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Osteosarcoma is an aggressive malignancy marked by a high incidence of local recurrence and distant 
metastasis, leading to poor outcomes in advanced stages. While current therapies offer long-term 
survival primarily for patients with localized disease, effective treatments for metastatic cases 
remain elusive. Addressing this critical gap, the present study explores, for the first time, the anti-
metastatic potential of urolithin A (UA), a naturally derived polyphenol, against osteosarcoma cells. 
Interactome mapping, gene enrichment profiling, target gene expression assessment, and molecular 
docking coupled with dynamics simulations were performed to elucidate the mechanistic basis of UA 
action. For experimental studies, UA was synthesized and its effects on osteosarcoma cell viability, 
apoptosis, migration, adhesion, invasion, and MMP activity were evaluated using alamarBlue assay, 
flow cytometry, scratch assay, fibronectin-based adhesion assay, Boyden chamber assay, and gelatin 
zymography, respectively. Results identified AKT1, EGFR, and MMP9 as potential targets of UA 
associated with osteosarcoma progression. Further analyses revealed critical interactions among these 
hub targets, with significant upregulation of AKT1 observed in osteosarcoma tissue samples. Molecular 
docking and dynamics simulations demonstrated strong and stable binding of UA to the kinase 
domain of AKT1 and the active site of EGFR. Experimental validation showed that treatment with UA 
significantly inhibited the migration and invasion of osteosarcoma cells, while notably enhancing cell 
adhesion. This anti-metastatic effect was closely linked to a marked reduction in enzymatic activity 
of MMP2 and MMP9, key mediators of metastatic dissemination. These findings position UA as a 
promising therapeutic candidate for targeting osteosarcoma metastasis.
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Bone sarcomas, encompassing osteosarcoma, Ewing sarcoma, and chondrosarcoma, represent a group of 
highly aggressive malignancies characterized by substantial morbidity and mortality1. Osteosarcoma is the 
most common primary bone cancer in adolescents and primarily develops in the metaphyseal regions of 
long bones. Metastatic spread is a hallmark of osteosarcoma, with the lungs being the most frequent site of 
metastasis (approximately 85%), followed by bones (8–10%) and, less commonly, lymph nodes2. Consequently, 
the aggressive nature of osteosarcoma presents significant clinical challenges, particularly in younger patients, 
complicating its management3,4. Although multiple therapeutic options are available for osteosarcoma, their 
application is frequently constrained by severe cytotoxicity, which continues to be a significant barrier to effective 
treatment5. Therefore, the development of novel therapeutic strategies that selectively target osteosarcoma cells 
while minimizing adverse side effects is essential to improve patient outcomes.

Given the high metastatic potential of osteosarcoma cells, recent research has concentrated on deciphering 
the molecular mechanisms that underlie this aggressive behavior6,7. Among the key molecular players, the 
serine/threonine kinase AKT, also known as protein kinase B, has emerged as a central regulator of multiple 
cellular processes integral to cancer progression, including proliferation, metabolism, migration, invasion, and 
survival8,9. Specifically, AKT1 isoform signaling has been implicated in enhancing cell motility and invasive 
potential across various malignancies10–12. In osteosarcoma, aberrant activation of AKT1 is commonly observed 
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and is closely associated with tumor progression and metastasis by enhancing cell survival, migration, and 
invasive capabilities through the PI3K/AKT signaling pathway13. Moreover, epidermal growth factor receptor 
(EGFR), a key regulator of cell growth, survival, and differentiation, is frequently upregulated in osteosarcoma. 
This overexpression stimulates critical oncogenic signaling pathways, particularly the PI3K/AKT and MAPK/
ERK cascades, which drive tumor progression14–16. Mechanistically, activation of AKT and EGFR modulates the 
expression of matrix metalloproteinases (MMPs), facilitating extracellular matrix remodeling and enhancing 
cancer invasiveness17–21. Among MMPs, MMP2 and MMP9 are particularly implicated in osteosarcoma 
metastasis by promoting degradation of the extracellular matrix, thereby enabling tumor cell dissemination. 
Elevated levels of MMP2 and MMP9 have been strongly associated with increased incidence of lung metastases 
and poorer clinical prognosis in osteosarcoma patients22–24. Collectively, these data highlight the intricate 
interplay between AKT1 activation, EGFR signaling, and MMP-mediated matrix remodeling in driving 
osteosarcoma metastasis, underscoring their potential as strategic targets for therapeutic intervention.

