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Abstract 

Gentisic acid (GA), a naturally occurring phenolic compound identified in Nyctanthes arbor-

tristis, has demonstrated diverse pharmacological activities; however, its molecular 

mechanisms against breast cancer (BC) remain poorly understood. This study investigated the 

anti-BC potential of GA using an integrated systems pharmacology, computational, and 

experimental approach. The presence of GA in the ethanolic leaf extract of N. arbor-tristis was 

confirmed by high-resolution mass spectrometry. Network pharmacology identified 604 

overlapping genes between GA-predicted targets and BC-associated genes, with PIK3CA, 

PIK3R1, PTPN11, JAK2, and EGFR emerging as key hub genes. Functional enrichment 

highlighted EGFR- and SHP2-associated signalling as important regulatory pathways. 

Molecular docking demonstrated interactions of GA with the identified hub proteins, while 

molecular dynamics and MM-PBSA analyses supported the stability of the GA–EGFR 

complex. In vitro studies using MCF-7 cells showed that GA inhibited cell viability in a 

concentration-dependent manner, with an IC₅₀ of 40 μM, and suppressed cell migration and 
clonogenic survival. GA treatment also increased intracellular reactive oxygen species, reduced 

mitochondrial membrane potential, and promoted apoptosis, accompanied by increased Bax 

and caspase-3 and decreased Bcl-2 expression. Collectively, these findings suggest that GA 

exerts anti-BC effects through modulation of EGFR-associated signalling, oxidative stress, 

mitochondrial dysfunction, and apoptotic pathways, providing mechanistic support for further 

investigation of GA as a potential natural anti-cancer candidate. 
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Introduction 

It is well established that BC is the second leading contributor to cancer mortality in women. 

Because BC is a complex disease, single-gene abnormalities account for less than 10% of all 

cases (monogenic) [1]. Multiple cell types are involved in the multi-step process of BC 

development, and preventing the disease remains difficult globally [2]. According to 

epidemiological research, there will be more than 1.9 million BC cases worldwide by 2030 [3]. 

With around 1.7 million incident cases and 521,900 deaths reported globally in 2012, the most 



prevalent cancer in women and the second most common cancer overall was breast cancer  [4]. 

Between 1965 and 1985, the incidence in India rose dramatically by about 50% [5]. The 

incidence of BC in India is predicted to increase by roughly 5.6% annually, or by 0.05 million 

new cases [6]. With an expected 2,21,757 cases reported in 2022, BC is one of the most 

prevalent cancers in India and accounts for over a quarter (22.8%) of cancer cases in women 

[7]. Environmental, behavioural, hormonal, and genetic variables are thought to play a role in 

the development of BC [8]. BRCA1 and BRCA2 play critical roles in maintaining genomic 

stability by regulating transcription, cell cycle progression, and DNA repair in response to 

DNA damage [9]. Several endogenous and external variables can exacerbate BC pathology. 

Over 30% of patients with inflammatory BC (IBC), a more aggressive subtype of BC, had 

overexpressed EGFR. While EGFR gene amplification and activating mutations are 

uncommon in BC, polysomy can increase EGFR expression, and greater EGFR expression in 

primary tumours is associated with enhanced metastatic potential and reduced survival in 

patients with triple-negative breast cancer (TNBC) [10]. These findings highlight the EGFR 

signalling pathway as a viable target for the development of novel therapeutic strategies. 

Phenolic acids have been shown in numerous scientific investigations to have positive 

therapeutic benefits. (GA), A naturally occurring phenolic acid found in various fruits and 

vegetables has been related to multiple beneficial health effects [11]. GA, chemically 2,5-

dihydroxybenzoic acid (2,5-DHBA), is a benzoic acid-derived diphenolic compound with a 

pKa of 2.95. Its molecular formula is C6H3(OH)2COOH  [12]. It is naturally occurring in 

various plants as a secondary metabolite, including Olea europaea, Gentiana species, Citrus 

species, Helianthus tuberosus, Vitis vinifera, Hibiscus rosa-sinensis, Pterocarpus santalinus, 

and Sesamum indicum [13]. Apart from plants, mushrooms like Polyporus tumulosus and 

Penicillium patulum also produce GA [13]. GA is a metabolite of aspirin that is also naturally 

produced by roots of the species Gentiana [14]. Antiparkinsonian, Antioxidant, anti-rheumatic, 

anti-inflammatory, and anti-diabetic properties are among its positive impacts on human health 

[15-19]. Evidence suggests that it possesses antineoplastic properties across multiple cancer 

types, including glial, breast, brain, and skin cancers, and may also prevent progression from 

cardiac hypertrophy to heart failure [16, 20, 21]. In the present study, an integrated strategy 

encompassing network pharmacology, in silico modelling, and in vitro assays was employed 

to systematically characterize the anticancer potential and underlying molecular mechanisms 

of gentisic acid. 

2. Materials and Methods 

2.1 Chemicals and Reagents 

GA was procured from Yucca Enterprises (Mumbai, India), while all additional chemicals and 

reagents employed in the study were of analytical grade and sourced from commercial vendors. 

2.2 Plant Collection and Authentication 

We collected the plant material from the Department of Chemistry, IIT (BHU), Varanasi, India. 

The collected specimen was subjected to taxonomic identification and authentication by 



experts at the Centre of Advanced Study in Botany, Institute of Science, Banaras Hindu 

University (BHU), Varanasi. 

2.3 Preparation of ethanolic leaves extract of Nyctanthes arbor-tristis (ELENA) 

The leaves of Nyctanthes arbor-tristis were shade-dried and finely powdered. Approximately 

5 g of the powdered dried leaf was subjected to cold maceration for extraction. The powdered 

material was initially macerated with n-hexane, then with chloroform and ethyl acetate, and 

finally extracted with ethanol as the polar solvent. A rotary evaporator (IKA® India Private 

Limited, India) was used to concentrate the resulting ethanolic liquid extract, which was then 

dried in a lyophilizer (Christ-Alpha 1-2 LDplus). We performed HR/MS analysis of the extract. 

