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A B S T R A C T

Glioblastoma multiforme, a malignant brain tumor has a dismal prognosis and lacks effective treatment. 
Epidermal growth factor receptor (EGFR) is an attractive drug target for GBM treatment, yet no therapeutic effect 
has been reported. Here, we have deepened our studies on a recently described EGFR inhibitor, a 
tetrahydroquinoline-derived triarylmethane, 2-((1,2,3,4-tetrahydroquinolin-8-yl)(4-(trifluoromethyl)phenyl) 
methyl)phenol (THQPMP), showing a potential cytotoxicity activity against GBM cells LN229 and SNB19. 
THQPMP exhibits a strong binding affinity to the EGFR receptor of -6.92 kcal/mol, which interacts with 12 
amino acid residues. The stable interaction of THQPMP-EGFR complex was validated by molecular simulations 
dynamics lasting 200 ns. The statistical parameters of partial least squares regression (PLS) revealed robust 
internal predictive capacity for the Gaussian-based QSAR model developed. The half maximum inhibitory 
concentration (IC50) for THQPMP and gefitinib was established to be 40.6 µM and 46 µM for LN229 cells and 
38.3 µM and 68 µM for SNB19 cells, respectively. SiRNA transfection assay confirmed the specific interaction of 
THQPMP with EGFR, thus modulating the downstream signaling cascade and inducing cell death in GBM. 
Furthermore, THQPMP prompted cell cycle arrest at S phase and observed to induce a negligible fold of intra
cellular calcium level, thereby leading to GBM cell death via a calcium-independent signaling mechanism. A 
comprehensive ADME analysis was performed, predicting the physicochemical, absorption, distribution, meta
bolism, and excretion parameters of THQPMP, therefore elucidating its pharmacokinetic and drug likeness 
properties. THQPMP was validated to cross the blood-brain barrier with moderate permeability. Overall, 
THQPMP has shown efficient preclinical activity against GBM by modulating EGFR signaling pathways, war
ranting further in vivo validation for phase clinical trials.

1. Introduction

Glioblastoma multiforme (GBM) is a highly invasive, chemotherapy 
refractory cancer with a median survival rate of 1 year (Dunn et al., 
2012). Despite undergoing cytoreductive surgery followed by radiation 

therapy, and the administration of nitrosoureas as a chemotherapeutic 
agent crossing the blood-brain barrier (Shapiro, 1999), no therapy was 
associated with improved survival in GBM patients (Stupp et al., 2005). 
Genetic alterations result in varied gene expression patterns that are 
heterogeneous in the same histological type of GBM tumor, hence 
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constraining the efficacy of cancer therapies (Iwadate et al., 2000; 
Rickman et al., 2001).

Advances in the molecular mechanisms of glioblastoma pathogenesis 
offers new perspectives for developing targeted therapeutic drugs. The 
most common oncogenic aberration associated with GBM is the 
epidermal growth factor receptor (EGFR), rendering it an excellent 
target for GBM (Guo et al., 2023). Numerous studies revealed that the 
overexpression and mutation of EGFR enhances the proliferation, 
growth and survival of GBM (Padfield et al., 2015). Various first and 
second-generation small-molecule EGFR inhibitors, including erlotinib 
and afatinib, exhibit anti-GBM effect in-vitro (Scheme 1a) (Colclough 
et al., 2021; Liu et al., 2019). Osimertinib, a third-generation EGFR in
hibitor, has shown enhanced efficacy and improved brain penetrations 
relative to earlier EGFR inhibitors (Colclough et al., 2021; Liu et al., 
2019). Yet, this later generation of EGFR inhibitors have not signifi
cantly enhanced progression-free life survival in GBM during preclinical 
trials (Peereboom et al., 2010; Reardon et al., 2015).

Previously, we synthesized several alkylaminophenols derivatives 
targeting EGFR signalling pathway and validated their efficacy against 
several types of tumors, including breast cancer, osteosarcoma, prostate 
cancer, and lung cancer (Kandhavelu et al., 2024; Koochakkhani et al., 
2024; N. Branco et al., 2025; Ragno, 2019a). The top alkylaminophe
nols, showed the potential cytotoxic effect against GBM stem cells (N. 
Branco et al., 2025) and the transcriptomic analysis revealed its ability 
to induce G1/S cell cycle arrest and the intrinsic apoptosis pathway. 
Recently, we extended the library of triarylmethanes derived from tet
rahydroquinoline and assessed its anti-GBM activity (Scheme 1b). The 
structure-activity relationship indicated that the four position of the 
non-phenolic ring was crucial for the compound’s activity, and the 
bioisosteric substitution of the methyl group with a trifluoromethyl 
group was found to augment the cytotoxicity of the molecule. This de
rivative, 2-((1,2,3,4-tetrahydroquinolin-8-yl)(4-(trifluoromethyl) 
phenyl)methyl)phenol, designated as THQPMP, triggers the mitochon
drial apoptosis pathway mediated by reactive oxygen species (ROS).

This study provides the first mechanistic evidence of THQPMP as a 
potential targeted therapeutic for GBM by identifying EGFR as its 
functional molecular target. To validate the potential EGFR inhibitor 
activity of THQPMP, we have performed comprehensive quantitative 
structure activity relationship analyses, molecular docking, and molec
ular simulations, which were empirically validated by siRNA assay 
targeting EGFR, cell cycle analysis and calcium Fura Assay for assessing 
intracellular calcium [Ca2+]i induced GBM cell death. The 

pharmacokinetics analysis, revealing various endpoint parameters like 
physicochemical, absorption, distribution, metabolism, and excretion of 
THQPMP was predicted through ADMETLab 3.0 which was further 
validated through parallel artificial membrane permeability assay - 
Blood Brain Barrier (PAMPA-BBB) assay for its blood brain barrier 
(BBB+) crossing potential.

