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ABSTRACT

Background: Cardiovascular diseases remain the leading cause of mortality worldwide, largely
driven by oxidative stress and inflammation during myocardial ischemia and reperfusion injury.
Apigenin, a natural flavonoid, exhibits potent antioxidant and anti-inflammatory properties
but suffers from poor solubility and bioavailability. To overcome these limitations, a novel
Apigenin-Hydroxyapatite Nanocomposite (Api-HANPs) was developed to enhance its therapeutic
efficacy against oxidative cardiac injury. Materials and Methods: Api-HANPs were synthesized
via a green mechanochemical approach and characterized using FTIR, XRD, and FESEM analyses
to confirm composite formation and structural morphology. The cardioprotective potential of
Api-HANPs was evaluated in H9c2 cardiomyoblast cells exposed to Hydrogen Peroxide (H,0,)-
induced oxidative stress. Cytotoxicity, antioxidant enzyme activities (SOD, CAT), lipid peroxidation
(MDA), intracellular Reactive Oxygen Species (ROS) levels, apoptosis (AO/EB, DAPI), and
mitochondrial membrane potential (Rh-123) were assessed. Molecular docking was performed
to explore apigenin’s binding affinity with the NF-kB protein, and immunofluorescence staining
was used to evaluate NF-kB and Nrf2 nuclear translocation. Results: FTIR and XRD confirmed
successful integration of apigenin into the hydroxyapatite matrix with altered crystallinity and
improved surface morphology. Api-HANPs markedly improved cell viability in a dose-dependent
manner, with maximal protection at 50 pM. Pretreatment with Api-HANPs significantly reduced
H,0,-induced apoptosis, ROS production, and MDA levels while restoring antioxidant enzyme
activity and mitochondrial membrane potential (p < 0.0001). Molecular docking revealed a
strong binding affinity between apigenin and NF-kB (-7.7 kcal/mol), and immunostaining
showed that Api-HANPs suppressed NF-kB nuclear translocation while promoting Nrf2
activation, indicating simultaneous anti-inflammatory and antioxidant actions. Conclusion: The
Api-HANPs nanocomposite effectively mitigates oxidative stress-induced cardiomyoblast injury
by restoring redox balance, preserving mitochondrial integrity, and modulating NF-kB/Nrf2
signaling pathways. These findings suggest Api-HANPs as a promising nanotherapeutic strategy
for preventing oxidative cardiac damage and managing cardiovascular disorders.
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INTRODUCTION

Globally, Cardiovascular Disease (CVD) causes 17.9 million
people annually. Heart attacks, or Myocardial Infarction
(MI), are devastating."” Durable ischemia, or inadequate
blood supply, to a heart muscle segment causes cellular death
(necrosis). Traditional therapies for MI often fall short due to
the complex and multi-faceted pathophysiology, even though
medicinal interventions such as beta-blockers, statins, and
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Angiotensin-Converting Enzyme (ACE) inhibitors have made
great strides.” The condition is marked by a high mortality
rate and significant long-term morbidity, often resulting in
detrimental cardiac remodeling, diminished left ventricular
function, and eventually, heart failure. The pathogenic cascade
after MI entails significant and dynamic alterations in cellular
metabolism, inflammation, and lipid profiles, underscoring the
pressing need for more effective treatment options that may
address various facets of the disease process.*” Oxidative stress is
a key contributor to cardiac damage. During a MI, the restoration
of blood flow (reperfusion) to ischemic tissue, while essential
for cellular survival, paradoxically induces a surge of ROS. This
Ischemia/Reperfusion (I/R) insult intensifies cellular damage
by facilitating protein oxidation, lipid peroxidation, and DNA
damage, potentially resulting in extensive cell death. The complex
interaction between inflammation and oxidative stress creates a
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detrimental loop that continues myocardial injury and hinders
the heart’s self-repair capacity. Therefore, there is an immediate
necessity for bioactive systems that can concurrently eliminate
reactive oxygen species and regulate inflammatory signals.”®

Natural polyphenols, especially flavonoids, have garnered
considerable interest due to their powerful, antioxidant,
anti-inflammatory and cardioprotective properties.>®  The
therapeutic efficacy of flavonoids has been extensively recorded
in relation to diverse health ailments, including metabolic
disorders, neurodegenerative illnesses, and hepatic toxicity.'>*?
Apigenin (4,5,7-trihydroxyflavone) emerges as a noteworthy
prospect for medicinal advancement.'*'* Previous studies indicate
that apigenin may mitigate cardiac hypertrophy, represented
by the swelling of heart muscle owing to stress, and provide
protection against ischemia/reperfusion injury, a significant
event in MI."* Its cardioprotective properties are ascribed to its
capacity to regulate essential signaling pathways implicated in
oxidative stress and inflammation. Apigenin demonstrates the
capacity to neutralize free radicals, augment antioxidant enzyme
activity, and inhibit pro-inflammatory cytokines, making it
an effective agent against the harmful effects of ROS.!*" The
clinical use of apigenin is significantly obstructed by its intrinsic
physicochemical characteristics, notwithstanding its medicinal
potential. Apigenin has limited solubility in biological fluids and
inadequate bioavailability, indicating that only a little proportion
of the molecule gets assimilated into the circulation and attains
its target regions.?**'

To address these physicochemical constraints, this study
employs a biomimetic strategy by incorporating apigenin into a
mineral-based scaffold. Hydroxyapatite Nanoparticles (HANPs),
an inorganic form of calcium phosphate, exhibit exceptional
biocompatibility and mimic the natural mineral components of
biological systems.”**In contrast to synthetic delivery vehicles,
the HANP scaffold serves as a structural stabilizer that preserves
the bioactive molecule from degradation while improving its
interaction with cellular membranes. We have created a stable
Api-HANP by functionalizing HANPs with apigenin. This
approach utilizes the nanoscale dimensions of the mineral matrix
to enhance the stability and cellular uptake of apigenin, providing
a synergistic platform for cardiac protection.

Despite the therapeutic characteristics of apigenin and HANP
are well-documented, the effectiveness of a functionally
integrated Api-HANP nanocomposite in a cardiac model has yet
to be investigated. This research examines the cardioprotective
efficacy of Api-HANPs against H O, induced oxidative stress
in H9¢2 cardiomyoblasts. We propose that this biomimetic
platform offers enhanced protection by mitigating oxidative
damage, preserving mitochondrial integrity, and inhibiting
apoptotic pathways. In such an environment, HANP surpasses
its traditional role as a passive carrier and acts as a biomimetic
stabilizer that amplifies the inherent bioactivity of apigenin.”
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By creating a solid-state nanocomposite devoid of synthetic
polymers or surfactants, we address the intrinsic limitations
of free apigenin, namely its inadequate water stability and fast
breakdown. The Api-HANP system functions as a cohesive
substance, providing a persistent antioxidant defense against
H,0,-induced damage. This association is especially efficacious
in cardiomyoblasts, as the mineral scaffold provides enhanced
biocompatibility relative to metallic or organic nano-carriers,
which could potentially induce localized inflammation or
secondary ROS.* Additionally, computational
docking and quantitative immunostaining were utilized to clarify

molecular

the molecular connections between apigenin and the Nuclear
Factor-kappa B (NF-kB) pathway, a principal regulator of the
inflammatory cascade in cardiac damage. This work signifies a
paradigm change from traditional drug delivery to the fabrication
of bioactive nanocomposites, particularly designed to enhance
cellular resilience against oxidative stress.

