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Abstract

Background: Though taxifolin is a naturally occurring flavonoid with autoantioxidant capabilities and
some reported anticancer effects, its real-world applications are still limited due to its instability and
poor bioavailability. Niosomes, as a nanodelivery system, are expected to enhance delivery
effectiveness. This investigation aimed to evaluate the potential chemoprotective and pro-apoptotic
effects of taxifolin-loaded niosomes (Tax-NIO) in MCF-7 breast cancer cells.

Methods: The thin-film method was used to prepare the niosomes, which were characterized for
morphology, size, and polydispersity index (PDI). The drugs loaded niosomes were subjected to
entrapment efficiency (EE) and stability, and drug release studies. We further evaluated the impact of
Taxifolin on the viability of breast cancer cells, RT-qPCR assays, malondialdehyde (MDA) activity,
and cell cycle progression.

Results: Tax-NIO has a small size of approximately 51 £+ 0.40 nm, a low PDI of 0.132 = 0.14, and a
zeta potential of -21 + 0.23 mV, indicating stability. There was a continuous release of drugs in
comparison to unencapsulated taxifolin. In a dose-dependent manner, Tax-NIO caused a drop in MCF-
7 cell viability, and its ICso was 48.9 uM, which was higher than the 23.4 pM ICso for olaparib.
Upregulation of pro-apoptotic genes such as p53, Bax, Caspase-9, and Caspase-3 was observed,
whereas anti-apoptotic genes Bcl-2 and PARP-1 were downregulated. Tax-NIO resulted in a
significantly lower level of lipid peroxidation. Cell cycle analysis also showed there was significant
G2/M phase arrest in the Tax-NIO-treated cells.

Conclusions: Incorporation of taxifolin into niosomes exhibits even greater anticancer effects against
MCF-7 breast cancer cells, including increased apoptosis, greater inhibition of oxidative stress, and
greater disruption of cell-cycle progression. Thus, these findings indicate that Tax-NIO could serve as
an effective nanotherapeutic strategy for breast cancer and warrant further preclinical and translational
studies.

Keywords: Taxifolin, Niosome, Breast cancer cells, Cell cycle analysis, apoptosis

1 Introduction

Antioxidants, whether natural or synthetic, are utilized in food to mitigate the initial stages of oxidation-
induced deterioration. Currently, consumers prefer natural products to avoid artificial additives.
Taxifolin (3,3',4',5,7-pentahydroxiflavanon, or dihydroquercetin) is a bioactive compound classified
under the flavanone subgroup; it is present in citrus fruits, red onions, milk thistle, seeds of the species
Silybum, and pine wood, among other sources. Taxifolin exhibits structural and functional similarities
to quercetin and rutin (1,2).
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It contains a hydroxyl group at the C-3 position of the C ring. The structural distinction between
quercetin and taxifolin lies in the presence of a 2,3 double bond in quercetin, which is associated with
its potent antioxidant activity. In contrast to other antioxidant compounds commonly used in the food
industry, such as ascorbic acid, taxifolin exhibits robust antioxidant activity. It applies to edible oils,
beef, lard, poultry fats, dry milk powder, and chilled salmon. The pharmacological actions reported
include radioprotective, anti-inflammatory, antiviral, and antitumor properties. It has been demonstrated
to exhibit anticancer, antibacterial, and antitumor effects, enhance immunological functions, and protect
against cardiovascular disorders. Owing to the aforementioned qualities, taxifolin can be used in a
diverse array of applications, including food additives, health foods, pharmaceuticals, and other related
goods. Despite its extensive biological activities, the use of taxifolin in food formulations is limited
primarily by its low water solubility (0.87-1.00 mg mL—1 at 25 °C) (3,4).

The hydrophobic nature of taxifolin and its reduced solubility rate in watery gastrointestinal fluids
frequently lead to insufficient bioavailability. Other researchers enhanced taxifolin bioavailability by
reducing particle size with Liquid Antisolvent Precipitation (LAP) technology. Micronized taxifolin
was synthesized using supercritical antisolvent (SAS) technology in previous investigations. The
granule shape was predominantly needle-like, with a particle size ranging from 2 to 11 um (5).