2. Materials and methods

2.1. Development of 3D-QSAR model

We applied a systematic workflow for the development of 3D-QSAR 
model using the Online 3D QSAR platform (Ragno, 2019b) for the 
following compounds. The syntheses of these compounds have previously 
been described by our group: 2-((1,2,3,4-tetrahydroquinolin-8-yl)(p-tolyl) 
methyl)phenol (THTMP), 2-((1,2,3,4-tetrahydroquinolin-8-yl)(4-(trifluor 
omethyl)phenyl)methyl)phenol (THQPMP), N-[2‑hydroxy-5-nitrophenyl 
(4′-methylphenyl)methyl]indoline (HNPMI), and 2-((1,2,3,4-tetrahy
droquinolin-8-yl)(p-(tolyl)methyl)phenol triarylmethane (THMPP) (Neto 
et al., 2016), and 1-((3‑chloro-2-hydroxyphenyl)(4-fluorophenyl)methyl) 
indoline-4,6-diyl bis(phenylcarbamate) (CHBC) (Nguyen et al., 2021), 2-((3, 
4-dihydroquinolin-1(2H)-yl)(phenyl)methyl)phenol (4aa), 2-((3,4-dihydroq 
uinolin-1(2H)-yl)(o-tolyl)methyl)phenol (4ab), 2-((3,4-dihydroquinolin-1 
(2H)-yl)(m-tolyl)methyl)phenol (4ac), 2-((3,4-dihydroquinolin-1(2H)-yl) 
(p-tolyl)methyl)phenol (4ad), 2-([1,1′-biphenyl]-4-yl(3,4-dihydroquinolin-1 
(2H)-yl)methyl)phenol (4ae), 2-((4-chlorophenyl)(3,4-dihydroquinolin-1 
(2H)-yl)methyl)phenol (4af), 2-((3,4-dihydroquinolin-1(2H)-yl)(4-(trifluor 
omethyl)phenyl)methyl)phenol (THQPMP), 2-((4-chlorophenyl)(3,4-dihy
droquinolin-1(2H)-yl)methyl)-4-nitrophenol (4bf). In addition, we also used 
N-(3‑chloro-4-fluorophenyl)-7‑methoxy-6-(3-morpholin-4-ylpropoxy) 
quinazolin-4-amine (gefitinib) as a control, a known EGFR inhibitor.

2.2. Dataset collection, curation and descriptor calculation

The selection of dataset containing chemical compounds follows the 
criteria including inclusion of biologically active chemicals, ability of 
compounds to bind to the receptor roughly in similar manner, com
pounds that are experimentally assessed biological activity, and 
consistent logarithmic values. We have collected a total of 33 com
pounds including Gefitinib as control. ChemSketch 2024 Version has 
been utilized to build the 2D structure of the compounds and further 
converted to 3D molecular structure for alignment using Discovery 

Scheme 1. Small-molecule EGFR inhibitors; a) three generations of marketed EGFR tyrosine‑kinase inhibitors, and b) development and expansion of triarylmethanes 
as potential EGFR inhibitors.
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studio 16.1 version before descriptor calculations.

2.3. 3D-Model generation and calculation

The choice of reference compound was carefully performed to align 
all the molecules with spatial consistency between their features. 3D 
grid system was used to calculate the molecular interaction fields (MIFs) 
which evaluates the electrostatic and steric field parameters by Lennard 
Jone and coulombic potential functions(Duan and Krasny, 2001) 
throughout the aligned molecule. The training compounds were placed 
in the spatial grids containing many grids with the side length of 2 Å. 
The energy cut-off value was set to 30 kcal mol− 1 and consequently, the 
other spatial parameters were maintained at their default value. The 
distance between molecule atoms and probe atoms in ligands was 
calculated using the Gaussian function(Balasubramanian et al., 2015; de 
Jong et al., 2005), and the partial least squares (PLS) regression method 
was employed to cross validate the optimal model parameters, thereby 
minimize the potential overfitting effects.

2.4. Validation of the 3D-QSAR model

The 3D-QSAR model was evaluated to confirm its reliability and 
predictability using the correlation coefficient (R2), the cross-validation 
regression coefficient(Q2), the root mean square error (RMSE) and the 
mean absolute error (MAE) metrics. The analysis of the EGFR-ligand 
interaction for the optimized analog design was performed using the 
activity values, to directly correlate structural modifications with their 
corresponding biological responses. EGFR-ligand interactions in the 
optimized analogs were analyzed using activity values to correlate 
structural modifications with their associated biological responses.

2.5. Molecular docking studies

The X-ray diffraction structures for the epidermal growth factor re
ceptor (EGFR) associated with PDB ID: 1MOX were obtained from the 
protein databank(Garrett et al., 2002) at an atomic resolution of 2.50 Å. 
The crystal structure of the protein was prepared using the Auto
docktools version 4.2 (Morris et al., 2009). Water molecules with <3 Å 
diameter were first removed. Hydrogen atoms were added and the 
protonation states were assigned at pH 7.4 using appropriate ionization 
tools prior to docking. The protein molecule was subjected to the 
introduction of missing side chains and loops to minimize the strains, 
steric collisions and to achieve energy minimization utilizing the protein 
preparation wizard tool, OPLS 2005 force field.

