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ABSTRACT 

Objective: This research aimed to evaluate the antioxidant activity of methanolic extract of flax microgreens (MEFM), to identify and quantify 4,4’-
Methylenebis (2,6-Di-tert-butylphenol) [4,4’-M(2,6-DTBP)] using GC-MS and HPTLC, and to assess its inhibitory activity against prostate cancer. 

Methods: In vitro antioxidant activity was determined by 2,2-Diphenyl-2-picryl-hydrazyl (DPPH) scavenging activity. 4,4’-M(2,6-DTBP) was 
identified and quantified by Gas Chromatography-Mass Spectrometry (GC-MS) and High Performance Thin Layer Chromatography (HPTLC) 
analysis. The docking simulation had been carried out in PyRx 0.8 software. Toxicity studies were performed using ADMETlab 3.0 and ProTox 3.0 
prediction tools, respectively. The cytotoxic effects and induction of apoptotic cell death by MEFM and 4,4’-M(2,6-DTBP) on PC-3 cell lines were 
assessed by MTT(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and Annexin V apoptosis assays, respectively. 

Results: The HPTLC fingerprint confirmed the presence of 4,4’-M(2,6-DTBP) in the MEFM and indicated its existence in high content. 4,4’-M(2,6-
DTBP) exhibited the highest binding energies (−17.1 kcal/mol) and favorable interactions against prostate cancer target proteins. The Absorption, 
Distribution, Metabolism, Excretion, and Toxicity (ADMET) prediction studies revealed that this 4,4’-M(2,6-DTBP) compound had low toxicity and 
distinct metabolic properties. The MEFM showed strong growth inhibition against PC-3 (IC50: 377.5 μg/ml), whereas 4,4’-M(2,6-DTBP) exhibited 
weak growth inhibition (IC50: 2324.78 μg/ml). The Annexin V assay revealed that the MEFM and 4,4’-M(2,6-DTBP) significantly increased total 
apoptosis to 41.03% and 22.86%, respectively. In early apoptotic cells, the MEFM and 4,4’-M(2,6-DTBP) caused 40.9% and 19.5% cell death, while 
in late apoptotic cells, cell death was found to be 0.13% and 3.36%, respectively. 

Conclusion: The extract and its bioactive compound demonstrate anticancer potential, but in vivo studies are required to further evaluate efficacy, 
metabolism, and toxicity in a living system. 
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INTRODUCTION 

Prostate Cancer (PCa) means a cancer that exists within the prostate 
gland, which is a part of the male reproductive system. It is also 
called prostate carcinoma. PCa has both hereditary and 
environmental risk factors and remains the second leading cause of 
cancer-related deaths in men (after lung cancer) [1]. According to 
the Surveillance, Epidemiology, and End Results (SEER) Cancer 
Statistics Review 2024, prostate cancer is ranked with second 
highest estimated death rate (10.92%) among men across the world 
[2]. Medicinal plants are widely used by human beings worldwide, 
and in recent years, they have played a major role in the treatment 
of diseases [3]. Different plant extracts have been traditionally 
utilized to minimize the cancer medication's adverse effects for 
their efficacy, ease of preparation, affordability, and accessibility. 
Flax is a versatile plant and belongs to the family Linaceae. The 
botanical name for flax is "usitatissimum," which means "the most 
useful" in Latin [4]. They may help to reduce the risk of heart 
disease and also help in improving digestion, type 2 diabetes, and 
the treatment and prevention of cancers [5, 6]. The bioactive 
compounds, such as flavonoids, lignans, and omega-3 fatty acids, 
including alpha-linolenic acid (ALA), present in flaxseeds have been 
shown to possess anti-carcinogenic effects by inhibiting the key 
regulatory proteins [7]. Previously, multiple experimental studies 
have shown that dietary flaxseeds lower prostate cancer risk by 
significantly delaying the proliferative effect and lowering the 
Prostate-Specific Antigen (PSA) in wistar rats [8]. 