It may be inferred that nanocarriers enhance bioavailability, phenolic functionality, and the bioactive
properties of other compounds due to their significantly larger surface area. Nanoparticles can readily
traverse cell membranes. Nanoparticles enter target cells, thereby releasing their cargo. Various
preparation methods have been employed to manufacture nanocapsules with distinct characteristics in
terms of size, polydispersity index (PDI), and encapsulation efficiency (EE) (6).

Niosomes are generated through the self-assembly of non-ionic surfactants in aqueous conditions,
leading to the organization of surfactant macromolecules into bilayers. Niosomes and their
manufacturing process, like liposomes, are formed by the adverse interactions between surfactants and
water molecules. Furthermore, they can capture hydrophilic and amphiphilic molecules. Various
surfactants have been employed in the formulation of nonionic vesicles for the potential delivery of
bioactive nanovesicles (7).

The most critical tumor suppressor gene is p53. p53 is a key biomarker in cancer, and elevated p53
expression may improve patient prognosis (8). Bel-2-Associated X Protein (Bax) is a member of the B-
cell lymphoma 2 (Bcl-2) protein family and is essential for regulating cellular apoptosis and survival.
Overexpression of Bax induces apoptosis, underscoring the necessity of stringent regulation of Bax
from transcription through post-translational modification for cellular survival. Bcl2 is a crucial protein
that regulates apoptosis. The highly varied expression in many hematological malignancies offers
protection against cell death induced by oncogenic and environmental stresses. The initiation and
conclusion of apoptosis are significantly aided by members of the caspase family (9,10).

Various cancer therapies promote apoptosis by indirectly activating these caspases, resulting in the
demise of cancer cells. Poly(ADP-ribose) polymerase-1 (PARP-1) is involved in several critical
biological processes, including apoptosis, regulation of cell proliferation, replication, and DNA damage
repair (11). Various cancer cell types exhibit elevated PARP-1 levels, and this overexpression has been
associated with tumor growth (10).

Olaparib is a small molecule PARP inhibitor that mitigates the effects of ionizing radiation and
alkylating agents on DNA when administered orally. The FDA has sanctioned the PARP inhibitor
olaparib (Lynparza) for the treatment of adult patients with deleterious or presumed detrimental
gBRCAm, HER2-negative metastatic breast cancer who have undergone chemotherapy in the
neoadjuvant, adjuvant, or metastatic contexts (12).

This work sought to elucidate the chemoprotective effects of Tax-NIO in in vitro cancer models by
evaluating its capacity to induce apoptosis in MCF-7 breast cancer cells and by examining the
mechanisms underlying this effect.

2. Materials and Methods

Chemicals

Taxifolin was purchased from Sigma Aldrich (St. Louis, MO, USA). Preparation of Tax NIO took place
at the Nanomaterials Research and Synthesis Unit, Animal Health Research Institute (ARC, Giza,
Egypt). From LKT Laboratories (St. Paul, MN, USA), Olaparib was purchased. Cell lines were obtained
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from the National Research Centre, Giza, Egypt. All remaining chemicals used in the experiment were
obtained from Sigma-Aldrich (St. Louis, MO, USA).

Preparation of Tax-NIO

In the thin-film approach (13) to produce niosomes, 20 mg of cholesterol and 100 mg of Span 60 in 10
mL of chloroform were mixed, and the resulting solution was dried using a rotary evaporator (Buchi R-
3, Switzerland). Niosomes containing Tax were made by adding the film to the Tax Solution. To obtain
a concentration of 50 mg/ml, Tax was added to 10 mL of Phosphate-Buffered Saline (PBS; pH 7.4) at
60°C. Sonication of the aqueous solution and dispersion of the lipid layer was performed in an ultrasonic
bath (Sonics & Materials Inc., USA) at 60 Hz and room temperature for 15 min.

