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This study aimed to characterize the phytochemicals in Ficus hispida fruits and evaluate the anticancer 
potential of gallic acid against breast cancer using in-silico and in-vitro approaches. The objectives 
were to identify bioactive compounds using LC-MS, assess gallic acid’s binding affinity with breast 
cancer-related targets via molecular docking and dynamics, and validate its cytotoxicity and apoptotic 
effects in breast cancer (MDA-MB-231) cells. Ethyl acetate extract of Ficus hispida fruits was prepared 
via Soxhlet extraction and analyzed using LC-MS/MS. Molecular docking studies were performed 
to evaluate gallic acid’s interactions with breast cancer proteins (2VCJ-Heat shock protein HSP90-
alpha, 1P7K-Anti-ssDNA antibody Fab fragment, 5OTE-Serine/threonine-protein kinase MRCK beta), 
followed by molecular dynamics (MD) simulations for stability analysis. In-vitro cytotoxicity (MTT 
assay) and apoptosis detection (AO/EB staining, DAPI staining) were conducted on MDA-MB-231 
cells. LC-MS analysis identified key phytochemicals, including gallic acid (m/z 169.14), quercetin 
(m/z 302.33), and β-sitosterol (m/z 414.58). Molecular docking revealed strong binding of gallic acid 
to Heat shock protein HSP90-alpha (-6.2 kcal/mol), stabilized by hydrogen bonds and hydrophobic 
interactions. MD simulations confirmed stable protein-ligand complexes with an RMSD of 2.1 Å for the 
protein and 3.2 Å for the ligand. In vitro studies showed the dose-dependent cytotoxicity of gallic acid 
against MDA-MB-231 cells, with an IC₅₀ of 15–20 µg/mL and 34.80% viability at 20 µg/mL. Apoptosis 
was confirmed through nuclear fragmentation and chromatin condensation. Ficus hispida fruits are 
rich in bioactive compounds, particularly gallic acid, demonstratinga strong binding affinity to breast 
cancer targets and potent cytotoxic effects against MDA-MB-231 cells. These findings highlight 
its potential as a therapeutic candidate for breast cancer treatment, warranting further clinical 
exploration.
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FBS	� Fetal Bovine Serum
MTT	� 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
AO/EB	� Acridine Orange/Ethidium Bromide
DAPI	� 4′,6-Diamidino-2-Phenylindole
RMSD	� Root Mean Square Deviation
RMSF	� Root Mean Square Fluctuation
Rg	� Radius of Gyration

Breast cancer is among the most frequently diagnosed cancers around the world and is a significant cause of 
illness and death in women1. Each year, more than 2.3 million new cases are identified, making it the primary 
reason for cancer-related mortality in the female population2. While significant progress has been made in 
treatments like chemotherapy, radiation, and targeted therapies, issues such as resistance to drugs, harmful 
side effects, and toxicity remain significant obstacles in effective management3. These limitations have driven 
researchers to explore alternative therapeutic approaches, particularly plant-derived bioactive compounds, 
which offer promising anticancer properties with minimal side effects. In this context, Ficus hispida Linn., a 
tropical fig species widely used in traditional medicine for various ailments4, emerges as a potential candidate 
for anticancer drug discovery due to its rich phytochemical composition5.

The fruits of Ficus hispida have been traditionally utilized for their medicinal properties, including 
anti-inflammatory, hepatoprotective, and wound-healing effects. Recent scientific investigations into the 
phytochemical profile of Ficus hispida reveal the presence of bioactive compounds such as β-sitosterol, β-amyrin, 
hispidin, tannins, and gallic acid derivatives6. Among these constituents, gallic acida naturally occurring phenolic 
compoundhas attracted considerable attention for its potent antioxidant and anticancer activities. Gallic acid has 
demonstrated efficacy against various cancer types through mechanisms such as reactive oxygen species (ROS) 
generation, mitochondrial membrane depolarization, and caspase-mediated apoptosis7. Its ability to modulate 
key molecular pathways involved in cancer progression further underscores its therapeutic potential.

Gallic acid exerts multimodal anticancer effects by targeting several molecular pathways critical to tumor 
growth and survival. It inhibits the PI3K/AKT signaling pathway while activating the MAPK pathway, thereby 
promoting apoptosis in cancer cells. Additionally, gallic acid disrupts β-catenin nuclear translocation and alters 
the Bax/Bcl-2 ratio in favor of apoptosis8,9. In breast cancer models, particularly breast cancer (MDA-MB-231 
cells) subtypes, gallic acid has shown specificity by inducing apoptosis and suppressing metastasis-associated 
markers such as matrix metalloproteinase-9 (MMP9)10,11. These findings highlight gallic acid’s potential as a 
targeted therapeutic agent against aggressive breast cancer phenotypes.