Polyphenols are naturally occurring phenols having many other 
health benefits apart from their antioxidant activity [9]. Previous 
studies have indicated that polyphenol-rich diets prevent the 
development of certain diseases, including diabetes mellitus, 
cancers, neurodegenerative diseases, and cardiovascular diseases 
[10, 11]. A compound known as 4,4’-Methylenebis (2,6-DI-tert-
butylphenol) [4,4'-M (2,6-DTBP)] is a member of polyphenols 
synthesized in plants through a shikimate/phenylpropanoid 
pathway, which leads to the formation of different polyphenolic 
compounds involved in plant defense, antioxidant activity, and other 
biological functions [12, 13]. A number of studies have 
demonstrated a vast array of biological activities of 2,4-Di-tert-
butyl-butyl phenol (2,4 DTBP), a derivative of 4,4’-M(2,6-DTBP), 
including antibacterial, anti-inflammatory, antifungal, antioxidant, 
and anti-cancer activities [14-16]. Several findings have verified the 
anti-prostate cancer effects of flax and flaxseeds, but no research has 
yet explored the anti-proliferative properties of flax microgreens 
and its bioactive compound 4,4’-M(2,6-DTBP) in prostate cancer 
therapy. Hypothetically, flax microgreens and their bioactive 
compounds may exhibit anticancer properties by inhibiting prostate 
cancer growth through molecular interactions and cytotoxic effects.  
As the researcher has been interested in exploring the health 
benefits of flax/flaxseeds, the objectives of this study involve the 
evaluation of the antioxidant activity of methanolic extract of flax 
microgreens (MEFM), identification and quantification of 4,4’-M(2,6-
DTBP) by Gas Chromatography-Mass Spectrometry (GC-MS) and 
High-Performance Thin Layer Chromatography (HPTLC) analysis, 
molecular docking simulation to find out the interaction of the 
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inhibitory effect of 4,4’-M(2,6-DTBP) by binding with the protein 
target of prostate cancer, and the in vitro cytotoxic effect of MEFM 
and 4,4’-M(2,6-DTBP) on PC-3 cell lines. Such knowledge gained 
from this research would not only contribute to the delineation of 
the intervention potential of flax microgreens but also offer a 
framework for an in-depth understanding the mode of action of this 
phytocompound for PC treatment. Also, it will contribute to surging 
investigations about plant-derived sustainable cancer treatments 
that support the United Nations Sustainable Development Goals 
(UNSDGs). 

MATERIALS AND METHODS 

Chemicals 

4,4’-M(2,6-DTBP) and DPPH were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Dulbeccos Eagles Minimum Essential Medium 
(DMEM), Foetal Bovine Serum (FBS), Phosphate Buffered Saline 
(DPBS), Trypsin-EDTA solution, and MTT reagent were all 
purchased from MP Biomedicals, Germany. Dimethyl Sulfoxide 
(DMSO), Propidium Iodide (PI), Methanol (HPLC grade) and HPTLC 
Silica Gel 60 F254 Plates were purchased from Merck (Darmstadt, 
Germany). Annexin V-AbFlourTM 488 Apoptosis Detection Kit 
(KTA0002) was purchased from Abbkine Scientific Co., Ltd 
(Abbkine, Inc USA). 

Flax microgreens collection and authentication  

Flax seeds were purchased from a local Market at, Phagwara, Punjab, 
India. The flax microgreens used in this study were grown by sowing 
the seeds in cocopeat at Lovely Professional University's (LPU) Hi-
Tech Polyhouse in Phagwara, Punjab, India. Its identity was 
authenticated by a Professor in Plant Taxonomy, Kebbi State 
University of Science and Technology Aliero (KSUSTA) Dr. 
Dharmendra Singh, with voucher specimen number 
(KSUSTA/PSB/H/Voucher No: 657) deposited in the herbarium of the 
institute.  

Flax microgreens extraction  

50 g of powdered flax microgreens were subjected to extraction 
with 250 ml of methanol using the cold maceration method. The 
sample was kept in a sealed container and allowed to macerate for 
24 hrs. After maceration, the mixture was filtered through Whatman 
filter paper Grade 1 [17] to remove the residues. The filtrate was 
concentrated with a rotary evaporator and stored at −4 degrees 
Celsius for future analysis [18]. 

DPPH scavenging assay 

A DPPH scavenging assay was used to estimate the extracts' free 
radical scavenging activity [19-21]. The methanol was used to 
prepare a 0.1 mmol DPPH solution, and 1.6 ml of methanol extract at 
various concentrations (62.5, 125, 250, 500, and 1000µg/ml) was 
added to 2.4 ml of DPPH solution. The mixture was thoroughly 
vortexed and kept in the dark at room temperature for 30 min. Using 
spectrophotometry, the mixture's absorbance was measured at 517 
nm. The following formula was to determine the percentage DPPH 
scavenging activity:  

 

The IC50 was estimated by plotting the inhibition percentage against 
the concentration. The experiment was repeated in triplicate [20, 22]. 

GC-MS analysis 

The sample was analysed using a Shimadzu (GCMS-TQ8040 NX) Gas 
Chromatograph connected with a Perkin Elmer Turbo Mass 5.1 mass 
detector fitted with Elite – 1 fused silica capillary column (30 m × 
0.25 mm ID × 0.25 μm), functional in Central Instrumentation 
Facility Lab (CIF) at LPU, Phagwara, Punjab, India.  The oven 
temperature was initially set to 50 °C for 3 min, then rose up to 300 
°C at 10 °C/min, and was maintained for 8 min. Temperature of the 
injector was set at 250 °C, injector size 1 uL neat, with split ratio of 
1:10, and carrier gas (Helium) was used at flow rate of 1.02 ml/min. 
The mass spectrometry (MS) ion source and interface were 
maintained at 240⁰C and 310⁰C, respectively; the mass spectra were 

taken at 70eV with a mass scan range of 34-600(m/z). The MS 
started at 4 min, and ended at 37 min, with solvent cut time of 4 min. 
GC-MS solution software was used to analyse the data. The mass 
spectra of the identified compounds were compared with those in 
the National Institute of standards and technology (NIST) and 
WILEY libraries [23]. 

