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ABSTRACT

Background: Non-small cell lung cancer (NSCLC)
is a major component of the global lung-cancer
burden and remains difficult to control because of
biological heterogeneity, treatment resistance and
the involvement of interconnected survival,
inflammatory and apoptotic signalling networks.
Hesperidin is a citrus-derived flavanone glycoside
with reported antioxidant, anti-inflammatory and
anticancer activities. However, a systems-level
interpretation linking its potential molecular targets
to NSCLC-associated pathways and experimentally
observed cellular activity remains valuable.
Objective: The present study evaluated hesperidin
against NSCLC using an integrated workflow
comprising preformulation characterization, target
intersection and network pharmacology, protein—
protein interaction analysis, Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment, molecular docking against
prioritized targets, hydrogen-peroxide scavenging,
BSA protein-denaturation screening and MTT-based
cytotoxicity assessment in A549 cells.

Methods:  Hesperidin  was  characterized by
qualitative identification, UV—visible spectroscopy,
solubility assessment, melting-point analysis, FTIR
and DSC. Hesperidin-associated and NSCLC-
associated target sets were standardized and
intersected. Common targets were analysed through
STRING and Cytoscape, followed by GO and
KEGG enrichment. Five network-prioritized
proteins—NFKB1, CASP3, AKTI1, MAPKI14 and

PPARG—were  evaluated by  Schrodinger
Maestro/Glide docking. Biological activity was
examined using an H202 scavenging assay, BSA
protein-denaturation assay and MTT assay in A549
cells.

Results: Hesperidin showed a Amax of 283 nm and a
calibration curve with R?=0.9966 over 0-10 pg/mL.
The reported melting point and DSC endothermic
transition were both 262 °C. Network intersection
yielded 11 common targets. The PPl network
contained 11 nodes and 49 edges compared with 16
expected edges, with PPI enrichment p=5.52x107"".
GO analysis identified 143 biological-process, 17
molecular-function and 2 cellular-component terms;
prominent biological processes included p38 MAPK
and stress-activated MAPK cascades. KEGG
analysis identified 96 significantly enriched
pathways, with MAPK, TNF and Toll-like receptor
signalling among the highlighted pathways.
Docking scores were —12.413 kcal/mol for
NFKBI1/INFI, —11.157 for CASP3/2XYP, —9.298
for AKT1/8UW7, —9.185 for MAPK14/4EWQ and
—7.472 for PPARG/S5HZC. Hesperidin showed
88.20-96.10% H202 scavenging from 10-50
pg/mL and 59.96+0.14% cytotoxicity at 50 pg/mL
in A549 cells; a CTC50 of 4525 pg/mL was
reported. The supplied document identifies the BSA
dataset as simulated and therefore it is not treated
here as validated experimental evidence.
Conclusion: The integrated results support a multi-
target hypothesis in which hesperidin may influence
inflammatory signalling, cellular stress, apoptosis
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and survival-related pathways relevant to NSCLC.
The docking and in-vitro findings provide
preliminary mechanistic and biological evidence,
but target engagement, pathway modulation and
anticancer selectivity require direct experimental
validation before therapeutic conclusions can be
drawn.

Keywords: Hesperidin; non-small cell lung
cancer; A549; network pharmacology; molecular
docking; NFKBI1; CASP3; AKTI1; MAPKI4;
PPARG:; oxidative stress; cytotoxicity

I. INTRODUCTION
1.1 Global burden and therapeutic challenge of
lung cancer

Lung cancer remains one of the most
important causes of cancer-related morbidity and
mortality worldwide. GLOBOCAN 2022 estimated
approximately 2.5 million new lung-cancer cases
and approximately 1.8 million deaths, emphasizing
the continuing global need for effective prevention,
early diagnosis and improved systemic treatment
strategies [1]. Lung cancer is biologically
heterogeneous and is conventionally divided into
small-cell and non-small-cell lung cancer. NSCLC
accounts for the majority of lung-cancer diagnoses
and includes biologically distinct entities such as
adenocarcinoma, squamous-cell carcinoma and
large-cell or other less common histological
categories. This heterogeneity contributes to
differences in molecular drivers, therapeutic
response and clinical outcome.

The treatment landscape of NSCLC has
evolved substantially through surgery, radiotherapy,
cytotoxic chemotherapy, molecularly targeted
therapy and  immune-checkpoint  inhibition.
Molecular characterization has enabled treatment of
selected patients with actionable alterations, while
immune-based strategies have improved outcomes
in appropriately selected populations. Nevertheless,
therapeutic ~ resistance, disease  progression,
metastatic spread, intratumoral heterogeneity and
treatment-related toxicity remain important barriers.
These challenges reinforce the need to identify
additional bioactive molecules and to understand
their molecular mechanisms in a systems context.

Cancer progression is not driven by a
single abnormal protein. Rather, malignant
phenotypes arise from coordinated changes in
proliferation, survival signalling, apoptosis, cellular
stress  responses, metabolism, inflammatory
signalling, migration and interaction with the
tumour  microenvironment.  Consequently, a

compound capable of influencing several
interconnected pathways may be of interest as a
research candidate. Natural products are particularly
relevant in this context because many contain
chemically diverse scaffolds capable of engaging
multiple molecular processes [2—4].

1.2 Hesperidin as a bioactive citrus flavonoid

Hesperidin is a flavanone glycoside widely
associated with citrus fruits and has been
investigated for antioxidant, anti-inflammatory,
cardiovascular and anticancer properties. Reviews
of hesperidin describe a broad pharmacological
profile involving redox regulation, inflammatory
mediators, cell-cycle control, apoptosis and
signalling pathways [2-4]. Its multi-faceted
biological activity provides a rationale for
evaluating the compound using methods that can
move beyond a single-target hypothesis.

The chemical nature of hesperidin is also
relevant to experimental development. Its
polyphenolic and glycosidic structure contains
multiple oxygen-bearing functional groups that can
participate in hydrogen bonding and other non-
covalent interactions. At the same time, the supplied
preformulation data indicate substantially lower
solubility in water than in several organic solvents.
Such physicochemical behaviour is important when
interpreting in-vitro exposure, analytical preparation
and future formulation strategies.

Evidence specifically related to lung cancer
supports further investigation. Cingin et al. reported
anti-proliferative, apoptotic and signal-transduction
effects of hesperidin in NSCLC cells [5]. Xia et al.
subsequently reported that hesperidin induced
apoptosis and GO/G1 arrest in A549 NSCLC cells
[6] and also reported suppression of migration and
invasion through effects on the SDF-1/CXCR-4
pathway [7]. These studies provide biological
context for the present integrated investigation,
while the present dataset adds network-level target
analysis, docking and antioxidant/cell-viability
measurements.

1.3 Why a multi-target approach is relevant to
NSCLC

Traditional pharmacological reasoning
often emphasizes a dominant molecular target. Such
a framework is highly successful when a disease
phenotype is driven by a well-defined and druggable
molecular alteration. However, complex diseases
such as cancer involve networks of proteins that
communicate through signalling cascades and
feedback mechanisms. A natural compound can also
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exhibit polypharmacology, meaning that biological
effects may arise from interactions with more than
one protein or pathway. Network pharmacology was
developed in part to address this type of complexity
by integrating drug-target, disease—gene and
pathway-level information [8].