MATERIALS AND METHODS

Chemicals

Apigenin, calcium nitrate, liquid ammonia, phosphoric acid,
and the fluorescent probes DCFDA, acridine orange, ethidium
bromide, rhodamine 123, and DAPI were purchased from
Sigma-Aldrich (USA). Gibco-Invitrogen (USA) supplied
trypsin-EDTA, FBS, and DMEM-high glucose. All reagents and
chemicals were of analytical grade and prepared freshly before
each experiment.

Synthesis of HA nanoparticles

Initially, two distinct solutions were created. A 25 mL solution
of 1 M Ca(NO,), and a 50 mL solution of 0.6 M Phosphoric acid
(H,PO,) were prepared using DD water. The phosphoric acid
solution was thereafter added dropwise to the calcium nitrate
solution while maintaining continuous stirring. The pH of the
resultant mixture was modified to 9 by the incorporation of liquid
ammonia (NH,OH). The mixture underwent ultrasonication for
5 min to achieve homogeneity. The subsequent mixer was placed
in an autoclave (Teflon-lined SS) and imperilled to heating at
190°C for 240 min. The mixture was allowed to cool to Room
Temperature (RT), and the white residue was collected by
centrifuging it at 3500 rpm for 10 min. The precipitate was washed
three times: first, it was rinsed with ethanol to get rid of organic
contaminants, and then it was washed twice with DD water to get
rid of any leftover ions. After that, the mixture was dried in a 90°C
oven for one day to get pure HA nanoparticle powder.

Preparation of Api-HANPs nanocomposite

The Api-HANP nanocomposite was created using a solid-state
mechanochemical method. In summary, 100 mg of apigenin
and 100 mg of hydroxyapatite nanoparticles (1:1 w/w ratio)
were precisely measured and placed into a stainless steel ball
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mill chamber. The materials underwent dry milling for 2 hr at
800 rpm. This anhydrous mechanochemical method enabled
the high-energy collision of particles, enhancing the surface
functionalization of the HANPs with apigenin without employing
organic solvents. Subsequent to the milling process, the resulting
stabilized nanocomposite was retrieved and preserved at 4°C
for future characterisation and biological evaluations. The
Polydispersity Index (PDI) of the Api-HANP nanocomposite
was ascertained using Dynamic Light Scattering (DLS) utilizing
a Malvern Zetasizer Nano ZS. Samples were diluted in deionized
water and subjected to sonication for 5 minutes to achieve
uniform dispersion. Measurements were conducted at 25°C with
a detection angle of 173°. Three independent measurements
(10-15 runs each) were performed for each sample.

Physicochemical characterization

The fabricated nanocomposite product was characterized in
different ways. FTIR spectrum from 4000 to 400 cm™" was obtained
using a Cary-660 spectrophotometer to detect functional groups.
XRD analysis was conducted on the crystal structure and phase
purity using a D8 Advance diffractometer. Surface morphology
and microstructure were examined using a Carl Zeiss FESEM,
with samples coated in gold or platinum to avoid charging.

Cell Culture

H9c2 rat cardiomyoblast cells were procured from the National
Centre for Cell Science (NCCS) in Pune, India. The cells were
grown in Dulbecco’s Modified Eagle Medium (DMEM) enriched
with 10% Fetal Bovine Serum (FBS) and 1% antibiotic-antimycotic
solution in a humidified environment containing 5% CO, at
37°C. All tests were conducted with cells between passages
5 and 12 to guarantee phenotypic uniformity and metabolic
stability. Cells were sub-cultured at 70-80% confluence to avert
spontaneous differentiation, as elevated passage numbers have
been documented to demonstrate modified responses to toxic
stimuli and variations in myogenic markers. For the tests, cells
were inoculated at a density of 5x10* cells/well (24-well plates),
with each well holding 1 mL of media, and were subjected to
treatment after 3 days of growth.

Treatment protocol

The cells were pre-treated with different doses of Api-HANPs (5
to 100 uM) over a duration of 24 hr. Subsequently, the cells were
rinsed with PBS, and cardiac damage was induced using hydrogen
peroxide (250 uM) for 60 min.

Vitamin C (100 uM) was employed as a standardized positive
control to assess the antioxidant and cytoprotective efficiency
of the synthesized Api-HANP nanocomposite in all biological
assessments. All assays, including cell viability (MTT), nuclear
morphology (DAPI and AO/EtBr staining), Mitochondrial
Membrane Potential (MMP), and intracellular Reactive Oxygen
Species (ROS) accumulation, involved pre-treatment of H9c2
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cardiomyoblasts with Vitamin C for 2 hr before the induction of
oxidative stress using $H_20_2$ (250 uM). This group acted as
a comparative standard to assess the efficacy of the Api-HANP
platform in neutralizing oxidative damage, maintaining
mitochondrial integrity, and inhibiting programmed cell death.
All comparison treatments were conducted under uniform
experimental circumstances to guarantee statistical and biological
integrity.

MTT Assay

Cell viability was measured using the MTT test. After being
exposed to varied doses of Api-HANP (5-100 uM) over 24 hr,
H9c2 cells were treated with 250 uM H,O, for 1 hr. The MTT
experiments demonstrated that Api-HANP doses between 5
-100 uM did not significantly influence the viability of H9c2
cells; hence, this range was chosen to assess the dose-dependent
cardioprotective effects against H,O,. The next step was to treat
the cells with a 1 mg/mL MTT solution for three hours at 37°C.
Using a Mindray MR-96 microplate reader, the absorbance was
measured at 570 nm after dissolving the formazan product in 100
uL of DMSO.

Assessment of apoptosis using AO/EB staining

A PBS washing was performed on the cells after treatment. An
AO/EB staining solution was prepared by mixing 50 pg/mL
of acridine orange with 50 pg/mL of ethidium bromide in an
equivalent amount. A total of 100 uL of staining solution was
added to the cells, and they were left to incubate at RT without
light for 20 min. The cells were then cultured on glass slides and
seen using a 480 nm excitation filter-equipped Olympus CKX53
fluorescence microscope.

