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ARTICLE INFO ABSTRACT
Keywords: Background: The discovery of novel cancer therapeutic strategies leads to the development of
Ag-NPs nanotechnology-based methods for cancer treatment. Silver nanoparticles (Ag-NPs) have
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Anti-cancer

Apoptosis

Signaling pathways

garnered considerable interest owing to their size, shape, and capacity to modify chemical, op-
tical, and photonic properties. This study aimed to investigate the impact of Ag-NPs on inducing
of apoptosis in MDA-MB 231 cells by examining specific signaling pathways.

Materials and methods: The cytotoxicity of Ag-NPs was determined using an MTT assay in MDA-
MB 231 cells. The apoptotic effects were assessed using the Annexin-V/PI assay. Real-time PCR
and western blotting were conducted to analyze the expression of apoptosis-related genes and
proteins, respectively. Levels of ERK1/2 and cyclin D1 were measured using ELISA. Cell cycle
assay was determined by flow cytometry. Cell migration was evaluated by scratch assay.
Results: The results revealed that Ag-NPs triggered apoptosis and cell cycle arrest in MDA-MB 231
cells. The expression level of Bax (pro-apoptotic gene) was increased, while Bcl-2 (anti-apoptotic
gene) expression was decreased. Increased apoptosis was correlated with increased levels of p53
and PTEN. Additionally, notable alterations were observed in protein expression related to the
Janus kinase/Signal transducers (JAK/STAT) pathway, including p-AKT. Additionally, reduced
expression of h-TERT was observed following exposure to Ag-NPs. ELISA results demonstrated a
significant reduction in p-ERK/Total ERK and cyclin D1 levels in Ag-NPs-exposed MDA-MB 231
cells. Western blotting analysis also confirmed the reduction of p-ERK/Total ERK and cyclin D1.
Decreased level of cyclin D is associated with suppression of cell cycle progression. The migratory
ability of MDA-MB-231 cells was reduced upon treatment with Ag-NPs.
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Conclusions: Our findings revealed that Ag-NPs influenced the proliferation, apoptosis, cell cycle,
and migration in MDA-MB 231 cells, possibly by modulating protein expression of the AKT/ERK/
Cyclin D1 axis.

1. Introduction

Cancer is a serious global health problem and is the second leading cause of mortality worldwide. The interplay between envi-
ronmental and genetic factors intricately contributes to cancer development. Its hallmark lies in uncontrolled cell proliferation that
leads to the destruction of surrounding tissues [1,2]. Surgery, chemotherapy, radiotherapy, immunotherapy, and hormonal therapy
are traditional cancer treatments but often result in undesirable effects [3]. Among cancers affecting women, breast cancer is one of the
most prevalent, accounting for 23 % of reported cancer cases. Within breast cancers, triple negative breast cancer (TNBC) represents
about 15-20% of cases, characterized by more aggressive biology, distinct tumor phenotypes, and high recurrence rates. TNBC is
defined by the absence of expression of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor 2
receptor (HER2). Approximately 12%-20% of all breast cancer cases belong to the TNBC phenotype (ER"/PR™/HER2"). The treatment
landscape for TNBC is challenging due to the absence of specific receptors used in hormonal therapy. In other words, TNBC patients
cannot benefit from conventional therapy or other targeted modalities employed for other breast cancer subtypes. Nanoparticles (NPs)
have emerged as a promising alternative platform for treating TNBC [4,5].