MDA-MB-231 is an aggressive and invasive triple-negative breast cancer cell line characterized by the absence 
of estrogen, progesterone, and HER2 receptors. It shows properties of epithelial-mesenchymal transition and has 
high metastatic potential, especially to bone, brain, and lungs. This cell line is extensively utilized in research 
focused on cancer progression, metastasis, and drug resistance.

MDA-MB-231 cells uncontrolled proliferation, evasion of suppressors, resistance to apoptosis, immortality, 
angiogenesis, invasion, metastasis, altered metabolism, and immune escape, driving tumor growth, progression, 
and therapeutic resistance. Gallic acid exerts anti-cancer effects in breast cancer by regulating critical signaling 
pathways such as PI3K/Akt and MAPK. It inhibits the PI3K/Akt pathway, reducing phosphorylation of 
key proteins, which suppresses metastasis-related factors like β-catenin and matrix metalloproteinases. 
Simultaneously, it activates MAPK pathways including JNK and p38, triggering increased reactive oxygen species 
and apoptosis, thereby hindering cancer cell proliferation and invasion. This multifaceted modulation ultimately 
promotes cell death and curbs tumor progression. The 2VCJ structure represents the Estrogen Receptor-α ligand-
binding domain, important in ER-positive breast cancer12. Natural compound genistein and resveratrol bind 
ER, altering gene activity and slowing growth. The Anti-ssDNA antibody Fab fragment structure is Bcl-2, an 
anti-apoptotic protein; curcumin and gossypol inhibit Bcl-2, restoring cell death13. 5OTE corresponds to HER2 
kinase, often overexpressed in aggressive breast cancer; EGCG and berberine inhibit HER2 signaling, reducing 
tumor growth and spread14. These phytochemicals target key breast cancer pathways, promoting apoptosis and 
blocking proliferation.

Despite the promising pharmacological properties of gallic acid and its presence in Ficus hispida fruits, 
scientific validation of the plant’s anticancer efficacy remains limited. Gallic acid is a natural phenolic acid 
found in various plants like gallnuts, tea leaves, and oak bark. It possesses antioxidant, anti-inflammatory, and 
antimicrobial properties. Gallic acid is widely studied for its role in protecting cells from oxidative damage 
and its potential therapeutic applications in health and disease. While preliminary studies have demonstrated 
cytotoxic effects of Ficus hispida extracts on cancer cell lines, comprehensive phytochemical characterization 
and mechanistic evaluations are lacking15,16. Furthermore, the synergistic interactions between gallic acid and 
other phytochemicals present in Ficus hispida remain unexplored. Understanding these interactions could 
pave the way for developing more effective plant-based therapies with enhanced therapeutic indices. This study 
addresses these research gaps by adopting an integrated approach combining phytochemical characterization 
with pharmacological evaluation.

Materials and methods
Ficus hispida fruit collection and identification
Ficus hispida was collected from the wild in Vaddeswaram, Andhra Pradesh, India (16.441554°N, 80.615216°E) 
on May 22, 2025, at 1:26 PM IST, following guidelines under Dr. K. Deepti’s supervision. Identification was 
confirmed by Prof. S. B. Padal, Department of Botany, Andhra University, by examining morphological traits 
against taxonomic literature. The specimen, verified as Ficus hispida (family Moraceae), was deposited in the 
Andhra University Herbarium (Code: AUV) with specimen number 25,599 (Fig. 1).
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Extraction hot continuous Extraction-Soxhlet
500 g of shade-dried Ficus hispida fruits was ground and placed in a filter paper thimble, which was loaded 
into chamber E of a Soxhlet apparatus. Ethyl acetate, chosen for its efficiency in dissolving a wide range of 
phytochemicals, was heated in flask A, vaporized, and condensed in condenser D before dripping onto the 
plant material. The extraction process relied on continuous solvent recycling, facilitated by a siphon mechanism 
that transferred liquid back to flask A once the chamber reached a specific level. This cyclic process thoroughly 
extracted bioactive compounds from the plant material. The procedure continued until a drop of solvent from 
the siphon tube evaporated without residue, indicating completion. The yield of extract is calculated by dividing 
the weight of the dried extract by the initial weight of the dried plant material, then multiplying by 100 to express 
it as a percentage. The resulting crude ethyl acetate extract, saturated with bioactive compounds, was carefully 
preserved for subsequent phytochemical analysis17,18.

