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Purpose: Triple-negative breast cancer (TNBC) is an aggressive breast cancer subtype with limited targeted treatment options.
Doxorubicin remains a cornerstone of TNBC treatment; however, its molecular effects beyond canonical cytotoxic mechanisms are not
fully characterized. This study aimed to explore NF-kB- and HIF-la-related transcriptional responses associated with doxorubicin
treatment in TNBC cells using an integrative computational and experimental approach, in line with global cancer research priorities
supporting Sustainable Development Goal (SDG) 3: Good Health and Well-Being.

Methods: Network pharmacology analysis, molecular docking, and molecular dynamics simulations were employed to explore
potential pathway-level associations of doxorubicin with NF-«B and HIF-1o-related signaling. In vitro validation was performed using
MTT cytotoxicity assays in MDA-MB-231 cells cultured in DMEM and RPMI-1640 media. Half-maximal inhibitory concentrations
(ICsp) were determined using four-parameter logistic regression. Transcriptional responses of NF-kB and HIF-1a were evaluated by
RT-qPCR under normoxic conditions.

Results: Computational analyses suggested potential associations between doxorubicin and components of NF-xB and HIF-1o-related
signaling pathways. In vitro assays demonstrated concentration-dependent cytotoxicity, with ICso values of 2.34 uM (95% CI:
2.11-2.74) in DMEM and 1.07 pM (95% CI: 0.92-1.32 uM) in RPMI-1640. RT-qPCR analysis revealed downregulation of NF-xB
and HIF-1a mRNA expression following doxorubicin treatment. These findings indicate transcriptional modulation associated with
doxorubicin exposure, without establishing functional pathway inhibition.

Conclusion: This study provides transcriptional-level evidence suggesting the involvement of NF-kB— and HIF-1o-related pathways
in the cellular response of TNBC cells to doxorubicin treatment. By integrating computational predictions with early experimental
validation, the findings generate biologically plausible hypotheses for further mechanistic and functional investigations, contributing to
foundational cancer research efforts aligned with SDG 3 (Good Health and Well-Being).

Keywords: doxorubicin, HIF-1a inhibition, molecular docking, NF-kB inhibition, quantitative PCR, triple-negative breast cancer,
SDG 3, good health and well-being

Introduction

Triple negative breast cancer (TNBC) represents approximately 15-20% of all breast cancers and is characterized by the
absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2)
expression.! This molecular profile limits treatment options, as these tumors do not respond to hormonal or HER2-
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targeted therapies, leaving chemotherapy as the primary systemic treatment option.* Doxorubicin remains a cornerstone
in TNBC treatment despite its dose-limiting cardiotoxicity and the development of resistance.*

Among the molecular pathways implicated in TNBC progression, nuclear factor kappa B (NF-kB) and hypoxia-
inducible factor-1 alpha (HIF-1a) have been extensively studied.”® Constitutive activation of NF-kB has been associated
with cell survival, inflammation, and metastatic behavior,® while HIF-1a plays a central role in hypoxia adaptation,
angiogenesis, and metabolic reprogramming.” Importantly, accumulating evidence suggests functional cross-talk between
these pathways, which may contribute to aggressive tumor phenotypes and therapy resistance.”'® This cross-talk involves
shared molecular regulators, including transcriptional co-activators such as p300/CBP and co-regulation of downstream
targets related to inflammation and angiogenesis (eg, VEGF and IL-8), which have been implicated in TNBC progression
and therapeutic resistance.'"'* While doxorubicin’s primary mechanism of action involves DNA intercalation and
topoisomerase II inhibition, emerging studies indicate that its cellular effects may extend beyond these canonical
mechanisms.'* Several studies have indicated that doxorubicin may modulate key signaling pathways beyond its
canonical cytotoxic mechanisms.'>™'7 While doxorubicin has been reported to modulate NF-kB and HIF-1a activity in
various cancer contexts, including paradoxical activation or suppression depending on experimental conditions, its
coordinated involvement in NF-kB- and HIF-lo-related responses within a TNBC-specific framework has not been
systematically explored.'*'®!'” However, the broader pathway-level responses associated with doxorubicin treatment in
TNBC remain incompletely characterized, limiting opportunities to optimize treatment strategies and better understand
resistance mechanisms.

Network pharmacology, an integrative approach combining systems biology and computational drug discovery, has
emerged as a powerful tool for exploring drug—target and drug—pathway relationships.?® This methodology enables the
systematic integration of multi-source biological data to generate hypotheses regarding potential pathway-level drug
effects, particularly in complex diseases such as cancer.?"* In this study, we employed a targeted network pharmacology
framework, complemented by molecular modeling and transcriptional analysis, to explore NF-kB- and HIF-1a-related
responses associated with doxorubicin treatment in TNBC cells. Rather than establishing definitive mechanistic inhibi-
tion, this approach aims to link computational predictions with early experimental evidence, providing a foundation for
future mechanistic and functional investigations.

Material and Methods

Materials

Human TNBC cell line MDA-MB-231 (DKFZ, Germany), RPMI-1640 medium (Sygma-Aldrich), DMEM High Glucose
Medium (Sygma-Aldrich), FBS, Penicillin-streptomycin (Sygma-Aldrich), PBS, trypsin EDTA, Quick-RNA™ Miniprep
Kit (Zymo Research), SensiFast SYBR no-ROX kit (Bioline), SensiFast cDNA synthesis kit (Bioline), absolute ethanol.
In silico studies were performed on a dedicated workstation running Ubuntu 20.04 LTS with an Intel® Core™ i9-
12900KF processor (24 cores at 3.6 GHz), 32 GB RAM, and an NVIDIA RTX 4060 GPU with 16 GB VRAM.