The Autodock vina module (Trott and Olson, 2010) was used to dock 
the compounds, with the grid map generated at the dimension of 
20×20×20 points and a grid spacing of 1.0 Å. Standard configurations 
of the Genetic Algorithm were employed, and the total number of runs 
was set to 10. Molecular docking was conducted using Autodock Vina, 
yielding ten poses for each ligand, which were documented in pdbqt file 
format for subsequent analysis. Profiling of interaction between the 
ligand and the protein was visualized and analyzed using Discovery 
studio visualizer (Biovia, Dassault Systèmes, San Diego, CA, USA) 
software.

2.6. Molecular dynamics simulation

The final hit compound with highest binding energy from the dataset 
obtained from the molecular docking were subjected to 200 ns molec
ular dynamics (MD) simulations. The MD simulations were conducted 
utilizing the all-atom force field, CHARMM27 using GROMACS version 
(Van Der Spoel et al., 2005) to understand the structural stability and 
fluctuation of protein complexes. The protein-ligand complexes were 
immobilized within an orthorhombic water box of 1.0 nm thickness, 
which was solvated using a TIP3P water model. Subsequently, the sys
tem was neutralized through the substitution of water molecules with 

Na+ counter-ions. Energy minimization was performed over 10 000 
steps utilizing Steepest Descent algorithm, to eliminate all the possible 
unfavorable contacts with the force threshold below 1000kJ/mol. The 
temperature was maintained constant, and equilibrium was achieved 
using a V-rescale thermostat set at 300 K and pressure of 1 bar. we 
performed three independent 200 ns production runs to ensure repro
ducibility and reliability of the observed stability trends. The Desmond 
trajectory analysis built-in function was employed to ascertain the 
root-mean-square deviation (RMSD) of ligand heavy atoms, backbone 
comparison between the initial and final structures, and hydrogen bond 
interactions. The results were analyzed through GROMACS and the 
representative structure exhibiting the closest conformation was 
selected from the simulations for subsequent analysis.

2.7. Drug-likeness, pharmacokinetics and ADME/Tox properties analysis

The ADMET properties of the control compound Gefitinib and the 
test compound THQPMP, the SDF file was uploaded to the ADMETlab 
3.0 (“ADMETlab 3.0: an updated comprehensive online ADMET pre
diction platform enhanced with broader coverage, improved perfor
mance, API functionality and decision support | Nucleic Acids Research | 
Oxford Academic,” n.d.) to evaluate the drug-likeness, pharmacoki
netics and the ADMET profile (Absorption, Distribution, Metabolism, 
Excretion and Toxicity). The prediction of toxicity parameters encom
passed Caco-2 permeability, PAMPA, HIA, PPB, and BBB. The inhibitor 
and substrate potential against various cytochrome P450 (CYP) enzymes 
including CYP1A2, CYP2C19, CYP2C9, CYP2D6, CYP3A4, CYP2B6, 
CYP2C8 was also predicted. The drug likeness and excretion properties, 
including CL plasma and T1/2 of Gefitinib and THQPMP compounds, 
were also predicted. The toxicity of compounds including hematotox
icity, genotoxicity, immunotoxicity, and neurotoxicity was predicted 
with other toxicity.

2.8. Cells and reagents

The human glioblastoma cell lines, LN229 and SNB19 (gifted by Dr. 
Kirsi Granberg, Faculty of Medicine and Health Technology, Tampere, 
Finland) were grown in DMEM supplemented with 1 % penicillin/ 
streptomycin, and 10 % FBS, and incubated in humidified chamber (5 % 
CO2 and 37 ◦C). Dulbecco's Modified Eagle Medium (DMEM) (Biowest, 
#L0102–500), penicillin, streptomycin (#P4333), dimethyl sulfoxide 
(DMSO), Gibco™ Trypsin-EDTA (#11,590,626), were purchased from 
Sigma-Aldrich St. Louis, MO, USA; Fetal Bovine Serum (FBS) (#S181H- 
500) was purchased from Biowest, France; Gefitinib (ZD1839) (Cat. No.: 
HY-50,895) was purchased from Med Chem Express, China; siRNA tar
geting EGFR transfection kit (Cat no AM16708) was purchased from 
Thermo Fisher Scientific Inc. USA; Lipofectamine RNAiMAX Trans
fection Reagent (Cat no 13,778,030) was purchased from Thermo Fisher 
Scientific, Waltham, MA, USA; Fura 2AM (47,989–1MG-F) and Pluronic 
F-127 (P2443–250 G) was purchased form Sigma-Aldrich, St. Louis, MO, 
USA; RNase A; propidium iodide (#25,535-16–4) was purchased from 
Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA); PAMPA-BBB kit 
(PMBBB-096) was purchased from BioAssay Systems, Hayward, CA, 
USA. The compound 2-((3,4-dihydroquinolin-1(2H)-yl)(4-(tri
fluoromethyl)phenyl)methyl)phenol (THQPMP) was prepared accord
ing to previously reported procedures (N. Branco et al., 2025).

2.9. Cell viability assay

LN229 and SNB19 cells were seeded in 6-well plates (5 × 105 cells/ 
well) and incubated for 24 hr until they were 60–70 % confluent. Cells 
were treated with 10, 25, 50, 75, 100 μM/mL of gefitinib and THQPMP, 
further incubated for 48 hrs. 0.1 % DMSO was used as a negative control. 
Cell growth inhibition was measured by trypan blue exclusion method 
using (Kari et al., 2022) Countess II FL Automated Cell Counter (Ther
moFisher Scientific, Carlsbad, CA, USA). Half-maximal inhibitory 
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concentration (IC50) values of Gefitinib and THQPMP respective for both 
the cell lines was measured using GraphPad Prism version 6.0 (RRID: 
SCR_002798). The IC50 values of THQPMP following the 
above-mentioned protocol was measured and reported earlier 
(Koochakkhani et al., 2024).