2.4 HRMS Identification 

Data acquisition was performed using a Thermo Scientific Orbitrap Eclipse Tribrid mass 

spectrometer operated in small-molecule mode with a heated electrospray ionization (H-ESI) 

source. The analysis used a mobile phase composition of 0.1% formic acid in water (A), 

acetonitrile (B), and methanol (C), with spray voltages of +3.5 kV and −2.5 kV. A 

comprehensive MS/ddMS² (Orbitrap HCD) acquisition method was employed to enhance the 

identification of ELENA. An ion transfer tube temperature of 325 °C was employed during 

operation, with a vaporizer temperature of 350 °C, an auxiliary gas flow of 10 arb, a sheath gas 

flow of 50 arb, and a sweep gas flow of 1 arb. These additional factors were pertinent 

determinants of the current investigation. We determined that the predominant charge state was 

1. MS² spectra of glycosylated ELENA molecules were acquired using stepped collision energy 

mode under HCD conditions at collision energies of 30%, 45%, and 60%. Data were acquired 

and analyzed using Xcalibur 4.1 software provided by Thermo Fisher Scientific. 

2.5 ADMET and Toxicity Prediction 

The pharmacokinetic properties and toxicity profile of GA were predicted using in silico 

ADMET prediction tools, as mentioned in Table 1. ADME parameters were predicted using 

SwissADME based on GA's canonical SMILES. Key properties, including physicochemical 

parameters, lipophilicity, water solubility, gastrointestinal absorption, blood-brain barrier 

permeability, drug-likeness, and Lipinski's rule compliance, were assessed. Toxicity prediction 

was performed using ProTox-3 to estimate toxicity class, LD₅₀ value, and potential 
toxicological endpoints [22]. We conducted these analyses to evaluate the drug-likeness and 

safety profile of GA before experimental validation. 

Table 1. Database/Software used in the study. 

Database/Software list Website 

SwissADME https://www.swissadme.ch/ 

Protox https://tox.charite.de/protox3/ 

Genecard https://www.genecards.org/ 

DisGeNET https://disgenet.com/ 

OMIM https://www.omim.org/ 

SEA https://sea.bkslab.org/ 



Swiss Target Prediction https://www.swisstargetprediction.ch/ 

TargetNET http://targetnet.scbdd.com/ 

SuperPRED https://prediction.charite.de/ 

Cytoscape 3.10.4 https://cytoscape.org/ 

Venny 2.1.0 https://bioinfogp.cnb.csic.es/tools/venny/ 

String v12.0 https://string-db.org/ 

Metascape https://metascape.org/gp/index.html#/main/step1 

 

2.6 Network Pharmacology Analysis 

2.6.1 Gene Collection for BC & Prediction of GA-Associated Target Gene 

BC–associated target genes were collected from multiple publicly available databases, 

including GeneCards, DisGeNET, and OMIM, as listed in Table 1. In contrast, target genes of 

GA were predicted using multiple databases, including SwissTargetPrediction, SuperPred, 

TargetNet, and SEA (Table 1). To ensure data reliability, we filtered targets based on relevance 

and association scores provided by the respective platforms, retaining only Homo sapiens genes 

[23]. We compiled predicted targets from all databases, standardized them using UniProt 

nomenclature, and removed duplicate genes to generate a consolidated list of potential GA-

associated genes for subsequent intersection analysis. 

2.6.2 Identification of Overlapping genes and Protein–Protein Interaction (PPI) Network 

Development 

The overlapping target genes between BC–associated genes and GA–predicted targets were 

identified using Venn diagram analysis with the Venny web server, as shown in Table 1. These 

protein–protein interaction common genes were subsequently imported into the STRING for 

PPI analysis, with Homo sapiens as the organism. We applied the highest-confidence (0.9) 

interaction parameters to construct the PPI network, which we then used for topological and 

functional analyses to identify key regulatory proteins involved in GA's pharmacological action 

[24]. 

2.6.3 Hub Gene Identification by Network Topological Analysis 

After constructing the PPI network, the hub gene was identified via the CytoHubba plugin in 

Cytoscape. We analyzed the PPI network imported from STRING to identify key nodes using 

network topological parameters. Centrality measures, consisting of degree, betweenness, and 

closeness, were taken to find the relative importance of each node within the network. Genes 

exhibiting the highest connectivity and central roles were identified as hub genes, as they are 

likely to play critical regulatory functions in BC progression and represent potential molecular 

targets mediating the pharmacological effects of GA [25]. 

2.6.4 Enrichment Analysis of Hub Genes Using Metascape 

To clarify the biological importance of the hub genes, we performed functional enrichment 

analysis of the top 5 hub genes using the Metascape database. We uploaded the top 5 selected 

hub genes to Metascape, restricting the species to Homo sapiens. We identified enriched terms 

with statistically significant p-values to reveal key biological functions and signalling pathways 



associated with BC, and to provide mechanistic insights into the molecular processes 

potentially regulated by GA [26].  

2.7 Density Functional Theory (DFT) Calculations 

We calculate DFT properties to investigate the electronic features of GA. The molecular 

structure was constructed in GaussView 5.0.8 and subsequently optimized using Gaussian 09W 

at the B3LYP/6-311G level of theory [27]. FMO energies, including HOMO and LUMO, along 

with dipole moment, were computed, and the energy gap (ΔE = ELUMO − EHOMO) was also 

determined to evaluate chemical reactivity. Additionally, we generated a molecular 

electrostatic potential (MEP) surface to identify reactive sites and to map potential electrophilic 

and nucleophilic regions [28]. 