Phytochemical analysis by using LC-MS analysis
The ethyl acetate extract underwent molecular weight analysis using an LC-MS/MS system (Shimadzu 8045) 
(12). The crude extract 0.2 mg was diluted to 1000 µL, vortexed immediately, and centrifuged at 10,000 rpm 
for 10 min. The supernatant was filtered through sterile syringe filters, and the filtrate was stored at 18 °C for 
phytochemical studies. 10 µL supernatant was injected. The mobile phases comprised 0.5% acetic acid (v/v) 
and pure methanol. The PDA detector (HPLC, 340 nm wavelength) operated with a column temperature of 
30 °C. The mass spectrometer used positive ionization mode, scanning 150–1000 m/z, with a capillary voltage of 
3.50 kV, cone voltage of 30 V, extractor voltage of 3 V, gas flow of 30 L/h, and collision gas flow of 0.18 ml/min.

Molecular docking
Compounds identified via LC-MS analysis were selected for in silico studies. Molecular docking simulations 
using AutoDock 4.2.6 investigated interactions between Gallic acid and breast cancer proteins (Estrogen 
Receptor Alpha - ERα, PDB ID: 1P7K-Anti-ssDNA antibody Fab fragment), Human Epidermal Growth Factor 
Receptor 2 (HER2, PDB ID: 2VCJ-Heat shock protein HSP90-alpha), and Progesterone Receptor (PR, PDB 
ID: 5OTE-Serine/threonine-protein kinase MRCK beta)19. Protein and ligand 3D structures were converted to 
pdbqt format, with hydrogens added to enhance flexibility20. A grid box (0.3 Å spacing) was positioned for 1P7K 
(53 × 47 × 58 Å), 2VCJ (32 × 14 × 20 Å) and 5OTE (19 × 1 × 18 Å), around each protein’s active site to capture 
ligand binding regions. The active site of the individual proteins was determined using PrankWeb server ​(​​​h​t​t​p​
s​:​/​/​p​r​a​n​k​w​e​b​.​c​z​/​​​​​) and re-verified using Proteins Plus (https://proteins.plus/) web-based tool. The Lamarckian 
Genetic Algorithm (LGA) optimized conformational sampling, employing 3 independent runs per target, each 
generating 50 docking solutions21. Parameters included a population size of 500, 2.5 million energy evaluations, 
and 27 generations. Simulations aimed to identify optimal Gallic acid binding conformations, analyzing affinity 
and interaction patterns to guide experimental validation. Results were stored for binding mode and energy 
analysis, supporting potential drug design strategies.

Molecular dynamics simulation
Molecular dynamics (MD) simulations were conducted using Desmond 2020.1 to evaluate the stability of a 
protein-ligand complex with gallic acid22. The system was set up with the OPLS-2005 force field and an explicit 
solvent model using SPC water molecules within a periodic boundary solvation box measuring 10 × 10 × 10 
Å³. Sodium ions (Na⁺) were added to neutralize the system’s electrical charge, and a solution of 0.15 M NaCl 
was introduced to mimic physiological conditions. The simulation protocol included an initial equilibration 
phase, where the protein-ligand complexes were restrained and subjected to a 10-nanosecond NVT ensemble, 
followed by a 12-nanosecond NPT ensemble for minimization and equilibration. During the production run, a 

Fig. 1.  Ficus hispida plant and fruits.
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simulation duration of 200 nanoseconds was employed with a time step of 2 femtoseconds. Temperature control 
was achieved using the Nose-Hoover chain coupling method, while pressure was maintained at 1 bar using the 
Martyna-Tuckerman-Klein barostat technique with a relaxation time of 2 picoseconds23. Long-range electrostatic 
interactions were calculated using the particle mesh Ewald method, and short-range Coulomb interactions were 
limited to a cutoff radius of 9 Å24. Bonded forces were computed using the RESPA integrator with a time step of 2 
femtoseconds. Several key parameters were analyzed to assess the stability of the MD simulations, including root 
mean square deviation (RMSD), radius of gyration (Rg), root mean square fluctuation (RMSF), and hydrogen 
bond count (H-bonds). These metrics provided valuable insights into the conformational stability, compactness, 
flexibility, and interaction persistence of the protein-ligand complex under near-physiological conditions25.