HPTLC analysis 

Standard 4,4’-M(2,6-DTBP) preparation  

1 mg/ml of stock was prepared by dissolving the 6 mg of 4,4’-M(2,6-
DTBP) in 6 ml of methanol. Consequently, stock solution (1 ml) was 
added to methanol (10 ml) to obtain 0.1 mg/ml of 4,4’-M(2,6-DTBP) 
[24]. 

Test samples (extract) preparation 

To achieve 1 mg/ml of MEFM solution, 10 mg of extract was added 
into methanol (10 ml). The resultant solution was then filtered with 
a membrane filter (0.22 mm) [25]. 

HPTLC setup conditions and instrumentation 

HPTLC was conducted on a silica gel 60 f 254 (3.0 × 10 cm; Merck, 
Germany) HPTLC plate. The plate was kept in an automatic 
development chamber with a mobile phase consisting of ethyl 
acetate: toluene: formic acid in a 5:4:0.2 (V/V/V%) ratio. Using an 
automated spray applicator with a 100 µl** syringe, 6.0 µl** of both 
extract and the standard solution of 4,4’-M(2,6-DTBP) with a 
concentration of 1 mg/ml was applied to the plates in the form of 8.0 
mm bands at the rate of 150 nl/s. The CAMAG-Linomat IV was used 
for sample application, and its settings were as follows: application 
rate of 150 nl/s, band length of 8.0 mm, distance between bands 10 
mm, distance from the bottom of the plate measuring 10.0 mm, and 
distance from the plate side edge of 5 mm. WIN CATS program 
version 1.4.6.2002 was used to densitometrically evaluate the bands 
using CAMAG TLC Scanner 3. The following were the settings for the 
scanner: (Scanning rate: 20 mm/s; Slit dimension: 6.00 x 0.45 mm; 
Mode: absorption/reflection; monochromator bandwidth: 30 nm at 
an optimum wavelength of 515). The retention factor (Rf) value was 
calculated as:  

 

The peak area corresponding to the Rf value of the standard was 
recorded, and the peak of the isolated component from the extract 
was compared to that of the standards for identification. Also, the 
calibration curves were used to determine the target compound's 
concentration [26, 27].  

In silico studies 

Docking and biomolecular interactions 

The software known as PyRx, which employs Vina and Autodock 4.2, 
was utilized to analyze the protein-ligand interaction through a 
molecular docking simulation [28, 29]. The 2D (2-dimensional) 
structure of 4,4’-M(2,6-DTBP) and the Food and Drug Administration 
(FDA) approved drug were procured from the chemical structure 
database (PubChem) in .SDF format and converted to .PDBQT format 
prior to docking [30-32]. The target proteins' 3D (3-dimensional) 
structures were retrieved from the PDB’s website 
(http://www.rscb.org/pdb) [33], and the binding site was 
subsequently predicted using a grid box analysis [28]. Proteins and 
ligands were prepared and docked using PyRx as previously described 
by Lawal et al. [18] and Aiswariya and Satya, [34]. Upon the docking 
search completion, the protein-ligand interactions was analyzed using 
ligand interaction profiler (PLIP) software [35, 36]. The strength of 
ligand binding was measured as a negative score in kcal/mol [37]: 

Ki = e−∆DG/RT 

Where:  

Ki = Inhibition constant (measure of binding affinity). 

ΔG = Gibbs free energy change of binding (in Joules or kcal/mol) 

http://www.rscb.org/pdb
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Universal gas constant (R) = (1.985x 10-1 kcal/mol/K) 

Temperature (T) = (298.1.5 K) 

ADME/T properties prediction 

Online softwares (ProTox-3.0 and ADMETlab 3.0) were used to 
predict the Absorption, Distribution, Metabolism, Excretion, and 
Toxicity (ADMET) parameters, toxicology of the studied compounds 
[38], and violations of Lipinski's rule of five (LRO5) and Veber's rule 
(VR) as described by Lawal et al. [18], and only one variation is 
accepted in the case of variables [39]. 