Protein Extraction and Quantification

Cells were lysed using a cold lysis buffer, followed by sonication
on ice. Sonication on ice was followed by centrifugation at 12,000
x g for 15 min at 4°C. The Bradford test, with BSA serving as
the standard, was used to quantify the protein content in the cell
lysate.

Antioxidant Enzyme Assays

Antioxidant enzyme activity and lipid peroxidation levels were
evaluated in cell lysates utilizing standard techniques with slight
changes. Subsequent to treatment, cells were collected, rinsed
twice with ice-cold PBS (pH 7.4), and lysed in ice-cold lysis
buffer; the lysates were then centrifuged at 12,000 x g for 15
min at 4°C, with the supernatant obtained for analysis. Catalase
(CAT) activity was measured utilizing the Catalase Assay Kit
(ELABSCIENCE, E-BC-K031-M), while Superoxide Dismutase
(SOD) activity was assessed using the Superoxide Dismutase
Assay Kit (ELABSCIENCE, E-BC-K020-M), following the
manufacturer’s guidelines and the methodology of Aicha et al.,””
with absorbance recorded at 450 nm on a microplate reader.
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Lipid peroxidation was assessed by measuring Malondialdehyde
(MDA) levels using the TBARS Assay Kit (ELABSCIENCE,
E-BC-K025-M):® reaction mixtures were incubated at 95-100°C
for 15-30 min, subsequently cooled to room temperature,
centrifuged to eliminate precipitates, and absorbance was
measured at 532 nm using a spectrophotometer. Assays were
performed in three separate biological replicates (n = 3), each
including technical triplicates; enzyme activity and MDA levels
were adjusted to total protein (Bradford assay) and presented as
Mean + SD.

ROS staining

H9c2 cells were treated with Api-HANPs at five different
concentrations-for 24 hr. After that, oxidative stress was induced
by exposure to 250 uM H,O, for 1 hr. The cells were then washed
with cold PBS and incubated with 50 uM DCFH-DA at 37°C
for 30 min in the dark. After incubation, the cells were washed
twice with PBS, and fluorescence images were captured using
a fluorescence microscope (CKX53, Olympus, Japan) with
excitation and emission wavelengths of 488 nm and 530 nm.
Intracellular ROS levels were quantified by measuring the Mean
Fluorescence Intensity (MFI).

Mitochondrial Membrane Potential Assessment

The cells were first treated, and then incubated with 100 uL of
a Rh123 staining solution containing 10 mg/mL. The mixture
was then incubated for 20 min at 37°C in the dark. Fluorescence
intensity was measured using a fluorescence microscope (CKX53,
Olympus, Japan) after two rinses with PBS. Decreases in the
intensity of Rh123 fluorescence are indicative of decreases in
mitochondrial membrane potential (A¥m).

Nuclear staining with DAPI

In order to evaluate the structure of the nucleus, the cells were
treated with a 3.7% formaldehyde solution for a duration of 10
minutes at room temperature. This was then followed by three
rinses using PBS. The cells were subsequently permeabilized
using a 0.2% Triton X-100 for a duration of 5 minutes, followed
by another round of washing with PBS. Afterwards, the cells
were treated with DAPI (5 pg/mL) and incubated for 10 minutes
in the absence of light. Following the removal of excess DAPI
through PBS washing, nuclear morphology was examined using
a fluorescence microscope (CKX53, Olympus, Japan) with
excitation and emission wavelengths of 358 nm and 461 nm,
respectively. The fluorescence intensity of Rh123 is indicative of a
decrease in mitochondrial membrane potential (A¥m).

Molecular docking analysis

A potential binding mechanism between Apigenin and NFkB was
examined by a molecular docking study. Initially, we acquired the
three-dimensional configurations of Apigenin (PubChem CID:
5280443) from the PubChem database (https://pubchem.ncbi.
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nlm.nih.gov/). Subsequently, we obtained the three-dimensional
configuration of the I-Kappa-B-Alpha/NF-Kappa-B Complex
with the Protein Data Bank identification number (PDB ID
- INFI). Ultimately, we employed AutoDock (version 15.7,
MGL Tools) to simulate the interaction between Apigenin and
a protein that plays a role in the NF-kB pathway. Autodock is a
computational software that predicts the compatibility between
a medicine molecule and a protein molecule, determining their
ability to create a stable link. It calculates the binding energy,
which quantifies the strength of the attraction between the two
molecules. Autodock indicates a more favourable interaction
between the protein and the ligand by assigning a lower binding
energy value. When the score is negative, it means that the
predicted fit is quite accurate. For the same reason that lighting
a match releases energy, bonding usually does the same. A
negative number is used to represent this released energy in the
calculations.

Immunofluorescent staining assay

To examine the effects of Api-HANPs on oxidative stress and
inflammation, H9C2 cells were cultured in a humidified chamber
at 37°C with 5% CO.. The cells were randomly divided into three
groups for the experiment after they achieved 80% confluence.
The comparison group did not get any therapy. To induce
oxidative stress and inflammation, the H,O, group was exposed
to 250 uM H,O, for a duration of 1 hr. The Api-HANPs group
was pretreated with 5 pg/mL of Api-HANPs for 24 hr, followed
by exposure to 250 pM H,O, for 1 hr. In order to fix the cells,
they were exposed to 4% paraformaldehyde for 15 min at room
temperature after each treatment. After that, they were incubated
with 0.1% Triton X-100 for ten minutes, and then 5% BSA was
used to block them for an hour. Next, NF-kB p65 (1:400) and
Nrf2 (1:200) primary antibodies were used. For the next day, the
cells were allowed to remain at 4°C. Secondary antibodies labelled
with Alexa Fluor 488 and 594 were then added to the cells after
washing and left to sit in a dark chamber at room temperature for
1 hr. A fluorescent microscope was used to observe and quantify
the entry of NF-kB p65 and Nrf2 into the nucleus after the nuclei
were stained with DAPL

Statistical analysis

Statistical analysis was performed on data obtained from three
distinct experiments. Data are presented as the Mean + Standard
Deviation (SD) or Standard Error of the Mean (SEM), as
appropriate. Group comparisons were assessed utilizing repeated
measures ANOVA or Students t-test, contingent upon the
experimental design. Statistical analyses were performed utilizing
GraphPad Prism software (version 8, San Diego, CA, USA), with
statistical significance defined at p < 0.05. The figures denote
specific p-values indicated by asterisks: *p < 0.05 (if relevant, albeit
not expressly mentioned in the text), **p < 0.01, ***p < 0.001, and
% p < 0.0001. # denotes a comparison between the control and
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treated groups, while * signifies a comparison between the treated
and other experimental groups.