2.8 Molecular Docking 

To examine the binding relationships between GA and certain target proteins, we ran docking 

calculations using AutoDock 1.4.5. We obtained the target proteins' three-dimensional crystal 

structures from the RCSB's Protein Data Bank. During protein preparation, we removed all 

crystallographic water molecules and heteroatoms, as well as the co-crystallised ligand, to 

obtain a clean protein structure. We then added polar hydrogen atoms, assigned Kollman 

charges, and assigned Gasteiger charges to the protein. The grid parameters are discussed in 

Table 2. The Lamarckian Genetic Algorithm (LGA) was used for docking. Discovery Studio 

v25.1.0 was used to see 2D interactions between 1XKK and GA, including H-bonds, 

hydrophobic interactions, and π-π contacts [29]. 

Table 2. Grid box parameters used for molecular docking of target proteins 

Gene PDB ID Grid centers Grid size 

EGFR 1XKK 

X = 15.453;  y = 

34.399 and z = 

25.662 

X = 40; y = 36 and 

z = 48 

JAK2 2B7A 

X = 115.868; y = 

65.728 and z = 

8.298 

X = 54; y =76 and z 

= 66 

PIK3CA 7K6M 

X = 18.4768; y = 

10.7265 and z = 

3.5792 

X = 36.03; y = 

13.3787 and z = 

13.1228 

PIK3R1 5XGI 

X = 12.095; y = 

31.363 and z = 

27.419 

X = 60; y = 60 and 

z = 60 

PTPN11 3MOW 
X = 29.65; y = -

15.18 and z = 31.16 

X = 21.75; y = 

21.75 and z = 21.75 

 

2.9 Molecular Dynamics Simulation 

MD simulation was conducted using GROMACS 2020 and the CHARMM36 force field. 

System solvation was performed using NaCl as the ionic solvent, with ion placement via Monte 

Carlo to maintain charge neutrality and physiological conditions (Na⁺ = 45, Cl⁻ = 43). We fixed 

the system pH to body pH. The simulation was performed under the NPT ensemble at 310.5 



K, with constant pressure and temperature throughout the run. We subsequently performed 

trajectory analysis using the QTGrace software to calculate RMSD and RMSF profiles, 

providing essential insights into the structural stability and binding persistence of the GA-

1XKK complex [30].  

2.10 MM-PBSA Calculations for estimation of binding free energy  

To quantitatively evaluate the thermodynamic stability and binding affinity of the protein-

ligand complex, the Molecular Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) 

calculations were performed. Calculations were performed with the gmx_MMPBSA tool of 

the GROMACS simulation suite, following established best practices for free energy analysis.  

 

The binding free energy (ΔGbind) was obtained by the following equation:  

 

ΔGbind = Gcomplex - (Greceptor + Gligand)  

 

The free energy term (G) was calculated as:  

 

G = EMM + Gpolar + Gnonpolar - TS  

 

Where:  

• EMM: Molecular mechanics energy including electrostatic and van der Waals 

interactions  

 

• Gpolar: Polar solvation energy calculated using the Poisson-Boltzmann equation.  

 

• Gnonpolar: Non-polar solvation energy, estimated from solvent accessible surface area 

(SASA)  

 

• TS: entropic contribution  

Explicit water molecules and counterions were removed before energy calculations to prevent 

artefacts. Only the stable region of the molecular dynamics trajectory was used for the 

calculations, meaning that calculations were performed on equilibrated conformations. More 

specifically, we systematically extracted 500 snapshots from the production trajectory in the 

interval 500-1000 frames with a 5-frame spacing.  All the MM-PBSA analyses were performed 

with the following set of parameters: General settings: startframe=200, endframe=300, 

interval=1, verbose=2, forcefields=oldff/leaprc.ff99SB,leaprc.gaff, Poisson-Boltzmann 

parameters: istrng=0.15, fillratio=4.0, inp=1. The binding free energy was calculated using the 

last 100 equilibrated frames and averaged over the 100 frames to obtain the final binding free 

energy, which gave a robust and statistically reliable estimate of the binding affinity of the 

complex. 

2.11 Free radical scavenging activity 



Each sample's radical-scavenging activity was evaluated using DPPH, according to the 

protocol described by Kumar and colleagues [31]. We prepared different concentrations of 10 

to 200 μL. The diluted samples were then mixed with 200 μL of methanol (MeOH). This stage 
ensures consistency and homogeneity across all experimental conditions. The samples were 

properly mixed after the addition of MeOH, then incubated in the dark at 37 °C for 30 minutes. 

The drug and the radicals in the tests can react and interact optimally throughout this incubation 

period. We measured absorbance in a 96-well plate at 517 nm for DPPH using a microplate 

reader (SynergyTM HT, BioTek Instruments, Inc.). Ascorbic acid at 0.1 mg/mL was used as 

the reference standard to establish a baseline for comparison. This standardisation ensures 

precision and reliability in the assessment of antioxidant activity [31]. 

2.12 In Vitro Cytotoxicity Assay 

2.12.1 Resources acquisition & Cell culture mntenance 

MTT was procured from Himedia, India (Cat. No.: RM1131-1 G) dissolved into sterile 1X 

PBS (phosphate buffered saline) to prepare 5 mg/mL solution and then used according to 

mentioned in material and method section, Acridine orange (AO) procured from Himedia, 

India (Cat No.: GRM387 25G), Propidium iodide procured from SRL, India (Cat No.: 11,195), 

MCF-7 cells used in this study were procured from NCCS, Pune, India. Dimethyl sulfoxide 

was also obtained from Sigma-Aldrich Co. LLC (Cat. No. D4540), 10 % foetal bovine serum 

(FBS; Cat. No. F7524-500ML, Sigma-Aldrich) and 1% antibiotics (100 U/mL penicillin and 

100 µg/mL streptomycin; we added Cat. No. A5955-100ML, Sigma-Aldrich) were added to 

the Dulbecco's Modified Eagle Medium (DMEM, high-glucose; Cat. No. D6429-1L, Sigma-

Aldrich) media. The MCF-7 cells were cultured under standard laboratory conditions using a 

high-glucose formulation of DMEM; Cat. No. D6429-1L, Sigma-Aldrich). The growth 

medium was enriched with 10% fetal bovine serum to support cellular proliferation. In 

addition, we added an antibiotic mixture containing penicillin (100 U/mL) and streptomycin 

(100 μg/mL) to the medium to prevent microbial contamination. 