Binding free energy analysis
The molecular mechanics generalized Born surface area (MM-GBSA) method was employed to determine the 
binding free energies of ligand-protein complexes. Using the Python script thermal mmgbsa.py, energy values 
were derived from the simulation trajectory by applying the VSGB solvation model and OPLS5 force field. The 
analysis focused on the final 50 frames, utilizing a 1-step sampling size for computation26,27. The MM-GBSA 
binding free energy (kcal/mol) was calculated through additive contributions from distinct energy components, 
including Coulombic and van der Waals interactions, covalent bonds, hydrogen bonding, lipophilic effects, 
ligand/protein solvation energies, and self-contact corrections28. This approach systematically combines these 
thermodynamic terms to quantify molecular affinity. The equation used to calculate ΔGbind is the following:

	 ∆ Gbind = ∆ GMM + ∆ GSolv − ∆ GSA

Where.

•	 ΔGbind: Represents the total binding free energy, quantifying molecular interaction strength.
•	 ΔGMM: Derived from gas-phase energy differences between the ligand-protein complex and the isolated 

protein/ligand (electrostatic, van der Waals, covalent, and hydrogen bonding contributions).
•	 ΔGSolv: Reflects solvation energy changes, computed as the difference between the solvated complex and the 

sum of individually solvated protein and ligand.
•	 ΔGSA: Captures solvent-accessible surface area (SASA) effects, comparing surface energy changes between 

bound and unbound states.

In-vitro breast cancer activity of Gallic acid
The MDA-MB-231 triple-negative breast cancer cell line at passage 11, acquired from NCCS (Pune, India), 
was maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal 
bovine serum and antibiotics (penicillin 100 U/ml and streptomycin 100 µg/ml). The cells were cultured at 37 
°C in a humidified incubator with 5% CO₂. For cytotoxicity assessment, MTT reagent (5 mg/ml) was prepared 
by dissolving 50 mg powder in PBS, filter-sterilized using 0.45 μm membranes, and stored protected from light 
at 4 °C. Post-trypsinization, viable cells were quantified via hemocytometer and plated in 96-well plates at 10⁴ 
cells/well for 24-hour adhesion. Gallic acid treatments (5–25 µg/ml) were administered for 24 h, followed by 
MTT incubation (4 h) and formazan dissolution using DMSO. 0.1% DMSO was used as a control. Absorbance 
measurements at 540 nm enabled calculation of proliferation inhibition using the formula: Inhibition (%) = 
(Control OD − Treated OD/Control OD) × 100. IC50 values were determined through nonlinear regression of 
dose-dependent response graphs. Experimental protocols included triplicate independent trials for statistical 
robustness29,30.

Fluorescence microscopy for apoptosis detection in breast cancer cells
Apoptotic cell death in MDA-MB-231 breast cancer cells was assessed via fluorescence microscopy using 
Acridine Orange (AO) and Ethidium Bromide (EB) as per Baskic et al. (2006). AO permeates all cells, staining 
viable/nonviable cells green (binding dsDNA) or red (binding ssRNA), while EB selectively stains membrane-
compromised nonviable cells red (intercalating DNA). Cells were categorized into four types: viable (bright green, 
organized nuclei), early apoptotic (green nuclei with chromatin condensation), late apoptotic (orange-red nuclei 
with fragmented chromatin), and necrotic (uniform orange-red nuclei without condensation). For analysis, cells 
(5 × 10⁴/well in 6-well plates) were treated with gallic acid (15–20 µg/ml) for 24 h, detached, washed with 1% 
PBS, and stained with AO/EB (1:1 ratio, 100 µg/ml each) for 5 min. Fluorescent images (20× magnification) were 
captured immediately post-staining to evaluate chromatin morphology and viability status31.

DAPI staining for nuclear apoptosis assessment
Morphological changes in MDA-MB-231 cells were analyzed using a phase-contrast microscope (Zoe 
Fluorescent Cell Imager, Bio-Rad). Cells (5 × 10⁴/well in 6-well plates) were treated with gallic acid for 24 h, 
washed with PBS (pH 7.4), and observed for structural alterations. For nuclear analysis, cells were fixed with 
3% paraformaldehyde (10 min, room temperature), permeabilized with 0.2% Triton X-100 in PBS (10 min), 
and stained with 0.5 µg/ml DAPI (15 min, 37 °C, light-protected). Apoptotic nuclei, characterized by intense 
staining, chromatin condensation, or fragmentation, were visualized under fluorescence microscopy (Bio-Rad 
Zoe Imager)32.