Methods

Network Pharmacology Study

Novel targets of doxorubicin for TNBC treatment were identified using a targeted network pharmacology approach as
described by Sadaqa et al (2025).>> The methodology commenced with comprehensive gene mining for doxorubicin
targets across three established databases: SuperPRED, SwissTargetPrediction, and Sea Target Prediction. TNBC-
associated genes were simultaneously retrieved from the Human Gene Cards database. All identified genes underwent
standardization through the UniProt database, followed by cross-matching analysis between doxorubicin and TNBC gene
sets using the Venny 2.0 platform. Protein-protein interaction (PPI) networks were subsequently constructed using the
STRING database (https://string-db.org), with network visualization and topological parameter analysis performed in

Cytoscape 3.10.1. The core targets identified through this analysis were then subjected to comprehensive pathway
enrichment and biological process analyses using ShinyGO 0.80 (http://bioinformatics.sdstate.edu/go/). All enrichment

analyses maintained rigorous statistical standards with a false discovery rate (FDR) threshold of 0.05.
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Molecular Docking Study

Initial validation of doxorubicin potential against network pharmacology analysis results was conducted through
molecular docking using Autodock 4.2 integrated with the Autodock Tools interface.”**> The methodology encompassed
systematic preparation of both macromolecular structures and ligands, with crystal structures of NF-kB, HIF-1a, TNF-a,
EGFR, ERBB2, HSP90, STAT3, and p53 obtained from the Protein Data Bank using PDB identifiers 4DNS5, 3KCX,
7JRA, 6DUK, 7JXH, 5H22, 6NUQ, and 4IPF, respectively. The three-dimensional structure of doxorubicin was retrieved
from the PubChem database (PubChem CID: 31703). Macromolecular crystal structures underwent comprehensive
preparation using Biovia Discovery Studio Visualizer client 2022 to eliminate water molecules, ligands, and heteroatoms
from the original crystallographic data. Concurrently, the doxorubicin structure was optimized through molecular
mechanics calculations employing the MMFF94 force field and steepest descent algorithms to achieve energetically
favorable conformations. Both macromolecules and doxorubicin were subsequently imported into Autodock Tools for
advanced preparation procedures, including addition of polar hydrogen atoms to macromolecular structures and config-
uration of structural flexibility parameters for doxorubicin. The molecular docking site was precisely defined at the active
sites of target macromolecules, following native ligand coordinates with careful gridbox adjustments to encompass the
entire active site region. The docking simulation employed genetic algorithm methodology with one hundred independent
runs and Lamarckian genetic algorithm parameters for output generation. Optimal conformations were selected based on
binding affinity scores and subsequently analyzed for detailed molecular interactions using Biovia Discovery Studio
Visualizer client 2022 to elucidate binding mechanisms and interaction patterns between doxorubicin and target proteins.

Molecular Dynamic Simulation

Molecular dynamics simulations were conducted using the GROMACS 2024.3 software package?® to investigate protein-
ligand interactions under physiological conditions, with system parameterization employing the CHARMM36m force
field for protein components and the CHARMM General Force Field (CGenFF) for ligand structures. System preparation
was conducted using CHARMM-GUI input generator,?’ involving solvation within an octahedral TIP3P water box with
sodium and chloride ions added for electrical neutrality and physiological ionic condition replication, followed by
systematic energy minimization to resolve steric clashes and equilibration phases under constant volume and constant
pressure ensemble conditions to establish system stability. Temperature regulation was maintained at 310 K using the
velocity rescaling thermostat to reflect human physiological conditions, while pressure control was achieved at 1 atm
using the Parrinello-Rahman barostat, with long-range electrostatic interactions calculated through the Particle Mesh
Ewald algorithm for computational accuracy. Production molecular dynamics simulations were executed for 50 nanose-
conds to capture conformational dynamics and binding behaviors, followed by comprehensive trajectory analysis
evaluating root mean square deviation (RMSD) for structural stability, root mean square fluctuation (RMSF) for flexible
region identification, solvent-accessible surface area (SASA) for hydrophobic interaction examination, radius of gyration
(Rg) for compactness monitoring using native GROMACS analysis tools and MM-PBSA/MM-GBSA for binding energy
calculation, with structural visualization and trajectory inspection accomplished through ChimeraX 2024.10.29 and
Biovia Discovery Studio software 2022 platforms.

Cell Culture

The human triple-negative breast cancer (TNBC) cell line MDA-MB-231 was cultured in either Dulbecco’s Modified
Eagle Medium (DMEM) High Glucose (D6429 HG, Sigma-Aldrich) or Roswell Park Memorial Institute (RPMI)-1640
(R8758, Sigma-Aldrich) medium, each supplemented with 10% fetal bovine serum (FBS) (F7524, Sigma-Aldrich) and
1% penicillin—streptomycin (P433, Sigma-Aldrich). The use of both DMEM and RPMI-1640 media was intentionally
designed as an exploratory comparison to reflect commonly used culture conditions for MDA-MB-231 cells and to
account for potential medium-dependent variability in cellular responses to doxorubicin. Previous work has shown that
different cell culture media can strongly influence gene expression profiles in MDA-MB-231 cells, indicating that
medium composition itself can impact cellular phenotypes and experimental outcomes (eg, differential expression of
thousands of genes across DMEM and RPMI-1640).® The MDA-MB-231 cells were obtained from Dr Thordur
Oskarsson (DKFZ, Germany) and approved for use by the Ethics Committee of Universitas Padjadjaran (No. 265/
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UN6.KEP/EC/2025). Cells were maintained at 37°C in a humidified incubator with 5% CO,. Upon reaching 80-90%
confluency, cells were washed with phosphate-buffered saline (PBS) and detached using trypsin—~EDTA (T3924, Sigma-
Aldrich) for use in subsequent experiments.