A nanoparticle is specifically defined as a material with a size less than 100 nm [6]. Nanotechnology-based methodologies offer a
means to mitigate systemic toxicity by employing functionalized moieties or biosynthesized nanocomposites like Fe304/Ag [7]. These
nanoparticles exhibit unique properties, including tiny size, large surface-area-to-mass ratio, and high reactivity. These features
present promising avenues for developing high-precision materials to overcome therapeutic and diagnostic barriers [8]. Silver
nanoparticles (Ag-NPs) hold a prominent commercial status among nanomaterials due to their well-established antiseptic properties.
In vitro experiments were used to investigate the properties, mechanisms of action and differential responses of Ag-NPs. Therefore,
Ag-NPs are used as a novel candidate for therapeutic applications in cancer therapy [9]. The medical applications of Ag-NPs include
drug delivery vectors, antibacterial agents, theranostic agents, and stem cell differentiation [10]. Ag-NPs possess the capability to
induce oxidative stress, alter mitochondrial membrane, cause DNA damage, trigger apoptotic cell death, and prompt cytokine pro-
duction [11]. In addition, it has been observed that Ag-NPs elicit a range of toxic effects, including alterations in oxidative
stress-related genes and lipid peroxidation [12,13]. Despite this, limited studies have scrutinized the effects of Ag-NPs on breast cancer
cell lines. In this study, we analyzed the apoptotic effects of Ag-NPs on MDA-MB 231 cells, serving as a model for human breast cancer.
Our analysis aimed to determine the AKT (also known Protein kinase B), phosphatase and tensin homolog (PTEN), and P53 signaling
pathways, recognized as pivotal signaling molecules activated in TNBC. The PI3K/AKT signaling pathway plays a crucial role in the
growth, proliferation, angiogenesis, migration, and survival in TNBC. Notably, these pathways are remarkably upregulated in TNBC
[14]. PTEN functions as a crucial tumor suppressor by inhibiting cell growth and increasing cellular susceptibility to apoptosis.
Specifically, PTEN acts as a negative regulator of AKT activation; therefore, its function is lost upon AKT activation [15]. The role of
telomerase reverse transcriptase (hTERT) was examined. HTERT is prominently overexpressed in most cancer cells and contributes
significantly to cell proliferation [16].

ERK1 and ERK2 are integral components in the Ras-Raf-MEK-ERK signaling cascade, regulating cellular events such as prolifer-
ation, survival, differentiation, and cell cycle progression [17]. Upon activation, ERK1/2 translocates to the nucleus for phosphory-
lating transcription factors and promoting cell proliferation through the expression of cyclin D1 [18]. Cyclin D1 orchestrates the G1-S
transition during the cell cycle. Indeed, cyclin D1 acts downstream from p-ERK; and its induction necessitates sustained ERK activation.
Overexpression of cyclin D1 has been confirmed in many cancer cells, correlating with unfavorable prognoses [19]. This study aims to
elucidate the effect of Ag-NPs on the induction of apoptotic signaling pathways.

2. Materials and Methods

Cell culture plates were provided by SPL Life Sciences (Pocheon, South Korea). Other cell culture materials were purchased from
Gibco Co. (UK). The used Ag-NPs were synthesized by US Research Nanomaterials Inc. and purchased from the Iranian Nanomaterial
Pioneers Company (Mashhad City, Khorasan, Iran).
2.1. Ag-NPs preparation

Distilled water was used to disperse polyvinylpyrrolidone (PVP)-coated Ag-NPs powder without adding surfactants. The size of the
Ag-NPs measured between 50 and 80 nm with a purity of 99% [20]. The scanning electron microscopy analysis was validated by the
Iranian Nanotechnology Initiative Council. Additionally, zeta potential and size distribution were provided by the commercial sup-
plier, as reported in our previous study [20].

2.2. Cell culture of MDA-MB-231 cells

The MDA-MB-231 cell line served as a TNBC model. These cells were obtained from the Pasteur Institute of Iran and cultivated in
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RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 100U/ml penicillin/streptomycin. MDA-MB-231 cells were
cultured at a density of 15 x 10* cells/cm2, incubated in a 5% CO2 incubator under a humidified atmosphere at 37 °C, and passaged
twice a week. The logarithmic growth phase of MDA-MB-231 was subjected to subsequent analysis.

2.3. Determination of cell viability

The viability of Ag-NP-treated cells was evaluated using an MTT-based colorimetric test. The assay relies on the reduction of MTT 3-
(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium Bromide (Sigma-Aldrich, USA) into water-insoluble purple formazan crystal that
is formed by viable cells. In detail, 3 x 10° cells/well were seeded onto a 96-well plate. After 24 h, the cells were exposed to varying
concentrations of Ag-NP (ranging from 0.1 to 7. pg/ml) and incubated for 48 h. Next, MTT solution (0.5 mg/mL) was added to each
well and incubated at 37 °C for 4 h. The supernatant was then removed, and 200 pl of DMSO was added to dissolve the formazan
crystals. Optical density was quantified at a wavelength of 570 nm using Elisa Reader (BioTek Instruments, Inc. USA) [21].
Dose-response curve and IC50 value were determined using GraphPad Prism software. Each experiment was performed at least in
triplicate three times in an independent manner, and the mean of these results was presented as the result [22].