Characterization of Tax-NIO

Zeta potential, Polydispersity Index, and Morphology

For the purpose of measuring the niosomes’ size, polydispersity index, and zeta potential values, the
DLS, Malvern Zetasizer, Nano ZS model, Malvern Instruments LTD, U.K., was used, and it was the
DLS that provided the results. Each sample underwent triplicate analysis. The Tex-NIO templates
analysis was complemented by digital micrograph and SoftlmageViewer, which were used to analyze
the sample using the transmission electron microscope (JEOL JEM-2100; JEOL LTD, Tokyo, Japan).
One drop from the niosomal dispersion was diluted with deionized water in a 1:10 ratio and left on a
carbon-coated copper grid for a minute, where it was meant to help the niosomes adhere. They were
unembedded and unstained for TEM examination, though they were first dried to room temperature
(14).

Entrapment Efficiency (EE)

Using the direct method, the ability of Tax-NIO formulations to retain was determined. By suspending
the lyophilized Tax-NIO in ethanol, then vortexing and centrifuging, the Tax-NIO encapsulation
efficiency (EE%) was assessed. A 205 nm UV spectrophotometer was used to determine the drug
concentration, and the drug's EE was calculated from the standard curve (15). The methodology requires
that the EE of a substance be expressed as a percentage to meet the standard (% EE drug).

Wi f
Drug EE (%) = TXIOO

Wi is the concentration of the drug initially in the niosome preparations, and W f is the concentration
of the drug present in the weighted amount of the loaded niosome at the end.

Drug Release Study

A dialysis bag (MWCO = 12 kDa) containing 2 milliliters of the free drugs Tax-NIO for drug release
(in vitro) was used. The dialysis bag was inserted into 50 milliliters of phosphate-buffered saline (PBS)
(1X, pH= 5.4, pH = 7.4) and centrifuged at 37 degrees Celsius. Supernatant samples were collected at
predetermined time points and replaced with fresh PBS.

Stability Studies

To study Tax-NIO's stability, we placed them in two different settings simultaneously. They were
maintained at 25 £ 1 °C and 4 + 1 °C for 3 months. The average physical parameters (mean particle size
(nm), PDI, EE) were measured at the end of the study period and at 0, 1, 2, and 3 months.

Cell Culture

At the standard conditions of 37°C, 5% CO2, and sub-confluence, MCF-7 cells were cultured in
complete Roswell Park Memorial Institute-1640 medium fortified with 10% FBS,
penicillin/streptomycin, and L-glutamine (Sigma-Aldrich, St. Louis, MO, USA).

In vitro cytotoxicity

The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) is a colorimetric
assay where yellow MTT is converted to purple formazan. The following steps were done in a clean
environment in a Laminar flow cabinet complying with biosafety level II (Baker, SG403INT, Sanford,
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ME, USA), where 104 cells/well were exposed to different concentrations of Tax-NIO (5, 10, 25, 50,
and 100 uM) and olaparib (5, 10, 25, 50, and 100 uM) (16). After 2 days, 2.5 ug/ml MTT was added to
each well, and the plates were incubated for an additional 4 hours at 37°C. After the formazan crystals
were formed, the crystals were dissolved by adding 200 pl/well of 10% sodium dodecyl sulfate, and the
absorbance was measured at 595 nm using a positive control, which is known to cause 100% mortality
under the same experimental conditions. The following equation was used to calculate the percentage
change in viability.

Cytotoxicity %= (Extract reading/Negative control reading) x 100,

Viability %= 100- Cytotoxicity%,

The impact of each treatment is measured by its IC50 (the concentration that reduces cell viability by
50%).