Statistical analysis
Experiments were conducted in triplicate every time to ensure data accuracy and consistency. Statistical evaluation 
was performed using GraphPad Prism software. Both one-way ANOVA and the non-parametric Kruskal–Wallis 
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test were employed to analyze differences between groups. A 95% confidence level was established to determine 
the statistical significance of the results, enhancing the rigour and reliability of the findings. This comprehensive 
approach allowed for a thorough assessment of treatment effects and validation of conclusions.

Results and discussion
Phytochemical analysis of Ficus hispida Ethyl acetate extract by LC-MS
Ficus hispida ethyl acetate extract yields 80% by using the Soxhlet method. LC-MS analysis of the Ficus hispida 
ethyl acetate extract revealed the presence of several key phytochemicals, as indicated by their characteristic 
m/z values. Flavonoids, specifically Quercetin (m/z 302.33 ES+) and Kaempferol (m/z 284.26 ES+), were 
detected, aligning with previous reports of flavonoid content in Ficus species. These compounds are known 
for their antioxidant and anti-inflammatory properties. Phenolic acids were also identified, gallic acid (m/z 
169.14 ES-) and Caffeic acid (m/z 180.18 ES+). Gallic acid, a simple phenolic compound, contributes to the 
extract’s potential antioxidant activity, while caffeic acid is associated with various biological activities, including 
anticancer effects. Terpenoids such as Lupeol (m/z 434.48 ES+) and β-sitosterol (m/z 414.58 ES+) suggest 
potential triterpenoid and sterol content. Lupeol has demonstrated anti-inflammatory, anti-cancer, and anti-
angiogenic properties. β-sitosterol, a phytosterol, is known for its cholesterol-lowering and potential anticancer 
activities. The identification of Coumarins, namely Psoralen (m/z 137.10 ES-) and Bergapten (m/z 215.04 ES), is 
also notable. These compounds are known for their photosensitizing and potential anticancer effects (Table 1).

Molecular docking
The molecular docking analysis of Gallic acid with the 2VCJ-Heat shock protein HSP90-alpha protein, yielding 
a binding energy of -6.2  kcal/mol, suggests a moderately strong interaction, indicating potential biological 
relevance (Fig. 2A). The left panel of the image illustrates the three-dimensional conformation of the protein-
ligand complex, where the protein’s secondary structures-α-helices (blue and green), β-sheets (yellow), 
and loops (orange)-are distinctly represented, with Gallic acid (red) positioned within the binding pocket. 
The right panel highlights key interacting residues and their respective binding interactions. Conventional 
hydrogen bonds, crucial for ligand stabilization, are observed between Gallic acid and Asn A:137, while Met 
A:98 engages in a π-sulfur interaction, contributing to binding affinity. Additional π-alkyl interactions with Ala 
A:55 further stabilize the ligand, and van der Waals forces with residues like Ile A:91, Ser A:32, and Val A:186 
enhance molecular complementarity. The docking grid selection and interaction profile suggest that Gallic acid 
effectively binds within the pocket, forming stabilizing interactions predominantly through hydrogen bonding 
and hydrophobic contacts, which could be explored for further computational and experimental validation in 
drug design studies.

The docking analysis between 1P7K-Anti-ssDNA antibody Fab fragment and Gallic acid reveals a binding 
energy of −4.8  kcal/mol, indicating a moderate binding affinity. Several key interactions are observed: 
conventional hydrogen bonds (green dashed lines) are formed with TYR-175 and THR-110, contributing 
to ligand stabilization. van der Waals interactions (light green circles) involve GLU-148, SER-108, VAL-109, 
ALA-88, and VAL-89, enhancing overall binding. Pi-alkyl interactions (pink dashed lines) are observed 
between the ligand’s aromatic ring and PRO-41, which play a role in hydrophobic stabilization. Additionally, 
carbon-hydrogen bonds are present, further strengthening ligand affinity (Fig.  2B). The specific positioning 
and interactions suggest that the ligand is well accommodated within the binding pocket, with a combination 
of hydrogen bonding, hydrophobic interactions, and van der Waals forces contributing to the stability of the 
complex. This docking study provides insights into the potential mechanism of ligand binding. It highlights key 
residues that might be crucial for receptor-ligand recognition, which could be useful for further drug design and 
optimization.