2.12.2 MTT Assay 

In order to facilitate cell adhesion, 96-well plates were seeded with a density of 10000 cells/well 

and incubated for 24 hours [32]. Following treatment with GA at various concentrations (5, 10, 

20, 40, 80, 120, and 160 µM), an additional 24 h incubation was carried out under standard 

CO₂ conditions. We prepared a 5 mg/mL stock solution of MTT in sterile PBS and diluted it 

with serum-free medium to obtain a working solution. We incubated the mixture for four hours 

after adding MTT solution to reach a final concentration of 0.5 mg/mL in each well. To detect 

the absorbance at 590 nm, a microplate reader was used after formazan was dissolved in 100 

µL DMSO.  Nonlinear regression analysis performed in GraphPad Prism v5.0 was used to 

estimate IC₅₀ values [33]. Cell viability was calculated as a percentage of the untreated control 

group, with experiments conducted in triplicate, and calculated using the formula below.  % ݈ܽݒ݅ݒݎݑݏ ݈݈݁ܿ ݂݋ = Mean OD of the drug − treated wellmean OD of the control well ∗ 100 

2.12.3 Acridine Orange /Propidium Iodide (AO/PI) Assay 



MCF-7 cells were cultured under CO2 for 24 hours, either with or without the ideal inhibitory 

dose of GA. After that, cell staining is performed using 100 µL of AO/PI solution, prepared by 

combining equal volumes of 100 µg/mL AO and PI in PBS [34]. Subsequently, the mixture 

was kept in the dark for 10 min. A fluorescence microscope was used to examine cellular 

morphology after a brief PBS wash (EVOS FL, Life Technologies). Viable cells exhibited 

green fluorescence, whereas apoptotic or dead cells showed orange/red fluorescence [34]. 

Images were captured at 10× magnification from multiple fields using an inverted fluorescence 

microscope. To guarantee reproducibility, every experiment was conducted in triplicate.  

2.12.4 Analysis of ROS Level 

After being seeded in 24-well plates and reaching 75–80% confluency, the cells were exposed 

to GA (20, 40, and 80 µM) for 24 hours. Following treatment at 37 °C, cells were incubated 

with 10 µM dichlorofluorescein diacetate (DCF-DA) for 30 minutes after being washed with 

sterile 1× PBS [22]. An inverted fluorescence microscope was used to monitor fluorescence at 

20× magnification after excess dye was removed by washing three times with 1× PBS. Green 

emission from DCF was seen at an excitation wavelength of 488 nm. ImageJ (version 152-win-

Java8) was used to quantify fluorescence intensity. Every experiment was carried out in 

triplicate, and we used GraphPad Prism v5.0 and Microsoft Excel for statistical analysis.  

2.12.5 Cell migration assay 

12-well plates (Cat. No. 980020, Tarsons, Korea) containing high-glucose DMEM along with 

10% FBS and 1% antibiotic-antimycotic solution were seeded with MCF-7 cells (3 × 10³ 

cells/well) and incubated for 24 hours [33]. When the confluence reached about 90%, we 

scratched cells with a sterile 200 µL pipette tip to form a linear wound, and debris was removed 

by rinsing with sterile PBS. Cells were then divided into control and GA-treated groups (20, 

40, and 80 µM). An inverted microscope (Olympus, Japan) with a 10× objective was used to 

capture images at 0 hours. After that, we kept the plates in a humidified environment with 5% 

CO2 at 37 °C. We acquired Additional images at 12 and 24 h. The extent of wound closure 

was analysed using ImageJ software. We used GraphPad Prism v5.0 for statistical analysis, 

and each experiment was performed in triplicate [33]. 

2.12.6 Colony Assay 

We carried out our cell culture in 6-well plates (Cat. No. 980010, Tarsons, India) comprising 

DMEM enhanced with 1% antibiotic–antimycotic combination and 10% foetal bovine serum. 

We planted MCF-7 cells at a density of 500 cells per well [33]. Cells were incubated for 24 h 

at 37 °C in a humidified 5% CO₂ atmosphere before treatment with GA (20, 40, or 80 µM) or 

left untreated. Following a 24-hour treatment period, we added fresh complete media and 

cultured the cells for an additional 5 days to allow colony formation. After fixing and staining 

the colonies with the 0.5% crystal violet prepared in the 1:1 ratio of the methanol and sterile 

distilled water and incubated for 10 min at room temperature, we removed excess stain by 

washing them three times with a methanol: water solution (1:1). Colony images were captured 

with a smartphone camera (realme 5S, 48 MP), and colonies containing more than 50 cells 

were counted using ImageJ software. We used GraphPad Prism v5.0 for statistical analysis, 

and each experiment was conducted independently in triplicate [35]. 



2.12.7 Mitochondrial membrane potential assay 

The JC-1 fluorescent probe (1 μM) was used to measure the mitochondrial membrane potential 
of granulosa cells from the control and gentisic acid (GA)-treated groups, following the 

established protocol [36]. After 72 h of exposure to GA at 20, 40, and 80 μM, After fixing the 
cells with 3.7 % formaldehyde, they were treated for ten minutes with JC-1 dye made in the 

proper staining buffer. An inverted fluorescence microscope was used to obtain fluorescence 

images. We quantified mitochondrial membrane potential by measuring fluorescence intensity 

and normalising it to cell area using the corrected total cell fluorescence (CTCF) method. The 

results were expressed as total red fluorescence intensity, calculated from 3 independent 

replicates. 