Urolithins are a class of potent bioactive secondary metabolites produced through the gut microbial 
biotransformation of ellagitannins, polyphenolic compounds richly present in various fruits and nuts. 
Chemically characterized as dibenzopyran-6-one derivatives, urolithins possess significantly greater 
lipophilicity than their ellagitannin precursors, a property that markedly enhances their intestinal absorption 
and systemic bioavailability25–27. Among these metabolites, urolithin A (UA) has demonstrated anticancer 
effects against colorectal, gastric, hepatic, prostate, and breast carcinoma cells. UA induces its anticancer effects 
through multifaceted mechanisms, such as modulation of signaling pathways, induction of cell cycle arrest, and 
activation of tumor suppressors28–32. Furthermore, UA has been shown to improve the efficacy of conventional 
treatments by enhancing the sensitivity of colon, gastric, and esophagus carcinoma cells to radiotherapy and 
chemotherapy33–35.

Targeting the molecular mediators that drive metastasis in osteosarcoma represents a promising strategy to 
impede tumor dissemination and improve patient outcomes. Concurrently, the well-documented anticancer and 
synergistic properties of UA highlight its potential as a valuable adjuvant in cancer therapy. However, to date, there 
is no direct evidence elucidating whether UA can specifically inhibit the motility and invasion of osteosarcoma 
cells. The present study aims to address this gap by investigating the ability of UA to suppress osteosarcoma cell 
metastasis through a comprehensive, multi-dimensional approach. This investigation integrates computational 
analyses—including interactome mapping to identify candidate molecular targets, gene enrichment profiling, 
target gene expression assessment, and molecular docking coupled with dynamics simulations—to elucidate 
the mechanistic basis of UA action. Complementing these analyses, UA was synthesized and experimentally 
evaluated for its effects on osteosarcoma cell viability, apoptosis, migration, adhesion, invasion, and MMP 
activity, thereby providing a robust framework to assess its therapeutic potential against osteosarcoma metastasis.

Methods
Interactome mapping, enrichment analysis and gene expression validation
A library of potential protein targets for UA was constructed using SwissTargetPrediction ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​s​w​i​s​s​
t​a​r​g​e​t​p​r​e​d​i​c​t​i​o​n​.​c​h​​​​​) and PharmMapper (http://www.lilab-ecust.cn/pharmmapper) databases, with the SMILE 
code obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Meanwhile, GeneCards ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​g​e​n​e​
c​a​r​d​s​.​o​r​g​/​​​​​) was used to identify target genes associated with osteosarcoma.

Shared targets between UA and osteosarcoma were identified by Venn diagram, followed by construction 
of a protein-protein interaction (PPI) network via STRING (https://string-db.org/), which was also visualized 
using Cytoscape (version 3.10.1). Key hub genes within the network were identified using the CytoHubba plugin 
(version 0.1), applying the Degree method to rank nodes based on their connectivity. Subsequently, gene set 
enrichment analyses were performed using STRING (version 11.5) to assess the biological significance of the 
selected hub genes. The analysis focused on enrichment of Gene Ontology terms related to molecular function 
(MF) and biological processes (BP). Default parameters were used, with a confidence score cutoff of 0.7 to 
include high-confidence interactions. Enrichment results were considered significant at a false discovery rate 
(FDR)-adjusted p value < 0.05.

To validate the expression levels of AKT1 and EGFR in osteosarcoma samples, RNA-Seq data were analyzed 
using TNMplot (version 2), an online platform that integrates transcriptomic datasets from GEO, GTEx, TCGA, 
and TARGET repositories. Differential gene expression analysis was conducted by comparing tumor and normal 
tissue samples using the Mann–Whitney U test, a non-parametric statistical method. The platform implements 
the Benjamini–Hochberg procedure to calculate FDR, and statistical significance was considered at FDR-
adjusted p value < 0.05.