2.4. Treatment of MDA-MB-231 cell line with Ag-NPs

Dynamic light scattering (DLS) analysis revealed the hydrodynamic diameter of PVP-coated Ag-NPs to be between 50 and 80 nm
[20]. Based on the results of the MTT assay, an appropriate concentration of Ag-NPs was selected. Treatment of MDA-MB-231 cells was
performed at a concentration close to the IC50 value (4 pg/mL) to prevent loss of cell viability due to high-dose toxicity. The untreated
MDA-MB-231 cell line served as the control group [23].

2.5. Apoptosis detection by flow cytometry using annexin V/PI

To evaluate cell apoptosis, MDA-MB-231 cells were collected from untreated cells, and treated with 4 pg/mL Ag-NPs. Flow
cytometry analysis was conducted after 48 h using an annexin V/PI double staining kit. In brief, after the treatment of cells with Ag-
NPs, 10* cells/well were harvested and washed with PBS. These cells were then re-suspended in binding buffer and incubated for 20
min in darkness at 4 °C. In the following, the cells were re-suspended in 100 pl of binding buffer containing 5 pl of FITC-conjugated
annexin V and incubated for 15 min at room temperature (RT). Then, the cells were washed and re-suspended in 100 pL of binding
buffer containing 5 pL of PI and incubated in darkness at RT for 15 min. Flow cytometry analysis using FACSCalibur (BD Bioscience,
USA) detected the fluorescence, determining the percentage of apoptotic cells. The acquired data were processed using FlowJo
software ver. X.0.7 [24,25].

2.6. The effect of the Ag-NPs on cell cycle

Cell cycle analysis was performed by DNA staining with propidium iodide (PI), followed by flow cytometry analysis. MDA-MB-231
cells were seeded and treated as described above. After 48 h, the cells were harvested and fixed in 70% ethanol for 1 h at 4 °C, followed
by staining with propidium iodide (PI) containing RNase solution for 30 min at 4 °C. Flow cytometry was conducted using FACS
Calibur. Data were analyzed using Flowjo software.

2.7. Real-time PCR (qPCR) for determination of Bax and Bcl-2 gene expression

To assess gene expression of Bax and Bcl-2, MDA-MB-231 cells were collected from the treated and untreated cells (control) ones
after 48 h and washed with PBS. Total RNA was extracted from both experimental groups using the Thermo Scientific kit (K0731). RNA
concentrations were quantified twice (OD A260/280 and A260,/230) using nanodrop (ND-1000, Thermo Scientific, Wilmington, DE,
USA). The integrity of RNA was determined by visualizing the intact RNA bands with 2% agarose gel using electrophoresis.
Considering the variation in RNA concentration between experimental groups, the concentration of RNAs was standardized before
cDNA synthesis. Therefore, an equal quantity (500 ng) of RNAs was reverse transcribed to the cDNA using H minus first-strand cDNA
synthesis kit (Fermentas, K1632) using oligo-dT and random hexamer to enhance the efficacy of synthesis. The reactions were
incubated at 65 °C for 10 min and 42 °C for 60 min, and the mixture was stopped by incubating at 70 °C for 10 min [26]. The primer

Table 1
Target gene, primer sequences, and product size.
Primer set Sequence Tm Product size (bp)
Bax F: TGCCAGCAAACTGGTGCTCA 60 243
R: GCACTCCCGCCACAAAGATG
Bcl-2 F: CCTGTCGATGACTGAGTACC 58 128
R: GAGACAGCCAGGAGAAATCA
GAPDH F: TTGACCTCAACTACATGGTTTACA 59 126

R: GCTCCTGGAAGATGGTGATG




S. Montazersaheb et al. Heliyon 10 (2024) e26959

sequences were designed by Allele ID software and then analyzed by NCBI primer blast and BLAST website. The GAPDH gene served as
the internal control. The primer sequences are listed in Table 1.

qRT-PCR was applied to determine the expression level of Bax and Bcl-2 using SYBR Green PCR master mix (Takara) and the
Corbett Rotor-Gene™ 6000 HRM thermocycler. gQPCRs were performed in a total volume of 20 pl containing 1 pl of cDNA, 10 pl master
mix, 2 pl of forward and reverse primers (10 pmol), and 6 pl of DNAse/RNAse free water. The amplification profile was 95 °C for 5 min
for initial denaturation, followed by 40 cycles of 94 °C for 20 s and annealing/extension at 59-61 °C (based on the primer used) for 60
s. Bax and Bcl-2 gene were normalized to GAPDH to quantify gene expression. The qQPCR data were then analyzed by Rotor-Gene 6000
Software to obtain CT values. Relative miRNA expression levels were quantified according to formula 2-22€T. All samples were run at
least in triplicates [27,28].