In vitro Cytotoxic Assay

The cytotoxic effects of doxorubicin were evaluated using the MTT assay. MDA-MB-231 cells were seeded at a density
of 1 x 10* cells per well in 96-well plates containing 200 pL of complete DMEM High Glucose or RPMI-1640 medium.
Plates were incubated at 37°C in 5% CO, for 24 h to allow for cell adherence. Cells were then treated with seven
concentrations of doxorubicin (0.5-5 pM), while untreated cells served as negative controls, and incubated for an
additional 72 h under the same conditions. Cell viability was determined by adding 100 pL of fresh DMEM High
Glucose or RPMI-1640 medium containing 10 pL of MTT reagent (Invitrogen™™) to each well, followed by a 3 h incuba-
tion at 37°C. Absorbance was measured at 550 nm using a microplate reader connected to a computer for data
acquisition. All experiments were performed in triplicate in at least three independent biological replicates.

RT-qPCR Analysis

NF-xB and HIF-la mRNA expression levels were quantified by reverse transcription quantitative polymerase chain
reaction (RT-qPCR) to assess transcriptional changes following treatment. MDA-MB-231 cells were treated with
doxorubicin at concentrations of 0.125, 0.25, and 0.5 uM for 72 hours prior to RNA extraction, based on the cytotoxicity
profiling results. Total RNA was extracted from cells using the Quick-RNA™ Miniprep Kit (R1057, Zymo Research)
following the manufacturer’s protocol. Complementary DNA (cDNA) was synthesized using the SensiFast cDNA
Synthesis Kit (BIO-65053, Bioline Reagents Ltd). Quantitative PCR amplification was performed with the SensiFast
SYBR No-ROX detection system (BIO-98005, Bioline Reagents Ltd.) on a real-time thermal cycler. Each reaction was
carried out in technical duplicates. The thermal cycling protocol included an initial polymerase activation at 95°C for
2 min, followed by 40 cycles of denaturation at 95°C for 5 s and annealing/extension at 55-65°C for 20 s, with annealing
temperatures optimized for each primer pair. GAPDH was used as the internal reference gene to normalize RNA input
and reverse transcription efficiency. Relative gene expression was calculated using the comparative Ct (2°—AACt)
method. Technical duplicates were performed for each biological replicate. The complete sequences of genes are
summarized in Table 1.

Data Analysis
Absorbance values from the MTT assay were normalized to untreated controls to calculate percentage cell viability.
Dose-response curves were generated, and half-maximal inhibitory concentration (ICsy) values were determined using
GraphPad Prism version 10.3.1 (GraphPad Software, San Diego, CA, USA) by fitting the data to a four-parameter
logistic (4PL) non-linear regression model (variable slope). ICso values are reported together with their 95% confidence
intervals (CI) derived from the model.”

For RT-qPCR analysis, quantitative data are presented as mean = standard deviation (SD) calculated from three
independent samples per group obtained within a single biological experiment. Technical duplicates were averaged prior

Table | Primer Sequences for RT-qPCR Analysis

Name Primer | Sequence

NF-xB Forward | 5 -GCAGCACTACTTCTTGACCACC-3'

Reverse | 5 -TCTGCTCCTGAGCATTGACGTC-3'

HIF-la Forward | 5 -TATGAGCCAGAAGAACTTTTAGGC-3'

Reverse | 5 -CACCTCTTTTGGCAAGCATCCTG-3’

GAPDH | Forward | 5’ -CATCAGCAATGCCTCCTGC-3'

Reverse | 5’ -ATGGACTGTGGTCATGAGTCC-3'
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to statistical analysis. ICsy values were derived from nonlinear regression analysis and are reported together with their
95% confidence intervals. Statistical comparisons between groups were performed using one-way ANOVA followed by
Tukey’s post hoc test, with p < 0.05 considered statistically significant.

Results

Network Pharmacology

The research findings present a comprehensive molecular characterization of triple-negative breast cancer (TNBC)
therapeutic targets through systematic bioinformatics analysis. The cross-matching procedure between doxorubicin-
associated genes and TNBC-specific genes yielded 103 overlapping molecular targets. The subsequent application of
topological network analysis algorithms identified ten core genes that demonstrate high connectivity and centrality within
the molecular interaction network, as presented in Figure 1. These genes include established oncological markers such as
TP53 (tumor suppressor p53), TNF (tumor necrosis factor), EGFR (epidermal growth factor receptor), and STAT3 (signal
transducer and activator of transcription 3), alongside metabolic regulators including ALB (albumin) and molecular
chaperones HSP90OAA1 and HSP90ABI. The identification of these core genes highlights their potential roles in cellular
homeostasis and dysregulated signaling processes associated with TNBC. The presence of both oncogenes and tumor
suppressors within this core set reflects the complexity of regulatory networks involved in TNBC development and
progression.