RESULTS

Physicochemical analysis

Figure la shows the FTIR spectra of pure Apigenin, pure
HANPs, and Api- HANPs nanocomposite. In the spectrum
of pure HANPs, Phosphate (PO ) vibrations dominate, with
asymmetric stretching peaks at 1097 and 1028 cm™, symmetric
stretching peaks at 951 cm™, and a split asymmetric bending
band at 563 and 604 cm™. The large peak at 3424 cm™ and the
tiny peak at 1620 cm™ represent the hydroxyl group stretching
and bending vibrations of adsorbed water molecules.”” The
spectra of pure Apigenin exhibits peaks (C=0) at 1648 cm™, 1620
cm™ (C=C), and a wide band about 3300 cm—1 (O-H).* The Api-
HANPs nanocomposite’s FTIR spectrum shows that Apigenin
was successfully incorporated onto HANPs nanoparticles. The
nanocomposite spectrum shows Apigenin and HANPs peaks,
with HANPs phosphate bands at 1069, 1026, 946, 558 and 602
cm™'. Importantly, the primary phosphate peaks shift somewhat
from pure HANPs. In the nanocomposite, the peak at 1028 cm™
in pure HANPs moves to 1026 cm™, and the band at 1097 cm™
shifts to 1069 cm™. In the nanocomposite, Apigenin’s C=0 band
at 1648 cm™ moves to 1640 cm ™. This slight but considerable peak
change suggests hydrogen bonding or electrostatic interactions
between organic Apigenin molecules and the inorganic HANPs
surface.’* Similar spectrum shifts indicate effective composite
synthesis and molecular interaction, as reported by Sysak et al.*

The XRD patterns of pure HANPs and the Api-HANPs exhibit
different features essential for evaluating the material’s crystalline
structure. The diffraction peaks for pure HANPs (Figure
1b) are distinct and crisp, reflecting its extremely crystalline
characteristics. The most distinctive peaks of HANPs are often
seenat two thetavalues0f25.91°,31.95°,and 32.50°, conforming to
the (002), (211), and (300) crystallographic planes, respectively.**
The peak at 31.95° ((211) plane) is notably pronounced and
serves as a critical indication of the HANPs phase. Conversely, the
XRD pattern of the Api-HANPs nanocomposite displays larger
and less strong peaks. The widening and diminished intensity
indicate a decline in the crystallinity of the HANPs component.
The principal HANPs peaks at 20 values of 25.91°, 31.95°, and
32.50° remain evident, but with less sharpness, attributable to
the effective integration of apigenin into the HANPs lattice.”
The amorphous characteristics of apigenin, together with its
interaction with the HANPs surface, disturb the long-range
ordering of HANPs nanocrystals, resulting in the observed
peak widening. This structural alteration serves as a crucial
indicator of successful nanocomposite formation and has been
documented in analogous studies, including that of Manzoor et
al. (2025), which synthesized drug-loaded HANPs nanoparticles
for biomedical applications, observing comparable variations in
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XRD patterns following drug incorporation.*® The alteration in
crystallinity is often advantageous for drug delivery applications,
as the increased surface area and reduced crystal size may improve
drug loading and release efficacy, which is especially pertinent for
cardiomyoblast protection.

The Scherrer equation was utilized to quantitatively estimate
the primary crystallite size, focusing on the significant (002)
diffraction peak at around 20= 25.8, indicative of the c-axis
development of HA crystals. The Scherrer equation is articulated
as:

D=K\/Bcosb (1)

In this expression, K signifies a dimensionless shape factor,
whereas A indicates the X-ray wavelength of the CuKa radiation
(0.154 nm). The parameter P is the Full Width at Half Maximum
(FWHM) of the most prominent diffraction peak, notably the (211)
reflection, expressed in radians to accommodate line broadening,
and 6 denotes the Bragg angle corresponding to the peak point.
The mean crystallite size, derived from the diffraction peak at the
(211) plane, was found to be 17.26 nm for pure HA and 17.29 nm
for the Api-HANP nanocomposite. The slight increment in the
crystallite size of Api-HANP indicates the effective incorporation
of Apigenin into the mineral matrix, potentially affecting lattice
strain and overall particle development while preserving the core
HA phase.

The FESEM findings in Figure 1c reveal important morphological
changes in produced materials. HANPs shows with a rod-like
shape and homogeneous nanoscale dispersion. Numerous
investigations on biomedical HANPs synthesis have documented
this shape.’” Api-HANPs have a heterogeneous shape with rod-like
and spherical features. HANPs nanorods have incorporated and
distributed apigenin, as seen by this morphological alteration.
Apigeninaffects HANPs self-assembly and crystallization, creating
a composite material with a more complex surface topography.
The FESEM photographs were analyzed quantitatively using
Image] software to determine the particle size distribution. The
findings indicated that the synthesized Api-HANP displayed a
very homogeneous distribution, with sizes between 90 and 200
nm. The heterogeneous structure’s enhanced surface roughness
and various binding sites may improve medication loading
and controlled release. As shown in comparable drug-delivery
methods for cardiac tissue engineering, persistent apigenin
release is essential for cardiomyoblast protectivity to offer an
antioxidant and anti-inflammatory impact.

The size uniformity of the Api-HANP nanocomposites were
assessed using the Polydispersity Index (PDI) (Figure 1d).
The Api-HANP nanocomposites demonstrated a PDI value of
0.123, signifying a narrow size distribution and a high level of
homogeneity within the solution. PDI values below 0.2 indicate
a monodisperse population, implying that the incorporation of
Apigenin into the HA mineral matrix did not result in notable
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agglomeration or structural heterogeneity. The low PDI value is
essential for guaranteeing uniform cellular uptake and consistent
biological responses in the cardiomyoblast damage model.

Preliminary Assessment of H,0,-treated, Pristine
HANPs and Pure Apigenin

To establish a suitable model for oxidative stress, H9c2 cells
were exposed to varying concentrations of H,O,. Our findings
revealed a substantial decrease in cell viability at 250 uM H,O,,
demonstrating its effectiveness in inducing oxidative damage

—— Api-HANPs
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Intensity Distribution
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(Figures 2a, 2b). This concentration was therefore selected for
subsequent experiments.

To determine the safety profile of the various components, H9c2
cells were subjected to different concentrations (5-100 M) of pure
Apigenin and pristine HANPs (Figures 3 and 4). The MTT assay
results indicated that both compounds had minimal cytotoxicity,
with cell viability consistently exceeding 90% throughout the
entire concentration range. The superior biocompatibility of
the HANP scaffold corresponds with its characteristics as a

(b)

Api-HANPs
- HANPs

\
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Figure 1: (a) FTIR spectrum Pure Api, pure HANPs and Api-HANPs nanocomposite; (b) XRD pattern of pure HANPs and Api-HANPs nanocomposite; (c) FESEM
images of pure HANPs and Api-HANPs nanocomposite; (d) Polydispersity Index (PDI) of the Api-HANP nanocomposite, indicating a monodisperse population
with a PDI of 0.123.
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biomimetic calcium phosphate mineral, emulating the inorganic
composition of living tissues. Likewise, pure Apigenin, a naturally
occurring dietary flavonoid, exhibited no detrimental effects
on cardiomyoblast viability under the examined conditions.
The absence of intrinsic toxicity in both the bioactive chemical
and the mineral carrier indicates that any biological alterations
detected in following tests stem from therapeutic signaling rather
than stress generated by the materials.