In the context of hesperidin and NSCLC,
the systems-level question is not simply whether
hesperidin binds one protein. Instead, the question is
whether hesperidin-associated targets overlap with
NSCLC-associated targets, whether those shared
proteins are functionally interconnected, which
biological processes and pathways are represented,
and whether selected proteins can plausibly
accommodate the ligand in a computational
structural model. This approach allows target
selection to be driven by the network rather than by
arbitrary selection of proteins.

The network pharmacology component is
therefore complementary to molecular docking.
Network analysis provides biological context and
prioritization, whereas docking provides a structural
hypothesis regarding ligand accommodation within
selected protein-binding sites. Docking should not
be interpreted as direct evidence of inhibition or
activation because scores depend on the scoring
function, receptor preparation, ligand state and
sampling assumptions [9,10]. The combined use of
these methods can nevertheless help identify
testable molecular hypotheses.

1.4 Biological processes potentially relevant to
hesperidin activity

Several biological processes are
particularly relevant when considering the potential
anticancer activity of hesperidin. Apoptosis is a
central mechanism by which damaged cells are
eliminated, and cancer cells frequently acquire
mechanisms that reduce apoptotic sensitivity.
Caspase-3 is a major executioner caspase and
therefore represents a biologically interpretable node
when apoptotic mechanisms are being investigated
[18]. The present network analysis prioritized
CASP3 and the docking study identified a
favourablehesperidin—-CASP3 score, providing a
structural hypothesis that can be experimentally
tested.

Cell-survival signalling is another major
determinant of cancer-cell persistence. AKT]1
participates in signalling networks that regulate
survival, metabolism, proliferation and stress
responses. Abnormal PI3K/AKT activity is common
across cancers, although the present study did not
directly measure AKT phosphorylation or pathway

flux. Accordingly, AKT1 docking should be viewed
as a mechanistic hypothesis rather than evidence
that hesperidin inhibits AKT signalling.

MAPK  signalling provides another

mechanistic layer. The present GO and KEGG
results prominently identified MAPK-related
processes, including the p38 MAPK cascade and
MAPK signalling. MAPK14/p38a was therefore
selected as one of the docking targets. In parallel,
NFKB1 was prioritized because inflammatory
transcriptional regulation is closely connected to
cancer-cell survival, stress responses and tumour-
associated inflammation. PPARG was included as a
target representing metabolic and inflammatory
regulation.
The integrated selection of NFKB1, CASP3, AKT]I,
MAPK14 and PPARG therefore covers
complementary mechanistic domains rather than
five redundant targets. This breadth is a major
conceptual strength of the study, although it also
creates a requirement for direct target-specific
validation.

1.5 Antioxidant and anti-inflammatory screening
as supportive evidence

Oxidative stress and inflammation are
interconnected components of tumour biology.
Reactive oxygen species can influence DNA
damage, redox-sensitive signalling and cellular
adaptation, while chronic inflammatory signalling
can support proliferation, survival, angiogenesis and
tissue remodelling. Hesperidin has been reported to
possess  antioxidant and  anti-inflammatory
properties [2—4]. The hydrogen-peroxide scavenging
assay in the supplied study therefore provides a
simple chemical antioxidant screen, whereas BSA
protein-denaturation inhibition was used as a
preliminary anti-inflammatory screening approach.

The BSA assay is a screening model of
heat-induced protein denaturation and should not be
equated with a cellular anti-inflammatory
mechanism. The method is useful as an in-vitro
pharmacological screen but does not directly
establish suppression of NF-xkB, TNF, COX
enzymes, cytokine production or other inflammatory
endpoints. This distinction is important for a
Scopus-standard manuscript because assay-level
evidence must be interpreted at the same level at
which it was actually measured [16].

1.6 Research gap and rationale

Published work has already demonstrated
that hesperidin can affect NSCLC cell behaviour,
including  proliferation, apoptosis, cell-cycle
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progression and migration [5-7]. The present
research addresses a complementary question:
whether the observed activity can be placed within
an integrated molecular framework connecting
hesperidin-associated targets, NSCLC-associated
targets, PPI connectivity, pathway enrichment and
predicted protein—ligand interactions. The study also
examines physicochemical characteristics and
combines computational observations with H202
scavenging and A549 MTT data.

The rationale is therefore hypothesis-
generating rather than confirmatory. A favourable
docking score cannot establish target inhibition;
antioxidant activity cannot establish intracellular
redox modulation; BSA stabilization cannot
establish cellular anti-inflammatory activity; and
MTT reduction in A549 cells cannot by itself
distinguish ~ apoptosis,  necrosis, = metabolic
suppression or other mechanisms of reduced
viability. The principal value of the integrated
design is that it generates a coherent set of
mechanistic hypotheses that can be tested in future
experiments.

The primary objective of the study was to
evaluate the potential therapeutic activity of
hesperidin against non-small cell lung cancer
(NSCLC) wusing an  integrated  network-
pharmacology, molecular-docking and in vitro
approach. The specific objectives were to
characterize hesperidin using preliminary chemical
tests, UV—visible spectroscopy, solubility, melting-
point analysis, FTIR and DSC; identify potential
hesperidin-associated ~ molecular  targets and
NSCLC-associated targets; determine common
hesperidin-NSCLC targets and characterize their
protein—protein  interaction network; identify
enriched Gene Ontology (GO) biological processes,
molecular functions and cellular components and
enriched Kyoto Encyclopedia of Genes and
Genomes (KEGQG) pathways; prioritize biologically
relevant hub targets for molecular docking; evaluate
the predicted binding of hesperidin to NFKBI,
CASP3, AKTI1, MAPK14 and PPARG; evaluate
hydrogen-peroxide  scavenging  activity  and
preliminary protein-denaturation inhibition; and
evaluate the concentration-dependent cytotoxicity of
hesperidin against A549 cells using the MTT assay.

II. MATERIALS AND METHODS
2.1 Overall study design
The study was organized as a sequential
integrated workflow. First, hesperidin was subjected
to physicochemical and analytical characterization.
Second, compound-associated and NSCLC-

associated  target datasets were compiled,
standardized and intersected. Third, the common
targets were examined using PPI, GO and KEGG
analyses. Fourth, five prioritized targets were
structurally investigated by molecular docking using
Schrodinger Maestro/Glide. Finally, biological
screening was performed through H202 scavenging,
BSA protein-denaturation inhibition and MTT-
based A549 cytotoxicity. The interpretation was
designed to compare independent evidence streams
rather than treating any single assay as definitive.