2.8. Western blot analysis for determination of protein expression

To identify the impact of Ag-NPs on the protein levels of AKT, p-AKT, PTEN, P53, hTERT, cyclin D1 and p-ERK and total ERK levels,
Western blot analysis was conducted. Briefly, cells from the Ag-NPs treated group and the untreated control were harvested, washed
twice with cold PBS, and then lysed using RIPA buffer at 4° for 30 min. The lysate underwent centrifugation at 13000 x g for 20 min at
4 °C, and protein concentrations in the supernatant were measured using a BCL kit (Pierce, Rockford, IL, USA). 50 pg of each protein
sample was loaded onto 12% SDS-PAGE for protein separation.

Subsequently, the proteins were transferred to a PVDF membrane and blocked with 5% skim milk (in PBS) to prevent nonspecific
protein binding. Following 60 min of incubation at 25 °C, the membranes were exposed to primary antibodies (AKT, p-AKT, PTEN,
P53, hTERT, cyclin D1 and p-ERK, total ERK and p-actin) (Santa Cruz) at 1:1000 dilution targeting specific proteins and kept overnight
at 4 °C. After two washes, the membranes were incubated with an HRP-conjugated antibody as a secondary antibody (1:1000) (Santa
Cruz) at RT for 60 min to detect the binding of primary antibodies. Finally, protein bands were visualized using enhanced chem-
iluminescence (ECL) (Roche, UK) and X-ray film. ImageJ 1.6 software was used to quantify band intensities, normalized to the
respective f-actin protein levels as the internal control [29].

2.9. ELISA assay for determining of CylinD1 and ERK (1/2) levels

To evaluate the intracellular levels of cyclin D1 protein and the contents of total and phosphorylated ERK1/2 in Ag-NPs treated
cells, ELISA assay was conducted using PathScan® ELISA kits. Total p44/42 MAPK (Erk1/2) (Cat. # 7050C), Phospho-p44/42 MAPK
(Thr202/Tyr204) (Cat. #7177), and Total cyclin D1 Sandwich ELISA Kit (Cat. #7918C) were provided by Cell Signaling Technology
(Danvers, MA, USA). ELISA was performed according to the manufacturer’s instructions. Briefly, MDA-MB-231 cells (8 x 10%) were
seeded in 100 mm petri dishes and incubated overnight. Subsequently, the cells were treated with 4 pg/mL Ag-NPs for 48 h. The cells
were then washed with cold PBS and lysed using a lysis buffer containing protease and phosphatase inhibitor cocktail (Sigma-Aldrich,
USA) along with PMSF (Sigma-Aldrich, USA) according to the manufacturer’s protocol. The cell lysates underwent centrifugation for 5
min at 10,000xg at 4 °C. To ensure equal total protein amounts in ELISA sample, the total protein concentrations in cell lysates were
determined using a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Optical density was quantified using
an ELISA Reader (BioTek Instruments, Inc. USA) [30].

2.10. Wound-healing assay to determine the effect of Ag-NPs on the cell migration

To elucidate the impact of Ag-NPs on cell migration of MDA-MB-231 cells, a wound-healing assay was carried out. The cells were
seeded in 6 well plates (4 x 10° cells/well) and grown to reach 90% confluent monolayer. A scratch manually was made at the center of
the well with a sterile micropipette tip and washed with DPBS (Dulbecco’s Phosphate Buffered Saline) to remove any cellular debris.
After that, the cells were treated with Ag-NPs, and cell migration was monitored at different time points (0, 6, and 24 h). In brief, the
width of the wound area was measured under an inverted microscope (KRUSS, MBL-3200) at a magnification of 10x. Cell-free areas
were quantified by Image J software. Each condition was evaluated in triplicate and independently repeated three times.