In vitro studies 

Cell viability assay 

The PC-3 cell lines were obtained from the National Centre for Cell 
Science (NCCS), Pune. The cells were cultured in DMEM containing 
10% FBS, 200 μl of the cell suspension (about 10,000 cells) was 
placed in 96-well plates, and the plates were kept in a 37 °C and 5% 
CO2 atmosphere for 24 hrs. The test samples were solubilized 
using DMSO, diluted into culture medium containing serum-free 
medium. After 24 hrs, spent mediums were replaced with 
mediums containing test samples in various concentrations 
(62.5, 125, 250, 500, and 1000µg/ml) and incubated for 24 hrs in 
CO2 incubator (37 °C and 5% CO2) 

After the time period, the drug-containing media was aspirated, and 
100 μl of MTT (5.0 mg/ml) in PBS was added to each well and 
incubated for 4 h at 37˚C. To solubilize the dark blue formazan 
crystals, 100 μl of DMSO was added and mixed gently. After 
solubilization at room temperature, the absorbance was read at 570 
nm and also at 630 nm using a microplate reader. The IC50 was made 
from the dose-response curve [40, 41]. The growth inhibition was 
calculated using the formula below:  

 

Annexin-V apoptosis assay by flow cytometry 

PC-3 cells were cultured in a 6-well plate with a seeding density of 3 
x 105 cells per 2 ml. Cells were incubated in a CO2 incubator 
overnight at 37ᵒ C for 24 hrs. Following this, the spent medium was 
discarded, and the cells were rinsed with 1 ml of 1X PBS. The cells 
were then treated with 2 ml of culture medium containing the 
necessary concentration of experimental test compounds and 
cultured for 24 hrs. Some of the wells were left untreated as a 

negative control. At the end of the treatment, the cells were 
harvested directly into centrifuge tubes and washed with 500 μl 
PBS. The PBS was removed and then incubated with 200 μl trypsin-
EDTA at 37 °C for 3-4 min. The culture medium was then returned to 
their original wells while collecting the cells into the centrifuge 
tubes. Afterward, the tubes were centrifuged at 300 x g for 5 min at 
25 °C. The supernatant was cautiously decanted, washed twice with 
PBS, and PBS was decanted completely. Cells were resuspended in a 
concentration of 1 x 106 cells per ml in 1X Binding Buffer. 100 μl of 
the solution containing 1 x 105 cells was added into a 5 ml culture 
tube, and subsequently, 5 μl of AbFlour 488 Annexin V to the 
mixture was added and incubated for 15 min at 25 °C in the dark 
with gently vortex. 400 μl of 1X Binding buffer and 2 μl of PI were 
added to each tube, followed by gentle votexing. The samples were 
subjected to flow cytometry analysis as soon as the PI was added 
[42, 43]. 

Statistical analysis 

The GraphPad Instat 3 software and Microsoft Excel spreadsheet 
were used to analyze statistical significance of each data set; the 
results are shown as Mean±SD. Non-significant (ns) is defined as a P 
value>0.05, *P ≤ 0.05, **P ≤ 0.01. 

RESULTS AND DISCUSSION 

DPPH scavenging activity 

This is a widely used technique for determining a plant extract's 
potential for antioxidant activity. DPPH donates hydrogen ions to 
molecules in their oxidized form, acting as a free radical scavenger 
or antioxidant [44, 45]. The result of the DPPH scavenging activity of 
MEFM is presented in fig. 1. The extracts exhibited a concentrated 
dependent increase in scavenging activity. At a 1000 µg/ml 
concentration, the MEFM exhibited higher DPPH radical scavenging 
activity of 84.2%. Though MEFM exhibited DPPH radical scavenging 
activity, it is significantly (p<0.001) less effective than ascorbic acid 
at all tested concentrations. The current results agreed with the 
report by Alachaher et al. [46], which indicates that the DPPH 
scavenging capacity of methanolic and butanolic extracts of L. 
usitatissimum was 93.1% and 96.2%, respectively, at 800 µg/ml. 
According to the results of Hanaa et al. [47], the aqueous methanol 
(70%) extract of flaxseeds exhibited a maximum level of inhibition 
of 62.10%, which is significantly higher than the current findings. 
This might be attributed to the fact that aqueous methanol (70%) is 
more polar and it can extract a good amount of phenolic compounds.

 

 

Fig. 1: DPPH scavenging activity of MEFM compared to ascorbic acid control. Data are presented as mean and standard deviation 
(mean±SD) of three replicates mean values (bar graphs), Standard deviation (vertical lines), Asterisk (**) above the bars is statistically 

significance (P ≤0.001) 

 

GC-MS analysis and bioactive compound selection process 

GC-MS analysis results revealed that the MEFM contains several 
phytocompounds that exhibit various phytochemical activities, as 
reported by Lawal et al. [18]. We selected the bioactive compounds 

based on their abundance in the extract. Table 1 presents the 
bioactive compounds with higher peak area (>2.0%) along with 
their molecular formula, molecular weight (MW), and retention time 
(RT). Pre-docking screening was conducted; all the selected 
phytocompounds were docked against the six (6) druggable targets 
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of prostate cancer, with their binding energies recorded in table S1 
(see supplementary material). 4,4’-M(2,6-DTBP) shows the highest 

binding energies with a range of −10.7 to −17.1 Kcal/mol across the 
target proteins. This compound was selected for further study. 