Quantitative RT-PCR analysis

Using an Ambion RNA Mini Kit (Life Technologies; catalog number 12183018A), RNA from the cells
was extracted. To assess sample quality, we used a NanoDrop® ND-1000 Spectrophotometer
(Wilmington, Delaware, USA). To prepare the cDNA, a High-Capacity cDNA Reverse Transcription
Kit (4374966) from Thermo Scientific was used. For the real-time PCR assay (17), the Maxima SYBR
Green qPCR Master Mix (2x) from Thermo Scientific (catalog #K0251) was used. For the controls,
housekeeping gene GADPH was selected. To calculate target gene expression levels, the 2*-AACt
method was used (18). The primer pairs for the target genes are listed in Table 1.

Table 1. Primers sequences

Gene Primers Accession number

F 5'- CCTCAGCATCTTATCCGAGTGG-3'
R 5-TGGATGGTGGTACAGTCAGAGC-3’

F 5'- TCAGGATGCGTCCACCAAGAAG -3’
Bax R 5'- TGTGTCCACGGCGGCAATCATC -3’ NM_001291428

F 5'- ATCGCCCTGTGGATGACTGAGT-3’
Bel2 R 5'- GCCAGGAGAAATCAAACAGAGGC-3’ NM_000633

F 5'-GTTTGAGGACCTTCGACCAGCT-3’
R 5'-CAACGTACCAGGAGCCACTCTT-3'

F 5'- GGAAGCGAATCAATGGACTCTGG-3’
R 5'-GCATCGACATCTGTACCAGACC-3’
F 5'- CCAAGCCAGTTCAGGACCTCAT-3’

PARP1 R 5- GGATCTGCCTTTTGCTCAGCTTC-3' NM_001618

Pss NM_000546

Caspase-9 NM 001229

Caspase-3 NM_004346

F 5" GTCTCCTCTGACTTCAACAGCG -3’
GAPDH R 5 ACCACCCTGTTGCTGTAGCCAA -3' NM_001256799

Detection of lipid peroxidation

To establish baseline levels of lipid peroxidation, we seeded 2 x 10 cells/ml into 96-well culture plates.
After 48 hours of exposure to Tax-NIO (48.9 uM) and olaparib (23.4 uM), the cells were harvested and
washed twice with PBS. We harvested the cells using an ice sonic probe (VCX-130 W, Newtown,
USA). We disrupted the cells by ultrasonication for 5 seconds. In accordance with the manufacturer's
protocol, we measured malondialdehyde (MDA) in the cell extract using the MDA test kit. We assessed
MDA content using a microplate reader set to 532 nm (Tecan, Mannedorf, Switzerland) (19).

Cell cycle stage detection

Cells were seeded at 2 x 10 cells/ml per well in 100-mm plates overnight in fresh culture medium. The
following day, Tax-NIO and olaparib treatment started for 48 hours. After cell harvest, cells were fixed
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by incubation in 70% ethanol at 20°C for 12 hours. Later, the cells were treated with RNase (10 mg/mL)
and propidium iodide (50 pg/mL) for 30 min. The data were analyzed using FlowJo software (TreeStar,
Ashland, OR, USA) to evaluate cell-cycle distribution (20).

Statistical analysis

GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA) was used for all statistical analyses. For
comparisons of more than two groups, one-way analysis of variance (ANOVA) was used, followed by
Tukey’s test for statistically significant differences. All graphs show the mean value +/- the standard
error (SE) of three or more independent observations. The statistical significance threshold was set at p
<0.05.

3. Results
Tax-NIO characterization

Morphological characterization

The average particle size, PDI, and zeta potential were measured by dynamic scattering light analysis
using the Malvern Zetasizer. In Tax-NIO, the average size was 51 = 0.40 nm. The PDI value was
0.1321£0.14, which is considered in the acceptable range. The ZP value of Tax-NIO was -214+0.23 mV
(Figure 1).

Figure 1. Characterization of Tax-NIO TEM image.

Drug release studies of Taxifolin from niosomes

Taxifolin formulation's drug release profile was studied for 48 hours at pH 5.4 and pH 7.4 at 37°C to
learn more about in vitro drug release. As can be observed in the "Release" plot (Figure 2), at pH 5.4
and pH 7.4, the Taxifolin free medications saw a rapid increase in release (42%, 50.31% over the first
six h); after 12 h, the rate of release was (66%, 81.3%). After 24 h, the rate of release was increased to
(82.3%, 93%). According to monitoring of the Tax-NIO release profile at pH 5.4 and 7.4, 20.6% and
24.3% of the drug were released, respectively, after 6 hours.