2.11. Statistical analysis

The results obtained were analyzed using Graph Pad Prism version 6.01. One-way analysis of variance (ANOVA) followed by post
hoc Tukey’s tests determined any significant differences among the studied groups. Statistical significance was set at *p < 0.05. All
experimental procedures were replicated three times.
3. Results
3.1. Effect of Ag-NPs on MDA-MB-231 cell line proliferation

MTT assay was performed to determine the optimal concentration of Ag-NPs and quantify cell viability. MDA-MB-231 cells were
exposed to varied concentrations of Ag-NPs for 48 h, and then proliferation was assessed by MTT assay according to the method

described by Fathi et al. [31]. Fig. 1A depicts a dose-response curve illustrating the inhibitory effects of Ag-NPs on MDA-MB-231. Based
on the acquired results, the IC50 value for Ag-NPs in MDA-MB-231 cells was 3.99 + 0.51 pg/ml. Fig. 1B demonstrates that
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concentrations of 2, 4, and 6 pg/ml of Ag-NPs significantly reduced cell viability in MDA-MB-231 cells compared to the untreated
control group (p < 0.001). A concentration of 4 pg/ml of Ag-NPs was used to treat cancer cells in subsequent experiments.

3.2. Ag-NPs enhance apoptosis in MDA-MB-231 cells

To study the potential of Ag-NPs treatment in inducing or enhancing apoptosis in MDA-MB-231, annexin V/PI staining was per-
formed using flow cytometry. Fig. 2(A) and (B) depict the contour diagram and bar graph of the annexin V/PI double staining assay of
MDA-MB-231 cells. Fig. 2B displays a substantial increase in the rate of apoptosis (Annexin™, PI") in Ag-NPs treated cells, indicating
55.48 + 4.6 (p < 0.001).

3.3. Effect of Ag-NPs on cell cycle

Effects of Ag-NPs on the cell cycle in MDA-MB 231 cells was determined by flow cytometry as representatively depicted in Fig. 3A.
The cell cycle analysis showed alteration in the cell cycle distributions of MDA-MB 231. 48 h after the Ag-NPs treatment (4 pg/ml),
55.38 + 2.41 % of the MDA-MB 231 cells were in G1 phase, 15.7 + 1.45% were in S phase, and 26.68 + 2.17% were in G2 phase
compared to the control group consisting of 73.52 + 3.33% of the cells in G1 phase, 1.4 4+ 0.3% in S phase, and 24.56 + 3.3 % in G2
phase (Fig. 3B). The percentage of cells in the G1 and S phase was increased upon treatment with Ag-NPs. These results implied that
Ag-NPs suppress cell cycle progression.

On the other hand, the apoptotic cells observed in the previous experiment (Fig. 2) were slight in this graph (Fig. 3A). This can be
attributed to the DNA loss during permeation and fixation of the cells in ethanol prior to PI staining. Indeed, over 30% of total DNA is
fragmented to low-molecular weight and released from the apoptotic nuclei [32].

3.4. Ag-NPs increased Bax and decreased Bcl-2 levels in MDA-MB-231 cells

Bcl-2 and Bax proteins regulate mitochondrial function and apoptosis [33]. Real-time PCR analysis was performed to identify the
potential effect of Ag-NPs on the expression of pro-apoptotic (Bax) and anti-apoptotic (Bcl-2) gene. As shown in Fig. 4A, there was a
significant rise in Bax levels in the cells treated with Ag-NPs (4 pg/ml) compared to the untreated control group (p < 0.01), while the
expression level of Bcl-2 decreased notably in cells exposed to Ag-NPs (p < 0.01). In addition, Ag-NPs treatment markedly elevated the
Bax/Bcl-2 ratio compared to that in the control group (p < 0.001))Fig. 4B(.