Table 1: Flax microgreen’s bioactive compounds with highest percentage 

S. 
No. 

RT Compound 
CID:  

Compound names Molecular  
formula 

Molecular  
weight 

Peak area 
(%) 

1 21.824 985 n-Hexadecanoic acid C16H32O2 256.42 4.27 
2 23.460 17161 2,5-Di-tert-butyl-1,4-benzoquinone C17H24O3 276.4 4.33 
3 23.756 64947  (2R,3S,4S,5R,6S)-2-(hydroxymethyl)-6-methoxyoxane-3,4,5-triol C7H14O6 194.18 13.01 
4 24.091 54725318 L-Ascorbic acid, 6-octadecanoate C24H42O7 442.6 5.21 
5 24.510 637775 3,5-Dimethoxy-4-hydroxycinnamic acid (Sinapinic acid)  C11H12O5 224.21 3.21 
6 25.911 5280435 Phytol C20H40O 296.5 3.22 
7 27.872 10494 Oleanolic acid C30H48O3 456.7 2.40 
8 29.695 191964 bis(2-propylpentyl) benzene-1,2-dicarboxylate  C24H38O4 390.6 4.19 
9 31.038 8372 4,4’-Methylenebis (2,6-DI-tert-butylphenol) C29H44O2 424.7 2.74 
10 32.875 638072 Squalene C30H50 410.7 4.62 

*RT: Retention time 

 

HPTLC analysis  

The optimum mobile phase development for 4,4’-M(2,6-DTBP) 
separation was achieved by using the solvent system of ethyl acetate: 
toluene: formic acid (5:4:0.2 V/V/V%) as shown in the HPTLC 
fingerprint (fig. S1; see supplementary material). The HPTLC analysis 
of MEFM has shown the presence of 4,4’-M(2,6-DTBP) in a higher 
concentration. The chromatograms and peak tables were generated by 
scanning at 515 nm. The densitometry graph (fig. 2) illustrates the 
peaks for track 1, representing 4,4’-M(2,6-DTBP) (standard), and track 

2, representing 4,4’-M(2,6-DTBP) from MEFM. The HPTLC fingerprint 
revealed the abundance of this compound in MEFM with an area 
percentage of 100% (table 2). Fig. 3 represents both the 3D and 
overlay of the chromatograms of all tracks. The Rf values, peak area, 
peak height, and percentage area of the compound are depicted in 
table 2. The specificity of the 4,4’-M(2,6-DTBP) compound in the 
extract was confirmed by comparison between the extract's Rf values 
and those of the standard, and the values were found to be 0.72. These 
findings have proved that the employed method was specific, as it 
clearly separates the 4,4’-M(2,6-DTBP) compound from MEFM. 

  

 

Fig. 2: Densitometry graph showing isolation of 4,4’-M(2,6-DTBP) from MEFM 
 

https://pubchem.ncbi.nlm.nih.gov/compound/985
https://pubchem.ncbi.nlm.nih.gov/#query=C16H32O2
https://pubchem.ncbi.nlm.nih.gov/#query=C17H24O3
https://pubchem.ncbi.nlm.nih.gov/compound/64947
https://pubchem.ncbi.nlm.nih.gov/#query=C7H14O6
https://pubchem.ncbi.nlm.nih.gov/#query=C11H14O4
https://pubchem.ncbi.nlm.nih.gov/compound/5280435
https://pubchem.ncbi.nlm.nih.gov/#query=C20H40O
https://pubchem.ncbi.nlm.nih.gov/#query=C12H26O2
https://pubchem.ncbi.nlm.nih.gov/compound/191964
https://pubchem.ncbi.nlm.nih.gov/#query=C24H38O4
https://pubchem.ncbi.nlm.nih.gov/compound/638072
https://pubchem.ncbi.nlm.nih.gov/#query=C30H50
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Fig. 3: (A) 3D Chromatogram of 4,4’-M(2,6-DTBP) from extract and standard. (B) Overlay of HPTLC chromatogram of all tracks 

Table 2: HPTLC peak table of 4,4’-M(2,6-DTBP) and MEFM 

Peak Start Rf Start height Max Rf Max height Max % End Rf End height Area Area % Assigned substance 

1 
1 

0.72 
0.72 

11.0 
2.3 

0.76 
0.78 

446.3 
196.5 

100.00 
100.00 

0.80 
0.80 

0.40 
12.3 

14617.2 
7919.9 

100.00 
100.00 

4,4'-M(2,6-DTBP) 
4,4'-M(2,6-DTBP) 

 