Molecular docking
The molecular interactions between UA and the proteins AKT1 and EGFR were investigated using AutoDock 
Vina. The 3D structure of UA (CID: 5488186) was retrieved from PubChem ​(​​​h​t​t​p​s​:​/​/​p​u​b​c​h​e​m​.​n​c​b​i​.​n​l​m​.​n​i​h​.​g​o​
v​/​​​​​)​, while the 3D structures of AKT1 (PDB ID: 4GV1) and EGFR (PDB ID: 4JQ7) were obtained from Protein 
Data Bank (http://www.rcsb.org/pdb). Energy minimization and structural optimization were performed using 
Avogadro and Discovery Studio. Grid maps defining potential protein-ligand binding regions were prepared 
with AutoDock Tools. The most favorable binding conformations of UA with AKT1 and EGFR were visualized 
using Discovery Studio.

Molecular dynamics simulations
To assess the structural flexibility and stability of the UA–AKT1 complex, molecular dynamics simulations were 
conducted using GROMACS (version 2023) with the CHARMM36 all-atom force field. A custom Bash script 
was developed to automate the merging, solvation, energy minimization, and equilibration of the protein-ligand 
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complex topologies. The system was solvated with the CHARMM-modified TIP3P water model and neutralized 
by adding Cl⁻ and Na⁺ ions until the maximum force per atom dropped below 10.0 kJ/mol. Temperature and 
pressure stabilization were achieved through sequential NVT (310  K) and NPT (1  bar) ensemble phases. 
Production simulations were carried out for 100 ns using the leapfrog algorithm with a 2 fs timestep, allowing 
comprehensive analysis of the complex dynamics. Trajectory snapshots collected during the simulation were 
analyzed using the GROMACS analysis toolkit. Key parameters—including root mean square deviation 
(RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), solvent-accessible surface area (SASA), 
and short-range Coulombic and Lennard-Jones potentials—were visualized to characterize the behavior of the 
system.

Synthesis of UA
UA (3,8-dihydroxy-6  H-dibenzo[b, d]pyran-6-one) was synthesized via condensation of resorcinol (25  g, 
Merck) with 2-bromo-5-methoxybenzoic acid (12 g, Merck) under alkaline conditions. After adding copper 
sulfate (5% w/v, 1.80 ml) and refluxing the mixture, the methylated form of UA was precipitated and purified by 
filtration using methanol. The methylated UA was then dissolved in anhydrous dichloromethane (0.5 ml, Merck) 
and treated with boron tribromide (1 M, Merck) in dichloromethane (0.7 ml, Merck). Following filtration with 
ethyl acetate (Merck), the solvent was evaporated to yield pure UA as a white powder. The structural identity of 
UA was confirmed by1H NMR and13C NMR spectra (Fig. 1).

For experimental applications, UA was dissolved in dimethyl sulfoxide (DMSO, Merck) to prepare a stock 
solution (87.6 mM). This stock was serially diluted in DMSO to intermediate concentrations of 25, 18.75, 12.5, 
and 6.25 mM. For each experiment, 4 µl of the respective intermediate solution was added to 996 µl complete 
culture medium immediately before use, resulting in final UA concentrations of 100, 75, 50, and 25  µM, 
respectively. Consequently, the final concentration of DMSO in all treatment media was consistently maintained 
at 0.4%. This concentration was carefully chosen to ensure sufficient solubility of UA while minimizing any 
cytotoxic effects associated with the solvent. Moreover, the 0.4% DMSO vehicle control was included in all 
experiments to control for any potential effects of the solvent on the cells.