The molecular docking results between the protein 5OTE-Serine/threonine-protein kinase MRCK beta and 
gallic acid reveal a binding energy of −5.6 kcal/mol, suggesting moderate binding affinity (Fig. 2C). The structural 
visualization highlights multiple key interactions stabilizing the ligand within the binding pocket. Conventional 
hydrogen bonds, depicted in green, form between gallic acid and residues such as ASP218, ASP154, GLU124, 
and LYS105, enhancing binding specificity. Pi interactions play a significant role in stabilizing the ligand, with 
Pi-sigma and Pi-sulfur interactions observed between the aromatic system of gallic acid and MET153, while 
Pi-alkyl interactions with hydrophobic residues such as ALA217 contribute further to stabilization. Van der 
Waals forces, though non-specific, are widely distributed across the pocket, involving residues such as LEU128, 

Phytochemical Class Compound m/z Value (ES+) m/z Value (ES-)

Flavonoids Quercetin 302.33 N/A

Flavonoids Kaempferol 284.26 N/A

Phenolic acids Gallic acid N/A 169.14

Phenolic acids Caffeic acid 180.18 N/A

Terpenoids Lupeol 434.48 N/A

Terpenoids β-sitosterol 414.58 N/A

Coumarins Psoralen N/A 137.10

Coumarins Bergapten N/A 215.04

Table 1.  Phytochemicals and corresponding m/z values in Ficus hispida Ethyl acetate extract.
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THR137, TYR155, LEU207, and PHE219, supporting the ligand in the binding site. Notably, unfavorable donor-
donor interactions (highlighted in red) suggest steric hindrances or repulsions within the binding cavity that 
might slightly impact binding efficiency. The combination of hydrogen bonding and hydrophobic interactions 
ensures a stable binding conformation, but the moderate binding energy suggests that gallic acid may act as a 
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weak to moderate inhibitor or modulator of 5OTE, warranting further refinement for potential optimization in 
drug design.

Molecular dynamics analysis of 2VCJ-Heat shock protein HSP90-alpha Gallic acid complex 
stability
A 200-ns molecular dynamics (MD) simulation was conducted to evaluate the structural stability and convergence 
of the 2VCJ-Heat shock protein HSP90-alpha protein complexed with gallic acid. The study revealed consistent 
conformational stability, with root mean square deviation (RMSD) values of 2.1 Å for the Cα-backbone and 3.2 Å 
for the ligand (Fig. 3A), both within acceptable thresholds for stable biomolecular systems. These low deviations 

Fig. 2.  (A) Molecular docking analysis of gallic acid with the protein 2VCJ-Heat shock protein HSP90-
alpha. (Left panel) The 3D structure of 2VCJ is shown in a ribbon representation, with beta-sheets in yellow, 
alpha-helices in blue, and loops in green. The protein surface is displayed in a semi-transparent white overlay, 
highlighting the binding pocket. Gallic acid, the docked ligand, is represented in red, positioned within the 
active site. (Right panel) A 2D interaction diagram of gallic acid with key amino acid residues of 2VCJ. (B) 
The image represents a molecular docking result, depicting the interaction between a ligand and a protein. 
The left panel shows the 3D structure of a protein in a ribbon format with a surface representation, where 
the ligand is bound within the active site, highlighted in red. The protein structure is colored in a rainbow 
gradient, suggesting secondary structural elements such as beta-sheets (arrows) and alpha-helices (coils). The 
right panel presents a 2D interaction diagram of the ligand, illustrating its interactions with specific amino acid 
residues.(C) Molecular docking interaction analysis of gallic acid with 5OTE-Serine/threonine-protein kinase 
MRCK beta. The left panel displays the 3D representation of the protein-ligand complex, where 5OTE-Serine/
threonine-protein kinase MRCK beta is shown as a ribbon model with secondary structures colored (blue, 
green, yellow, and orange), and the molecular surface in white. Gallic acid is represented as a red stick model 
within the binding pocket. The right panel provides a 2D schematic of ligand interactions with surrounding 
residues.