Cytoprotecting effect of Api-HANPs against
H202-induced H9c2 cells

The chosen concentrations of Api-HANP therapy (5, 25, 50,
and 100 pM) were determined by preliminary cytotoxicity
evaluations and recognized pharmacological ranges
flavonoids in cardiac cell models. An MTT cell viability assay
was performed to assess the safety of the Api-HANP; H9¢2 cells
exposed to Api-HANPs at concentrations up to 100 uM exhibited
a cell viability, so affirming the excellent biocompatibility of
the HA NP scaffold. The concentration range was substantiated

for

by existing literature, indicating that low doses of Apigenin
(5-20 uM) can activate antioxidant signaling, whereas higher
concentrations (up to 100 pM) are typically required to elicit a

notable protective effect against severe oxidative damage, such as
that induced by H,0,.**** By employing this extensive range, we
assessed the dose-dependent performance of the nanocomposite
and identified the optimal concentration necessary to regulate
the cardiomyoblast microenvironment without triggering
pro-oxidant effects.

H9c2 cells were exposed to H,O, following pretreatment with
different concentrations of Api-HANPs and a positive control
group (H,0,+Vit C) to assess their cytoprotective properties
(Figure 5a). In comparison to the H2O2-treated damage
group, there was a substantial dose-dependent enhancement
in cell viability (p < 0.0001) in the Api-HANP treated cells. The
restoration of viability in the Api-HANP groups was equivalent
to the protection provided by the Vitamin C positive control,
which sustained. The cytoprotective effects of the nanocomposite
were most significant at a dosage of 50 pM Api-HANPs (85%).
Treatment with 100 uM Api-HANPs led to a significant reduction
in viability relative to the 50 uM group. This signifies a biphasic
response in which the ‘mid-range’ dose of 50 puM yields the
greatest therapeutic advantage, while elevated doses may
provoke secondary cellular stress due to increased nanoparticle
density. Figure 5b illustrates that the MTT quantitative data
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Figure 2: (a) Cytotoxicity and Cytoprotective Evaluation in H9c2 Cells. (a) Dose-dependent cytotoxicity of H,0, (0-500 uM) on H9c2 cardiomyoblasts measured
via MTT assay after 24 hr exposure. (b) Dose-response assessment of Api-HANP nanocomposites (5-100 uM) demonstrating the biocompatibility of the scaffold.
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was corroborated by phase-contrast microscopy, revealing that
Api-HANP (50 uM) and H,O,+Vit C pretreated cells exhibited
a healthy spindle-shaped morphology and increased cell density,
in contrast to the shrunken, apoptotic appearance observed in
the H,O, injury group. According to these findings, 50 uM was
determined to be the best concentration for the Api-HANP
nanocomposite to protect cardiomyoblasts from oxidative stress.

Effect of Api-HANPson apoptotic induction potential
by AO/EtBr staining

In order to evaluate the ability of Api-HANPs and H,O, to
induce apoptosis, H,0,+Vit C, H9c2 cells were subjected to
different doses of Api-HANPs and then exposed to H,O,
(Figure 6a, b). Afterwards, the cells were stained with AO/

(a)

Control |

EtBr in order to observe apoptotic and necrotic morphological
alterations. Pretreatment with Vitamin C (100 pM) markedly
reduced H202-induced apoptosis, as indicated by a predominant
population of green-fluorescing cells exhibiting intact nuclear
architecture, akin to the control group. The positive control
group effectively inhibited the transition to orange-red
fluorescence, confirming that systematic antioxidant therapy
preserves membrane integrity and prevents late-stage apoptotic
alterations induced by oxidative damage. The AO/EtBr staining
approach facilitated the identification of early and late apoptotic
cells by observing their distinctive nuclear morphology. Early
apoptotic cells had an orange-colored nucleus with compressed
or fragmented chromatin, while late apoptotic cells exhibited
a red nucleus with shattered and condensed chromatin. The

(b)

100+

80+

Cell viability (%)
=)
<

401
207
0- T
S s e
Ca°° Concentration of

HA NPs (uM)

Figure 3: (a) Cytotoxicity and Cytoprotective Evaluation in H9c2 Cells. (a) Dose-dependent cytotoxicity of HANPs (5 - 100 pM) on
H9c2 cardiomyoblasts measured via MTT assay after 24 hr exposure. (b) Dose-response assessment of HANP nanoparticles (5-100 uM)
demonstrating the biocompatibility of the scaffold.
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Figure 4: (a) Cytotoxicity and Cytoprotective Evaluation in H9c2 Cells. (a) Dose-dependent cytotoxicity of Pure Apigenin (5 — 100 uM)
on H9c2 cardiomyoblasts measured via MTT assay after 24 hr exposure. (b) Dose-response assessment of Pure Apigenin (5-100 pM)
demonstrating the biocompatibility of the scaffold.
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findings of our study clearly showed that exposure to H,O, alone
triggered apoptosis in H9c2 cells, as shown by the presence of
cells with orange and red nuclei. Nevertheless, prior treatment
with Api-HANPs significantly decreased the quantity of cells
undergoing apoptosis, especially at elevated doses. This indicates
that Api-HANPs may have a protective impact against cell death
in H9¢2 cells when they are subjected to oxidative stress.

Impact of H,0, and Api-HANPs on Antioxidant
Enzyme Activity

SOD and Catalase (CAT) are antioxidant enzymes that have
a crucial function in safeguarding the heart from the harmful
impact of ROS. Imbalance in the functioning of these enzymes
is often associated with the underlying causes of CVD. The
outcomes of our investigation revealed a substantial reduction
in the activity of SOD and CAT in cells treated with H,O,
in comparison to the control cells (p < 0.0001), H,O,+Vit C,
H,0,-Api-HANPs (Figure 7 a, b). This suggests that the presence

of H,O, might cause oxidative stress, which in turn can decrease
the cells’ ability to defend against antioxidants. In contrast, prior
treatment with Api-HANPs led to a significant elevation in SOD
and CAT activity when compared to cells treated to H,O, (p <
0.0001). These findings indicate that Api-HANPs may enhance
the cells’ antioxidant defense systems, hence contributing to their
cytoprotective benefits.