Figure 2. In vitro drug release profile of Tax and Tax-NIO from the dialysis bag in pH 5.4 and
pH 7.4 at 37 °C. The mean and SD of 3 samples are displayed.
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Physical stability study of Tax-NIO

Weights, sizes, PDIs, and EEs of Tax-NIO bilosomes were measured at both frozen and room
temperatures at baseline and at 1, 2, and 3 months to evaluate their stability and effectiveness. Notably,
there was no discernible effect of temperature on Tax-NIO size, PDI, or EE; however, at baseline, the
Tax-NIO size was the smallest (59 nm), with a PDI of 0.174 and an EE of 87.1%. According to the
stability graph (Figure 3), temperature was a contributing factor in months 1-3. There was an increase
in size and PDI, and a decrease in EE. 25 °C was the cause of the increase in size and PDI and the
reduction in EE. The EE was inversely proportional to the amount of drug released. Stiffness, elasticity,
and temperature can affect the decrease in PDI and the increase in EE of niosome pores. The 3-month
sample at 4 °C had the smallest particle size, and the lowest EE was 71.6%. At 25 °C, the developed
pores increased in size, PDI, and, by the third month, reduced EE (61.67%), indicating that the niosomes
are stiffer and more elastic at lower temperatures.

Figure 3. Tax-NIO alone at 4 °C and 25 °C was compared for mean annealing temperature
stability. Stability parameters being mean particle size (A), PDI (B), and % EE (C). Data are
reported as mean = SD (n =3). *P<0.05.
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Cytotoxic impact on MCF-7 cells

In Figure 4, the viability% of MCF-7 cells was significantly reduced after 48 hours of incubation with
Tax-NIO and olaparib at different concentrations. Moreover, Tax-NIO exhibited cytotoxic activity
against both cell types, with IC50 values of 48.9 uM and 23.4 uM for olaparib, respectively (Figure 4).

Figure 4. The impact of varying concentrations of Tax-NIO, Tax, and olaparib on MCF-7 cells'

viability using the MTT assay following 48 hours of incubation. Results displayed are
mean+=SEM, p < 0.05.
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Evaluation of the mRNA expression levels of marker genes in MCF-7 cells

The expression of p53, Bax, caspase-9, and caspase-3 in Tax-NIO-, Tax-, and olaparib-treated MCF-7
cells was compared with that in untreated cancer cells. There was a marked upregulation in expression
of the listed mRNAs, and it was found that Tax-NIO-treated MCF-7 cells and olaparib-treated MCF-7
cells showed mRNA expression levels of caspase-9 and caspase-3 that were statistically similar. There
were also comparable levels of caspase-3 expression between untreated and Tax-treated cancer cells
(Figure 5).

Figure 5. The MCF-7 cell lines most affected by Tax-NIO, Tax, and olaparib were those with
altered expression levels of the genes P53 (A), Bax (B), caspase-9 (C), and caspase-3 (D) (mRNA
expression normalized to GADPH). * Indicates statistical significance when compared to the
untreated group (p < 0.05).
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In contrast to our previous results, the expression levels of anti-apoptotic Bcl2, PARP 1, were
significantly the highest transcriptional level in untreated cancer cells, while the cells treated with Tax-
NIO, Tax, and olaparib revealed significant downregulation in Bcl2, PARP 1 in MCF-7 cells in
comparison with the untreated cancer cells (Figure 6).
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Figure 6. The effects of Tax-NIO, Tax, and olaparib on the gene expression levels of Bel2 (A),
PARP 1 (B), (Relative gene mRNA expressions/GADPH) in the MCF-7 cell lines. * Statistically
significant difference between control and treated group (p < 0.05)
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Evaluation of lipid peroxidation marker (MDA)
In contrast, untreated cancer cells have much higher MDA than MCF-7 cells treated with olaparib, Tax-

NIO, or MCF-7 (Figure 7).