Assessment of cell viability and apoptosis
Human osteosarcoma cells (MG-63 cell line) were obtained from Pasteur Institute (Tehran, Iran), and cultured 
using Dulbecco’s modified Eagle’s medium-high glucose (Capricorn) supplemented with 10% fetal bovine serum 
(Gibco). To determine the viability of cells upon UA treatment, they were uniformly seeded in 96-well plates 
(SPL) and treated with four concentrations of UA for 24, 48, and 72 h. At the end of each time point, alamarBlue 
reagent (0.1  mg/mL, Sigma) was added, and the absorbance was measured at 600  nm (Epoch) following 
incubation. To calculate cell viability (%), the following equation was used: 100 – [(AT – AU / AB – AU) × 100], 
in which AT, AU and AB represent the absorbance of treated cells, untreated cells and blank control, respectively.

To detect apoptosis, cells were treated with 100 µM UA for 72 h. Subsequently, they were collected, washed 
with phosphate-buffered saline (PBS) and resuspended in a binding buffer containing annexin V-FITC and PI 
(Sigma). Flow cytometry analysis was performed using FL1-H and FL2-H filters (BD FACSCalibur). Detection 
of alive (negative in both annexin V-FITC and PI), necrotic (only positive for PI), and early and late apoptotic 
(both positive for annexin V-FITC) cells was done by FlowJo (version 10).

Scratch assay
To evaluate the migration of MG-63 cells upon UA treatment, cells were seeded in 24-well plates (SPL) at a 
density of 1.2 × 10^5 cells/well and cultured until a confluent monolayer formed. A uniform vertical scratch was 
created in each well using a sterile pipette tip. Following the scratch, wells were gently washed twice with 500 µl 
phosphate-buffered saline (PBS, pH 7.4) by carefully adding the PBS along the well wall and aspirating it using 
a pipette to remove detached and floating cells without disturbing the adherent monolayer. Subsequently, 500 µl 
serum-free medium containing 75 µM UA was added to each well to minimize the influence of growth factors on 

Fig. 1.  ¹H NMR (A) and ¹³C NMR (B) spectra for UA.
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cell migration. To assess the migration rate, images of multiple predefined microscopic fields across the scratch 
area were captured at 0, 24, and 48 h, and the wound closure was quantified by measuring the scratch area using 
ImageJ. For quantification analysis, the following equation was used: [(initial scratch area – remaining scratch 
area at 24/48 h) / initial scratch area] × 100.

Adhesion assay
The effect of UA on the adhesion ability of MG-63 cells was assessed using adhesion assay with fibronectin as the 
extracellular matrix protein. Briefly, 96-well plates (SPL) were coated with 50 µl/well fibronectin solution (5 µg/
ml in PBS) and incubated overnight at 4 °C. After coating, the plates were washed twice with 150 µl PBS by gently 
adding the buffer along the well walls and carefully aspirating it using a pipette to avoid disturbing the coating. 
To block non-specific binding sites, 50 µl bovine serum albumin solution (0.2% w/v in PBS) was added to each 
well and incubated at 37 °C for 45 min. Following blocking, wells were washed once with 150 µl PBS using the 
same gentle pipetting technique. Then, MG-63 cells previously treated with 75 µM UA for 48 h were trypsinized, 
counted, and resuspended in serum-free medium at a concentration of 1.5 × 10^6 cells/ml]. Then, 100 µl of the 
cell suspension was added to each fibronectin-coated well and incubated at 37 °C with 5% CO2 for 1 h to allow 
cell adhesion. After incubation, non-adherent (floating) cells were removed by gently washing each well three 
times with 150  µl of PBS, carefully adding and aspirating the buffer along the well walls to avoid detaching 
adherent cells. The remaining adherent cells were then quantified by alamarBlue assay.

Boyden chamber assay
To evaluate the effect of UA on the invasion potential of MG-63 cells, Boyden chamber assay was performed 
using polycarbonate inserts with 8 μm pores (SPL). Each insert was coated with 100 µl Matrigel and incubated at 
37 °C for 24 h to mimic the extracellular matrix. Excess Matrigel was carefully removed before seeding 1.5 × 10^5 
UA-treated cells (75 µM in serum-free medium) in 100 µl onto the inserts. The lower chamber was filled with 
500 µl complete medium containing 10% FBS to serve as a chemoattractant. After 24 h incubation at 37  °C 
with 5% CO2, non-invading cells on the upper membrane surface were gently removed with a cotton swab. 
Inserts were fixed in 100% methanol for 10  min at room temperature, followed by two washes with PBS to 
eliminate residual fixative. Invading cells on the lower membrane surface were stained with 100 µl 10% Giemsa 
solution for 30 min, rinsed with distilled water, and air-dried. Multiple random microscopic fields per insert 
were photographed, and invading cells were quantified manually.