The percentage of cell growth inhibition was calculated using the Eq. 
(1)

2.10. SiRNA assay

A siRNA assay was performed to validate the specificity of THQPMP 
binding with EGFR. LN229 and SBN19 cells were seeded at a density of 8 
× 104 cells/well on “Day 0″ and transfected 24 to 48 hrs later upon 
reaching 70 % confluency using the pre-designed siRNA targeting EGFR 
transfection kit. The fresh cell culture medium was changed before 
transfection. A final concentration of 50 nM siRNA was prepared using 
Lipofectamine RNAiMAX Transfection Reagent (Marucci et al., 2011). 
The cells were transfected for 48 hrs and subsequently treated with the 
IC50 concentration of THQPMP and gefitinib, while being maintained in 
a standard cell culture environment. The percentage of cell growth in
hibition was calculated using the aforementioned Eq. (1) in accordance 
with the trypan blue exclusion assay.

2.11. Measurement of intracellular calcium level [Ca2+]i

LN229 and SNB19 cells (104 cells/well) were incubated in a black, 
clear-bottom, 96-well plate for 24 hrs. The cells were treated with the 
IC50 concentration of THQPMP and gefitinib for 2 hrs at 37 ◦C. 0.1 % 
DMSO was used as a negative control. Further, the cells were incubated 
with 5 μM Fura 2AM and 0.1 % Pluronic F-127 for 30 min at room 
temperature in dark condition. Fluorescence from the cells was 
measured using a microplate reader (SPARK®, TECAN, Mannedorf, 
Switzerland) at dual excitation/emission wavelengths of 340/510 and 
380/510 respectively. The ratio of [Ca2+]i was calculated using the 
following Eq. (2). 

Ratio 340/380 =
FTreated

340 − FBlank
380

FTreated
380 − FBlank

380
(2) 

Where, F340
Treated and F380

Treated are the fluorescent intensity of the treated 
sample measured at 340/510 nm and 380/510 nm; F340

blank and F380
blank are 

the fluorescent intensities of the untreated sample measured at 340/510 
nm and 380/510 nm, respectively.

2.12. Cell cycle analysis

To investigate the progression through various phases of cell cycle, 
LN229 and SNB19 cells (5 × 105) were grown in 6 well-plates overnight 
and subsequently treated with IC50 concentration of THQPMP, where 
0.1 % DMSO serving as a negative control. Cells were rinsed with ice 
cold 1xPBS and fixed using 70 % ice cold ethanol for 30 min at 4 ◦C. The 
cells were then harvested, washed with ice-cold PBS, and resuspended 
further in 100 μL PBS containing 20 µg/mL propidium iodide (PI), 0.2 
mg/mL RNase, and 0.1 % triton X-100, followed by a 30 min incubation 
at 37 ◦C. The cell cycle analysis was performed using the fluorescence 
images with 20x magnification using EVOS imaging system (Thermo
Fisher Scientific, Waltham, MA, USA) and the data analysis was 
executed using MATLAB version R2024b (MathWorks Ltd., MA, USA).

2.13. PAMPA-blood brain barrier assay (BBB)

The capacity of THQPMP to cross the membrane permeability is a 
crucial characteristic for assessing potential drug candidates. Blood- 
brain barrier (BBB) permeability of THQPMP was evaluated using the 
parallel artificial membrane permeability assay - Blood Brain Barrier kit 
(PAMPA-BBB) following the manufacturer’s instruction. The 96 well 
donor plate containing the membrane was applied with 5 µL of dried 
BBB lipids dissolved in dodecane. Once the BBB lipid wets the mem

brane, 200 µL of PBS with 5 % DMSO, containing 100 µM THQPMP were 
added to the donor plate in duplicates with three interlay repetitions. 
The donor plate was assembled over the acceptor plate as a sandwich 
and incubated in a humidified pockets to avoid solvent evaporation at 
37 ◦C for 18 hrs. Low permeability control (LPC) and High permeability 
control (HPC) were used as a reference standard and after the incuba
tion, the control Gefitinib and the test compound THQPMP were 
quantified at a wavelength of 260 nm using Tecan GENios Pro 
(Switzerland) following the Eq. (3) mentioned below. Test compound 
was categorized with the generalized cutoff value (Liew et al., 2015) as 
high permeability (>100nm/sec), moderate permeability (10–100 
nm/sec), and low permeability (<10 nm/sec). 

Pe = Cx − In
(

1 −
ODA
ODE

)

cm
/

s (3) 

Where, ODA is the absorbance of acceptor solution minus Blank; ODE 
is the absorbance of the equilibrium standard minus blank, with an 18 
hrs incubation, C = 7.72×10–6.

3. Data analysis

In-vitro experiments include technical and biological triplicates 
which were performed at least three independent values. Statistical 
analyses were performed and graphs were generated using Prism soft
ware (GraphPad Software, San Diego, CA, USA). Significance of the data 
was determined using Student’s t-test for two group comparison and 
ANOVA for multiple comparison. Means and standard errors were re
ported for all the numerical values. Results with p < 0.05 were inter
preted as statistically significant.