Figure 7. The influence that Tax-NIO, Tax, and olaparib conversely have on the amount of MDA
(nmol/mg) within the MCF-7 cell lines. * There is a statistically significant difference between the

control and the treated group (p < 0.05)
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Analysis of the cell cycle

We hypothesized that Tax-NIO- and Tax-induced apoptosis involved cell-cycle interruption and thus
evaluated the cell-cycle distribution following Tax-NIO and Tax treatment. Breast cancer MCF-7 cells
treated with Tax-NIO for 48 h revealed a significant (p < 0.05) increase in the number of cells arrested
at the G2/M (15.3%) phase, and the proportion of cells in the GO/1 phase (47.0%) was decreased in
comparison with untreated cancer cells as well as cells treated with Tax showed a significant increase
in the number of cells arrested at the GO/1 (67.5%) phase. The proportion of cells in S phase (1.0%)
was lower than in untreated cancer cells. In cells treated with olaparib, our data showed a significant
increase in the number of cells arrested at GO/1 (63.2%). In contrast, the proportion of cells in S phase
(8.6%) was lower than in untreated cancer cells (Figure 8).

Figure 8. Effect of Tax-NIO, Tax, and olaparib on the cell cycle progression of breast cancer
MCF-7 (A). * Significance of differences between control and treated group (p < 0.05),

1026
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4. Discussion

One of the main contributors to worldwide illness and death is cancer, which involves the proliferation
of cells, the inhibition of apoptosis, genetic instability, and changes to the body's oxidation and
reduction reactions. There have certainly been remarkable improvements in breast cancer treatment.
There is also the development of targeted therapies. Yet, off-target effects, treatment resistance, and
systemic toxicity still restrict therapeutic success. These obstacles have led to investigations into adjunct
strategies to improve the efficacy of therapeutic interventions while avoiding serious side effects. This
is especially the case when one considers the use of adjunct therapies that target one or more oncogenic
pathways (21).

Because of their safety, human use history, and mechanisms of action, the anticancer properties of sweet
cherry flavonoids, natural products derived from plants, make them promising. Unfortunately, the
clinical use of flavonoids has not been realized. This is due to their poor aqueous solubility, low
bioavailability, rapid metabolism, and low cellular uptake. Anticancer effects of flavonoids also arise
from their ability to stimulate apoptosis and reduce inflammation and metastasis. To reduce these
obstacles, plant compounds in medicine can have their therapeutic effects amplified by employing
niosomes. These drug delivery systems improve drug stability, enhance release, and improve delivery
and targeting to tumors (compared to standard approaches) (5-7).

Taxifolin (dihydroquercetin) is an anticancer agent, according to recent results, against multiple cancer
types. Taxifolin has been shown to modulate apoptosis, cell proliferation, and cell migration. Changes
in oxidative stress and blockade of central cell signaling pathways, such as PI3K/Akt, Wnt/B-catenin,
NF-«xB, and mTOR, also suppress tumor growth. Furthermore, taxifolin can alter multidrug resistance
in cancer cells, making it a potential candidate as a chemosensitizer (23).

The goal of this study was to evaluate the anticancer potential of taxifolin encapsulated in niosomes
(Tax-NIO) against the highly proliferative MCF-7 breast cancer cells. We proceeded to study and
analyze the specific physicochemical properties of Tax-NIO, such as controlled release behavior,
cytotoxic activity, and the subsequent release of downstream apoptosis-related genes and alterations in
oxidative stress, regarding the progression of the cell cycle in comparison to the free taxifolin drug
versus the standard of care (SOC) drug, olaparib.

The tax-NIO formulation exhibited nanoscale dimensions, low polydispersity, a weakly negative zeta
potential, and good stability. The formulation exhibited sustained-release, release-dependent release,
and acceptable stability, making it likely to serve as a nanocarrier system for intracellular delivery of
taxifolin.