2.12.8 Real-time PCR (qRT- PCR) Analysis 

qRT-PCR was conducted to quantify the mRNA expression levels; Table 3 lists the primer 

sequences that were utilised. In MCF-7 cells treated with GA at 20, 40, and 80 μM, we 
examined the expression profiles of pro-apoptotic genes (Bax and Caspase-3) and anti-

apoptotic genes (Bcl-2),  along with untreated control cells. Cells were trypsinised after 24 h 

of treatment and harvested into microcentrifuge tubes containing TRIzol reagent. TRIzol was 

used to isolate total RNA in accordance with the procedure, and residual genomic DNA was 

eliminated by DNase I treatment. RNA concentration and purity were assessed using a 

NanoDrop 2000 spectrophotometer. Subsequently, A RevertAid cDNA Synthesis Kit was used 

to create first-strand cDNA from purified RNA. The synthesised cDNA was quantified, and 

qRT-PCR was performed using SYBR Green chemistry on an Applied Biosystems 

QuantStudio 6 RT-PCR system, according to the manufacturer's instructions. The 2-ΔΔCT 
approach, in which ΔCT is the difference between the target gene and the internal control 

(GAPDH) and ΔΔCT is the difference between the  treated and control groups. Each 
experiment was carried out in triplicate to guarantee reproducibility, and statistical analysis 

was done using GraphPad Prism 5 [33]. 

Table 3 List of primers used to amplify and quantify the expression of enlisted genes 

S. No. Gene Primer Seq (5’-3’) Amplicon size 

1 GADPH 

Forward- 

GGGCATCCTGGGCTACACTGA 
165 

Reverse- 

TCCACCACCCTGTTGCTGTAG 

2 Bcl-2 

Forward- 

GTGGATGACTGAGTACCT 
118 

Reverse- 

CCAGGAGAAATCAAACAGAG 



3 

Caspase-3 
Forward- 

GTAGATGGTTTGAGCCTGAG 
106 

 
Reverse- 

CCAGTGCGTATGGAGAAATG 

4 Bax 

Forward- 

GGTTGTCGCCCTTTTCTA 
133 

Reverse- 

CGGAGGAAGTCCAATGTC 

 

2.12.7 Statistical Analysis 

We used GraphPad Prism v5.0 and Microsoft Excel 2019 to analyse the study's data, which 

were presented as means ± SE (standard error) from triplicate experiments. To measure the 

intensity of fluorescence, we used ImageJ software (ver 1.44, NIH, USA), and the intensity of 

fluorescence is presented with its significance levels, i.e., p < 0.01(*), p < 0.001(**), or p < 

0.0001(***) in the histogram. 

3. Results and discussion 

3.1 Plant Authentication & HRMS Identification of GA from ELENA 

The Center of Advanced Study in Botany at the Institute of Science, Banaras Hindu University 

(BHU), Varanasi, successfully verified the authenticity of the plant sample.  The specimen was 

confirmed, and a voucher number (Olea. 2026/01) was assigned. This authenticated plant 

material was used for subsequent experimental analysis, ensuring the reliability and 

reproducibility of the study. HRMS analysis of the ethanolic extract confirmed the presence of 

GA in ELENA. The mass spectrum exhibited a prominent ion peak corresponding to GA, with 

an observed m/z value of 154.02621 that closely matched the theoretical mass, indicating high 

mass accuracy, as shown in Fig. 1. These results validate the successful identification of GA 

and confirm its presence as a bioactive constituent in the Nyctanthes arbor-tristis. 



 

Fig. 1. High-resolution mass spectrometric (HRMS) spectrum of gentisic acid showing the characteristic 

[M−H]⁻ ion peak at 154.02621, confirming its molecular identity 

3.3 ADMET and Toxicity Prediction Results 

GA exhibit a formula of C₇H₆O₄ with a molecular weight of 154.12 g/mol and 11 heavy atoms. 
The compound exhibited low structural flexibility, with one rotatable bond and a Csp³ fraction 

of 0, indicating a planar aromatic structure. The presence of 4 HBA and 3 HBD, along with a 

TPSA of 77.76 Å², suggests favourable polarity for oral bioavailability as highlighted in Table 

4. The compound demonstrated high predicted gastrointestinal absorption and was not 

predicted to permeate the BBB. Importantly, no violations of Lipinski's rule of five were 

observed, and the predicted bioavailability score was 0.56, supporting the drug's likeness and 

oral pharmacokinetic suitability. 

Table 4. Pharmacokinetic properties of GA calculated by SwissADME.  

S. No. Results 

Formula C7H6O4 

Molecular weight 154.12 g/mol 

Heavy atoms 11 

Fraction Csp3 0 

Rotatable bonds 1 

H-bond acceptors 4 

H-bond donors 3 

Molar refractivity 37.45 

TPSA 77.76 Å² 

iLOGP 0.49 

XLOGP3 1.74 

WLOGP 0.8 

MLOGP 0.4 

Silicos-IT Log P 0.26 



Consenus Log P 0.74 

GI absorption High 

BBB permeation No 

P-gp substrate No 

CYP1A2 inhibitor No 

CYP2C19 inhibitor No 

CYP2C9 inhibitor No 

CYP2D6 inhibitor No 

CYP3A4 inhibitor Yes 

Lipinski violations No 

Bioavailability Score 0.56 

 

The compound exhibited a predicted oral LD₅₀ of 4500 mg/kg, as reported in Table 5, 

corresponding to toxicity class 5, indicating relatively low acute toxicity. The web server 

predicted no hepatotoxic, neurotoxic, cardiotoxic, carcinogenic, mutagenic, immunotoxic, or 

cytotoxic liabilities. However, we observed potential nephrotoxicity and respiratory toxicity 

alerts. Overall, the predicted toxicity assessment suggests a favourable safety profile with low 

systemic toxicity, although the predicted organ-specific risks warrant further experimental 

validation. 