Effect of Api-HANPs on Lipid Peroxidation

The enzymatic decomposition of lipids by ROS is known as
lipid peroxidation. Damage and disturbance to cells might be
possible outcomes. This study evaluated MDA levels as a measure
of lipid peroxidation. In our investigation, H,O,-treated cells
exhibited significantly higher levels of MDA compared to control
cells (p < 0.0001), confirming that oxidative stress induces lipid
peroxidation (Figure 7c). Importantly, compared to cells exposed
to H,0,, those pre-treated with Api-HANPs showed a significant
decrease in MDA levels (p < 0.0001). These findings suggest that

(a) 1001
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Figure 5: Api-HANPs' cytoprotective effect on H9c2 cardiomyoblasts induced injury by H202. (a) Api-HANPs' defense against H202-induced loss of cell viability.

The cells were treated with 250 uM of H202 for 1 hr, after being pretreated with diverse concentrations of Api-HANPs (5-100 uM) for one day. (b) Microscopy

images of H202 (250 uM), H202+ VitC (100 KM) and different concentrations of Api-HANPs (5, 25, 50, 75, and 100 puM) for one day and H202 (250 uM) treatment

for 1 hr. The three separate experiments' mean * SD are included in the data. In comparison to the control, *#p < 0.0001. In comparison to the H202-treated
group, *p < 0.0001.
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Api-HANPs effectively inhibit lipid peroxidation and protect
cellular components from oxidative stress.

Effect of Api-HANPs on intercellular ROS generation
by DCFH DA

The DCFH-DA fluorescent probe was employed to evaluate the
impact of H,O,-Api-HANPs on intracellular ROS generation
(Figure 8a, b). Our findings demonstrated a considerable increase
in green fluorescence intensity in cells subjected to H,O, (250

EtBr

100'pm

H202

H,0,+Vit C

H,0,+Api-HANPs

pM) relative to the control group, indicating a significant rise in
ROS production. This result corresponds with the recognized
pro-oxidant properties of H O, in cardiomyoblast models. In
contrast, pretreatment with either Api-HANPs or the positive
control, H O,+Vit C led to a marked reduction in fluorescence
intensity compared to the H,O, challenged group (p < 0.001). The
ROS-scavenging ability of 50 uM Api-HANPs was remarkably
effective, achieving a decrease in oxidative species similar to that of
the Vitamin C standard. These findings indicate that Api-HANPs

Merged

100 ——
RS
= 801
P
o
2 601
z
g 40. ek —
[=%
< Thkk
20
> ,
QO 3
& Ve &
O X g
oY
D Ol
X
o’b
>

100 pm

Figure 6: Apoptotic alterations caused by Api-HANPs were examined using AO/EtBr staining. (a) Fluorescence microscopic analysis of
control, H202 (250 uM), H202+ Vit C (100 uM) and Api-HANPs+H202 (50 pM) cells. (b) Bar diagram shows apoptotic cell percentage. Data
from three separate trials are presented as mean + SD. ## p< 0.0001 vs. control, ** vs. H202 groups.
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Figure 7: (a-c) The protective effect of Api-HANPs against H202 damage in an antioxidant enzyme test using SOD, Catalase, and
lipid peroxidation. The data are shown as the mean + standard deviation from 3 separate trials. ##p< 0.0001 compared to the
control group. As compared to the H202-treated groups, **p< 0.0001.
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protect H9¢2 cells by effectively reducing ROS production and
preserving intracellular redox equilibrium. The quantitative
fluorescence results (Figure 8b) further substantiates that the
integrated nanocomposite functions as an effective antioxidant
reservoir, offering a protective barrier against peroxide-induced
oxidative damage.

Effect of Api-HANPs on Mitochondrial Membrane
Potential (MMP)

Mitochondrial Membrane Potential (MMP) is a crucial factor in
maintaining mitochondrial homeostasis and cellular survival; a
prolonged decrease in MMP results in cellular dysfunction and
the activation of apoptotic pathways. We employed the lipophilic
cationic dye Rh-123 (Figure 9a, b) to assess the protective effect
of Api-HANPs on mitochondrial integrity. Our analysis revealed
a substantial decrease in Rh-123 fluorescence intensity in cells
subjected to H,O, (250 uM) compared to the control group,
suggesting that H,O, induced oxidative stress results in the
depolarization of the inner mitochondrial membrane. Conversely,
pretreatment with either Api-HANPs or the positive control,
H,0,+Vit C led to a considerable maintenance of MMP levels in
comparison to the H,0, treated cells (p < 0.01). The Vitamin C
group exhibited a significant cytoprotective impact, reinstating
mitochondrial polarization and preserving Rh-123 retention. The
50 pM Api-HANP group had a similar capacity to stabilize the

(a) Control

(b)

mitochondrial membrane potential. The findings indicate that
Api-HANPs protect H9c2 cells by maintaining mitochondrial
structural integrity and averting metabolic failure linked to
oxidative stress. Figure 9b quantitative study substantiates that the
nanocomposite efficiently alleviates mitochondrial dysfunction, a
critical factor in averting cardiomyoblast apoptosis.

Effect of Api-HANPs on nuclear staining using DAPI

DAPI fluorescence labeling was utilized to assess the effects of
Api-HANPs on nuclear architecture and nucleus integrity (Figure
10). Our findings indicated notable morphological defects typical
of late-stage apoptosis in cells subjected to H,O, (250 uM). The
modifications encompassed pronounced nuclear contraction
(pyknosis), chromatin condensation, and the emergence of
apoptotic structures, all indicative of permanent chromosomes
damage and programmed cell death. Conversely, cells pretreated
with either H,O,-Api-HANPS (50 uM) and the positive control,
H,0,+Vit C, had a well-maintained nuclear architecture. The
group treated with Vitamin C exhibited a notable decrease in
apoptotic characteristics, preserving consistent nuclear size and
intact chromatin distribution akin to the control group. Likewise,
H,0,-Api-HANP pretreatment successfully inhibited the nuclear
fragmentation and shrinkage linked to H,O, toxicity. The results
indicate that Api-HANPs protect H9c2 cells by preserving nuclear
integrity and inhibiting the DNA fragmentation that usually

H,0_+Vit C

H,0,+Api-HANPs

6
2 _ *kkk
3 =
R
= % *k ek
§E2
=
0_
> o N9 S
& o S8
¢ X QS"
oS
¥ N
v
o

Figure 8: (a) Micrographs of ROS production caused by DCFH-DA staining control, H202 (250 uM), H202+ VitC (100 M) and Api-HANPs+ H202 (50 puM); (b)

Image J software was used to measure the strength of DCFH-mediated fluorescence, which showed the amount of ROS inside the cells. The numbers are given

as the average light level (+SD) of five fields of view in each group. The data are shown as the mean * standard deviation from three separate trials. **p< 0.0001
compared to the control group. ##p< 0.0001 compared to the H202 treatment group.
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occurs after oxidative-stress-induced mitochondrial failure.
Figure 10’s qualitative observations validate that the Api-HANP
system offers a strong protective barrier for the genetic material
of cardiomyoblasts.