Taxifolin was reported by Chen et al. to cause uncompetitive inhibition of P-glycoprotein, thereby
resensitizing multidrug-resistant cells to gain intracellular drug retention and chemosensitivity (21).
Consistent with these findings, our results showed that Tax-NIO, rather than free taxifolin, induced
MCF-7 cell death in a dose-dependent manner. This increased cytotoxicity in MCF-7 cells was greater
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than that of free taxifolin (owing to the niosomal system's enhanced sustained cell uptake and release),
supporting the aforementioned idea of sustained cell uptake and release.

In the same way, taxifolin was shown to inhibit the tumor-promoting mechanisms leading to the
proliferation, migration, and invasion of osteosarcoma cells (22). Our findings that Tax-NIO induced
cell cycle arrest, indicating decreased cancer cell proliferation, and that Tax-NIO, compared with free
taxifolin, showed enhanced anti-cancer activity than expected for nanotechnology, indicate that the anti-
cancer activity of flavonoids was enhanced by nanotechnology. This observation supports the notion
that greater efficacy of Tax-NIO in free taxifolin indicates the role.

Das and others compiled evidence demonstrating taxifolin's ability to modulate multiple pathways
implicated in apoptosis, oxidative stress, and cancer-promoting mechanisms (23). Our results confirm
this, as Tax-NIO induced upregulation of pro-apoptotic genes (p53, Bax, caspase-9, and caspase-3)
while simultaneously repressing anti-apoptotic genes (Bcl-2 and PARP-1), indicating activation of the
intrinsic mitochondrial apoptotic pathway. Most importantly, the apoptotic response induced by Tax-
NIO was comparable to that caused by olaparib, further underscoring the potential of Tax-NIO in cancer
treatment.

Haque and others (24) showed the pathway in which taxifolin inflicts an anti-mammary carcinogenic
effect, and this is via the deregulation of the LXR/mTOR/PTEN pathway (24). Following these
mechanistic pathways, we observed significant progress in apoptosis and in the suppression of survival
pathways in Tax-NIO-treated MCF-7 cells. This suggests that the taxifolin nanoformulation can target
dysregulated signaling pathways in breast cancer.

Carcinogenesis is associated with oxidative stress, and one of the most dangerous forms of oxidative
stress is Reactive Oxygen Species (ROS). ROS are involved in DNA damage, the regulation of cell
survival and death, and other aspects of cellular regulation. MDA is a potent and dangerous carcinogen
and is a marker for the type of lipid peroxidation caused by ROS, and is used in the assessment of severe
illnesses, namely cancer, to evaluate oxidative stress. In several types of cancer, MDA levels and,
consequently, lipid peroxidation in cancer cells are elevated. MDA is a major contributor to cellular
aging and is implicated in cell death. The MDA is a functional intermediate that promotes cell growth
during periods of oxidative stress. When MDA is formed during metabolism, it reacts with amino
groups, which supports the hypothesis that these changes are responsible for cell growth. In the
production of excess ROS, mechanisms for the type of DNA damage, inherited mutations, and loss of
cell function are destroyed. Furthermore, redox control in tumor and normal cells under stress differs.
This is one of the reasons for the high sensitivity of tumor cells to oxidative stress. One of the suggested
treatments focuses on oxidative stress, which is used to explain the high sensitivity of tumor cells. This
treatment of cancer cells focuses on redox control, as these cells are susceptible to stress and fragile.
The combination of heightened metabolic stress and rapid cellular division causes the stress-regulating
capacity of these cells to stagnate at inefficient levels. Consequently, increased production of highly
reactive oxygen species leads to further DNA damage and reduced cell viability (25, 26).

Hossain and Ray characterized the mechanisms by which taxifolin triggered epigenetic regulation of
p53 and apoptotic genes in Ewing's sarcoma (27). Likewise, the current study demonstrated pronounced
upregulation of p53 and other mediators of apoptosis after tumors received Tax-NIO, indicating that
cells would produce or accumulate higher intracellular concentrations of taxifolin and possibly rekindle
or restore previously silenced p53 pathways.