2.2 Drug material and reagents

The supplied research document reports
research-grade hesperidin obtained from Otto
Chemie, India. The experimental workflow also
used solvents and reagents required for
spectrophotometric characterization, protein-
denaturation  screening and cell-culture/MTT
analysis, including methanol, dimethyl sulfoxide
(DMSO), phosphate-buffered saline (PBS), BSA,
diclofenac sodium, hydrogen peroxide, ascorbic
acid, high-glucose DMEM, fetal bovine serum,
antibiotics and MTT reagent. Exact catalogue
numbers, lot numbers and purity certificates were
not provided in the source document and should be
added from laboratory records before journal
submission.

2.3 Preformulation characterization

2.3.1 Preliminary chemical identification

The sample was visually examined for physical
appearance and subjected to qualitative flavonoid-
associated reactions. The supplied results described
a yellow-to-pale-yellow powder, a positive yellow
colour test, greenish coloration in the ferric chloride
test, pink/red coloration in the Shinoda test and
yellow coloration in the alkali test. The combined
pattern was interpreted as supportive of hesperidin
identity [source dataset].

2.3.2 UV-visible spectroscopy and Amax

A suitable hesperidin solution was scanned using a
UV-visible spectrophotometer to determine the
wavelength of maximum absorption. The reported
Amax was 283 nm. A calibration curve was then
prepared in methanol over 0—10 ug/mL. Absorbance
values were recorded at 283 nm and concentration
was plotted against absorbance. The reported
regression equation was y=0.0652x—0.0193 with
R?=0.9966.

2.3.3 Solubility assessment

Solubility was evaluated in selected solvents at 25.0
°C. The reported values were expressed both in
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mol/L and g/L. The highest reported solubility was
in methanol, whereas water showed markedly lower
solubility. The observed solvent dependence was
considered when selecting methanol for the
analytical calibration procedure.

2.3.4 Melting point, FTIR and DSC

Melting-point analysis was performed using a
suitable melting-point apparatus with gradual
heating. FTIR was used to examine characteristic
functional groups, and DSC was used to assess
thermal  behaviour. The  source  reported
characteristic FTIR bands at 3417, 1693, 1519,
1504, 1361, 1300, 1069, 1036, 973 and 935 cm™.
DSC showed a distinct endothermic event at 262 °C,
consistent with the reported melting transition.
network

2.4 Target identification and

pharmacology

2.4.1 Hesperidin-associated target collection

The molecular structure or SMILES representation
of hesperidin was used with an appropriate target-
prediction resource. Retrieved targets were
standardized to gene symbols and duplicate or
irrelevant entries were removed. The source
document describes the target dataset as a curated
set for subsequent intersection with disease-
associated targets.

2.4.2 NSCLC-associated target collection
NSCLC-associated molecular targets were collected
using established biomedical disease databases. The
supplied methodology specifically identifies
GeneCards and DisGeNET as disease-target
resources [19]. Disease-associated entries were
standardized and duplicate or non-standard entries
removed before intersection.

2.4.3 Common-target identification
Hesperidin-associated and NSCLC-associated target
lists were compared using common gene symbols.
The overlap was treated as the candidate hesperidin—
NSCLC target set. The supplied dataset contained
11 common targets. A Venn-diagram representation
was used to visualize the intersection.

2.4.4 PPI network construction

The 11 common targets were submitted to the
STRING database using Homo sapiens as the
organism. The resulting interaction data were
imported into Cytoscape for network visualization
and analysis. STRING provides protein-association
information and functional enrichment analysis [11],
while Cytoscape is a widely used environment for
biomolecular network visualization [12].

2.4.5 Hub-target prioritization

The PPI network was analysed using Cytoscape and
the CytoHubba plugin. Highly connected or
otherwise  network-important  proteins  were
prioritized. Five targets—MAPKI14, PPARG,
CASP3, AKT1 and NFKBl—were subsequently
selected for structural investigation.

2.4.6 GO and KEGG enrichment

GO enrichment was performed across biological
process, molecular function and cellular component
categories. KEGG enrichment was used to identify
pathways statistically over-represented within the
common target set. GO provides a standardized
framework for describing molecular functions,
biological processes and cellular components [13].
The present analysis emphasized pathways relevant
to stress responses, inflammation, kinase signalling
and cancer biology.

2.5 Molecular docking

2.5.1 Protein structure selection

Five proteins were selected on the basis of network
relevance and biological interpretation: NF-kB
p50/IkBa complex (NFKB1; PDB INFI), caspase-3
(CASP3; PDB 2XYP), RAC-alpha serine/threonine-
protein kinase (AKT1; PDB 8UW7), p38a MAPK
(MAPK14; PDB 4EWQ) and PPARy (PPARG;
PDB 5HZC). Protein structures were obtained from
the Protein Data Bank [14]. The supplied
methodology states that suitable non-mutated
structures were preferentially considered.

2.5.2 Protein and ligand preparation

Protein Preparation Wizard in Schrédinger Maestro
was used to process the selected proteins. The
reported workflow included correction of structural
deficiencies, addition of hydrogen atoms,
assignment of bond orders, removal of unnecessary
water/heteroatoms where appropriate and restrained
minimization. Hesperidin was prepared with
LigPrep, with appropriate protonation/ionization
states and geometry optimization generated under
the selected workflow.

2.5.3 Receptor-grid generation and Glide docking
Receptor grids were generated around the selected
active or ligand-binding sites. Hesperidin was
docked using Glide within Schrodinger Maestro.
The source reports Glide/XP GScore, Glide Energy
and Emodel values for the best-ranked poses.
Docking scores were compared across the five
targets, with more negative values interpreted as
more favourable within the same computational
protocol [15].
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2.5.4 Interaction analysis

The docked complexes were inspected for hydrogen
bonding, hydrophobic contacts, n—x interactions and
n—cation interactions. Two-dimensional interaction
diagrams and three-dimensional binding poses were
used to record the residues involved. Interaction
distance ranges reported in the source were retained
for hydrogen-bond interpretation.

2.6 Hydrogen-peroxide scavenging assay

A fresh 40 mM hydrogen-peroxide solution was
prepared in PBS at pH 7.4. The source protocol
describes hesperidin concentrations of 6.25, 12.5, 25
and 50 pg/mL, with 0.25 mL of sample mixed with
1.0 mL of 40 mM hydrogen peroxide and incubated
at room temperature in the dark for 10 min.
Absorbance was measured at 230 nm using PBS as
blank. Ascorbic acid was used as the reference
standard in the reported results. Scavenging activity
was calculated as
[(Acontrol-Asample)/Acontrol]x100 [45].

Important reporting issue: the source Methods
section lists 6.25-50 pg/mL, whereas the Results
section reports 10, 20, 30, 40 and 50 pug/mL. This
discrepancy must be resolved from the original
laboratory  record before  submission. The
manuscript therefore reports the Results dataset
exactly as supplied but does not claim that the
reported concentration range is fully reconciled.

2.7 BSA protein-denaturation assay

The supplied method used 1% BSA, with hesperidin
sample mixed with BSA and incubated at 37 °C for
20 min followed by heating at 51 °C for 20 min.
Diclofenac sodium was used as the reference
standard, and absorbance was measured at 660 nm.
Inhibition of protein denaturation was calculated as
[(Acontrol—Asample)/Acontrol]x100 [16].