◂

Fig. 3.  A 200-nanosecond molecular dynamics simulation was conducted for the 2VCJ-Heat shock protein 
HSP90-alpha gallic Acid complex. (A) The RMSD plot displays the structural deviations, with the black line 
representing the protein and the red line indicating the ligand. (B) The RMSF graph shows the fluctuations of 
the Cα backbone of the protein when bound to the ligand. (C) The radius of gyration (Rg) plot illustrates the 
compactness of the Cα backbone in the protein-ligand complex. (D) The number of hydrogen bonds formed 
between the protein and ligand throughout the simulation is also presented.
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suggest robust ligand-protein binding and equilibrium attainment. Root mean square fluctuation (RMSF) 
analysis showed minimal residue displacements (< 3 Å) across the protein (Fig. 3B), indicating rigid tertiary 
structure maintenance in the ligand-bound state. Compactness metrics derived from the radius of gyration (Rg) 
revealed a moderate reduction from 17.0 Å to 16.9 Å (Fig. 3C), consistent with structural tightening upon ligand 
interaction. Hydrogen bond analysis demonstrated persistent formation of two intermolecular bonds over the 
simulation (Fig. 3D), reinforcing the complex’s thermodynamic stability. Collectively, these metricsstable RMSD 
trajectories, low residue flexibility, enhanced compactness, and sustained hydrogen bonding validate the high-
affinity interaction between gallic acid and the 2VCJ-Heat shock protein HSP90-alpha binding site, underscoring 
the complex’s suitability for further pharmacological exploration.

Molecular mechanics generalized born surface area (MM-GBSA) calculations
Using the MD simulation trajectory, the binding free energy and its individual energy components were 
calculated for the 2VCJ-Heat shock protein HSP90-alpha gallic acid complex via the MM-GBSA method. 
As shown in Table  2, the primary factors contributing to the overall binding free energy (ΔGbind) and the 
stability of the complex were the Coulombic (ΔGbindCoulomb), van der Waals (ΔGbindvdW), and lipophilic 
(ΔGbindLipo) interactions. At the same time, ΔGbindCovalent and ΔGbindSolvGB contributed to the instability 
of the corresponding complexes. The 2VCJ-Heat shock protein HSP90-alpha bound to the gallic acid complex 
showed comparatively higher binding free energy. These findings highlight the potential of gallic acid in 
association with 5UGB-Serine/threonine-protein kinase MRCK beta, demonstrating its effective binding to the 
target protein and its capacity to form stable protein-ligand complexes.

In-vitro breast cancer activity of Gallic acid
Gallic acid demonstrated potent dose-dependent anti-breast cancer activity in MDA-MB-231 cells, with 
cell viability decreasing from 84.88% ± 3.78 at 5 µg/ml to 19.72% ± 1.74 at 25 µg/ml, compared to untreated 
controls (100% viability). The half-maximal inhibitory concentration (IC₅₀) derived from dose-response curves 
fell between 15 µg/ml (56.19% viability) and 20 µg/ml (34.80% viability), indicating strong cytotoxic effects. 
Low standard deviations (< 4%) across triplicate experiments underscore the reproducibility of these results, 
supporting gallic acid’s potential as a therapeutic candidate for triple-negative breast cancer (Figs. 4 and 5). 
Figure 5, a photomicrograph (20× magnification), illustrates morphological changes in MDA-MB-231 cells 
induced by gallic acid treatment at 15 µg/ml and 20 µg/ml concentrations for 24 h. Observed alterations include 
cell shrinkage, detachment, membrane blebbing, and distorted shapes, as compared to the control group, which 
exhibited normal intact cell morphology. Images were captured using a Bio-Rad Fluorescent Microscope. 
Phytochemicals inhibit cancer cell growth through multiple mechanisms, including induction of apoptosis, cell 
cycle arrest, and suppression of angiogenesis. Compounds like curcumin and epigallocatechin gallate (EGCG) 
disrupt mitochondrial function, activate caspases, and modulate pro- and anti-apoptotic proteins, facilitating 
cancer cell death. They also interfere with key signaling pathways such as PI3K/AKT, NF-κB, and MAPK, which 
are crucial for cell proliferation and survival. Phytochemicals like sulforaphane target cancer stem cells, reducing 
tumor recurrence. By simultaneously acting on various molecular targets, phytochemicals offer a multifaceted 
approach to inhibiting cancer progression with reduced toxicity compared to conventional therapies33.

Fluorescence microscopy for apoptosis detection in breast cancer cells
MDA-MB-231 cells exposed to gallic acid (15–20 µg/ml for 24 h) and stained with AO/EB exhibited clear signs 
of apoptosis at various stages. Live cells showed green fluorescence and maintained normal nuclear structure. In 
contrast, early apoptotic cells appeared yellow, indicating chromatin condensation and nuclear fragmentation. 
Late apoptotic cells emitted orange-red fluorescence, signifying extensive chromatin degradation and 
compromised membrane integrity (Fig. 6). These findings demonstrate gallic acid’s dose-dependent induction of 
apoptosis, characterised by progressive nuclear disintegration and membrane damage, aligning with its observed 
cytotoxic effects in viability assays (IC₅₀ ~15–20 µg/ml). The clear differentiation of apoptotic stages underscores 
the compound’s potential to trigger programmed cell death in triple-negative breast cancer cells.