3.5. Ag-NPs induced alterations in the protein level of AKT, p-AKT, PTEN, P53, and hTERT

Several studies have shown the correlation between active p-AKT and reduced survival rates among cancer patients [14]. PTEN
plays a crucial role in the proliferation and migration of breast cancer cells by negatively regulating the PI3K/AKT cascades [15]. To
elucidate the signaling pathways impacting MDA-MB-231 cells, Western blot analysis assessed AKT, p-AKT, PTEN, P53, and hTERT
expression levels (Fig. 5A)(Sup.1). Fig. 5B demonstrates a significant increase in PTEN level, a tumor suppressor commonly inactivated
in cancers. P53, is known to regulate PTEN at transcriptional and protein levels. Fig. 5C demonstrates significant increase of P53
expression in the cells treated with Ag-NP as compared to untreated control group (p < 0.001). Treatment with Ag-NP led to reduced
h-TERT protein levels compared to the control group (p < 0.01)(Fig. 5D). In addition, the ratio of p-AKT to total AKT expression was
significantly reduced in MDA-MB-231 cells treated with Ag-NPs (P < 0.05) (Fig. 5E).

3.6. Ag-NPs decreased the expression level of cyclin D1 and phosphorylated-ERK1/2 levels in MDA-MB-231 cells

Cyclin D1 is identified as an essential protein in regulating cell cycle phases (specifically, transitioning from G1 to S) and is often
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the S phase. Each experiment was repeated three times. (***p < 0.001).
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mean + SD.*p < 0.05, **p < 0.01, and ***p < 0.001. The uncropped version of western blotting analysis was presented in Sup.1.

overexpressed in most cancer cells, such as MDA-MB-231 cells [34]. The ERK signaling pathway is crucial in cell survival and pro-
liferation [35]. In addition, an activated form of ERK is one of the important signals associated with the resistance of MDA-MB-231
cancer cells toward various therapies such as radiotherapy. This study involved an assessment of intracellular cyclin D1 levels and
phosphorylated ERK1/2(p-ERK1/2) in the MDA-MB-231 cells using their specific ELISA kits. Fig. 6 A shows a notable reduction in the
expression level of cyclin D1 in MDA-MB-231 cells exposed to Ag-NPs compared to the control group, suggesting the potential role of
Ag-NPs in cell cycle arrest (p < 0.01). In addition, exposure to Ag-NPs (4 pg/ml) resulted in a significant reduction of p-ERK/Total ERK
levels in MDA-MB-231 cells (p < 0.01)(Fig. 6 B). To confirm obtained results by ELISA assay, the expression level of cyclin D1 and
p-ERK/total ERK levels was also assessed by western blotting analysis. As depicted in Fig. 6C (Sup.2), treatment with Ag-NPs reduced
protein level of Cyclin D1 compared to the control group. In addition, the expression level of p-ERK decreased in MDA-MB-231 cells
treated with Ag-NPs.

3.7. Ag-NPs inhibit the migration of MDA-MB-231 cells

The imperative characteristic of metastasis is the migration of tumor cells. To further evaluate the impact of Ag-NPs against cancer
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Fig. 6. ELISA (A and B) and western blotting (C) analysis of cyclin D1 protein, phosphorylated and total ERK1/2 level in MDA-MB cells exposed to 4
pg/ml Ag-NPs for 48 h. ELISA and western blotting analysis showed reduced cyclin D1 and p-ERK protein levels in the cells treated with Ag-NPs.The
experiments were repeated three times, and data were shown as mean =+ SD. ** depicts p < 0.01.The uncropped version of western blotting analysis
was presented in Sup.2.
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metastasis in MDA-MB-231 cells, we conducted cell migration analysis using the wound-healing assay. As shown in Fig. 7, Ag-NPs
significantly reduced cell motility. Treatment of the MDA-MB-231 cells with Ag-NPs for 24 h inhibited cell migratory ability. The
migration inhibitory effect was shown by calculating cell-free areas. Indeed, the Ag-NP-treated cells migrated less than that of the
control group and weakened the migration of MDA-MB-231 cells indicated with high cell-free areas (80.12 £ 6.12%) of Ag-NP- treated
cells and low cell-free areas (22.28 + 3.42%) of the control group in T24 compared to zero time values of each group. Taken together;
these findings inferred the inhibitory effects of Ag-NPs on the migration capacity of MDA-MB-231.