Critical data-status statement: the Results section of
the supplied document explicitly describes the BSA
dataset as “simulated.” Accordingly, the BSA values
are presented in this manuscript only as a
reported/simulated screening dataset and must not
be represented as independently validated
experimental results. In addition, the Methods
section lists 20—100 pg/mL, whereas the reported
Results use 10-50 pg/mL. Both issues must be
resolved before submission.

2.8 A549 cell culture and MTT cytotoxicity assay
A549 human lung carcinoma cells were maintained
in high-glucose DMEM supplemented with heat-
inactivated fetal bovine serum and appropriate
antibiotics at 37 °C in a humidified atmosphere
containing 5% CO:. Hesperidin was prepared as a

stock solution in DMSO and diluted in complete
medium to obtain serial two-fold concentrations
from 50 to 0.39 pg/mL. Cells were adjusted to
approximately 1.0x10° cells/mL and 100 pL was
seeded into each well of a 96-well plate. After a 24-
h attachment period, cells were treated with
hesperidin and incubated for 72 h.

For the MTT assay, culture medium was removed
and MTT solution prepared in PBS was added.
Plates were incubated at 37 °C for approximately 3
h while protected from light. Formazan crystals
were dissolved with DMSO and absorbance was
measured at 540 nm. Untreated cells were used as
controls and blanks were included. Cell viability
was calculated as treated-cell absorbance divided by
control-cell absorbance multiplied by 100;
cytotoxicity was calculated as 100 minus viability
[17].

The source reports a CTC50 value of 45.25 pg/mL.
Because the supplied table provides concentration-
level responses but does not provide the full
concentration—response model, fitting method,
confidence interval or replicate-level raw dataset,
the reported CTCS50 is retained as reported rather
than independently re-estimated in this manuscript.

2.9 Statistical analysis

The source document states that biological
observations were expressed as mean+SD and that
one-way ANOVA with an appropriate post-hoc
procedure was used where applicable, using p<0.05
as the significance threshold. However, complete
replicate-level data and exact post-hoc outputs were
not supplied. Consequently, this manuscript does
not invent exact p-values or confidence intervals.
Before submission, the authors should provide n for
each experiment, raw replicate observations, the
exact statistical test, post-hoc method, multiplicity
correction where applicable and exact p-values.

2.10 Integration and interpretation framework

The final interpretation was based on convergence
across four evidence levels: (i) physicochemical
characterization, (ii) target/network evidence, (iii)
structural docking evidence and (iv) biological
screening. A target was considered especially
noteworthy when it combined network relevance
with a favourable docking score and biologically
interpretable residues. This framework does not
establish causality. Instead, it identifies candidate
mechanisms suitable for experimental validation.
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III.

RESULTS

3.1 Preliminary characterization of hesperidin
The supplied material was described as a yellow-to-
pale-yellow powder. Qualitative identification tests

showed a positive yellow colour test, greenish ferric
chloride coloration, pink/red Shinoda reaction and
yellow coloration in the alkali test. The combined
profile was considered characteristic of a flavonoid
and supportive of hesperidin identification.

Test Observation Interpretation
Physical appearance Yellow to pale-yellow powder Characteristic appearance
Colour test Yellow colour Positive

Ferric chloride test

Greenish coloration

Positive flavonoid-associated reaction

Shinoda test

Pink/red coloration

Positive flavonoid-associated reaction

Alkali test

Yellow coloration

Positive

Overall identification

Characteristic flavonoid reactions

Hesperidin supported

Table 1. Preliminary chemical identification of hesperidin.

3.2 UV-visible characterization and analytical
linearity

A distinct UV absorption maximum was observed at
283 nm. Methanol was used for calibration, and
absorbance increased progressively as concentration

increased from 0 to 10 ug/mL. The regression
equation was y=0.0652x—0.0193 and the coefficient
of determination was R*=0.9966, indicating strong
linearity across the investigated analytical range.

Concentration (ng/mL) Absorbance at 283 nm
0 0.000
2 0.102
4 0.230
6 0.355
8 0.509
10 0.643

Table 2. Calibration data for hesperidin at 283 nm.

The analytical response was sufficiently linear for the reported range, supporting the use of 283 nm for
subsequent spectrophotometric estimation. The calibration data also provide a useful quality-control reference

for future assays involving hesperidin solutions.
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Fig 1: UV-Visible absorption spectrum of hesperidin.
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3.3 Solubility profile

Solubility varied markedly across the tested
solvents. The highest reported solubility was in
methanol (72.1367 g/L), followed by DMF (48.2439
g/L) and ethanol (44.1109 g/L). Dichloromethane

showed a reported value of 38.7748 g/L, whereas
THF and water showed much lower values of
2.0085 and 0.0610 g/L, respectively. The low
aqueous solubility is relevant to biological exposure
and formulation development.

Solvent Solubility (mol/L) Solubility (g/L)
Methanol 0.118148 72.1367
Dimethylformamide (DMF) 0.079015 48.2439
Ethanol 0.072246 44.1109
Dichloromethane 0.063506 38.7748
Tetrahydrofuran (THF) 0.003290 2.0085
Water 0.00010 0.0610

Table 3. Reported solubility of hesperidin in selected solvents at 25.0 °C.

34  Melting FTIR and DSC
characterization

The reported melting point of hesperidin was 262
°C. FTIR analysis showed bands at 3417, 1693,
1519, 1504, 1361, 1300, 1069, 1036, 973 and 935

cm!. The 3417 cm™ band was assigned to O-H

point,

stretching, 1519/1504 cm™ to aromatic C=C
stretching, and 1300/1069 cm™ to C—O—C stretching
associated with the glycosidic ether linkage. The
1036 cm™ band was assigned to C—O stretching of
the secondary alcohol, while 973 and 935 cm™ were
interpreted as C—H out-of-plane bending.

stretching, 1693 cm™ to conjugated carbonyl

Peak (cm™) Assignment Structural interpretation
3417 O—H stretching Hydroxyl groups
1693 Conjugated C=0 stretching Flavonoid carbonyl group

1519, 1504 Aromatic C=C stretching Aromatic ring structure
1361 C—H bending Methyl/methylene bending

1300, 1069 C—0O—C stretching Glycosidic ether linkage
1036 C—0 stretching Secondary alcohol/sugar-associated functionality

973,935 C—H out-of-plane bending Aromatic proton bending

Table 4. FTIR spectral interpretation of hesperidin.
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Fig 2. FTIR spectral interpretation of hesperidin.

DSC demonstrated a distinct endothermic thermal transition at 262 °C. The agreement between the reported
melting point and the major DSC event provides mutually supportive evidence for the thermal identity of the

material.
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Fig 3: DSC thermogram of hesperidin.

3.5 Target intersection and PPI network
Intersection analysis yielded 11 common
hesperidin-NSCLC targets. These common targets
were carried forward for PPI and enrichment
analyses. STRING analysis of the 11 proteins
generated a network containing 49 observed edges

compared with 16 expected edges. The average
node degree was 8.91 and the average local
clustering coefficient was 0.923. The PPI
enrichment p-value was 5.52x107"", indicating that
the proteins were more interconnected than expected
for a random set of proteins of comparable size.