4. Results

4.1. Gaussian-based 3D-QSAR analysis reveals THQPMP as potential 
drug-like compound

We commenced our initial in-silico analysis following the procedures 
described in the materials and methods section and established a 
machine-learning based QSAR model. The evaluation on the perfor
mance and correlation between normalized experimental and predicted 
activity levels for 20 training compounds and 13 test compounds were 
summarized in Table 1. The biological activities presented in table are 
expressed as pIC₅₀ values (− log IC₅₀ in molar units), which were used to 
ensure proper normalization and statistical reliability of the QSAR 
model. The predicted model reveals great reliability, as its projected 
values closely corresponds with the empirical data. Gefitinib, THMPP, 
and THQPMP exhibited a strong correlation between experimental and 
predicted values, with concordance levels of 0.92 and 0.91 for gefitinib, 
0.82 and 0.84 for THMPP, and 0.94 and 0.93 for THQPMP, respectively. 
These variances indicate the need for further attempts to improve the 

Inhibition (%) =
Mean of untreated cells (DMSO control) − Mean of treated cells

Mean of untreated cells (DMSO control)
x100 (1) 
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model's accuracy. Overall, the model well predicts compound activity 
exhibiting modest variances.

4.2. Validation of 3D-QSAR model

The field-based 3D-QSAR tool was employed to construct the 3D- 
QSAR models to comprehend the relationship between the experi
mental activities against predicted activities of the training and test 
compounds analyzed. A Gaussian-based QSAR model was developed 
using partial least square regression (PLS), correlating significant fea
tures from the training set, including the correlation coefficient (R²), 
cross-validation regression coefficient (Q²), root mean square error 
(RMSE), mean absolute error (MAE), standard deviation of residuals 
(SDR), mean of residuals (MR), and explained variance (EV; %). The 
model is considered acceptable when its R² value is greater than 0.6 with 
least RMSE value (Frimayanti et al., 2011). Among the models gener
ated, the statistically significant Gaussian- based QSAR model has been 
selected with R² value of 0.94, RMSE value of 0.033, MAE value of 
0.020, SDR value of 0.030, MR value of 0.005 and % of EV as 94.46 %. 
These PLS statistical parameters of the constructed model demonstrated 
strong internal predictive capability. The scatter plot demonstrates the 
difference between the experimental value versus prediction activities of 
test and training compounds (Fig. 1A). The data points have a strong 
correlation with the trend line, representing the precise correlation be
tween the experimental and predicted activity measurements. Also, the 
datasets were found to share a minimal variation near the high activity 
value >0.70, which was observed clearly in compounds like, HNPMI and 
THQPMP. The model has strong predictive reliability and precise 
generalization capabilities, which were utilized to predict the biological 
activity of the experimental ligands.

4.3. Cytotoxicity properties of the lead compound, THQPMP

Among thirteen different test compounds assessed for its 3D struc
ture activity relationship, the leading compound was identified as 
THQPMP. Consequently, THQPMP was evaluated for its cytotoxicity 
activity in comparison to the established EGFR inhibitor, gefitinib 
against GBM cells, LN229 and SNB19 cells. A dose-dependent effect 
relationship was observed in both the THQPMP and gefitinib-treated 
GBM cells. The half maximum inhibitory concentration (IC50) for 
THQPMP and gefitinib was determined to be 40.6 µM and 46 µM for 
LN229 cells, and 38.3 µM and 68 µM for SNB19 cells, respectively 
(Fig. 1B). Thus, the observed dose-dependent effect demonstrates that 
THQPMP exerts an increased inhibitory effect on GBM cell proliferation 
than gefitinib.

4.4. Molecular docking reveals the strong binding of THQPMP derivative 
with EGFR

The top-ranked two conformation compounds, THQPMP and gefiti
nib with the lowest binding energy was docked against EGFR using 
Autodock Vina. The determination of the binding pocket of the desig
nated target, 1MOX involves the identification of amino acid residues 
located within a distance of 1 nm from the co-crystallized ligand. Only 
the ligands with docking scores that exceed -7.0 are taken into consid
eration. Fig. 2 (left side) illustrates the three-dimensional structure 
showing protein-ligand complex and Fig. 2 (right side) represents the 
two-dimensional chemical interactions occurring between the EGFR and 
its corresponding ligands, THQPMP (Fig. 2A) and gefitinib (Fig. 2B). The 
binding energy of THQPMP and gefitinib with EGFR was identified as 
-6.92 kcal/mol and -7.12 kcal/mol, respectively. Patchdock score was 
also identified for THQPMP as 5178 and gefitinib as 4523. It was 
observed that gefitinib exhibited a higher tendency to 18 amino acid 
interactions of EGFR and THQPMP has 12 interactions with the residues. 
Crucial amino acid residues implicated in binding are Arg:A84, Val:A36, 
Glu:A60, Lys:A4, Ala:A265, Thr:A266 and Cys:A227. The ligand inside 
the active site is stabilized in a significant manner by hydrogen bonding, 
π-π stacking, and electrostatic interactions. These interactions are 
essential for ligand affinity and EGFR inhibition, which is critical in 
targeted cancer therapies. These findings suggest that THQPMP has the 
potential binding with EGFR more effectively than gefitinib.