Table 5. Toxicity data of GA, calculated by the Protox web-server 

S. No. Results 

Predicted LD50 4500mg/kg 

Predicted Toxicity Class 5 

Hepatotoxicity Inactive 

Neurotoxicity Inactive 

Nephrotoxicity Active 

Respiratory toxicity Active 

Cardiotoxicity Inactive 

Carcinogenicity Inactive 

Immunotoxicity Inactive 

Mutagenicity Inactive 

Cytotoxicity Inactive 

 

3.4 Network Pharmacology Analysis Results 

3.4.1 BC-Associated Target Genes & GA Target Gene Prediction 

A total of 160,602 unique genes were identified as being associated with BC from the known 

databases. This extensive gene pool reflects the molecular heterogeneity and complex 

pathophysiology of BC and served as the foundational dataset for subsequent intersection 

analysis with GA-predicted targets. Similarly, after consolidating results and removing 

redundant entries, 799 unique genes were identified as potential GA targets across various 

databases.  

3.4.2 Identification of Common Targets  



Venn diagram analysis revealed 604 overlapping genes between the BC-associated target set 

and the GA-predicted targets (Fig. 2). These common genes were considered potential 

therapeutic targets mediating the compound's anti-BC effects. We subsequently uploaded the 

overlapping gene list to the STRING database to construct a PPI network, investigate 

functional associations, and identify key regulatory nodes. 

 

Fig. 2. Overlapping genes shared between BC-associated genes and GA-predicted targets 

3.4.3 PPI Network Analysis 

After applying the highest confidence of 0.9, 417 genes were retained for network construction 

from 604 overlapping genes. With an average node degree of 7.3, the final PPI network has 

415 nodes and 1,514 edges  indicating substantial interconnectivity among the targets (Fig. 3). 

The network exhibits an average local clustering coefficient of 0.543, reflecting a moderate 

degree of node interconnectivity. We observed a significantly greater number of interactions 

than expected: 449 edges, and the PPI enrichment p-value (< 1.0 × 10⁻¹⁶) confirmed that this 
network enrichment was not due to chance. These results suggest strong functional associations 

among the common targets and support their coordinated involvement in BC-related biological 

processes. 



 

Fig. 3. PPI network of overlapping genes constructed using the STRING database (confidence score ≥ 0.9) 

3.4.4 Hub Gene Identification 

We used the CytoHubba plugin in Cytoscape to perform topological analysis and identify key 

hub targets in the PPI network. Cytoscape. The MCC algorithm was applied to rank nodes based 

on their network significance and connectivity strength. The top five hub genes identified were 

PIK3CA, PIK3R1, PTPN11, JAK2, and EGFR, as shown in Fig. 4. These genes exhibited the 

highest MCC scores, indicating their central roles within the interaction network. Notably, 

these hub genes may be critically involved in oncogenic signalling pathways regulating cell 

proliferation, survival, and apoptosis, suggesting that GA may exert its anti-BC effects by 

modulating these core molecular regulators. 



 

Fig. 4. Top 5 hub genes identified from the PPI network using Cytoscape based on the MCC algorithm 

3.4.5 Functional Enrichment of Hub Genes 

The enrichment network visualization revealed tightly connected clusters representing 

biologically related pathways. When colored by cluster, distinct functional modules were 

observed, primarily associated with receptor tyrosine kinase signalling, cytokine-mediated 

signalling, and phosphatidylinositol 3-kinase (PI3K) regulatory processes. Significant 

enrichment was observed in pathways including PID SHP2 (Fig. 5), PID IL5, GAB1 signalling, 

PID PTP1B, and EGFR signalling. In the epidermal growth factor receptor (EGFR) signalling 

pathway, Src homology phosphotyrosyl phosphatase 2 (SHP2) is a crucial transducer of 

mitogenic and cell survival signalling [37]. This indicates a possible mechanism by which the 

compound may regulate aberrant growth signalling in BC. 

 

Fig. 5. Pathway enrichment analysis of hub genes was performed using Metascape, showing significantly 

enriched biological pathways. 

These clusters indicate strong involvement of the identified hub genes in oncogenic growth 

factor signalling and intracellular kinase cascades, as highlighted in Fig. 6. Collectively, the 

Metascape analysis supports that GA-associated hub genes are predominantly involved in 

growth factor receptor signalling, cytokine response pathways, and PI3K-mediated survival 

signalling, reinforcing the mechanistic link between the predicted targets and BC progression. 



 

 

Fig. 6. Enrichment ontology network of hub genes based on colored by cluster 

3.5 DFT Analysis 

The optimized molecular structure of GA was obtained by geometry optimization prior to 

further calculations, as shown in Fig. 7. To confirm the structure of GA, IR spectrum is 

calculated by DFT as shown in S2.   

 

Fig. 7. Optimised molecular structure of gentisic acid obtained using density functional theory (DFT). 

We performed Frontier molecular orbital (FMO) analysis of GA to assess its electronic 

characteristics and reactivity. The HOMO and LUMO energies were -0.22978eV and -

0.06567eV, respectively, giving an energy gap of 0.16411 eV as highlighted in Fig. 8. The 

HOMO was primarily localised over the aromatic ring and oxygen-containing functional 

groups, indicating regions of high electron density and potential electrophilic attack sites. In 

contrast, the LUMO was distributed over the carboxyl and adjacent aromatic regions, 

suggesting favourable sites for nucleophilic interactions. Additionally, the calculated dipole 



moment of 2.2492 Debye indicates a polar molecular nature, which may enhance 

intermolecular interactions with biological targets. 

 

Fig. 8. FMO of Gentisic acid 

A strong negative electrostatic potential was predominantly localised around the oxygen atoms 

in the MEP graph, particularly O10 of the carboxyl group, O11 of the hydroxyl group, and O8 of 

the phenolic hydroxyl group, identifying these as primary nucleophilic centres with high 

electron density (Fig. 9). In contrast, positive electrostatic potential was mainly observed over 

hydrogen atoms, especially H15 and H17 attached to hydroxyl groups, indicating their role as 

electrophilic sites and potential hydrogen bond donors. This charge distribution suggests that 

the oxygen-containing functional groups are the principal sites for intermolecular interactions, 

supporting the compound's potential for hydrogen bonding and biological activity. 