PPI parameter Reported result
Number of nodes 11
Number of edges 49
Expected number of edges 16
Average node degree 8.91
Average local clustering coefficient 0.923
PPI enrichment p-value 5.52x107

Table 5. Characteristics of the common hesperidin—-NSCLC PPI network.

The high observed-to-expected edge ratio suggests
substantial functional connectivity among the shared
targets. In network-pharmacology terms, this
strengthens the argument that the intersection is

biologically coherent rather than consisting of
unrelated  proteins.  Nevertheless,  network
enrichment does not prove that hesperidin
physically binds every protein in the network.
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Fig 4: Integrated network-pharmacology analysis showing the relationship between hesperidin, common
molecular targets, hub targets and enriched signalling pathways

3.6 Prioritized hub targets

Five proteins were prioritized for molecular docking: MAPK14, PPARG, CASP3, AKT1 and NFKBI1. The
targets represent distinct biological domains, including MAPK-mediated stress and inflammatory signalling,
metabolic/inflammatory regulation, apoptosis, cell-survival signalling and NF-kB-associated transcriptional
regulation.

No. Target protein Gene PDB ID Principal biological theme

Mitogen-activated protein
! kinase 14 (p38a MAPK) MAPKI4 4EWQ

Stress/inflammatory signalling

) Pe}rox1some proliferator- PPARG SHZC Metabohc/mﬂgmmatory
activated receptor gamma regulation
3 Caspase-3 CASP3 2XYP Apoptosis

RAC-alpha serine/threonine-

- AKTI 8UW7
protein kinase

Cell survival/signalling

Inflammatory transcriptional
regulation
Table 6. Network-prioritized targets selected for molecular docking.

5 NF-kB p50/IxBa complex NFKBI1 INFI

3.7 Gene Ontology enrichment

GO analysis identified 143 significantly
enriched biological-process terms, 17 molecular-
function terms and 2 cellular-component terms. The

growth factor. Molecular-function terms included
MAP kinase kinase activity, MAP kinase binding,
protein kinase binding, protein serine kinase activity
and protein serine/threonine kinase activity.

most prominent biological-process themes were p38 Cellular-component enrichment included
MAPK cascade, stress-activated MAPK cascade, nucleoplasm and nucleus.
MAPK cascade, cellular senescence and response to

GO .

Term Gene count | Enrichment FDR

category

BP p38MAPK cascade 5/13 4.61 2.50x107°

BP Stress-activated MAPK cascade 6/75 3.71 1.42x10°%

BP MAPK cascade 7/219 2.94 2.96x10°%
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GO .
Term Gene count | Enrichment FDR
category
BP Cellular senescence 4/60 2.25 2.98x10°°
BP Response to growth factor 8/503 2.17 9.35x107®
MF MAP kinase kinase activity 5/17 4.57 2.41x10°°
MF Mitogen-activated protein kinase binding 5127 4.16 9.20x107°
MF Protein kinase binding 9/702 2.09 9.20x107°
MF Protein serine kinase activity 6/361 1.78 1.20x10°°
MF Protein serine/threonine kinase activity 6/434 1.58 2.99x10°°
CC Nucleoplasm 10/4169 0.48 0.0033
CcC Nucleus 11/7672 0.30 0.0214

Table 7. Selected significantly enriched GO terms reported for the common target network.

3.8 KEGG pathway enrichment

KEGG enrichment identified 96
significantly enriched pathways. The MAPK
signalling pathway had the strongest representation
among the reported pathways, involving 11 of 286
genes, with enrichment of 5.34 and FDR 2.54x107'8,
TNF signalling and Toll-like receptor signalling
were also strongly represented. Additional enriched

entries included hepatitis B and Yersinia infection
pathways; these pathway labels should be
interpreted cautiously because enrichment tools
frequently  return  disease/infection  pathway
categories based on shared signalling components
rather than indicating that the investigated
compound has a direct anti-infective effect.

KEGG pathway Gene count Enrichment FDR
MAPK signalling pathway 5.34 2.54x10718
Hepatitis B 4.73 5.80x10°13
TNF signalling pathway 4.68 8.34x107"2
Toll-like receptor signalling pathway 3.97 7.96x1071°
Yersinia infection 3.64 2.21x107°

Table 8. Selected significantly enriched KEGG pathways.

3.9 Molecular docking results

Hesperidin showed favourable predicted
docking scores against all five prioritized proteins.
The strongest score was observed for NFKB1/1NFI

PPARG/SHZC (=7.472 kcal/mol). The
corresponding Glide Energy values were —58.154,
—44.274, —54.446, —53.938 and —43.065 kcal/mol,
respectively. Emodel values were —92.128, —60.056,

(-12.413 kcal/mol), followed by CASP3/2XYP —72.781, —60.107 and —57.960 kcal/mol,
(-11.157  kcal/mol), AKT1/8UW7  (-9.298 respectively.
kcal/mol), MAPK14/4EWQ (—9.185 kcal/mol) and
Glide/XP .
Target Gene PDB GScore G(l:(dc:‘l];:;?i)gy (I:Ec I:l(/)r(rllf)ll) Rank
(kcal/mol)
NEBpSOIkBa | gy | NI ~12.413 ~58.154 92,128 I
complex
Caspase-3 CASP3 2XYP —11.157 —44.274 —60.056 2
RAGalpha serthr | a1 | gUw7 9298 —54.446 72781 3
p38a MAPK MAPK14 | 4EWQ —9.185 —53.938 —60.107 4
PPARYy PPARG SHZC =7.472 —43.065 —57.960 5

Table 9. Comparative molecular docking results of hesperidin with selected targets.

3.10 Residue-level interaction analysis
The NFKBI1/INFI complex displayed five
reported hydrogen-bond contacts involving ASP257,

ASP226, GLU211, ASP210 and ARG201, with a
reported hydrogen-bond distance range of 2.14-2.63

A. Hydrophobic contacts involved MET256,
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PHE213, ILE212, LEU223 and LEU227, while a n—
7 interaction involving HIS184 was also reported.
This combination of polar, hydrophobic and
aromatic interactions was accompanied by the most
favourable docking score.

For CASP3/2XYP, hydrogen bonds were
reported with THRS59, THR166, GLY122 and
CYS163, with a distance range of 2.17-2.48 A.
Hydrophobic contacts included PHE128, MET61

and TYR204. No distinct m—m or nw—cation
=
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interaction was reported in the corresponding
interaction map.

For AKT1/8UW?7, hydrogen bonds involved
ASP283, LYS419, ASN231, TYR229, TYR175 and
TYR176, with a distance range of 2.08-2.63 A.
Hydrophobic contacts included PRO208, ALA212,
LEU213, ALA230, TYR229, TYRI175 and
TYR176. A n—cation interaction involving LYS289
was also reported.