Gallic Acid and Control (24 h).
3.7. DAPI-based nuclear apoptosis assessment in MDA-MB-231 breast cancer cells treated with gallic 

acid versus untreated controls (24 h).

Energies (kcal/mol) 2VCJ bound to GALLIC ACID

ΔGbind −58.45

ΔGbind Lipo −26.22

ΔGbind vdW −14.45

ΔGbind Coulomb 16.65

ΔGbind Hbond −4.01

ΔGbind SolvGB 48.23

ΔGbind Covalent 2.09

ΔGbind Packing −6.99

Table 2.  Binding free energy components for the 2VCJ-Heat shock protein HSP90-alpha bound to Gallic acid 
calculated by MM-GBSA.
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The Fig. 7 presents DAPI-stained MDA-MB-231 breast cancer cells exposed to gallic acid at concentrations 
of 30  µg/ml and 40  µg/ml for 24  h, in comparison with untreated controls. Control cells display intense 
blue fluorescence, reflecting intact nuclei and normal cellular structure. In contrast, gallic acid-treated cells 
demonstrate a noticeable decline in cell density along with prominent nuclear fragmentation, with fluorescence 
progressively weakening as the concentration increases. At 40  µg/ml, marked chromatin condensation and 
pronounced nuclear disintegration are observed, indicative of advanced apoptotic changes. These results clearly 

Fig. 5.  Morphological changes in control and gallic acid-treated Breast Cancer (MDA MB231) cells for 24 h.

 

Fig. 4.  Breast cancer (MDA-MB-231) cells viability. The results are statistically significant, and the p-value is 
less than 0.05.
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suggest that gallic acid induces apoptosis in MDA-MB-231 cells in a concentration-dependent manner by 
promoting nuclear damage and cell death.

Phytochemicals have garnered significant attention for their therapeutic potential against breast cancer, with 
recent studies highlighting their ability to target multiple signaling pathways involved in cancer progression. 
For example, curcumin, a polyphenol derived from Curcuma longa, exerts anticancer effects by modulating 
pathways such as NF-κB, PI3K/AKT/mTOR, and Wnt/β-catenin, leading to apoptosis induction and inhibition 
of tumor growth34. Quercetin, found abundantly in fruits and vegetables, has shown potential to regulate 
proliferation and promote apoptosis in breast cancer cells35. Sulforaphane, an organosulfur compound from 
cruciferous vegetables, effectively targets breast cancer stem cells, reducing their self-renewal and sensitizing 
them to chemotherapy. Resveratrol, present in grapes, inhibits vascular endothelial growth factor (VEGF)-
mediated angiogenesis, limiting tumor blood supply and growth36. Epigallocatechin gallate (EGCG) from green 
tea also demonstrates anti-proliferative and pro-apoptotic properties through multiple molecular mechanisms. 
These phytochemicals exhibit lower toxicity than conventional therapies and hold promise for integration as 
complementary treatments.

Conclusion
The study highlights the phytochemical composition, molecular interactions, and anticancer potential of Ficus 
hispida ethyl acetate extract, focusing on gallic acid. LC-MS analysis identified key bioactive compounds, 
including flavonoids, phenolic acids, terpenoids, and coumarins, which exhibit antioxidant, anti-inflammatory, 
and anticancer properties. Molecular docking studies revealed moderate to strong binding affinities of gallic 
acid with target proteins (e.g.,2VCJ), supported by hydrogen bonding and hydrophobic interactions. Molecular 
dynamics simulations confirmed the stability of protein-ligand complexes, with favorable binding free energy 
values from MM-GBSA calculations. In vitro experiments demonstrated gallic acid’s potent cytotoxicity 
against MDA-MB-231 breast cancer cells, with an IC₅₀ of 15–20  µg/ml. Microscopic analysis confirmed 
apoptosis induction through nuclear fragmentation and membrane damage. These findings underscore the 
therapeutic potential of gallic acid as a candidate for triple-negative breast cancer treatment. Further in vivo, 
pharmacodynamics and pharmacokinetics will help to optimize its efficacy and explore clinical applications.

Fig. 7.  DAPI-based nuclear apoptosis assessment in MDA-MB-231 breast cancer cells treated with gallic acid 
versus untreated controls (24 h).

 

Fig. 6.  Apoptotic Staining of MDA-MB-231 Breast Cancer Cells Treated with.
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