Gelatin zymography
To determine whether UA affects the enzymatic activity of MMP2 and MMP9 in MG-63 cells, gelatin zymography 
was performed. Initially, cells (1.5 × 10^5 cells/well) were seeded in 24-well plates and treated with 75 µM UA in 
serum-free medium for 48 h. The conditioned media containing secreted MMPs were collected and centrifuged 
at 12,000 rpm for 10 min to remove debris. The supernatant was mixed 1:1 with a non-reducing loading buffer 
composed of 25% Tris-HCl, 1% SDS, 0.01% bromophenol blue (Sigma), and 20% glycerol. Subsequently, 40 µl of 
each sample was loaded onto a 7.5% polyacrylamide gel containing 0.4% gelatin, and electrophoresis was carried 
out at 150 V for 5 h. Gels were then washed with 2.5% Triton X-100 for 1 h to remove SDS and renature the 
enzymes. Afterwards, gels were incubated at 37 °C for 20 h in developing buffer containing ZnCl2 and CaCl2 as 
cofactors to enable enzymatic digestion of gelatin. Finally, gels were stained with Coomassie Brilliant Blue R-250 
(Merck) for 8 min and destained in a methanol and acetic acid solution for 6 h until clear bands appeared against 
a blue background. Gels were scanned using a Bio-Rad GS-800 densitometer, and the intensity of the transparent 
bands corresponding to MMP activity was quantitatively analyzed using ImageJ.

Statistical analyses
Data analyses were conducted using GraphPad Prism, employing One-way ANOVA and Dunnett’s multiple 
comparison tests. All experiments were carried out in triplicate for at least 3 times, and quantitative results are 
expressed as mean ± SD. Statistical significance was rigorously tested for p values below 0.05, 0.01, 0.001, and 
0.0001, ensuring the reliability of the results.

Results
AKT1 and EGFR as key molecular targets with critical interactions and dysregulated 
expression in osteosarcoma
Our comprehensive screening identified 314 potential targets for UA and 3,757 targets associated with 
osteosarcoma. Subsequent Venn diagram analysis revealed 180 overlapping targets, which were further 
analyzed by STRING database to construct the PPI network, as shown in Fig. 2A. This network was visualized 
in Cytoscape, comprising 178 nodes and 2290 edges. Using the CytoHubba plugin, the top 10 hub genes were 
ranked based on their scores: AKT1, ALB, EGFR, HSP90AA1, BCL2, ESR1, CASP3, MMP9, SRC, and NFKB1, 
listed in descending order of importance (Fig. 2B).

Functional enrichment analyses of these hub genes revealed numerous significant terms across multiple 
categories. Within the MF category, key terms included “identical protein binding,” “enzyme regulator activity,” 
and “kinase binding,” notably involving AKT1 and EGFR (Fig. 2C). In the BP category, “regulation of apoptotic 
process” and “cellular response to stress” were among the most enriched terms, also featuring AKT1 and EGFR 
(Fig. 2D). These results suggest that the identified hub genes play pivotal roles in modulating cellular responses 
to diverse stimuli and regulating critical processes implicated in cancer development and progression.

Expression levels of AKT1 and EGFR in osteosarcoma patient samples (n = 88) were compared to those in 
normal non-cancerous tissues (n = 564) using RNA-Seq data (Fig. 2E). TNMplot analysis revealed a significant 
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increase in AKT1 expression in osteosarcoma samples compared to normal tissues (p = 1.18e−50), whereas 
EGFR expression remained unchanged (p = 0.838).