The KEGG pathway enrichment analysis revealed significant involvement of the core genes in cancer-related
signaling pathways associated with TNBC-related biological processes (Figure 2A). Among these, the proteoglycan
signaling pathway was identified, consistent with the known roles of proteoglycans as components of the tumor
microenvironment that influence cell-matrix interactions and growth factor availability. Complementing this finding,
the enrichment of HIF-1a pathway components indicates the importance of hypoxic responses in TNBC biology, which
proves particularly relevant given the aggressive nature and poor vascularization often observed in these tumors. In
addition, enrichment of the PI3K-Akt signaling pathway was detected, a pathway frequently reported to be dysregulated
in various cancers. However, the analysis also revealed unexpected involvement of the core genes in non-oncological
pathways, specifically Th17 cell differentiation and lipid metabolism pathways associated with atherosclerosis. This
finding suggests broader biological roles for these molecular targets beyond cancer biology. The Th17 cell differentiation

(A) (B)

Degree
Node fill color

1.0 20.0 41.0 57.0 71.0

Figure | Protein-protein interaction network (A) and the core genes (B) related to TNBC. The color shift from yellow to purple indicating the shift of degree of
connectivity.
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Figure 2 Enrichment analysis. (A) KEGG pathway, (B) gene ontology biological process, and (C) doxorubicin-genes-pathways network.

pathway involvement indicates potential immunological components in TNBC pathogenesis, which aligns with emerging
understanding of immune system contributions to cancer development and progression.

The Gene Ontology biological process analysis (Figure 2B) identified enrichment of the core genes in several
biological processes related to cellular regulation. Their involvement in signal transduction processes confirms their
function as critical communication nodes within cellular networks, facilitating the transmission of molecular information
essential for coordinated cellular responses. Building upon this foundational role, their participation in cellular develop-
ment processes suggests their importance in maintaining proper cellular differentiation programs, the disruption of which
represents a fundamental hallmark of cancer pathogenesis and contributes to the loss of normal cellular identity observed
in malignant transformation. Most significantly, the involvement of these genes in apoptotic regulation indicates their
crucial roles in controlling programmed cell death pathways, a process that maintains tissue homeostasis under normal
physiological conditions. Since dysregulation of apoptosis represents a fundamental characteristic of cancer cells that
enables their survival and proliferation despite cellular damage, the identification of multiple core genes involved in these
processes suggests that apoptosis-related pathways may warrant further investigation in the context of TNBC. The
complete network of doxorubicin-genes-pathway is presented in Figure 2C.

Molecular Docking

Initial validation of doxorubicin’s binding potential against the identified core targets was conducted through validated
computational molecular docking analysis (Figure 3). This approach provided quantitative assessment of drug-target
interactions by calculating binding free energy values, which serve as indicators of molecular affinity and binding
stability. The comparative analysis presented in Table 2 demonstrates the binding free energy profiles of doxorubicin
against each target protein, with corresponding native ligand values included as reference standards. The molecular
docking results revealed heterogeneous binding affinities across the target protein panel, with doxorubicin exhibiting
binding free energy values spanning from —5.53 kcal/mol to —12.06 kcal/mol. This range indicates variable degrees of
molecular recognition and binding stability depending on the specific protein target. Notably, doxorubicin demonstrated
favorable binding affinity for NF-kB and HIF-1a, achieving binding free energy values of —9.82 kcal/mol and —7.84 kcal/
mol, respectively, both of which exceeded the binding energies of their corresponding native ligands.
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NF-KB HIF-1A TNF-a EGFR
(RMSD: 1.01A) (RMSD: 0.53A) (RMSD: 1.26 A) (RMSD: 0.68 A)

ERBB2 HSP90 STAT3 p53
(RMSD:1.80A) (RMSD:0.46 A) (RMSD:1.74 A) (RMSD: 1.17 A)

Figure 3 Validation of molecular docking protocol through RMSD analysis. Superimposition of the native (reference) ligand and the re-docked ligand poses for NF-kB, HIF-
IA, TNF-0, EGFR, ERBB2, HSP90, STAT3, and p53 targets. The calculated RMSD values ranged from 0.46 to 1.80 A, indicating good agreement between the docked and
native conformations. RMSD values below 2.0 A confirm the reliability and accuracy of the docking protocol applied in this study.

The enhanced binding affinity of doxorubicin for NF-kB stems from distinctive intermolecular interaction patterns
within the protein’s active site. Detailed interaction analysis, as presented in Figure 4, reveals that doxorubicin primarily
engages the target protein through hydrogen bonding mechanisms, establishing seven discrete hydrogen bonds with
critical amino acid residues including Asp 519, Leu 406, Lys 429, Ser 410, and Lys 517. This hydrogen bond-dominant
interaction profile contrasts markedly with the native ligand’s more diverse binding mechanism. The native ligand
establishes a complex interaction network encompassing multiple binding modalities: pi-alkyl interactions with Ala 427
and Leu 406, pi-sigma interactions with Leu 522 and Val 414, pi-sulfur interactions with Met 469 and His 537, and
electrostatic attractive charge interactions with Lys 429, Asp 534, and Asp 515. Despite this interaction diversity, the
native ligand demonstrates inferior overall binding affinity. Significantly, doxorubicin exhibits unique pi-anion

Table 2 Docking Score of Doxorubicin Against Core

Targets
Macromolecules | Binding Free Energy (kcal/mol)
Doxorubicin Native Ligand

TP53 —5.53 —8.36

TNF -9.01 —-12.86

EGFR —12.06 -19.33

ERBB2 —8.84 —-11.50

STAT3 -7.93 -11.29

NF-KB -9.82 -9.42

HIF-1A —7.84 —5.89

HSP90 -8.71 —-10.09
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Figure 4 Molecular interaction of (A) native ligand and (B) doxorubicin with amino acid residues in NF-KB binding pocket.

interactions absent in the native ligand binding profile, contributing additional stabilization energy to the drug-protein
complex and providing a structural basis for the observed binding affinity differences.