4.5. THQPMP selectively interacts with EGFR and induce GBM cell death

The stability of the interaction within protein-ligand complexes was 
investigated using molecular dynamics simulations with a duration of 
200 ns. The ligand shape, water molecule, ions, cofactors, protonation 
state of ligand, entropies associated with the conformational changes 
and solvation are all crucial factors that influence in-silico predictions in 
an erratic manner. The EGFR-ligand combinations, EGFR-THQPMP 
(Fig. 3A) and EGFR-gefitinib (Fig. 3B), were introduced into the system 
during the preparation phase. The TIP3P water model was employed, 
and the charges are minimized through the addition of sodium and 
chloride ions to achieve an equilibrium condition. The NVT and NPT 
ensembles were utilized to conduct simulations. Fig. 3A demonstrates 
the stability of the two ligands, THQPMP and gefitinib with EGFR 
through the observation of ligand’s root-mean-square deviation (RMSD 
in nm) that changes throughout their binding to the protein. The RMSD 
measurements assess the deviation of protein-ligand complex structures 
from their initial conformations, with low RMSD values indicating stable 
binding relationships. The interaction between gefitinib and the target 
protein exhibits minor stability changes, but the THQPMP complex has 
more significant structural variations (<4 Å). The simulation demon
strates that the quantity of hydrogen bonds produced (>3 for THQPMP), 
together with the affinity between ligand and receptor, directly in
fluences their binding stability. The efficacy of ligand retention at the 
active site is directly proportional to the quantity of hydrogen bonds that 

Table 1 
Experimental and predicted activity values for compounds in the training and 
testing datasets, presenting the model's predictive accuracy.

S. 
No

Compound Experimental 
Activity

Predicted 
Activity

Prediction 
Error

Training Set
1 Erlotinib 0.76 0.66 0.10
2 Afatinib 0.62 0.62 0.00
3 Osimertinib 0.60 0.64 0.04
4 Lapatinib 0.60 0.61 0.01
5 Dacomitinib 0.80 0.81 0.01
6 Neratinib 0.72 0.70 0.02
7 Vandetanib 0.61 0.66 0.05
8 AEE788 0.70 0.63 0.07
9 AZD8931 0.60 0.60 0.00
10 Canertinib 0.62 0.61 0.01
11 Pelitinib 0.75 0.80 0.05
12 Sapitinib 0.95 0.90 0.05
13 Poziotinib 0.83 0.82 0.01
14 Olmutinib 0.79 0.80 0.01
15 Nazartinib 0.83 0.75 0.08
16 Rociletinib 0.81 0.80 0.01
17 Avitinib 0.79 0.82 0.03
18 Icotinib 0.79 0.77 0.02
19 AC0010 0.91 0.86 0.05
20 EAI045 0.84 0.88 0.04
Test Set
21 4AA 0.46 0.49 -0.03
22 4AB 0.59 0.62 -0.03
23 4AC 0.65 0.61 0.04
24 4AE 0.93 0.83 0.10
25 4AD 0.79 0.74 0.05
26 4AF 0.81 0.84 -0.03
27 4BF 0.38 0.48 -0.10
28 Gefitinib 0.92 0.91 0.01
29 THTMP 0.90 0.92 -0.02
30 THQPMP 0.94 0.93 0.01
31 HNPMI 0.94 0.92 0.02
32 CHBC 0.70 0.74 -0.04
33 THMPP 0.82 0.84 -0.02
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stabilize the system, resulting in reduced RMSD values and enhanced 
binding efficiency.

To experimentally validate the THQPMP-EGFR mediated GBM cell 
death, we transfected the LN229 and SNB19 cells with siRNA targeting 
EFGR using the Lipofectamine RNAiMAX transfection siRNA assay. 
Gefitinib was used as a positive control to eliminate the notion that the 
observed EGFR silencing resulted from the specific effect of siRNA on 
GBM cells. Both the cell lines were exposed to the IC50 concentrations of 
gefitinib and THQPMP following 48 h of siRNA transfection. The cell 
growth percentage decreased significantly to around 7 % and 5 % in 
LN229 cells, and 3.7 % and 4 % in SNB19 cells, when exposed to gefi
tinib and THQPMP-EGFR-specific siRNA. In the absence of siRNA, the 
percentage of inhibition was determined at 30 % and 41.5 % for gefitinib 
treatment, with 32 % and 36 % reported in THQPMP-treated LN229 
(Fig. 3C) and SNB19 cells (Fig. 3D), respectively. These data indicate the 
effective binding of THQPMP to EGFR, thereby inducing the GBM cell 
death preventing the off-target effect of the drug.

4.6. THQPMP induces calcium-independent cell death and its impact on 
S-phase cell cycle arrest

Calcium serves as a crucial secondary messenger necessary for cell 
activation, growth and proliferation of cells, yet, excessive [Ca 2+] leads 
to cellular dysfunction and apoptosis. Increasing evidence suggests that 
EGFR inhibitors induce an intracellular calcium overload, leading to the 
cancer cell death. To elucidate the Ca2+ induction mediated by 

THQPMP-EGFR, the LN229 and SNB19 cells were subjected to IC50 
concentrations of THQPMP and the control, gefitinib. Notably, THQPMP 
demonstrated a negligible level of calcium fold change comparable to 
the negative control DMSO in both LN229 and SNB19 cell lines. In 
contrast, the gefitinib-treated LN2299 and SNB19 cells exhibited 
elevated calcium levels of 1.2-fold and 1-fold, respectively (Fig. 4A). 
These results indicate that THQPMP induced calcium-independent cell 
death, while gefitinib triggered calcium-dependent cell death in both 
LN229 and SNB19 cells.

Considering the impact of THQPMP on calcium independent GBM 
cell death, we further investigated the response of THQPMP-EGFR 
mediated cell cycle distribution and arrest. Cell cycle arrest was 
analyzed in different phases including G0/G1, S, and G2/M phases based 
on the intensity of PI fluorescence in control- and THQPMP-treated GBM 
cells. The THQPMP-treated LN229 cells resulted in 71 %, 21 %, and 8 % 
of cells in the G0/G1 phase, S phase, and G2/M phase, respectively, 
whereas SNB19 cells exhibited 61 %, 32 %, and 7 % in the G0/G1 phase, 
S phase, and G2/M phase, respectively. In comparison to the control 
group, THQPMP-treated LN229 and SNB19 cells exhibited a pronounced 
cell cycle stoppage during the S phase (Fig. 4B). These findings indicate 
the ability of THQPMP to inhibit DNA synthesis before the mitotic 
phase, thereby potentially averting GBM cell proliferation.