UA exhibited favorable and stable interactions with AKT1 and EGFR
Since AKT1 and EGFR were identified as the most significant hub targets in the PPI network, the binding 
interactions of UA with these two proteins were evaluated by molecular docking. The results demonstrated 
strong and multifaceted interactions between UA and the kinase domain of AKT1, with key contacts involving 
residues Phe161, Gly162, Lys179, and Leu295, and a binding energy of − 7.7 kcal/mol (Fig. 3A). Similarly, UA 
bound to the active site of EGFR, forming hydrogen bonds with residues Lys721, Thr766, Gln767, and Thr830, 
exhibiting a binding energy of − 6.1 kcal/mol (Fig. 3B).

Due to the more favorable binding affinity observed with AKT1, we further investigated the dynamic 
behavior of the UA-AKT1 complex through molecular dynamics simulations (Fig. 4). The RMSD, which reflects 
the stability of the complex, ranged between 1.303 and 2.901  Å, indicating that UA remained stably bound 
within the AKT1 binding pocket while allowing some rotational flexibility. Protein stability and flexibility 
were further assessed by RMSF analysis, which showed that fluctuations for AKT1 alone and in complex with 
UA were predominantly below 4.985  Å, suggesting minimal structural perturbations upon ligand binding. 
Additionally, Rg, which represents the compactness of the protein structure, remained consistent for both AKT1 
and the UA-AKT1 complex, indicating that the overall structural integrity was preserved during the simulation. 

Fig. 2.  Identification of hub targets, PPI network construction, and gene enrichment and expression analyses. 
The PPI network, constructed using STRING, depicts functional associations among the overlapping targets 
(A). Cytoscape visualization of the PPI network highlights 10 hub genes, with node colors reflecting expression 
levels from significantly high (red) to low (yellow) (B). Enrichment analyses were performed on hub genes to 
determine the most significant terms in MF (C) and BP (D) categories. Expression analyses of AKT1 and EGFR 
in osteosarcoma patient tissues compared to normal samples from non-cancerous tissues using RNA-Seq data 
(E).
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SASA analysis revealed that a substantial portion of the protein surface remained exposed to solvent, potentially 
facilitating ligand accessibility and interaction. Finally, evaluation of interaction energies through Coulombic 
and Lennard-Jones potentials confirmed sustained and stable interactions between UA and AKT1 throughout 
the simulation period, underscoring the strength and persistence of their binding.

UA reduced the migration ability of MG-63 cells
To identify an optimal dose of UA that minimizes toxicity while allowing clear observation of its anti-metastatic 
effects, we first assessed the viability of MG-63 cells following UA treatment over a period of three days (Fig. 5A). 
Cell viability was determined as 80.7%, 80.3% and 81.1% after 24, 48 and 72 h treatment with the highest does 

Fig. 4.  Stable interaction of UA with the kinase domain of AKT1. Plots generated from 100 ns molecular 
dynamics simulations, demonstrating structural and energetic properties of the UA-AKT1 complex: RMSD 
(A), RMSF (B), Rg (C), and SASA (D), short-range Coulombic potential (E) and short-range Lennard-Jones 
potential (F).

 

Fig. 3.  Favorable interactions of UA with target proteins. Hydrogen bonds between UA and the kinase domain 
of AKT1 at Phe161, Gly162, Lys179 and Leu295 residues (A). Desirable interactions between UA and Lys721, 
Thr766, Gln767, and Thr830 residues in the active site of EGFR (B). 2D and 3D molecular images were created 
by Discovery Studio.
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(100 µM), respectively. These results were further supported by flow cytometry analysis after 72 h treatment 
with 100 µM UA, which showed that 84.5% of cells remained viable compared to 94.8% in the DMSO control 
group (Fig. 5B). Based on these findings, we selected 75 µM UA as the optimal concentration for subsequent 
mechanistic studies. This slightly lower dose was chosen to ensure that any observed anti-metastatic effects could 
be attributed to the biological activity of UA rather than its cytotoxicity.