The molecular interaction profile between doxorubicin and HIF-1a demonstrates both quantitative and qualitative
advantages compared to native ligand binding. Figure 5 illustrates that doxorubicin establishes six hydrogen bond
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Figure 5 Molecular interaction of (A) native ligand and (B) doxorubicin with amino acid residues in HIF-1A binding pocket.
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interactions with amino acid residues Ser 184, His 279, Asp 201, Gln 239, Phe 100, and Gln 147. This extensive
hydrogen bonding network represents a fundamental advantage, as the native ligand completely lacks hydrogen bond
interactions within the HIF-la active site. Beyond hydrogen bonding, doxorubicin forms three pi-sigma interactions
specifically involving Trp 296 and Leu 186 residues, quantitatively surpassing the native ligand’s two pi-sigma
interactions. While both compounds demonstrate equivalent pi-pi T-shaped interaction frequencies, their binding
mechanisms diverge significantly in interaction type distribution. The native ligand predominantly relies on pi-alkyl
interactions for protein binding stabilization, whereas doxorubicin achieves binding through the more energetically
favorable combination of hydrogen bonds and pi-sigma interactions. This mechanistic distinction provides structural
rationale for doxorubicin’s superior binding affinity toward HIF-la. The predominance of hydrogen bonding and
optimized pi-sigma interactions creates more stable drug-protein complexes with lower dissociation rates, which may
contribute to increased complex stability and support further investigation of these interactions in biological contexts.

Molecular Dynamic Simulation

Further evaluation of doxorubicin’s binding affinity toward NF-«xB and HIF-la was conducted through molecular
dynamics (MD) simulations to comprehensively evaluate the structural characteristics, stability profiles, and conforma-
tional flexibility of the formed doxorubicin-protein complexes. The MD simulations provided dynamic insights into
protein-drug interactions under physiological conditions, offering temporal resolution of binding behavior over extended
time scales. Figure 5 presents the comprehensive dynamic behavior of doxorubicin-NF-«B and doxorubicin-HIF-1a
complexes throughout a 50-nanosecond simulation period, revealing distinct stability patterns and structural character-
istics for each complex.

Root Mean Square Deviation (RMSD) analysis demonstrated differential stability profiles between the two drug-
target complexes, as illustrated in Figure 6A. The doxorubicin-NF-kB complex exhibited greater structural stability
compared to the doxorubicin-HIF-1a complex throughout the entire simulation trajectory. Specifically, the doxorubicin-
HIF-1a complex displayed considerable RMSD fluctuations during the 50-nanosecond simulation period, with pro-
nounced structural deviations occurring particularly at the 20-nanosecond and 40-nanosecond time points, indicating
significant conformational changes and reduced binding stability. In contrast, the doxorubicin-NF-kB complex main-
tained relatively minimal RMSD fluctuations throughout the simulation period, suggesting consistent structural integrity
and stable drug-protein interactions.

The differential stability patterns observed in RMSD analysis were further corroborated by Root Mean Square
Fluctuation (RMSF) measurements, as presented in Figure 6B, which quantify per-residue flexibility and local con-
formational changes during the simulation period. The RMSF data revealed that the doxorubicin-HIF-lo complex
underwent extensive interaction rearrangements during the simulation, characterized by dynamic changes in amino
acid residue interactions and binding site conformations. This high degree of conformational flexibility suggests
increased dynamic rearrangement within the binding region. Conversely, the doxorubicin-NF-kB complex demonstrated
minimal conformational changes, indicating consistent interaction patterns and stable binding site architecture throughout
the simulation period.

Beyond stability and flexibility assessments, the ability of doxorubicin binding on the structural compactness of NF-
kB and HIF-la was evaluated through radius of gyration (Rg) measurements, which quantify the overall structural
compactness and folding state of protein molecules. Lower Rg values indicate more compact or tightly folded protein
structures, while higher values suggest structural expansion or partial unfolding. Figure 6C demonstrates that doxorubicin
binding induces differential effects on target protein compactness, with the NF-kB complex exhibiting higher Rg values
compared to the HIF-la complex. This observation suggests that doxorubicin binding promotes greater structural
expansion in NF-kB relative to HIF-1a, though the differences observed were not statistically significant across the
simulation timeframe.

The Solvent Accessible Surface Area (SASA) parameter provides critical information regarding molecular surface
exposure to aqueous environments, serving as an indicator of protein conformational changes and drug binding
accessibility. SASA values reflect the extent to which protein surfaces remain available for solvent interaction, with
changes in SASA indicating conformational alterations that may affect drug binding capacity and protein function.
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Figure 6 Molecular dynamic simulation of doxorubicin-NFKB/HIF-1A in 50 ns. (A) RMSD, (B) RMSF, (C) radius of gyration, and (D) SASA.

Figure 6D reveals that both doxorubicin-NF-«B and doxorubicin-HIF-1a complexes exhibit comparable SASA values
throughout the simulation period. This similarity in solvent accessibility suggests that both complexes maintain
equivalent degrees of conformational flexibility and demonstrate similar amenability to drug binding interactions,
indicating that surface accessibility is not a limiting factor for doxorubicin association with either target protein under
physiological conditions.