2XYP

4EWQ

Fig 5: Interaction diagram of different receptor with Hesperidin

For MAPK14/4EWQ, hydrogen bonds involved
HIE228 and SER251, with a distance range of 2.19—
2.37 A. Hydrophobic contacts involved TYR25S,
ILE229, ALA255, METI198, ILE250, LEUI195,
MET194 and LEU246, and a n—= interaction with
TRP197 was reported.

For PPARG/5HZC, hydrogen bonds were reported
with ASP381, ASP380, GLU378 and ASN424, with
a distance range of 2.12-2.44 A. Hydrophobic
contacts involved TYR219, LEU379, ALA235 and
ALA231. No distinct 7 or m—cation interaction
was reported.

Target H-bond residues Dls(fz;l ce Hydrophobic contacts Other interactions
ASP257, ASP226
’ ’ MET256, PHE213, ]
NFKB1/INFI GLU211, ASP210, 2.14-2.63 ILE212, LEU223, LEU227 n—m: HIS184
ARG201

THR59, THR166,

CASP3/2XYP GLY122. CYSI63 2.17-2.48 | PHE128, MET61, TYR204 None reported
ASP283, LYS419, PRO208, ALA212,

AKT1/8UW7 ASN231, TYR229, 2.08-2.63 LEU213, ALA230, n—cation: LYS289
TYRI175, TYR176 TYR229, TYR175,
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Target H-bond residues Dls(fg;l ce Hydrophobic contacts Other interactions
TYR176
TYR258, ILE229,
ALA255, MET198, .
MAPKI14/4EWQ HIE228, SER251 2.19-2.37 ILE250, LEU195, n—m: TRP197
MET194, LEU246
ASP381, ASP380, TYR219, LEU379,
PPARG/SHZC GLU378, ASN424 2.12-2.44 ALA235, ALA231 None reported

Table 10. Residue-level interactions reported for hesperidin in the five docked complexes.

3.11 Hydrogen-peroxide scavenging activity
Hesperidin exhibited a concentration-dependent
increase in H202 scavenging from 88.20% at 10

concentration, increasing from 95.30% to 99.00%,
with absorbance decreasing from 0.091 to 0.019.
The difference between hesperidin and the reference

pg/mL to 96.10% at 50 pg/mL. The corresponding standard narrowed modestly at the highest
absorbance values decreased from 0.123 to 0.041. concentration.
Ascorbic acid showed higher activity at each
Concentration Ascorbic acid Ascorbic acid Hesperidin Hesperidin
(ng/mL) inhibition (%) absorbance inhibition (%) absorbance
10 95.30 0.091 88.20 0.123
20 96.50 0.068 90.40 0.100
30 97.60 0.046 92.50 0.078
40 98.30 0.033 94.20 0.060
50 99.00 0.019 96.10 0.041
Table 11. Reported hydrogen-peroxide scavenging activity of hesperidin and ascorbic acid.
Hydrogen Peroxide Scavenging Activity
(Ascorbic Acid vs Pure Hesperidin)
- q 98.30 99.00
100 e 96.50 97.60 . 5i5i 96.10
90.40 s
90 - 88.20
80 -
70 A
2™
S 50
=
=
= 40 -
>4
30 -
20 A
10
0 -
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Concentration (pg/mL)

| [l Ascorbic Acid % Inhibition [l Pure Hesperidin % Inhibition

Fig 6: Concentration-dependent hydrogen peroxide scavenging activity of pure hesperidin compared with
ascorbic acid.
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3.12 BSA protein-denaturation dataset

The supplied document reports a concentration-dependent BSA protein-denaturation inhibition dataset,
but explicitly identifies it as simulated. Hesperidin values increased from 31.42% at 10 pg/mL to 81.36% at 50
pg/mL. Diclofenac increased from 33.85% to 85.27%. The absorbance values decreased as concentration
increased.

Concentration Diclofenac Diclofenac Hesperidin Hesperidin
(ng/mL) inhibition (%) absorbance inhibition (%) absorbance

10 33.85 0.312 31.42 0.323

20 47.88 0.268 44.76 0.284

30 60.93 0.201 57.18 0.219

40 72.64 0.144 68.91 0.158

50 85.27 0.092 81.36 0.108

Table 12. Reported/simulated BSA protein-denaturation inhibition dataset. This dataset should not be
presented as validated experimental evidence unless confirmed from laboratory records.

Anti-inflammatory Activity (BSA Protein Denaturation Assay)
Comparison of Diclofenac and Pure Hesperidin

[l Diclofenac % Inhibition [l Pure Hesperidin % Inhibition

100
90 85.27
81.36
80
70
g
= 60
=
=
£ 501
c
—
£ 40 -
S 3385 3140
30
20
10
0 o

10 20 30 40 50

Concentration (ug/mL)

Fig 7: Concentration-dependent inhibition of BSA protein denaturation by pure hesperidin compared
with diclofenac.

3.13 A549 MTT cytotoxicity

Hesperidin produced a concentration-dependent increase in cytotoxicity against A549 cells. At 50
pg/mL, the average cytotoxicity was 59.96+0.14%, corresponding to 40.04% viability. At 25 pg/mL,
cytotoxicity was 18.69+0.32% and viability was 81.31%. Cytotoxicity progressively decreased at lower
concentrations, reaching 1.35+0.33% at 0.39 ug/mL. The reported CTC50 was 45.25 pg/mL.

Hesperidin (ug/mL) Mean cytotoxicity (%) SD Cell viability (%)
50 59.96 0.14 40.04
25 18.69 0.32 81.31
12.5 12.10 0.19 87.90
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Hesperidin (ng/mL) Mean cytotoxicity (%) SD Cell viability (%)
6.25 8.28 0.23 91.72
3.13 5.88 0.28 94.12
1.56 4.08 0.23 95.92
0.78 2.73 0.14 97.27
0.39 1.35 0.33 98.65

Control

6.25 mcg/ml

0.78 mcg/ml
Fig 8: Hesperidin anti- cancer cytotoxicity activity on A549 NSCLC Cell line

IV.  DISCUSSION

4.1 Principal findings

The present study provides a multi-layered
preliminary assessment of hesperidin against
NSCLC. The central finding is not simply that
hesperidin showed activity in one assay, but that
several independent observations point toward a
coherent multi-target pharmacological hypothesis.
The compound showed consistent analytical
characterization, shared molecular targets with
NSCLC-associated biology, a highly interconnected
PPI network, enrichment of kinase- and stress-
related processes, favourable predicted binding to
five prioritized proteins, strong chemical H202

Table 13. Effect of hesperidin on A549 cell viability and cytotoxicity.

50mcg/ml

3.125mcg/ml

25mceg/ml

1.56 mcg/ml

0.39 mcg/ml

scavenging and concentration-dependent loss of
A549 viability.

The network component is particularly
important because it places the docking targets
within a broader biological context. The 11 common
targets were not randomly distributed according to
the reported STRING enrichment statistic. Forty-
nine observed edges versus 16 expected edges and a
PPI enrichment p-value of 5.52x107'' indicate
substantial functional connectivity. This supports
the idea that the shared target set may capture a
biologically coherent signalling module rather than
an arbitrary list.