The effects of UA on the migration ability of MG-63 cells was then determined by scratch assay (Fig. 5C, E). 
After 24 h, migration rates were 54.4% in untreated cells, 47.6% in the DMSO control group, and significantly 
(p < 0.01) reduced to 14.6% in the UA-treated cells. Extending UA treatment to 48 h further suppressed migration 
to 13%, which was significantly (p < 0.0001) lower than the migration rates observed in untreated and DMSO-
treated cells (86.5% and 71.4%, respectively).

UA altered the adhesion and invasion of MG-63 cells
To further investigate the effects of UA on the adhesion of MG-63 cells, fibronectin-based adhesion assay 
was conducted. Treatment with 75 µM UA for 48 h significantly (p < 0.05) increased cell adhesion to 211.2% 
compared to 105.1% in the DMSO control group (Fig. 6A, B). Additionally, the invasive capacity of MG-63 
cells was assessed by Boyden chamber assay. Results showed that 24 h treatment with 75 µM UA significantly 
(p < 0.001) reduced cell invasion to 55% relative to the DMSO control (Fig. 6C, D).

UA reduced the activity of MMP2 and MMP9 in MG-63 cells
To evaluate the effects of UA on the enzymatic activity of MMP2 and MMP9 in MG-63 cells, gelatin zymography 
was performed (Fig.  6E, G). The results demonstrated that treatment with 75  µM UA for 48  h significantly 
(p < 0.05) reduced MMP2 gelatinase activity to 68% of the DMSO-control level. An even more pronounced 
decrease was observed in MMP9 activity, which was reduced to 60.5% (p < 0.001).

Discussion
The major challenge in osteosarcoma management is the late-stage diagnosis in many patients, by which time 
the disease often presents as high-grade with a high likelihood of lung metastasis36,37. The standard treatment 
approach, involving surgical resection combined with chemotherapy, achieves long-term survival only in 
patients with tumors localized to the extremities, while prognosis remains poor for patients with metastatic 
osteosarcoma at diagnosis or for tumors located in the axial skeleton38,39. This obstacle highlights the urgent 
need for effective therapeutic strategies that specifically target the metastatic behavior of osteosarcoma cells.

In recent years, natural compounds have gained significant attention as alternative anticancer agents due to 
their reduced off-target toxicity. UA is a naturally occurring polyphenol that exerts anticancer effects through 
multiple mechanisms, including suppression of oncoproteins such as β-catenin and cyclin D1, activation of 
tumor suppressors like P53, reduction of reactive oxygen species, and inhibition of the PI3K/AKT signaling 
pathway28,31,40,41. Building on this foundation, the present study aimed, for the first time, to investigate the 
anti-metastatic potential of UA in osteosarcoma and contribute to the development of a novel and effective 
therapeutic strategy. Our findings identified AKT1, EGFR, and MMP9 as potential targets of UA associated 
with osteosarcoma progression. Further analyses revealed critical interactions among these hub targets, with 
significant upregulation of AKT1 observed in osteosarcoma tissue samples.

Fig. 5.  Effects of UA on the viability, apoptosis and migration of MG-63 cells. Viability of MG-63 cells upon 
treatment with UA for 24, 48 and 72 h (A). Flow cytometry analysis of apoptosis following 72 h treatment of 
MG-63 cells with 100 µM UA (B). The area of scratch in cells treated with 75 µM UA for 24 and 48 h compared 
to controls (C). Statistical analysis of scratch assay after 24 h (D) and 48 h (E). Data represent the mean ± SD 
from experiments performed in triplicate. Statistical significance compared to the DMSO control, with 
bp < 0.01, cp < 0.001, and dp < 0.0001 indicating significance.
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AKT signaling plays a pivotal role in driving bone metastasis in solid tumors, with the PI3K/AKT/mTOR 
pathway critically regulating the migration and invasion of osteosarcoma cells11,42,43. Analysis of osteosarcoma 
patient samples has shown that elevated AKT1 expression is associated with tumor progression and poorer 
survival outcomes13. Similarly, EGFR contributes to enhanced tumor growth, migration, and invasion in 
osteosarcoma by activating downstream signaling cascades such as PI3K/AKT and ERK pathways14–16. 
Importantly, activation of both AKT and EGFR influences the expression of MMPs, which facilitate cancer 
metastasis and progression17–21. To note, upregulation of MMP2 and MMP9 is correlated with increased 
metastases and poorer clinical prognosis in osteosarcoma patients22–24. Despite the lack of effective targeted 
therapies for osteosarcoma, a recent study reported that combining the AKT inhibitor MK2206 with cisplatin 
produced a strong synergistic effect in suppressing SOX2-positive, chemoresistant osteosarcoma cells44.