The binding free energies of doxorubicin toward HIF-1A and NF-kB were further evaluated using MM-PBSA and
MM-GBSA approaches to validate the stability and strength of the ligand—protein interactions observed during molecular
dynamics simulations (Table 3). Based on the MM-PBSA calculations, doxorubicin exhibited favorable binding affinities
toward both targets, with total binding free energies (AG_bind) of —14.91 + 5.27 kcal/mol for HIF-1A and —11.83 + 6.82
kcal/mol for NF-kB. The binding was predominantly driven by van der Waals interactions, contributing —39.38 + 5.41
kcal/mol and —41.64 + 3.80 kcal/mol for HIF-1A and NF-kB, respectively. Electrostatic interactions (EEL) also
contributed favorably, particularly for NF-kB (—27.64 £ 13.43 kcal/mol), indicating the importance of polar contacts
in stabilizing the complex. However, these favorable gas-phase interactions were partially offset by unfavorable solvation
free energies, consistent with typical MM-PBSA profiles for protein—ligand systems.

Similarly, MM-GBSA analysis supported the MM-PBSA findings and revealed stable binding of doxorubicin to both
macromolecules. The calculated Gibbs free energies were —8.71 + 5.74 kcal/mol for the HIF-1A complex and —22.50 +
6.62 kcal/mol for the NF-kB complex, indicating a stronger binding preference toward NF-kB under the GBSA model.
As observed in MM-PBSA results, van der Waals interactions were the dominant stabilizing force, while electrostatic

contributions further enhanced binding affinity, especially in the NF-kB complex.
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Table 3 Binding Free Energy Contributions Calculated Using MM-PBSA and MM-
GBSA methods

Calculation Methods | Type of Energy (kcal/mol) | Macromolecules
HIF-1A NF-KB

MM/PBSA VDWAALS —39.38 £ 541 | —41.64 + 3.80
EEL —1543 £794 | —27.64 + 13.43
Gibbss,yated 39.90 £ 558 | 57.45 % 1520
Gibbsgas —5481 £874 | -69.28 + |5.18
Gibbs Free Energy —1491 +£527 | —11.83 £ 6.82

MM/GBSA VDWAALS —39.38 £ 541 | —41.64 + 3.80
EEL —1543 £794 | -27.64 + 13.43
Gibbss,yated 46.10 £ 9.00 | —69.28 + |5.18
Gibbsggs —54.81 £874 | 46.78 £ 10.10
Gibbs Free Energy —871 574 | —22.50 £ 6.62

Overall, the consistent negative binding free energies obtained from both MM-PBSA and MM-GBSA calculations
confirm the thermodynamic favorability of doxorubicin binding to HIF-1A and NF-xB. These results reinforce the
reliability of the docking protocol and molecular dynamics simulations, providing additional quantitative support for the
stability of the proposed ligand—target complexes.

In vitro Cytotoxic Activity Assay

The cytotoxic activity of doxorubicin against triple-negative breast cancer cells was evaluated through in vitro experi-
mental studies following the in silico analyses. Cytotoxicity evaluation was conducted using MDA-MB-231 breast cancer
cells, a well-established cellular model for TNBC research, with cells cultured in both RPMI-1640 and DMEM to assess
media-dependent effects on drug efficacy. Figure 7 demonstrates a higher cytotoxic activity of doxorubicin’s anticancer
activity when MDA-MB-231 cells were cultured in RPMI-1640 medium compared to DMEM, revealing significant
media-dependent modulation of drug efficacy. In DMEM culture conditions, doxorubicin exhibited cytotoxic activity
with an ICsqg value of 2.34 uM (95% CI: 2.11-2.74). In contrast, culturing MDA-MB-231 cells in RPMI-1640 medium
resulted in a lower ICsq value of 1.07 uM (95% CI: 0.92—1.32 uM), indicating increased cytotoxic sensitivity under these

conditions.
- 125
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Figure 7 Cytotoxic assessment of doxorubicin against MDA-MB-23 | breast cancer cells in RPMI and DMEM medium. (A) Histogram representation of cell viability (%) at
varying concentrations after 72 hours evaluated using MTT assay; (B) Dose-response curves showing the concentration-dependent increase in cell death (%).
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This difference corresponds to an approximately 2.2-fold change in ICs, values between the two culture conditions,
suggesting that the nutritional composition and ionic environment provided by RPMI-1640 medium may influence
cellular conditions that affect doxorubicin response. The observed media-dependent differences highlight the influence of
experimental conditions on cytotoxic responses and provide complementary in vitro support for the computational
findings.

Gene Expression Analysis

Gene expression analysis of NF-kB and HIF-1a was conducted to further evaluate the in silico predictions regarding the
effects of doxorubicin on the expression of these targets. The experimental validation employed MDA-MB-231 breast
cancer cells treated with varying doxorubicin concentrations across two distinct culture media, providing comprehensive
assessment of drug-target engagement under different nutritional and physiological conditions. Figure 8 presents
a detailed analysis of gene expression patterns following doxorubicin supplementation, revealing concentration-
dependent and medium-specific modulation of target gene levels.