4.7. ADME analysis of THQPMP and gefitinib

To evaluate the ADMET properties of THQPMP and gefitinib, 

Fig. 1. Structure activity relationship (SAR)and cytotoxicity analysis of the top-lead compound: (A) Scatter plot of experimental activities against predicted activities 
using 3D-QSAR platform for 13 different compounds showing strong agreement and high predictive accuracy. The training set is shown in top left and test set is 
shown in top right. (B)Dose-responsive effect representing cell growth inhibition ( %) and IC50 concentration of LN229 and SNB19 cells upon THQPMP- and gefitinib- 
treatment at various concentrations including 25, 50, 75 and 100 µM.
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Simplified Molecular Input Line Entry System (SMILES) formats were 
used as an input file in the AMDMET lab version 3.0, which uses Django 
Ninja as its backbone (Fu et al., 2024). The analysis included physico
chemical, medical chemistry, absorption, distribution, metabolism, 
excretion, of which the major endpoints representing the pharmacoki
netics of THQPMP in comparison with gefitinib were included in the 
analysis. Fig. 5A presents the absorption endpoints, where the predicted 
Caco-2 permeability score for gefitinib found to be -4.911 and THQPMP 
as -4.88, which was slightly higher than the optimal value of -5.15 log 
unit. Also, the value for PAMPA was estimated to be 0.022 for THQPMP 
and 0.842 for gefitinib, and as the value logPeff values was below 2.0, 
these compounds were predicted to be low-permeable. Seven different 
metabolic endpoints were analyzed for both the compounds, which has 
the output values within the range of 0 to 1 representing the probability 
of being inhibitor and substrate for CYP1A2, CYP2C19, CYP2C9, 
CYP2D6, CYP3A4, CYP2B6, and CYP2C8, an important feature for the 
drug interactions (Fig. 5B). The excretion parameters for both com
pounds were predicted revealing a plasma clearance (CLplasma) pene
tration of 7.815 ml/min/kg for THQPMP and 6.422 ml/min/kg, both of 
which fall within the high clearance range of 5–15 ml/min/kg. Likewise, 
the T1/2 denoting the half-life of the drug was found to be 0.474 for 

THQPMP and 0.844 for gefitinib, representing short half-life drug 
(Fig. 5C). Also, it was predicted that THQPMP follows the Lipinski rule 
of five (RO5), with the molecular weight of 383.15 (<500 g/mol), log P 
value of 5.893 (<5) and hydrogen bond donor (HBD)/hydrogen bond 
acceptor (HBA)1/2 (< 5/10), and TPSA of 23.47 (≤ 140 Å), revealing its 
drug likeness. Fig. 5D illustrates the predicted plasma clearance (CL) 
profiles of gefitinib and THQMPP. Gefitinib exhibits a low plasma 
clearance (CL = 1.49 mL/min) with a longer half-life (t½ = 1.9) 
compared with THQMPP, which shows a higher clearance (CL = 7.8 
mL/min) and a shorter half-life (t½ = 0.4). These findings indicate that 
gefitinib is eliminated more slowly from the plasma, resulting in pro
longed systemic exposure, whereas THQMPP undergoes rapid plasma 
clearance with reduced exposure duration.

4.8. Ability of THQPMP crossing the blood brain barrier (BBB) revealing 
its potential as anti-GBM effect

The ability of THQPMP and gefitinib to cross the BBB has been 
predicted in-silico using ADMETlab 3.0. THQPMP has the predicted 
value of 0.989 with 0.049 for gefitinib, both indicating their probability 
of being BBB+ (Fig. 6A). Additionally, to empirically validate the in- 

Fig. 2. Crystal structure showing protein-ligand complex (left side) and the two-dimensional chemical interactions (right side) occurring between the epidermal 
growth factor receptor (EGFR) and its corresponding ligands, (A): THQPMP and (B): gefitinib. Dashed colored lines denotes favorable intermolecular interactions, 
colored circles with amino acid names represents the amino acid residues contact with their respective protein chain and positions. The figure was generated using 
Discovery studio 16.1 version.
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Fig. 3. Molecular dynamics simulation of THQPMP-EGFR complex and siRNA assay to validate its GBM cell cytotoxicity: (A) RMSD (nm) data of ligand’s heavy 
atoms, EGFR-THQPMP and (B) EGFR-gefitinib at 200 ns duration of simulation; Interaction of number of hydrogen bonds in the corresponding protein-ligand 
complex. (C) Percentage of cell growth inhibition in THQPMP and gefitinib- EGFR-specific siRNA induced cytotoxicity assay at 100 μM concentration, was ana
lysed using trypan blue assay. Datapoints and error bars represent mean ± S.E.M (n = 4 per group). *P < 0.05 per one-way ANOVA.