 

Fig. 9. MEP showing reactive sites of Gentisic acid 



3.6 Molecular Docking 

We performed molecular docking analysis to evaluate the binding affinity and interaction 

profile of GA with key hub gene-encoded proteins, including PIK3CA (PDB ID: 7K6M), 

PIK3R1 (PDB ID: 4JPS), JAK2 (PDB ID: 2B7A), EGFR (PDB ID: 1XKK), and PTPN11 (PDB 

ID: 3MOW). The docking scores were -5.8, -5.6, -5.9, -6.2, and -3.8 kcal/mol, respectively, as 

highlighted in Fig. 10. Among these targets, GA exhibited moderate binding affinity toward 

EGFR (-6.2 kcal/mol), although lower than the co-crystallised ligand of EGFR (-11.2 

kcal/mol), shown in S1, indicating comparatively weaker but stable binding. In the EGFR 

binding pocket, the ligand interacted with key residues, including Lys745, Asp855, and 

Ala743, through hydrogen bonding and pi-sigma interactions with Thr790, and through van 

der Waals interactions with Ile744, Leu844, Val726, Thr854, Leu777, Leu788, and Ile789, 

thereby stabilising binding. Similarly, in JAK2, we observed hydrogen bond interactions with 

residues including Glu930 and Leu932, pi-sigma interactions with Leu983 and Val863, and 

van der Waals interactions with Gly935, Tyr931, Val911, Gly993, and Lys882, indicating 

favourable binding within the catalytic domain. For PIK3CA, GA formed hydrogen bonds with 

residues such as Gln597, Asn996, and Glu600, along with van der Waals contacts involving 

Glu563, Lys567, Arg537, Thr536, Thr536, Ser535, Pro539, Asn1000, Glu596, and Leu997, 

stabilizing the ligand within the binding cavity. In PIK3R1, GA forms hydrogen bond with 

Glu849, along with van der waal interaction with Ile848, Val850, Trp780, Phe930, Met922, 

Ser854, Ile800 and Met772. In the case of PTPN11, hydrogen interactions with residues such 

as Asn339, Glu379, and Gly381 were identified, whereas fewer van der Waals interactions 

were observed with Lys378, Tyr380, Asn336, and Gln335. These findings support its potential 

multi-target binding capability and its role in modulating key oncogenic signalling pathways. 



 



Fig. 10. Docking interaction of Gentisic acid with the hub genes 

3.7 Molecular Dynamics Simulation & MM-PBSA  

The RMSD profile of the apo protein (1XKK) exhibited an initial equilibration phase within 

the first ~10 ns, after which it stabilised with minor fluctuations around ~0.25-0.30 nm 

throughout the simulation, indicating maintenance of structural integrity. However, the GA-

1XKK complex exhibited a higher RMSD trajectory than the protein alone. After an initial 

equilibration phase, the complex showed a gradual increase in RMSD, reaching from ~0.3-

0.4nm in the first 10 ns to ~0.7-0.8 nm between 40-60 ns, suggesting conformational 

adjustments upon ligand binding (Fig. 11). Following this phase, the RMSD values stabilised 

with moderate fluctuations, indicating that the system reached a moderately conformational 

state despite initial structural rearrangements. 

 

Fig. 11. RMSD of the 1XKK protein and the GA-1XKK complex. 

Moderate fluctuations in the RMSF profile were observed in specific regions of the sequence 

near residue 870, where peaks reached ~0.30–0.33 nm, suggesting localised flexibility likely 

associated with loop regions or solvent-exposed segments. Notably, higher fluctuations were 

observed toward the C-terminal region, where RMSF values increased up to ~0.45-0.50 nm 

near residue number 1000, reflecting increased flexibility and conformational mobility of 

terminal residues (Fig. 12). This behaviour is typical, as terminal regions are generally less 

structurally constrained than the protein core. Overall, the RMSF analysis indicates that the 

protein maintains a stable core structure, with flexibility primarily localised to the loop and 

terminal regions, supporting the system's dynamic stability throughout the simulation. RMSF 

of ligand, SASA, Rg and h-Bond data are given in S3-S6. 



 

Fig. 12. RMSF of protein 1XKK 

The overall binding free energy (ΔGbinding) was found to be -4.18 ± 2.00 kcal/mol, indicating a 

weaker binding affinity as shown in Fig. 13. A thorough breakdown of individual energetic 

elements indicated that non-polar interactions were the key contributors to complex stability. 

Specifically, Van der Waals interactions (ΔEvdw) contributed -17.55 ± 1.08 kcal/mol, 

representing the dominant driving force of binding, supplemented by a favourable electrostatic 

energy (ΔEelec) of -70.96 ± 0.70 kcal/mol and non-polar solvation energy (ΔGnonpolar) of -3.20 

± 0.00 kcal/mol. Conversely, the polar solvation energy (ΔGpolar) presented an unfavourable 

penalty of 87.53 ± 1.38 kcal/mol, which is typical for biological macromolecular structures due 

to desolvation penalties.  



 

Figure 13. Binding energy of GA-Protein 1XKK complex 

3.8 DPPHֹ radical scavenging activity 

The compound showed pronounced antioxidant activity in both radical scavenging assays, 

indicating strong antioxidant capacity. The DPPH assay showed a relatively higher IC₅₀ value 
of 51.4 ± 2.52 μg/mL, indicating moderate scavenging activity against DPPH radicals. 

3.9 In vitro assays 

After GA treatment, a concentration-dependent decrease in cell viability was noted (Fig. 14). 