The analysis of NF-kB mRNA expression, as illustrated in Figure 8A, reveals markedly different dose-response
profiles between RPMI-1640 and DMEM culture conditions, demonstrating the critical influence of cellular environment
on drug-target interactions. In RPMI-1640 medium, NF-kB expression demonstrates a consistent dose-dependent
reduction in expression, initiating from baseline expression levels (1.0 relative fold change in vehicle control) and
progressively declining to approximately 0.25 relative fold change at both 0.125 uM and 0.250 uM doxorubicin
concentrations. Notably, a slight recovery in expression to 0.30 relative fold change occurs at the highest tested
concentration of 0.500 puM, suggesting potential adaptive cellular responses or saturation effects at elevated drug
concentrations. In contrast, DMEM culture conditions reveal a biphasic response pattern characterized by initial
expression maintenance followed by concentration-dependent modulation. The protein expression initially remains at
baseline levels, subsequently exhibiting a paradoxical upregulation to approximately 1.25 relative fold change at
0.125 uM doxorubicin concentration. This transient increase is followed by progressive suppression, with expression
levels declining to 0.60 and 0.30 relative fold changes at 0.250 uM and 0.500 uM concentrations, respectively. This
biphasic pattern suggests complex regulatory mechanisms involving potential compensatory responses at lower drug
concentrations before exhibiting greater expression reduction at higher concentrations.

HIF-1a gene expression analysis, presented in Figure 8B, demonstrates distinct concentration-dependent suppression
patterns across both culture media, with notable differences in response magnitude and kinetics. In RPMI-1640 medium,
HIF-1a expression maintains baseline levels initially, followed by substantial suppression to approximately 0.50 relative
fold change at 0.125 uM doxorubicin concentration. The suppression continues progressively, reaching the lowest

(A) 3.0- (B) 2.0

& 2.5 o
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K k)
o 1.5 o 1.0
[« [«
2 1.0 2
5 © 0.5
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Figure 8 Relative fold change of gene expression upon the supplementation of doxorubicin evaluated from MDA-MB-231 breast cancer cells in RPMI and DMEM medium.
(A) NF-kB and (B) HIF-1A.
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expression level of approximately 0.10 relative fold change at 0.250 puM, representing a 90% reduction in expression.
Interestingly, partial recovery to 0.35 relative fold change occurs at the highest concentration of 0.500 pM, indicating
potential cellular adaptation mechanisms or alternative regulatory pathways activation at elevated drug concentrations.
DMEM culture conditions demonstrate comparable baseline expression levels but exhibit different dose-response
kinetics and maximum suppression characteristics. The expression levels decline to 0.35 relative fold change at
0.125 pM, reaching the nadir of approximately 0.20 relative fold change at 0.250 uM concentration. At the highest
tested concentration of 0.500 puM, HIF-lo expression remains minimally detectable at 0.05 relative fold change,
representing the most profound suppression observed across all experimental conditions and suggesting sustained
reduction in gene expression at higher concentrations.

The comprehensive gene expression analysis reveals significant medium-dependent differences in target suppression,
with both culture environments demonstrating dose-dependent inhibition of HIF-la expression, though RPMI-1640
medium exhibits greater response variability across the concentration range tested. The NF-kB expression patterns
display more pronounced medium-specific differences, with DMEM culture conditions showing initial protein upregula-
tion at lower concentrations before subsequent suppression, while RPMI-1640 demonstrates consistent downregulation
across most tested concentrations. These findings provide experimental support for the computational predictions
regarding doxorubicin-associated modulation of NF-kB and HIF-la expression. The observed protein suppression
patterns support the molecular docking and dynamics simulation results, supporting the observation that doxorubicin
treatment is associated with reduced NF-kB and HIF-la expression levels at the tested concentrations, and providing
transcriptional-level evidence that complements the computational findings.

Discussion

The present study provides transcriptional-level evidence suggesting the concurrent involvement of NF-kB- and HIF-1a-
related pathways in the cellular response of triple-negative breast cancer cells to doxorubicin treatment. This observation
is relevant in the context of this aggressive cancer subtype, which accounts for approximately 15-20% of all breast
cancers and demonstrates notably poor prognosis due to the absence of estrogen receptor, progesterone receptor, and
HER2 expression.' > The concurrent involvement of NF-kB and HIF-1a may represent a biologically relevant concept
for further investigation, given their interconnected roles in cancer-related signaling. NF-kB serves as a master regulator
of inflammatory responses and cell survival pathways, promoting cancer cell proliferation, invasion, and resistance to
apoptosis through the activation of numerous downstream target genes.’*>? Previous studies have demonstrated that
constitutive NF-kB activation in breast cancer correlates with enhanced metastatic potential and chemotherapy
resistance,” with research by Shao et al** showing that NF-kB inhibition sensitizes cancer cells to various chemother-
apeutic agents. Similarly, HIF-1a functions as the key mediator of cellular responses to hypoxic conditions, facilitating
angiogenesis, metabolic reprogramming, and epithelial-mesenchymal transition through the transcriptional activation of
over 100 hypoxia-responsive genes.>> >’ The work of Zheng et al*® and Nie et al’* demonstrated that HIF-1a over-
expression in breast cancer correlates with increased mortality and resistance to therapy, supporting its relevance as
a prognostic marker and potential therapeutic target.

The computational framework employed in this study provides evidence supporting favorable binding interactions between
doxorubicin and both target proteins. The binding energy values of —9.82 kcal/mol for NF-kB and —7.84 kcal/mol for HIF-1a,
which are lower than those of the corresponding native ligands, indicate thermodynamically favorable interactions within the
context of molecular docking analyses.***' These findings align with previous computational studies demonstrating that binding
energies lower than those of native ligands are generally associated with potential biological relevance of protein—drug
interactions in the context of computational interaction prediction, as suggested by docking-based analyses.***> The molecular
dynamics simulations further characterize these interactions by demonstrating complex stability over extended time periods,
suggesting consistent protein-ligand association under the simulated conditions. The observed binding affinity and stability may
be attributed to the formation of hydrogen and pi—sigma interactions between doxorubicin and amino acid residues within the
binding sites of NF-kB and HIF-1a. Hydrogen bonds enhance binding strength by creating specific, directional electrostatic
interactions that increase molecular stability and specificity while contributing to binding strength by enhancing molecular
recognition and complex stability.***> Pi-sigma interactions, although individually weak, may contribute to overall binding
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affinity when combined with other non-covalent interactions such as hydrogen bonding, influencing overall binding affinity of
doxorubicin to NF-kB and HIF-1a.