Molecular Docking Analysis of Apigenin-NF-kB
Interaction

Molecular docking studies utilizing AutoDock demonstrated
that apigenin exhibits stable binding into the active region of
the NF-kB protein, located at grid coordinates X = 0.0540, Y
= 71.789, Z = 80.507, with a favorable binding affinity of -7.7
kcal/mol. The highest-ranked posture exhibited exceptional
convergence, with RMSD lower and upper bounds of 0.000 A,
hence affirming stable orientation. Apigenin was predominantly
stabilized by hydrophobic and van der Waals contacts with
residues ILE354 and PRO352, forming a nonpolar pocket with
favorable shape complementarity, despite a scarcity of hydrogen
bonds and interacting residues (Figure 11a, b and Table 1). The
energetically favorable binding corroborates apigenin’s putative

(a) Control

interaction with NF-kB, providing computational validation that
enhances the results of experiments.

Api-HANPs regulated NF-kB and Nrf2 expression in
H9C2 cells under H,0, condition

Immunofluorescence labelling was conducted to assess the
modulation of nuclear translocation of essential transcription
factors by Api-HANPs during H202-induced stress. Figure
12a demonstrates that H O, therapy significantly increased
the nuclear translocation of the inflammatory factor NF-xB
p65, as indicated by pronounced localized staining within the
nucleus relative to the control group. This verifies that H,O,
induces a strong inflammatory response in H9c2 cells. In
contrast, pretreatment with either Api-HANPs or the positive
control, H O,+Vit C, effectively mitigated this translocation,
predominantly maintaining NF-xB p65 in the cytoplasm and
reinstating nuclear localization to levels comparable to the control.
This illustrates the significant anti-inflammatory capability of the
nanocomposite. Moreover, exposure to H,O, led to a reduction
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Figure 9: (a) Microscopic pictures of MMP assessed using Rh-123 staining: control, H,0, treated, H,0,+VitC, and Api-HANPs+H,0,; (b)
The intensity of Rh-123-mediated fluorescence was measured utilizing Image J software. ##p < 0.0001 compared to control. **p < 0.0001
compared to H,0, treated groups.
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Figure 10: DAPI staining experiment of control, H,0,-treated, H,0,+VitC, and Api-HANPs+H,0, showing apoptotic cells exhibiting blurred
membranes and apoptotic bodies.
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Figure 11: 3D and 2D Interaction for Apigenin and NF-kB.

a) NF-kB DAPI MERGED

Control

H:0:

100 jam

!
c)

H:0: +
r\l]i -HANPs H:0:+VitC

DAPI MERGED

b) Nrf2

100 pm

100 jem

AR

100 e

=)
=

504 @ H;0,

e

Mean Flourescence intensity
Lad
<

E Control @ H,0,+VitC
@ H,0,+Api-HANPS

rwan

—

la

201

101 ns 0

JHNER
-:.Q'éb

"

Qv

.\_‘:,{

Figure 12: NF-kB immunofluorescence staining of control, H,0, treated, H,0,+VitC, and Api-HANPs+H,0O,; (b) Mean Nrf2
immunofluorescence staining of control, H,0, treated, H,0,+VitC, and Api-HANPs+H,O,.

in nuclear expression of the antioxidant transcription factor
Nrf2, indicating that intense oxidative stress compromises the
cell's inherent defense mechanisms (Figure 12b). Pretreatment
with Vitamin C acted as a protective standard, aiding in the
preservation of Nrf2 levels. Api-HANP administration markedly
enhanced the nuclear accumulation of Nrf2, likely improving the

$1082

downstream antioxidant response more efficiently than the free
antioxidant. The twin outcomes demonstrate that Api-HANPs
offer an advanced defense mechanism against H,O, induced
damage by concurrently inhibiting the pro-inflammatory NF-«B
pathway and activating the cytoprotective Nrf2 pathway, thus
efficiently reinstating cellular homeostasis.
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Table 1: The binding affinities (in kcal/mol) and structural deviations (RMSD) of various apigenin isomers to the NFkB protein. The lower bound
(rmsdl.b.) and upper bound (rmsdu.b.) represent the minimum and maximum RMSD values, respectively, for each binding mode. A lower RMSD
indicates a more similar conformation to the optimal binding mode.

Name Binding Affinity = Distance from RMSD [LB] Distance from RMSD [UB] Protein
(kcal/mol) Co-ordinate Values
X - 0.0540
Apigenin -7.7 0.000 0.000 Y -71.789
Z - 80.507
DISCUSSION that enhance surface area and reduce crystal size may improve

The enhanced cardioprotective efficacy of the Api-HANP
system demonstrated in this study is most comprehensively
appreciated in relation to existing literature. Previous studies
on the cardioprotective properties of apigenin have primarily
concentrated on its capacity to modulate cardiac microRNAs
Although
these trials demonstrate apigenin as an effective nutraceutical,

and alleviate isoproterenol-induced damage.***

they depend on elevated systemic dosages of the unbound
molecule, which is limited by inadequate bioavailability.
Recent studies have employed silver and gold nanoparticles
(AgNPs/AuNPs) in nanoparticle-based antioxidant systems
to assess antioxidant capacity and to deliver apigenin for the
mitigation of doxorubicin-induced cardiotoxicity.*>** Although
efficient, metallic nanoparticles may raise challenges related to
long-term biosafety and the potential development of secondary
oxidative stress in vulnerable cardiac tissues. Our research
presents an innovative framework by employing HANP a
biomimetic mineral. In contrast to AgNPs or AuNPs, HANPs
provide a naturally inert and solvent-free framework that emulates
the endogenous calcium phosphate found in biological systems.
This guarantees that the detected activation of the Nrf2/NF-«xB
pathway is solely a reaction to the stable apigenin ‘reservoir’
rather than an interaction with an external metallic carrier,
thereby broadening the use of HANPs from bone engineering to
soft-tissue cardioprotection.

A novel Api-HANPs nanocomposite was produced and
evaluated for cytoprotection on oxidatively challenged H9c2
cardiomyoblasts. Apigenin inclusion on HANPs and the
nanocomposite minimize H,O,-induced cellular damage via
synergistic processes. Api-HANPs nanocomposite synthesis
was verified by FTIR, XRD, and FESEM. FTIR verified
apigenin-HANPs molecular interaction. HANPs phosphate peaks
changing suggest hydrogen bonding or electrostatic interactions,
with Apigenin C=0 peak shifting. These interactions are essential
for composite stability and drug loading. XRD showed apigenin
inclusion in the Api-HANPs nanocomposite showed weaker
crystalline peaks compared to pure HANPs. Apigenin amorphous
nature and interaction with the HANPs lattice disrupt its
long-range ordering, lowering crystallinity. Structural alterations
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drug loading and release rates in drug delivery devices.