4. Discussion

Selecting the most suitable material within the expanding spectrum of nanomaterials available for cancer therapy is an important
task. Understanding the unique potency and toxicity profiles of diverse NPs helps us to target cancer cells precisely. Several studies
have reported the anticancer efficacy of Ag-NPs against breast cancer [33,36]. These Ag-NPs have been documented to trigger cell
death via the induction of oxidative stress and DNA damage within mammalian cells [37,38]. TNBC represents an aggressive subtype
of breast cancer, posing a substantial challenge due to the absence of specific receptors to be targeted. In addition, TNBC often exhibits
resistance against different cancer therapy modalities, including chemotherapy and radiotherapy, owing to the overexpression of
certain anti-apoptotic factors [4,5]. This study evaluated the cytotoxicity of Ag-NPs and the apoptosis pathways induced by Ag-NPs in
TNBC cells.

In the present study, significant toxicity of Ag-NPs was observed in MDA-MB 231 cells compared to the untreated cells. Further-
more, Ag-NPs were found to induce apoptosis in MDA-MB 231 cancer cells, a recognized mechanism of cell death in cancers. These
findings align with the results of other studies, indicating the reduced cell viability in cancer cells upon exposure to Ag-NPs [13].
Previous studies have reported that Ag-NPs induce apoptotic death via endoplasmic reticulum stress in HepG2 cells [39].

Our western blotting results demonstrated that Ag-NPs increased the protein expression of p53 in MDA-MB 231 cells. The p53 is
known to up-regulate genes associated with apoptosis and cell cycle arrest. P53-induced apoptosis up-regulates the expression levels of
pro-apoptotic (Bax) and downregulated anti-apoptotic (Bcl-2) genes. The homodimerization of Bax promotes apoptosis, and hetero-
dimerization of Bax with Bcl-2 prevents apoptosis, increasing cell survival. Accordingly, p53-mediated apoptosis enhances Bax/Bcl2
ratio, ultimately triggering apoptosis. Indeed, p53 acts as a direct transcriptional activator of the Bax, and inactivator of Bcl-2 [40]. In
the current study, Ag-NPs treatment led to the upregulation of Bax expression and downregulation of Bcl-2 expression in MDA-MB-231
cells, suggesting that the upregulation of p53 led to the activation of downstream genes. Similarly, Darvish et al. demonstrated the
reduction of Bcl-2 expression in TNBC cells exposed to Ag-NPs [41]. The increasing of Bax/Bcl-2 expression ratio indicates the acti-
vation of the caspase cascade, a pivotal pathway in apoptosis [42]. It has been shown that tumor suppressors such as p53 and PTEN
regulate cell migration and division [43]. Mutation or deletion in p53 is observed in 60-80% of TNBC cases, while PTEN is deleted or
lost in 25-30% of TNBC cases [44]. These alterations contribute to the aggressive nature of TNBC. TNBCs exhibit distinct subgroups
based on their p53 expression status. P53-positive TNBC often displays a more aggressive phenotype compared to p53-negative TNBC
[45]. PTEN is an important tumor suppressor, in which its inactivity is linked with larger tumor sizes, aggressive phenotype, and
multiple lymph node metastases. PTEN can negatively regulate the TNBC progression. This can be attributed to the negative impact of
PTEN on PI3K/AKT pathway [15]. The present study indicates elevated PTEN levels in Ag-NP-treated groups compared to the control
group.

Research by Nedeljkovi¢ found that the loss of PTEN coupled with an elevated level of PI3K and mTOR correlates with poor
prognosis in TNBC patients [46]. Dysfunction of PTEN often leads to the constitutive activation of AKT, as PTEN serves as a principal
negative regulator of AKT signaling [47]. The PI3K/AKT/mTOR axis is one of the critical signaling pathways responsible for che-
moresistance, cell proliferation, and survival in TNBC [48]. With this notion, the upregulation of PTEN, inactivates the activity of AKT
pathways. Western blot results showed the upregulation of PTEN and downregulation of AKT in the cells treated with Ag-NPs
compared to the control group. It is well established that hTERT plays a pivotal role in the upregulating of telomerase activity in
most human cancers. Our finding revealed that Ag-NPs reduced the expression level of h-TERT in MDA-MB 231 cells. Diverse
mechanisms can influence the phosphorylation of hTERT, its translocation into the nucleus, and subsequent telomerase activity. The
activated form of AKT (p-AKT) is an essential factor in h-TERT activation [49]. Consistent with this understanding, western blotting
results depicted a significant reduction in the p-AKT/AKT ratio in MDA-MB-231 cells treated with Ag-NPs compared to the untreated
control group. Several lines of evidence revealed that activated AKT stimulates the expression of survival transcription factors while
impeding the pro-apoptotic factors [50].