At the pathway level, MAPK signalling
was the dominant theme. The GO analysis identified
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p38 MAPK, stress-activated MAPK and general
MAPK cascades, while KEGG identified MAPK
signalling as the strongest pathway among the
reported results. This convergence is noteworthy
because MAPK pathways regulate proliferation,
differentiation, stress adaptation and inflammatory
responses. The selection of MAPK14 for docking
therefore follows logically from the enrichment
analysis rather than being an isolated target choice.

4.2 Interpretation of NFKB1 as the leading
predicted target

NFKBI1/INFI produced the most favourable
docking score at —12.413 kcal/mol. The complex
also displayed five hydrogen-bond contacts, several
hydrophobic interactions and a 7m—m interaction
involving HIS184. The combination of a strong
score and relatively extensive interaction profile led
to NFKB1 being considered the principal predicted
target in the supplied analysis.

From a biological perspective, NF-kB-
associated signalling is relevant to inflammatory
transcription, cellular survival and tumour-
associated responses. Therefore, a predicted
interaction with the NF-xB p50/IxkBo complex
provides a plausible mechanistic hypothesis linking
the network and docking results to the observed
anti-inflammatory/antioxidant phenotype. However,
docking to a protein complex does not demonstrate
functional blockade of NF-kB signalling. Direct
validation should include nuclear translocation
assays, NF-kB reporter activity, p65/p50-related
measurements and downstream inflammatory
mediator analysis.

It is also important to  avoid
overinterpreting the numerical difference between
docking scores. Glide scores are useful for
comparative ranking within a defined protocol but
are not experimentally calibrated binding free
energies. A score of —12.413 should therefore be
described as the most favourable predicted score
among the tested complexes, not as proof that
NFKBI is the highest-affinity target in cells [10,15].

4.3 CASP3 and the apoptosis hypothesis
CASP3/2XYP showed the second most
favourable docking score, —11.157 kcal/mol. The
complex contained hydrogen bonds with THRS59,
THR166, GLY122 and CYS163 and hydrophobic
interactions involving PHE128, MET61 and
TYR204. Caspase-3 is a central executioner
protease in apoptotic pathways, making the target
biologically relevant to the established literature on
hesperidin-induced apoptosis in A549 cells [5,6,18].

The present study therefore provides a
reasonable hypothesis that the AS549 cytotoxic
response may involve apoptosis-related
mechanisms. However, the direction of functional
regulation cannot be inferred from docking. A
ligand can bind near a functional site without
activating or inhibiting the protein in the predicted
manner. Direct measurements such as cleaved
caspase-3, PARP cleavage, Annexin V/PI staining,
mitochondrial membrane potential and DNA-
fragmentation assays would be needed to determine
whether apoptosis is actually responsible for the
observed MTT response.

4.4 AKT1 and MAPKI14 as complementary
signalling hypotheses

AKT1/8UW7 showed a docking score of
—9.298 kcal/mol and multiple hydrogen bonds,
together with a reported m—cation interaction
involving LYS289. AKT1 is a central regulator of
cell survival and metabolism. A potential interaction
with AKT1 could therefore provide a mechanistic
bridge between hesperidin exposure and reduced
cellular survival, but the present dataset does not
include measurements of AKT phosphorylation,
downstream mTOR signalling or pathway activity.

MAPK14/4EWQ produced a docking score
of —9.185 kcal/mol. The complex included hydrogen
bonds with HIE228 and SER251, multiple
hydrophobic contacts and a m—m interaction with
TRP197. Because MAPK14-related signalling was
independently highlighted by GO and KEGG
analyses, the docking result strengthens the
structural  plausibility of the pathway-level
hypothesis. Direct biochemical kinase assays or
phospho-p38 measurements would be required to
determine whether hesperidin modulates MAPK 14
activity in cells.

4.5 PPARG and the breadth of the multi-target
hypothesis

PPARG/SHZC  produced the least
favourable docking score among the five targets,
—7.472 kcal/mol, but still displayed several
hydrogen bonds and hydrophobic contacts. PPARG
represents a mechanistic domain distinct from the
core MAPK-NF-kB-AKT-caspase framework. Its
inclusion illustrates the breadth of the predicted
target network. At the same time, the weaker score
and the absence of distinct m—m or m—cation
interactions mean that PPARG should not be
prioritized above NFKB1 or CASP3 solely on the
basis of the current docking dataset.
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The appropriate interpretation is that PPARG
remains a candidate network-associated target
whose functional relevance should be tested if
subsequent experiments demonstrate changes in
PPARG expression or transcriptional activity. It
should not be described as a confirmed therapeutic
target of hesperidin.

4.6 Antioxidant activity and its relationship to
cancer biology

Hesperidin showed high H202 scavenging
activity across the reported concentration range,
increasing from 88.20% at 10 pg/mL to 96.10% at
50 pg/mL. Ascorbic acid remained more active, but
hesperidin approached the reference response at the
highest concentration. The progressive reduction in
absorbance is consistent with increasing chemical
removal of hydrogen peroxide under the assay
conditions.

This result is supportive of the known
antioxidant profile of hesperidin [2—4]. However,
the H202 assay is a chemical scavenging assay and
should not be interpreted as direct evidence that
hesperidin reduces intracellular reactive oxygen
species in A549 cells. Cellular redox biology is
regulated by compartmentalization, antioxidant
enzymes, glutathione, mitochondrial metabolism
and signalling feedback. Future studies should
therefore include intracellular ROS probes,
glutathione measurements and antioxidant-enzyme
profiling.

4.7 BSA protein-denaturation findings: interpret
with caution

The reported BSA dataset showed
increasing inhibition from 31.42% to 81.36% for
hesperidin and from 33.85% to 85.27% for
diclofenac. Numerically, the hesperidin response
approached the reference standard at the upper
concentration range. Such a trend is consistent with
concentration-dependent protein stabilization in a
heat-denaturation screening model.

Nevertheless, the supplied source explicitly
describes this dataset as simulated. This is a critical
distinction for publication ethics and data integrity.
The values should therefore not be described as
experimental results in a submitted manuscript
unless the underlying laboratory data confirm them.
The concentration-range discrepancy between
Methods and Results further reinforces the need for
verification. In the present manuscript, the dataset is
retained for transparency but excluded from strong
mechanistic conclusions.

4.8 AS549 cytotoxicity and comparison with
published evidence

The MTT results demonstrate a clear
concentration-dependent  response. Cytotoxicity
increased sharply at the highest tested concentration,
reaching 59.96+0.14% at 50 pg/mL, while cell
viability remained above 87% at concentrations
below 12.5 pg/mL. The reported CTC50 of 45.25
pg/mL provides a summary measure of the
concentration associated with approximately 50%
cytotoxicity.