Morphological alterations were seen in FESEM. More
heterogeneous than pure HANPs, the Api-HANPs nanocomposite
was rod-like and spherical. Apigenin altered HANP self-assembly
and crystallization, generating a complex surface topography
with increased roughness. For prolonged therapeutic benefits
in cardiac tissue engineering, drug delivery applications need
expanded surface area and numerous binding sites to optimize
drug-carrier interactions and controlled release. In our study
cytoprotective was observed in 50 pM (Figure 2a, b). Previous
study reported that pretreatment with different concentrations
of apigenin reduced cytotoxicity in ISO-treated H9c2 cells.*!
The apoptosis of H9¢c2 cells was evaluated by AO/EtBr staining.
The Api-HANPs treated cells showed significantly decreased
compared to H,O, exposed cells. The current study agrees
well with the study.”® The Api-HANPs-pretreated cells exhibit
antioxidant assay levels of SOD and CAT followed by exposed
to H,O, (Figure 5a, b). The elevated level of SOD and CAT can
be attributed to the proliferative activity of Api-HANPs in H9c2
rat cardiomyocytes. These results are supported by research
that shows apigenin increases the expression of important
antioxidant enzymes like glutathione synthase, catalase, and
superoxide dismutase, thereby boosting the cellular antioxidant
defense mechanism. Furthermore, by inhibiting NADPH oxidase
activity and thus downregulating related pro-inflammatory
genes, apigenin demonstrates anti-inflammatory properties.*
Oxidative stress leads to the release of malondialdehyde, a result
of the oxidation of lipid bilayers and other lipid molecules. In
our investigation, the pretreatment of Api-HANPs resulted in
a decrease in MDA levels, while cells treated with H O, alone
showed an increase in MDA levels (Figure 5¢). The reduced levels
of MDA content may be attributed to the increased amounts
of intracellular antioxidants in cardiomyocytes. Thus, it was
demonstrated that pretreatment with Api-HANPs reduced the
oxidation of lipid bilayer and other lipid components. Our result
is consistent with the report of.*’

The microscopic examinations revealed evident alterations in the
cellular structure, including decreased cell size, the formation of
blebs, and cell shrinkage, which are indicative of apoptosis in cells
treated with H,O,. Cells that were pretreated with Api-HANPs
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exhibited a significantly reversal of cell damage. Typically, cells
that undergo apoptosis will display cellular damage characterized
by irregular cell morphologies, cell shrinkage, blebbing, DNA
damage, and chromatin condensation.” The use of DCFDA
labeling revealed a strong green fluorescence in cells exposed to
H,0,, indicating the presence of ROS. In contrast, cells pretreated
with Api-HANPs showed absence of fluorescence, compared to
the control cells which was concordant with the previous report.*

An early stage of cellular death, the mitochondrial permeability
transition pore, can be activated by oxidative stress. A crucial
component for sustaining cellular energy production, the
mitochondrial membrane potential (A¥m), is lost during this
process. Overexposure to oxidants can cause damage to the
mitochondria, which can then compromise mitochondrial
function and ultimately cause cellular malfunction.” Cells treated
with Api-HANPs followed by exposed to H,O, cells showed
significantly prevented the loss of mitochondrial membrane
potential (A¥m), as shown in Figure 7. A previous study has
documented that protective effect of apigenin in mitochondrial
function in osteoblastic cells.” The current results demonstrate
a Dbeneficial interaction between apigenin and the NF-xB
pathway protein, demonstrated by a binding energy of -7.7
kcal/mol, indicating a thermodynamically stable ligand-protein
connection. This association is additionally reinforced by the
participation of critical hydrophobic residues, ILE(D):354
and PRO(D):352, which enhance complex stability inside a
nonpolar binding pocket. The results indicate that apigenin may
successfully bind to the NF-kB protein, offering computational
support for its putative function in altering NF-xB-related
signaling. These results align with previous studies highlighting
the anti-inflammatory properties of Apigenin.Immunostaining
findings validated the computational analysis, demonstrating
that Api-HANPs administration effectively suppressed the H,O,-
induced nuclear translocation of the inflammatory transcription
factor NF-kB p65, thereby reducing the inflammatory cascade.*
Simultaneously, Api-HANPs promoted the nuclear translocation
of the antioxidant transcription factor Nrf2, essential for initiating
the cellular antioxidant response.™

CONCLUSION

This successfully fabricated a new Api-HANPs
nanocomposite and offers strong evidence of its considerable
cytoprotective properties against H,O,-induced oxidative stress
in H9¢2 cardiomyoblasts. The physicochemical investigations

work

validate the successful integration of apigenin with HANPs, which
modifies the material’s characteristics beneficially for biological
applications. The biological findings indicate that Api-HANPs
not only alleviate significant indicators of oxidative damage, such
as diminished cell viability, heightened apoptosis, and increased
lipid peroxidation, but also reinstate essential cellular functions
by augmenting antioxidant enzyme activity, safeguarding

S1084

mitochondrial integrity, and preserving nuclear structure. The
therapeutic potential of the nanocomposite is clarified by its
dual-modulatory action on essential cellular pathways: it inhibits
the inflammatory NF-«B pathway while concurrently stimulating
the antioxidant Nrf2 pathway. Notwithstanding these encouraging
outcomes, a few limitations must be recognized. Initially, the in
vitro design of this work and the use of the H9¢2 cardiomyoblast
line, which embodies a neonatal-like phenotype, may not entirely
reflect the physiological intricacies of adult cardiomyocytes.
Secondly, although our molecular docking and biochemical
assays offer mechanistic insights, additional investigations
employing Western blotting and RT-PCR are necessary in order
to better quantify protein expression and gene transcription
levels. The lack of long-term toxicity evaluations and in vivo
validation continues to provide a difficulty for clinical translation.
Subsequent investigations need to concentrate on animal models
to evaluate systemic biocompatibility, pharmacokinetics, and
true therapeutic efficacy in a real cardiac system. Nonetheless,
the present findings suggest that the Api-HANP nanocomposite
holds considerable promise as a therapeutic agent for protecting
heart tissue from oxidative injury.
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SUMMARY

This study developed an Api-HANPs to enhance apigenin’s

cardioprotective

potential against oxidative stress. The

nanocomposite was synthesized and characterized using FTIR,
XRD, and FESEM. In H9¢2 cardiomyoblasts exposed to H,O,,
Api-HANPs significantly improved cell viability, reduced
apoptosis, lipid peroxidation, and ROS generation, while restoring
antioxidant enzymes (SOD, CAT) and mitochondrial function.
Molecular docking showed strong binding of apigenin to NF-xB
(-7.7 kcal/mol), and immunostaining revealed activation of
Nrf2 and inhibition of NF-kB. Overall, Api-HANPs effectively
mitigated oxidative and inflammatory injury, indicating their
promise as a nanotherapeutic agent for cardiovascular protection.
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