In silico studies 

Docking studies 

The docking screening was done using the PyRx software [48]. Table 3 
presents the docking result of 4,4’-M(2,6-DTBP) with PubChem ID 
(CID8372) against six prostate cancer drug targets: Aurora A kinase 
(AURKA), N-myc proto-oncogene protein (N-Myc), 5α-Reductase (5AR), 
Androgen receptor (AR), Lysine-specific histone demethylase 1A (LSD1), 
and Cluster of Differentiation 27 (CD27) as reported by Lawal et al. [18]. 
Throughout the docking result, the binding energies varied from −10.7 
to −17.1 kcal./mol. According to the results, the ligand (CID8372) had 
binding energies of –15.8, −14.7, −10.7, −13.3, −17.1, and −14.9 kcal/mol 
for 5AR, AURKA, N-Myc, CD27, LSD1, and AR, respectively. CID8372 
exhibits a maximum binding energy of −17.1 kcal/mol for LSD1. In 
comparison to flutamide (CID3397), a common medication for prostate 
cancer, had its highest binding energy of-10.5 kcal/mol for AR. CID8372 
shows the highest binding energy, which was even more than 
CID11002708, CID290541, and AR inhibitors like enzalutamide [18, 49]. 
Also, the binding energy of CID8372 for 5AR is –15.8 kcal/mol, which is 
higher than that of finasteride (-9.8 kcal/mol) [50]. The higher binding 
energy of CID8372 as compared to standard drugs is because it forms 
strong H-bonds and more stable hydrophobic interactions with amino 
acid residues in the binding pocket of the target proteins, leading to 
more complex formation. 

Half-maximal inhibitory concentration prediction 

IC50 value is used as a measure of potency and how effective the 
compound inhibition is [51]. The predicted IC50 value for the 
CID8372 was in a range of 0.0003 to 14.80 nM (table 3). The 4,4’-
M(2,6-DTBP) had shown the highest possible inhibitory potential 
with 0.0003 nM against the LSD1 target and the lowest possible 
inhibitory potential with 14.80 nM against the N-Myc target protein. 
In comparison to the control FDA drug, the 4,4’-M(2,6-DTBP) shows 
the predicted IC50 value higher than that of control FDA drugs. 

Protein–ligand interactions of 4,4’-M(2,6-DTBP) against 
prostate cancer druggable targets 

The mechanism of action of a drug can be studied through protein-
ligand interaction analysis. There are various forces involved, 
including electrostatic, hydrogen, and hydrophobic bonds. Binding 
energy from docking results only cannot lead to a final conclusion 
[52]. In fact, the consideration of the amino acid residues that are 
part of the protein-ligand interaction improves the result of the 
docking and enhances the credibility of the findings. The findings 
demonstrate that at the active site of the target proteins, the amino 
acid residues interact favorably with the 4,4’-M(2,6-DTBP) molecule. 
The findings show that the enzyme possesses binding sites that can 
be occupied by this ligand; indeed, this is essential in drug design in 
which the enzyme activity can be inhibited (table 3). The result also 

demonstrates that the protein-ligand interaction made it more 
stable for the ligand to fit in the active site of the target proteins. A 
graphical representation of the protein-ligand interaction is shown 
as a 3D medium in fig. S2 (see supplementary material) [53, 54]. 

ADME/T properties prediction 

ADMET lab 3.0 and ProTox-3.0 tools were used to assess the ADMET 
parameters for the 4,4’-M(2,6-DTBP) (CID8372). Table 4 presents 
the ADME results; the 4,4’-M(2,6-DTBP) compound has good oral 
bioavailability, blood-brain barrier (BBB) permeation, and high 
Gastrointestinal (GI) absorption. To estimate the effective 
bioavailability of 4,4’-M(2,6-DTBP), LRO5 and VR were applied. As 
per LRO5, phytocompounds with LogPo/w<5, molecular weight 
(MW)<500, number of hydrogen bond acceptors (n-HBA)<10, and 
number of hydrogen bond donors (n-HBD)<5 are likely to have good 
bioavailability [55]. The VR widens the criteria to include other 
additional parameters such as Topological Polar Surface Area 
(TPSA) ≤140 Å and number of rotatable bonds (n-ROTB)<10 [56]. 
The compound under study complied with the LRO5 and VR, and it 
showed favorable bioavailability. The ADMET analysis indicates that 
the 4,4’-M(2,6-DTBP) exhibits moderate BBB permeability. Despite 
it slow TPSA (40.46 Å²) and moderate hydrogen bonding, this 
compound has limit passive diffusion and increase P-gp efflux due to 
its high molecular weight (424.66 g/mol) and excessive lipophilicity 
(LogP 7.306), reducing its overall BBB penetration. As compare to 
standard drugs, such as Diazepam (Valium) and Fluoxetine (Prozac) 
exhibits greater BBB penetration due to their lower molecular 
weights (284 g/mol and 309 g/mol), lower lipophilicity (LogP 2.82 
and LogP 4.1), and lower TPSA values (32 Å² and 44 Å²). These 
factors improved passive diffusion and CNS penetration, thus 
making them more potent for central nervous system (CNS) 
diseases. 