The in vitro studies provide experimental support complementary to the computational analyses through cytotoxicity assays
that demonstrated ICs, values ranging from 1.07 to 2.40 uM. These concentrations fall within the range of plasma concentrations
reported for doxorubicin following standard intravenous administration, as described by Huang et al*® (0.009-7.359 uM). It is
important to note that previous studies have frequently reported activation of canonical NF-kB signaling by doxorubicin in breast
cancer, including TNBC, primarily through protein-level mechanisms such as IkBo degradation and p65 nuclear
translocation.”’*’ The quantitative PCR results demonstrating 40-90% reduction in NF-kB and HIF-1a: mRNA expression levels
provide transcriptional-level experimental support consistent with the computational findings, with this substantial downregula-
tion suggesting that doxorubicin treatment is associated with reduced expression of both transcription factors through mechanisms
that may extend beyond simple competitive binding; however, these observations remain limited to transcriptional-level changes
and do not establish functional inhibition or direct target engagement. The observation of concurrent transcriptional modulation of
NF-«B and HIF-1a expression may offer hypotheses for future studies exploring mechanisms related to chemotherapy resistance
in triple-negative breast cancer, a clinical challenge that has limited treatment options for patients with this aggressive disease
subtype. NF-kB activation has been extensively linked to doxorubicin resistance through multiple mechanisms, including
enhanced DNA repair capacity, increased anti-apoptotic protein expression, and activation of drug efflux pumps such as
P-glycoprotein.** > Research has demonstrated that NF-«B inhibition significantly enhances doxorubicin sensitivity in resistant

breast cancer cell lines,>">

supporting the therapeutic potential of targeting this pathway in combination with conventional
chemotherapy. Similarly, HIF-la-mediated resistance mechanisms involve metabolic reprogramming toward glycolysis,
enhanced angiogenesis, and activation of survival signaling pathways under hypoxic conditions commonly found in solid
tumors, 103536

The proposed dual-pathway framework illustrated in Figure 9 represents a conceptual and hypothesis-generating

model that differs from conventional single-target approaches in breast cancer research, which have often focused on
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single-target inhibition strategies that may exhibit limited efficacy due to compensatory pathway activation and resistance
development. The work by Mahmoud et al>> and Xiong et al>* highlighted the challenges associated with conventional
approaches in triple-negative breast cancer, emphasizing the need for alternative research strategies to better address
resistance mechanisms present in this cancer subtype. Recent studies have explored combination-based approaches
targeting multiple pathways simultaneously, with research by Brockmueller et al>> demonstrating that therapies targeting
both NF-kB and HIF-1a pathways show enhanced efficacy in preclinical models, supporting the potential relevance of
concurrently modulating NF-kB-and HIF-1a-related pathways, as suggested by the findings of this study.

The potential relevance of these findings extends beyond mechanistic observations, as concurrent modulation of NF-
kB- and HIF-la-related pathways may offer conceptual advantages over single-pathway approaches in the context of

1°° and Giordano et al’’ have shown that cancer cells with concurrent

resistance development. Studies by Roy et a
disruption of multiple survival pathways may exhibit reduced adaptive capacity compared to those with single-pathway
perturbation. The substantial reduction in NF-kB and HIF-1oo. mRNA expression observed in this study suggests that
concurrent transcriptional modulation of these pathways may be achievable within the concentration range tested.

Future research should aim to extend these findings across additional triple-negative breast cancer cell lines with
diverse genetic backgrounds and resistance profiles to strengthen the generalizability of the observed transcriptional
modulation. In vivo studies using appropriate animal models may provide additional evidence to support the translational
relevance of these observations. Furthermore, future investigations incorporating protein-level validation and functional
assays under hypoxic or hypoxia-mimicking conditions would help clarify the regulatory roles of NF-kB and HIF-1a
beyond transcriptional changes observed under normoxic conditions. The development of biomarkers to monitor NF-kB—
and HIF-lo-related pathway modulation could further facilitate hypothesis-driven translational studies. Overall, the
identification of this proposed molecular framework opens new avenues for future research aimed at investigating
coordinated pathway interactions in triple-negative breast cancer.

Conclusion

This study integrates network pharmacology, molecular docking, molecular dynamics simulations, and in vitro analyses
to explore the molecular actions of doxorubicin in triple-negative breast cancer. The findings demonstrate that doxor-
ubicin is associated with concurrent transcriptional modulation of NF-kB- and HIF-1a-related pathways at the transcrip-
tional level, supported by favorable protein—ligand interactions predicted through computational approaches and
consistent gene expression changes observed in vitro. Together, these results suggest that NF-xB and HIF-lo may
represent interconnected components within the broader network of doxorubicin-responsive pathways in triple-negative
breast cancer. While the present findings are limited to in vitro and transcriptional analyses under normoxic conditions,
they provide a conceptual framework for future studies aimed at further elucidating coordinated pathway regulation and
refining therapeutic strategies for this aggressive breast cancer subtype.
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