [f] LogP: logarithm of partition coefficient (<5) of compound between n-octanol 
and water []; [g] LV; Lipinski’s violation [53]; [h] V.V= Veber’s violation [52]; [i] Pre. LD50: Predicted LD50.
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3.9. Protein–Ligand Interactions of CID11002708 and 
CID290541 Against PCa Target Proteins
Understanding the mechanism of action through protein-ligand 
interactions is highly important. These interactions involve 

different forces which include; electrostatic, hydrogen bonding, and 
hydrophobic interactions. The binding affinity alone cannot give 
positive results for protein-ligand binding strength and stability [77]. 
However, considering the amino acid residues involved in the protein-

Figure 11. 3D Docking pose interactions of DLL3 protein with (a) 290541 (b) 11002708.

Figure 12. 3D Docking pose interactions of CTLA-4 protein with (a) 290541 (b) 11002708.

Figure 13. 3D Docking pose interactions of AURKA protein with (a) 290541 (b) 11002708.
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ligand interaction will support the docking result, this can also increase 
the docking result’s credibility. The results show that the amino acid 
residues favorably interact with CID11002708 and CID290541 
compounds at the target proteins’ active sites. Hydrogen bonds and 
hydrophobic interactions show that these ligands are positively 

interact with the binding site of the enzyme, this could possibly lead to 
enzyme inhibition which is necessary in drug design by targeting the 
specific receptor (Table 7). The protein-ligand interaction stabilized 
the ligands to perfectly fit into the binding pocket of the target proteins. 
2D representation is illustrated in Figure S3−S10 (see supplementary 

Figure 14. 3D Docking pose interactions of LSD1 `protein with (a) 290541 (b) 11002708.

Figure 15. 3D Docking pose interactions of androgen receptor protein with (a) 290541 (b) 11002708.

Figure 16. 3D Docking pose interactions of N-Myc protein with (a) 290541 (b) 11002708.
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Figure 17. 3D Docking pose interactions of 5AR protein with (a) 290541 (b) 11002708.

Figure 18. 3D Docking pose interactions of CD27 protein with (a) 290541 (b) 11002708.

Table 10. Toxicity prediction of CID290541 and CID11002708 using ProTox-3.0 online tool. 
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material) (LIGPLOT+ software version 2.2) and 3D representation is 
illustrated in Figures 11−18 (PLIP online server) [78].

3.10. ADME/T Properties Prediction
ProTox-3.0 (https://tox.charite.de/protox3/index.php?site) and 
SWISSADME (http://www.swissadme.ch/) online tools were used to 
get the ADMET (Absorption, Distribution, Metabolism, Excretion, and 
Toxicity) properties. Acute oral toxicity, blood-brain barrier (BBB), 
carcinogenicity, nutritional toxicity, hepatotoxicity, nephrotoxicity, 

neurotoxicity, cytochrome P450 inhibitors isoforms (CYP inhibitors), 
hepatotoxicity, human ether-a-go-go-related gene inhibition (hERG), 
human intestinal absorption, human oral bioavailability, and 
P-glycoprotein inhibitor are among the ADMET parameters assessed for 
the compounds (Tables 9 and 10). Table 9 presents the results that show 
that the compounds have good BBB permeation, high gastrointestinal 
absorption, and good oral bioavailability in humans. Lipinski’s rule 
of five and Veber’s filter were used to study the bioavailability of 
CID290541 and CID11002708. According to Lipinski’s rule of five, 
compounds with an octanol/water partition coefficient (LogPo/w) of 
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less than five, an MW of less than 500, less than ten H-bond acceptors, 
and less than five H-bond donors were predicted to exhibit favorable 
bioavailability [56]. Additional parameters were expanded by the Veber 
rule to include a topological polar surface area with values of 79.89–
109.35 (preferably TPSA ≤140 Å2) and rotatable bonds (preferably 
n-ROTB < 10) [55]. The Egan rule considered good bioavailability for 
compounds with (TPSA ≤132 Å2 and -1 < LogP < 6) [79]. Both the 
studied compounds obeyed Lipinski’s rule of five as well as Veber’s 
filter and exhibited favorable bioavailability.

According to the toxicity prediction study (Table 10), the compounds 
CID290541 and CID11002708, which are classified as Classes IV and 
V, respectively, show no acute oral toxicity. This indicates that the 
compounds are not digested in the gastrointestinal tract before reaching 
the intended target and have reduced oral toxicity [80]. Furthermore, 
the compounds are non-hepatotoxic, non-nutritional toxic, non-
nephrotoxic, non-neurotoxic, and non-inhibitor of hERG. In terms of 
predicting the efflux by P-glycoprotein from the cell, the compounds 
are non-inhibitors and non-substrate of permeability glycoprotein. If a 
drug is an inhibitor of P-glycoprotein, it will inhibit the efflux process 
from the cell and increase bioavailability; if it is not an inhibitor 
of P-glycoprotein, it will efflux from the cell by P-glycoprotein, 
limit bioavailability by pumping back into the lumen and possibly 
encourage the drug’s excretion into the urine and bile [81]. In the case 
of metabolism, the compounds are inhibitors to most CYP450 isoforms 
with the exception of CYP2E1. A non-inhibitor of cytochrome P450 
means that the molecule will not hinder the biotransformation of the 
compound (drug) metabolized by cytochrome P4 [82].

The result from Figure 19 presents a boiled egg’s yolk graph 
of compounds, both molecule 1 (CID290541) and molecule 2 
(CID11002708) are in the yellow section which clearly indicated that 
they can passively be absorbed and penetrate the BBB.

4. CONCLUSION
In conclusion, this study revealed that flax microgreens are a rich 
source of essential fatty acids and lignans. The findings of this study 

suggest that lignans from flax microgreens, particularly CID11002708 
and CID290541, could serve as promising candidates for PCa 
therapy. These compounds exhibited significant binding affinities 
and favorable interactions with cancer-related proteins, supporting 
their potential use in drug development. The toxicity prediction study 
demonstrated that the compounds have low toxicity and specific 
metabolic characteristics. However, further in vitro and in vivo studies 
are necessary to validate these docking results and fully understand the 
therapeutic potential and safety of these compounds.
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