As presented in table S2 in the supplementary material, the toxicity 
prediction study served to classify the 4,4’-M(2,6-DTBP) compound 
as class VI and presented no acute oral toxicity. This suggests that 
compound oral toxicity is very low, easily broken down, absorbed in 
the GIT, and transported to the target site. Also, this compound is 
non-neurotoxic, non-hepatotoxic, non-nutritional toxic, and non-
carcinogenic. It also enhanced the biotransformation reactions by 
inducing cytochrome P450 (CYP450) enzyme and acted as a non-
inhibitor of the CYP450 family. According to findings of Gilani and 
Cassagnol [57] and Deodhar et al. [58], it has been observed that any 
compound that inhibits most of the CYP450 enzyme family will 
block biotransformation, leading to decreased metabolism of drugs 
and increased potential toxicity. The proTox-3.0 prediction tool 
generated a toxicity radar graph to estimate the toxicity of a 
compound. The details about possible toxicity targets of 4,4’-M(2,6-
DTBP) are presented in table S3 (see supplementary material). 
Compound therapeutic safety evaluation proved that it’s safe and 
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possesses a broad range of therapeutic potentials (fig. S3; see supplementary material). 

 

Table 3: Binding affinities, IC50 values, and interaction residues of 4,4’-M(2,6-DTBP) (CID8372) and FDA-approved drugs (Flutamide) 
across target proteins 

Protein CID8372 
(kcal/mol) 

Flutamide 
(kcal/mol) 

CID8372 
IC50 

Flutamide 
IC50 

CID8372-AA Residues 
H-bond Hydrophobic interactions 

AURKA 4j8m) -14.6 -8.4 0.021 nM 0.712 µM ARG195B PHE199B, PHE202B, TYR220B. 
LSD1 (6 kgm) -17.1 -10.2 0.0003 nM 0.034 µM TYR81A PRO61A, GLU62A, TYR81A, VAL85A, GLN86A, 

THR89B. 
N-Myc (5G1X) -10.7 -7.5 14.80 nM 3.245 µM ASP555A VAL333A, THR335A, PHE538A, LEU659A, 

TYR761A, ALA809A, THR810A. 
5AR (7BW1) -15.8 -9.4 0.0027 nM 0.132 µM GLU57A, ASN193A. TYR33A, TRP53A, TYR98A, ASN193A, 

PHE194A, PHE216A, PHE223A, LEU224A. 
AR (3L3X) -14.9 -10.5 0.012 nM 0.021 µM CLY150A, CYS151A, 

THR152A, ALA154C. 
LEU145C, PHE147A, HIS148B, THR152AB, 
ILE153A, ILE153C, ALA154B, ALA154C. 

CD27 (7KX0) -13.3 -8.6 0.180 nM 0.508 µM LEU12A LEU12A, ALA86B, THR89B, ILE117B. 

Table 4: Drug-likeness, lipophilicity and physicochemical properties of CID8372 

Compound ID MW (g/mol) TPSA n-HBD n-HBA n-ROTB M Ref Log P L. V V. V Pre. LD50 (mg/kg) 
CID8372 424.66 40.46 2 2 6 137.02 7.306 0 0 24,000 

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; [h] V. V= Veber’s violation; [i] Pre. 
LD50: Predicted LD50. 

 

In vitro analysis 

Cell viability assay 

The cytotoxicity effects of the MEFM, 4,4’-M(2,6-DTBP), and cisplatin 
(standard drug) against PC-3 were evaluated using the MTT assay 
(fig. 4), and the IC50 values were generated from dose-response 
curve studies. The MEFM exhibits strong cytotoxic activity against 
PC-3 cell lines, greater than the efficacy of the standard drug. The 
bioactive compound 4,4'-M(2,6-DTBP) exhibited weak bioactivity 
against PC-3 cell lines. The IC50 values for the MEFM and cisplatin 
were determined using nonlinear regression analysis, while 4,4’-
M(2,6-DTBP) was calculated using linear regression analysis in 
Microsoft Excel. The IC50 values of MEFM, 4,4’-M(2,6-DTBP), and 
cisplatin were recorded as 377.5 µg/ml (95% CI: 377.48–
377.52µg/ml; R² = 0.918), 2324.78 µg/ml (95% CI: 2324.74–
2324.82µg/ml; R² = 0.9742), and 273.97 µg/ml (95% CI: 273.94–
274.00µg/ml; R² = 0.9908), respectively, as presented in table 5. 
4,4’-M(2,6-DTBP) indicated lower potency compared to MEFM and 
cisplatin. These results suggest that MEFM and cisplatin exhibit a 
more potent anticancer effect due to their nonlinear sigmoidal 