Li et al. established the fact that taxifolin was able to decrease the migration and invasion of breast
cancer cells through B-catenin signaling and was able to induce the mesenchymal to epithelium
transition (28). Although migration was not assessed in the study, Tax-NIO induced G2/M cell cycle
arrest and triggered apoptosis, consistent with a less aggressive tumor phenotype and reduced tumor
growth and activity.

Lin et al. claimed that taxifolin was responsible for breast cancer reduction by amplifying the cancer-
targeting CD8* T cells and regulating the tumor suppressor genes (29). While immune modulation was
out of the scope of the in vitro, the strongly pronounced anti-proliferative and pro-apoptotic effects of
taxifolin demonstrated with Tax-NIO suggest that the nano-delivery of taxifolin in more elaborate tumor
microenvironments would increase taxifolin’s anti-cancer potential.

Manigandan et al. established that taxifolin prevented colon carcinogenesis by inhibiting the NF-«xB-
mediated Wnt/B-catenin signaling pathway and activating Nrf2 (30). The decreased oxidative stress and
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increased apoptosis observed in the aforementioned findings reflect taxifolin's dual action as a redox-
modulating anticancer agent, consistent with the dual anti-proliferative and antioxidant mechanisms.
Oi et al. illustrated that taxifolin inhibited skin carcinogenesis induced by UV radiation through
modulating the signaling of EGFR and PI3K (31). Our study built on and confirmed prior findings by
demonstrating that Tax-NIO disrupts critical survival pathways in breast cancer cells, leading to
apoptosis and cell cycle arrest. Overall, these findings substantiate the considerable improvement in
taxifolin's anticancer activities through niosomal encapsulation and bring taxifolin to the forefront of
innovative therapeutic interventions in breast cancer (32,33).

Insights from Haque and Pattanayak’s studies also indicated that taxifolin impairs the development of
breast cancer from the exposure of DMBA through modulation of the AhR/CYP1A1 pathways (25,26).
Our research corroborates these results by showing that Tax-NIO significantly attenuated oxidative
stress, as evidenced by a reduction in MDA levels in treated cells. The balance of oxidative stress is
consistent with the protective effect of taxifolin, which has been documented to alleviate oxidative
damage induced by carcinogens and to strengthen its protective role against lipid peroxidation in breast
cancer cells.

The oral PARP inhibitor olaparib is therapeutically impactful in patients with recurrent ovarian cancer
and a breast cancer gene (BRCA) mutation. People who have human epidermal growth factor receptor
2-negative, metastatic breast cancer and a hereditary BRCA mutation benefited greatly from switching
to olaparib monotherapy rather than the standard treatment, with olaparib monotherapy extending
median progression-free survival by 2.8 months and reducing the risk of death (34).

5. Conclusions

Overall, taxifolin-loaded niosomes (Tax-NIO) displayed promising anticancer activity against MCF-7
breast cancer cells, thanks to their nanoscale features (tiny particle size, acceptable PDIs, negative zeta
potentials) alongside a sustained release profile, acceptable short-term (especially at refrigeration)
stability, dose-dependent cytotoxicity, and noticeable pro-apoptotic activity (increased
P53/Bax/caspases and reduced Bcl-2 and PARP-1/Bcl-2), lower levels of the peroxidation marker
MDA, and cell cycle arrest (most noticeably G2/M), similar to or better than performance of olaparib
with respect to some apoptotic activity. Tax-NIO has to undergo wider angiogenesis, arising from (1)
establishing clinical activity and selectivity in other subtypes of breast cancer and in its regular cell
counterparts, (2) enhancement of formulation consistency, stability, and preservation (especially at
4°C), and reduction of batch-to-batch variability, (3) and comprehensive pharmacological testing in
animals and tissue to assess toxicity and clinical activity, before it can be considered as a condensed
nanocarrier in a novel anticancer technique.
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