ERK1/2 activation has been associated with cell survival and chemoresistance by promoting the activation of Bcl-2 and the
degradation of pro-apoptotic proteins such as Bcl-2-modifying factor (BMF), Bcl2-interacting mediator of cell death (BIM), and P53
upregulated modulator of apoptosis (PUMA) [51,52]. In addition, numerous studies have reported that suppressing the ERK1/2
pathway using anticancer agents can enhance apoptosis and decrease metastasis in different cancer types. Hence, apart from the AKT
pathway, suppression of ERK1/2 activation by Ag-NPs might contribute to inducing apoptosis and arresting the cell cycle. In this study,
ELISA assay results showed that Ag-NPs inactivate ERK1/2, as evidenced by a marked reduction in p-ERK/total ERK levels in
MDA-MB-231 cells. Our findings showed a significant decrease in cyclin D1 levels in MDA-MB-231 cells treated with Ag-NPs compared
to the control group. Cyclin D1, a well-established oncogene and a critical mediator in cell cycle regulation, is overexpressed in
MDA-MB231 cells [53].

The transition of cells through the G1 phase in the cell cycle is mainly mediated by the activity of cyclins. Cyclin D contributes to the
progression of G1 to S phase. In other words, Cyclin D1 is the most substantial element among the oncogenic factors of cell cycle
machinery. Down-regulation of cyclin D1 has important effects on the cell cycle due to its impact in controlling G1/S progression [54].
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Fig. 7. Ag-NPs inhibited cell migration in MDA-MB-231 cells. The wound healing assay displayed that Ag-NPs could inhibit the migration of MDA-
MB-231. (A) Representative microscopic presentation of scratched and healing of wounded areas on monolayers of cancer cells at different time
points (0, 6, and 24 h) with 4 pg/ml Ag-NPs treatment. (B) Bar graph analysis of wound closure. The width of the wounds was measured to
determine wound closure. The results are expressed as fold changes relative to the wound width compared to the control group. Treated cells
showed lower migration capacity compared to the control cells (#p < 0.05, ##p < 0.01, and ###p < 0.001) (***p < 0.001).

Our findings is consistent with this, and reduced level of cyclin D1 is correlated with suppression of cell cycle progression.

Considering the contributory role of cell migration in cancer metastasis [55], a wound-healing assay was conducted to elucidate the
migration of cancer cells upon treatment with Ag-NPs. We detected lower migration and slower healing rates of wounds in treated
cells, indicating that Ag-NPs could impede the migration of MDA-MB-231 cells. These results suggest that Ag-NPs can be a promising
therapeutic agent for breast cancer cell lines.

Our findings showed that Ag-NPs influenced the proliferation and apoptosis in MDA-MB 231 cells through a series of events.
Although, our results provide good insights into the potential anticancer activity of Ag-NPs in MDA-MB-231, the generalizability of
these findings needs to be confirmed in other cell lines particularly breast cancer cell lines. This study examined the anticancer effects
of Ag-NPs as a potential therapeutic nanomedicine for the treatment of human breast cancer. The most important limitation of the
employment of nanoparticles is NP-induced toxicity and related unknown immunological responses in the body. Further investigations
involving experimental animal models are necessary to evaluate the effects of Ag-NPs in an in vivo system. Further investigations are
warranted to unveil the interactions between proteins in this mechanism.

5. Conclusion

The present study reveals that Ag-NPs inhibit MDA-MB231 cells by reducing cell survival and inducing apoptosis. This effect
coincides with an increase in the expression levels of the P53, PTEN, and Bax and a simultaneous decrease in the expression levels of
Bcl-2, as well as p-AKT, hTERT, p-ERK1/2, and cyclin D1. The current study suggested the downregulation of cyclin D1 expression
upon treatment with Ag-NPs can arrest the cell cycle and impede their progression to the subsequent phases. Ag-NPs also hampered the
migration of MDA-MB-231 cells.

These alterations potentially contribute to the anticancer action of Ag-NPs through modulation of Akt/ERK/Cyclin D1 axis.
Consequently, these observations suggest that Ag-NPs serve as a therapeutic anticancer agent, either as a single agent or adjuvant and
might be used for the prevention and treatment of TNBC.
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