AKT1 activity as a serine/threonine kinase relies on ATP binding, which is stabilized by key residues 
within the kinase domain, including Thr160, His194, Arg273, Lys297, and especially Lys179, all critical for 
ATP interaction. These residues collectively regulate AKT1 activation and kinase function45,46. In EGFR, the 
C-lobe encases the ATP-binding cleft and includes a highly conserved catalytic loop spanning residues Asp812 
to Asn818, as well as the regulatory activation loop from Asp831 to Val852 47,48. Molecular docking combined 
with molecular dynamics simulations conducted in this study demonstrated strong and stable binding of UA to 
both the kinase domain of AKT1 and the active site of EGFR. These findings underscore the promising potential 
of UA to effectively target and modulate the activity of these critical proteins, positioning it as a compelling 
candidate for therapeutic intervention in osteosarcoma.

Experimental validation revealed that treatment with 75 µM UA significantly inhibited the migration and 
invasion of osteosarcoma cells, while notably enhanced cell adhesion. The anti-metastatic effect of UA in our 
study was closely associated with a marked reduction in enzymatic activity of MMP2 and MMP9—key enzymes 
responsible for degrading collagen types that facilitate tumor invasion and angiogenesis49–51. Given the well-
established role of MMPs in osteosarcoma metastasis22–24these findings suggest that targeting MMPs with UA 
represents a promising therapeutic strategy to impede metastatic progression of osteosarcoma. Our results align 
with previous studies demonstrating the ability of UA to suppress cell migration by regulating MMP expression 
in colorectal cancer cell lines52,53. Similarly, UA reduced invasion in lung carcinoma cells by increasing 
E-cadherin levels and decreasing mesenchymal markers such as vimentin and N-cadherin40. Furthermore, UA 
inhibited proliferation, migration, and invasion of gastric adenocarcinoma cells, while promoting apoptosis and 
autophagy54.

In conclusion, this study provides compelling evidence that UA exerts potent anti-metastatic effects against 
osteosarcoma cells. Through an integrative approach combining computational analyses and experimental 
assays, the results demonstrate that UA effectively suppresses MG-63 cell migration and invasion by modulating 
MMP2 and MMP9 activity and targeting critical hub targets, including AKT1 and EGFR. These findings position 
UA as a promising therapeutic candidate for targeting osteosarcoma metastasis. However, this study has certain 
limitations that require further investigation. Validation of these results across multiple osteosarcoma cell lines 
is necessary to confirm their broader applicability. Moreover, in vivo studies are essential to evaluate the anti-
metastatic efficacy of UA, along with its pharmacokinetics and safety profile in physiological settings. Addressing 
these aspects will be crucial to fully elucidate the therapeutic potential of UA against this aggressive malignancy.

Fig. 6.  Effects of UA on the adhesion, invasion and MMP activity. Photomicrographs illustrate enhanced 
cell adhesion of MG-63 cells upon 48 h treatment with 75 µM UA, compared to the control group (A), with 
quantitative assessment (B). Photomicrographs demonstrate reduced invasion of MG-63 cells after 24 h 
treatment with 75 µM UA, compared to the control group (C), with quantitative assessment (D). Zymogram 
indicates decreased activity of MMP2 and MMP9 following 48 h treatment with 75 µM UA (E). Statistical 
analyses of MMP2 (F) and MMP9 (G) activity compared to the control groups. Data represent the mean ± SD 
from experiments performed in triplicate. Statistical significance compared to the DMSO control, with ap < 0.05 
and cp < 0.001 indicating significance.
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