The observed direction of effect is consistent
with published evidence that hesperidin can inhibit
NSCLC cell proliferation and induce apoptosis.
Cingin et al. reported anti-proliferative and apoptotic
effects of hesperidin in NSCLC cells [5], while Xia
et al. reported apoptosis and GO/G1 arrest in A549
cells [6]. Xia et al. also reported suppression of
NSCLC migration and invasion through the SDF-
I/CXCR-4 pathway [7]. The present results
therefore fit within a broader literature framework
while adding a network-based mechanistic
interpretation.

At the same time, an A549-only cytotoxicity
experiment cannot establish cancer selectivity. A
clinically meaningful anticancer candidate should
preferentially affect malignant cells relative to
relevant normal lung or epithelial cells, and its
mechanism  should be distinguished from
nonspecific metabolic toxicity. Future experiments
should therefore compare A549 with a normal lung-
cell model, include a reference anticancer drug and
use mechanistic endpoints beyond MTT.

4.9 Integrated mechanism proposed from the
current evidence

Taken together, the results support a
working mechanistic model in which hesperidin
may interact with a network of proteins associated
with inflammatory transcription, stress-activated
MAPK signalling, cell survival and apoptosis. The
network analysis identifies interconnected targets;
docking provides structural plausibility for
interaction with five selected proteins; H202
scavenging demonstrates chemical antioxidant
capacity; and AS549 MTT data demonstrate
concentration-dependent cytotoxicity. These
evidence streams can be integrated into a hypothesis
in which modulation of redox and inflammatory
signalling contributes to altered survival signalling
and, at sufficiently high exposure, increased
apoptotic/cytotoxic responses.
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The model should remain explicitly
provisional. The current dataset does not establish a
causal sequence such as “hesperidin binds NFKBI,
inhibits NF-kB, activates caspase-3 and kills A549
cells.” Such a statement would exceed the evidence.
A publication-grade mechanism requires temporal
experiments showing that  target/pathway
modulation occurs before the phenotype, pathway-
specific pharmacological or genetic rescue, and
preferably direct target-engagement measurements.

Figure 2. Proposed mechanistic hypothesis
linking hesperidin-associated targets,
MAPK/TNF/Toll-like receptor signalling,
oxidative stress, inflammatory signalling,
survival pathways and apoptosis. The diagram
should be labelled as a proposed mechanism
rather than a confirmed pathway.

4.10 Strengths of the study

The study has several strengths, including
the use of multiple complementary evidence streams
rather than reliance on a single assay, with target
selection guided by drug—disease target intersection
and protein—protein interaction (PPI) network
analysis. The Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses independently converged on
MAPK- and inflammatory-signalling themes,
providing a broader biological context for the
identified targets. Molecular docking was performed
against five mechanistically distinct targets rather
than a single arbitrarily selected protein, and
residue-level interaction information was evaluated
for the resulting docked complexes. In addition, the
A549 MTT assay demonstrated a clear
concentration-dependent  cytotoxic response to
hesperidin. Importantly, the manuscript
distinguishes experimental findings from the
simulated BSA dataset and transparently identifies
unresolved methodological and data-reporting
inconsistencies, thereby improving the scientific
transparency and interpretability of the study.

4.11 Limitations
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The study has several limitations, including
the absence of the complete list of all 11 common
hesperidin-NSCLC targets in the final results,
incomplete reporting of the exact target-prediction
database and filtering thresholds, and insufficient
details regarding the STRING confidence threshold
and other network-analysis parameters. Although
molecular dynamics (MD) simulation and
MM/GBSA analysis were mentioned in the planned
methodology, completed MD trajectory metrics and
MM/GBSA results were not provided and therefore
were not included as completed findings. In
addition, concentration-range discrepancies were
identified between the Methods and Results sections
for both the H.O. and BSA assays, while the
reported BSA dataset was explicitly described as
simulated. The absence of complete replicate-level
raw data and exact statistical outputs limits
independent verification of p-values and confidence
intervals. Furthermore, the MTT assay measures
cellular metabolic viability and, by itself, cannot
establish apoptosis or a specific molecular
mechanism. The study was conducted using a single
cancer cell line and therefore does not establish
tumour selectivity. Finally, molecular docking
scores represent computational predictions and
should not be interpreted as experimental binding
affinities or definitive evidence of target inhibition
or activation.

4.12 Recommended experiments for mechanistic
validation

The most important next step is to convert
the computational hypotheses into experimentally
testable mechanisms. For NFKBI, the authors
should evaluate NF-«kB nuclear translocation,
transcriptional reporter activity and downstream
inflammatory mediators. For MAPK14 and AKT]I,
phospho-protein analysis can determine whether the
pathways are functionally altered. For CASP3,
cleaved caspase-3 and PARP cleavage, Annexin
V/PI staining and mitochondrial assays can establish
whether apoptosis accounts for the MTT phenotype.

Selectivity should be assessed using a non-
malignant lung-cell model. A reference anticancer
agent should be included to contextualize potency.
Dose—response curves should be generated with
sufficient  concentration points around the
CTC50/IC50 region, preferably using nonlinear
regression with confidence intervals. Replicate-level
data should be retained and deposited or made
available according to journal policy.

The computational workflow could also be
strengthened by validated redocking of co-

crystallized ligands, explicit reporting of docking
precision, ligand-state generation, grid dimensions
and software versions. For selected complexes,
molecular-dynamics simulation and MM/GBSA
may provide additional comparative information,
but only if actually executed and supported by raw
trajectory and energy data. These analyses should
never be inserted retrospectively = without
computational outputs.

V. CONCLUSION

This detailed integrated analysis supports
hesperidin as a biologically interesting research
candidate for further NSCLC investigation. The
compound showed characteristic physicochemical
behaviour, a Amax of 283 nm with strong analytical
linearity (R?>=0.9966), a reported melting/DSC
transition at 262 °C and limited aqueous solubility
relative to several organic solvents. Network
pharmacology identified 11 common hesperidin—
NSCLC targets that formed a highly interconnected
PPI network with 49 observed edges and significant
enrichment.

The network and pathway results
converged on MAPK-, stress-, kinase- and
inflammatory-signalling themes. Five targets were
prioritized for docking, and NFKB1/1NFI produced
the most favourable predicted score, followed by
CASP3, AKT1, MAPK14 and PPARG. Residue-
level interaction analysis demonstrated multiple
hydrogen bonds and complementary
hydrophobic/aromatic ~ contacts  across  the
complexes. Hesperidin also showed strong
concentration-dependent H202 scavenging and
concentration-dependent cytotoxicity in A549 cells,
reaching 59.96+0.14% cytotoxicity at 50 pg/mL,
with a reported CTC50 of 45.25 pg/mL.

Overall, the data support a multi-target
mechanistic hypothesis involving inflammatory
signalling, cellular stress, survival pathways and
apoptosis. However, the evidence remains
preliminary. The simulated BSA dataset, unresolved
concentration-range inconsistencies, absence of
completed MD/MMGBSA outputs and lack of
direct target-validation experiments must be
addressed before the work is considered submission-
ready. Future experiments should establish target
engagement, pathway modulation, apoptotic
mechanism and cancer-cell selectivity. Thus,
hesperidin should be described as a promising
investigational compound rather than an established
NSCLC therapeutic.
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