We optimised the dosing concentration and calculated the IC₅₀ value to be 40 μM after one-

way ANOVA, as mentioned in Fig. 14. Overall, these findings indicate that GA effectively 

suppresses breast cancer cell viability at a 40 μM concentration in vitro, highlighting its 

potential as an anti-cancer agent. 



 

Fig. 14. Showing the IC50 values of GA in the MCF7 cells via the Cell Viability Assay. 

AO/PI dual staining was used to assess the induction of apoptosis in MCF-7 cells after GA 

treatment at concentrations of 20, 40, and 80 μM. Fluorescence microscopy revealed a clear 

concentration-dependent increase in the apoptotic cell population. In the untreated control 

group, cells predominantly exhibited uniform green fluorescence, demonstrating healthy cell 

populations and intact membrane integrity (Fig. 15). At the IC₅₀ concentration (40 μM), a 
marked increase in apoptotic cells was observed, with enhanced red fluorescence indicating 

compromised membrane integrity and progression toward late apoptosis. Collectively, Our 

studies suggest that GA causes apoptosis in MCF-7 cells, thereby confirming its potent 

cytotoxic and pro-apoptotic activity. 



 

Fig. 15. The effect of GA on MCF-7 cell viability was assessed by AO/PI dual staining. 

We assessed Intracellular reactive oxygen species (ROS) content in MCF-7 cells following 

treatment with GA at 20, 40, and 80 μM (Fig. 16). Control cells showed weak basal 

fluorescence, indicating minimal endogenous ROS levels. At the IC₅₀ concentration (40 μM), 
ROS generation was markedly elevated, as evidenced by a substantial increase in fluorescence 

signal and a higher proportion of ROS-positive cells. This elevated ROS level is indicative of 

disrupted redox homeostasis and is likely associated with mitochondrial dysfunction and 

activation of apoptotic pathways. These results confirm that GA induces oxidative stress in a 

concentration-dependent manner, contributing to its cytotoxic and pro-apoptotic effects in 

MCF-7 cells. 



 

Fig. 16. ROS generation induced by GA treatment showed a concentration-dependent increase in intracellular 

reactive species levels. The bar graph represents the Corrected Total Cell Fluorescence (CTCF) analysis 

comparing fluorescence intensity between control (untreated) and treated groups. 

The effect of GA on the migratory potential of MCF-7 cells was evaluated using a cell 

migration/ Scratch assay at concentrations of 20, 40, and 80 μM, as highlighted in Fig. 17. At 

the IC₅₀ concentration (40 μM), migration was substantially reduced, as indicated by limited 
movement of cells into the gap. These findings demonstrate that GA effectively suppresses the 

migratory capacity of MCF-7 cells at 40 μM, indicating its possible function in preventing the 

spread of cancer cells.  

 

Fig. 17. The effect of GA treatment on MCF-7 cell migration was evaluated in comparison to untreated controls 



The anti-proliferative effect of GA was evaluated using a colony formation assay to assess its 

long-term impact on clonogenic survival. In the control group, cells exhibited robust colony-

forming ability, characterised by dense, uniformly distributed colonies, indicating a high 

proliferative potential. At the IC₅₀ concentration (40 µM), a substantial reduction in colony 
formation was evident (Fig. 18), with fewer, smaller colonies, indicating significant 

impairment of proliferative capacity. This pronounced inhibitory effect demonstrates GA's 

strong cytotoxicity at higher doses. Overall, the results indicate that GA effectively inhibits 

long-term cell survival at 40 µM. 

 

Fig. 18. GA concentrations were increased when exposed to cells, followed by a colony formation assay. GA 

treatment resulted in a significant, dose-dependent reduction in colony number and size relative to control cells, 

demonstrating its anti-proliferative effect. 

The impact of GA on mitochondrial membrane potential (MMP) was evaluated using a 

fluorescence-based assay at 20 µM, 40 µM (IC₅₀), and 80 µM. At the IC₅₀ concentration (40 
µM), a marked transition in fluorescence pattern was observed. Red fluorescence was 

decreased while green fluorescence intensity significantly increased, as shown in Fig. 18. This 

shift indicates a substantial loss of mitochondrial membrane potential, suggesting that GA 

effectively induces mitochondrial dysfunction at this concentration. Overall, these findings 

suggest that GA may trigger apoptosis via mitochondrial signalling. 



 

Fig. 18 JC-1 Staining shows representative photographs illustrating changes in mitochondrial membrane 

potential in MCF-7 cells upon GA treatment 

The effect of GA on gene expression was quantitatively assessed using qRT-PCR at three 

concentrations: 20 µM, 40 µM (IC₅₀), and 80 µM (Fig. 19). At the IC₅₀ dose (40 µM), a 
considerable elevation of pro-apoptotic genes (Bax) was detected, accompanying a reduction 

in the expression of anti-apoptotic genes (Bcl-2) associated with cell survival. In addition, 

increased caspase-3 expression is observed, indicating cell death via apoptosis at the IC50 

concentration. Overall, the qRT-PCR data demonstrate that GA induces alterations in gene 

expression at 40 µM. 

 

Fig. 19. The mRNA expression of apoptotic and anti-apoptotic genes was evaluated. treatment with various 

concentrations. of GA demonstrating a marked downregulation of the anti-apoptotic gene Bcl-2 and an 

upregulation of the pro-apoptotic genes Bax and Caspase-3. 

4. Conclusion 



This work demonstrates that GA is a mechanistically significant anti-cancer drug that acts by 

triggering apoptosis in cancerous cells and coordinating the control of mitochondrial integrity. 

Biological assays showed that GA inhibits MCF-7 cell motility, proliferation, and clonogenic 

potential at a 40 μM concentration. These results call for additional research using in vivo 

models and clinical trials to assess GA’s translational potential as a therapeutic candidate in 
the treatment of BC. Overall, current studies' results make GA a viable multi-target treatment 

option for BC. 
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