Fig. 4. Impact of THQPMP on [Ca 2+]i and cell cycle analysis in GBM cells: (A) LN229 and SNB19 cells were treated with IC50 concentration of THQPMP and 
gefitinib (positive control), with DMSO as a negative control, where the [Ca 2+]i level was assessed by Fura 2 M assay at the excitation and emission wavelength of 
F340/F380; (B) Fluorescence images of PI stained LN229 and SNB19 cells with 20x magnification using EVOS imaging system for cell cycle analysis; (C) The cell 
cycle arrest at different phases including G0/G1 phase, S phase, and G2/M upon THQPMP-treated (D) LN229 and SNB19 cells. DMSO served as a control. All the data 
were expressed as mean ± SD of three independent experiments.
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silico prediction, PAMPA assay was conducted for THQPMP to ascertain 
its potential as BBB+ in its role as an anti-GBM drug. A permeability rate 
(Pe) of 4.0 × 10− 6 cm/s was employed as the threshold value to cate
gorize the compounds as low or high permeable (BBB− or BBB+). Given 
that, THQPMP permeability marginally exceeds the low permeability 
control (LPC) (Fig. 6B) it has been designated as a BBB+ compound with 
moderate permeability capacity, which aligns with the results of in- 
silico prediction. Thus, this analysis has revealed the ADME feature of 
THQPMP revealing its moderate BBB+ crossing potential.

5. Discussion

Elevated expression of EGFR is prevalent in GBM, with around 57 % 
of GBMs exhibiting EGFR genetic variations, including mutations, DNA 
rearrangements, selective splicing and amplification. EGFR mutations in 
GBM activates downstream PI3K/AKT and RAS/ERK signaling pathways 
independently of EGF ligands. The rationale for GBM's lack of response 
to the EGFR inhibitor in progression-free survival remains little com
prehended. This study extensively investigates both in-silico and in-vitro 

validation of the new triarylmethane derivative, THQPMP, as an EGFR 
inhibitor for its anti-GBM effects.

The QSAR model quantitatively predicts the relationship between 
the physiochemical properties of chemical substances and its biological 
properties of the model generated. The performance of the model was 
identified from the predictive r2 value for the test set and the r2 from the 
training set. Our data have shown that the generated Gaussian- based 
QSAR model has the R² value of 0.94, RMSE value of 0.033, MAE value 
of 0.020, SDR value of 0.030, MR value of 0.005 and % of EV as 94.46 %, 
showing strong internal predictive capability. Also, molecular docking 
validates the model obtained through 3D-QSAR results (Desiraju et al., 
2002). It was predicted that THQPMP-EGFR has the binding energy of 
-6.92 kcal/mol and gefitinib-EGFR with -7.12 kcal/mol, thus further 
validating the strong binding of the protein-ligand complex.

It was previously identified that the IC50 concentration of gefitinib 
and erlobtinib was over 20 μM in GBM cells, which makes it unlikely to 
use it as a successful EGFR inhibitor against GBM cells in clinical trials 
(Chang et al., 2014; Pédeboscq et al., 2008). Our data have shown that 
the IC50 concentration required to inhibit LN229 and SNB19 cells was 

Fig. 5. ADME analysis for THQPMP and gefitinib: THQPMP and gefitinib were subjected to the pharmacokinetics analysis using an online ADMET prediction 
platform ADMETlab version 3.0, representing the absorption, distribution, metabolism and excretion parameters.

Fig. 6. Prediction of blood brain crossing potential of THQPMP: (A) ADMETlab analysis of THQPMP and gefitinib representing the BBB crossing potential; (B) 
PAMPA assay for experimental validation of THQPMP in control (HPC and LPC) and THQPMP treated conditions. The experiment was performed in duplicates with 
three interday repetitions. The error bars denote the standard deviations from the biological repeats with n = 5 individual experiments.
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below 40 µM for THQPMP, which was lower than the control, gefitinib, 
between 46 µM and 68 µM for both cell lines. Despite the IC50 concen
tration of THQPMP was around 40 µM, potentially surpassing the 
plasma concentration for a safe dosage, the determined IC50 concen
tration was crucial for targeting the specific GBM cell line.

Calcium (Ca2+) ions, an important secondary messenger, have been 
involved in initiation and propagation of cell death pathways (Doan 
et al., 2021). Ca2+ signaling promotes either tumor cell death or survival 
depending on its nature and hence the pharmacological interventions 
against specific Ca2+ channels in cancer cells, is an excellent alternative 
to induce toxicity. Our study seeks to ascertain the impact of THQPMP in 
inducing the GBM cell death, demonstrating cytotoxicity in a Ca2+ in
dependent manner in contrast to the control, gefitinib. Regulation of cell 
cycle helps to maintain the homeostasis of cell death and cell prolifer
ation. The S phase occurs before the cell division during which the DNA 
synthesis and histone synthesis occurs, allowing DNA replication to 
continue (Ackermann et al., 1966). Our data revealed that THQPMP has 
the ability to stop the cell cycle at S phase, which demonstrates the 
possibility of decreased protein levels of CDK2 and cyclin E (Barkley 
et al., 2007).

Pharmacokinetics parameters establishes crucial groundwork for 
ascertaining the drug trajectory at the clinical level. >30 % of drugs fail 
during clinical trials due to toxicity(Dowden and Munro, 2019; Harri
son, 2016). In-vitro and in-vivo methods for assessing ADMET properties 
of the molecular entities has numerous shortcomings; nonetheless, 
web-based tools have been effective in predicting the AMDET proper
ties. ADMETLab 3.0 has been used to predict the ADME parameters of 
the THQPMP, indicating drug likeness and its moderate BBB+ perme
ability potential relative to the control gefitinib, which was also exper
imentally validated through PAMPA assay. Taken together, the findings 
of the current study indicate that THQPMP may serve as a candidate for 
anti-GBM drug therapy via modulating the EGFR downstream signaling 
pathway. Moreover, comprehensive molecular investigation necessi
tates the elucidation of the genes and proteins implicated in the 
THQPMP-EGFR targeting therapeutic mechanisms.

Funding declaration

This work received financial support from PT national funds (FCT/ 
MCTES, Fundação para a Ciência e Tecnologia and Ministério da Ciên
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