response, while 4,4’-M(2,6-DTBP) followed a linear response, 
requiring higher concentrations to achieve significant cytotoxicity. 
Even though 4,4'-M(2,6-DTBP) shows the highest binding affinity (-
17.1 kcal/mol), it exhibits weak cytotoxicity, which is probably due 
to quick metabolism, low bioavailability, and poor cellular uptake. 
The reduced effectiveness may result from efflux via drug 
transporters, poor apoptosis activation, and the differences between 
in silico and in vitro conditions. Although it predicts strong target 
binding, actual intracellular interactions and biological responses 
may differ. The combination of the standard drug along with 4,4’-
M(2,6-DTBP) will enhance cytotoxicity in PC-3 cell lines. Fig. 5 
shows the MEFM, 4,4’-M(2,6-DTBP), and cisplatin-induced cellular 
shrinkage and damages the morphology of PC-3 cell lines. According 
to Kumari et al. [59], the cytotoxic activity is due to the apoptotic 
potential of the extract from Pinus roxburghii, a medicinal plant of 
Himachal Pradesh, making them potential candidates for therapeutic 
development in cancer treatment. According to the findings of Khan 
et al. [60], the Moringa oleifera methanolic leaves extract induces 
apoptosis and G0/G1 cell cycle arrest via downregulation of 
Hedgehog Signaling Pathway in human prostate PC‐3 cancer cells. 
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Fig. 4: MTT cell viability assay. Plot shows the percentage viability of PC-3 cells treated with (A) MEFM, (B) 4,4’-M(2,6-DTBP), and (C) 
Cisplatin (standard). Data are shown as the mean and standard deviation (mean±SD) of three replicates. mean values (bar graphs), 

Standard deviation (vertical lines) 

 

Table 5: IC50 and CI values of cell proliferation inhibition of MEFM, 4,4’-M(2,6-DTBP), and cisplatin 

PC-3 cell lines 
 IC50 (µg/ml) 95% confidence interval (µg/ml) 
MEFM 377.5  377.48 – 377.52 
4,4’-M(2,6-DTBP) 2324.78 2324.74 – 2324.82 
Cisplatin 273.97 273.94 – 274.00 

 

Fig. 5: Morphological changes in PC-3 cell lines at 24 h of treatment. (A) Untreated, (B) MEFM, (C) 4,4’-M(2,6-DTBP), and (D) Cisplatin. CS 
cellular shrinkage, BL membrane blebbing 
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Annexin apoptotic assay 

To understand the mechanism of action of the MEFM and its bioactive 
compound, the annexin V apoptosis assay was performed. The apoptotic 
assay of the untreated MEFM, and 4,4’-M(2,6-DTBP) bioactive 
compound is presented in table 6. MEFM and 4,4’-M(2,6-DTBP) 
exhibited a significantly increased total apoptosis of 41.03 and 22.86%, 
respectively, compared to untreated cell lines (3.92%). In early apoptotic 
cells, the MEFM and 4,4’-M(2,6-DTBP) demonstrated significantly higher 

cell death (40.9 and 19.5, respectively), whereas in late apoptotic cells, 
the cell death was found to be 0.13 and 3.36%, respectively (table 6). 
Even though it indicates a significant level of cell death, its potency is 
lower compared to cisplatin, a standard PC-3 cell line's apoptotic inducer 
[61]. These findings indicate that this bioactive compound was highly 
effective in inducing cell death during the early apoptosis stage, but its 
efficiency in destroying cells decreased during the late apoptosis stage. 
Analysis of cell apoptosis of MEFM and 4,4’-M(2,6-DTBP) after 24 h 
incubation in PC-3 cell lines is depicted in fig. 6. 

 

Table 6: Data showing the results in % of cells after MEFM and 4,4’-M(2,6-DTBP) treatment using annexin V apoptosis assay to identify its 
mechanism of action 

Sample name % of cells Geometric mean fluorescence intensity 
(MFI) of Ab Flour 488 Annexin V (FL1-A 
parameter) 

Live Early apoptotic Late apoptotic Debris Total apoptosis 

Control (Untreated) 95.8 3.86 0.063 0.28 3.92 2002 
MEFM  58.9 40.9 0.13 0.1 41.03 7934 
4,4’-M(2,6-DTBP)  72.4 19.5 3.36 4.73 22.86 5620 

 

 

Fig. 6: Plot showing Annexin V Apoptosis Assay results of (A) Untreated, (B) MEFM, (C) 4,4’-M(2,6-DTBP) treated PC-3 cells 

CONCLUSION 

Conclusively, the flax microgreens contain numerous bioactive 
compounds with potential therapeutic importance, including 
anticancer properties. The plant extract demonstrated potent 
antioxidant activity through the DPPH assay and further analysis by 
HPTLC, which confirmed the presence of the 4,4’-M(2,6-DTBP) 
compound. The in silico studies revealed that this compound has the 
highest binding energy, good bioavailability, and low toxicity. In in 
vitro studies, MEFM showed strong anticancer activity; its bioactive 
compound exhibited weaker cytotoxicity, necessitating further 
optimization and combinatory studies (synergy testing with cisplatin 
or docetaxel). Further in vivo studies are required to evaluate their 
efficacy, metabolism, bioavailability, and toxicity in a living system. 
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