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There has been an increasing focus on cancer mechanobiology, determining the underlying-induced changes to unlock new avenues in the modulation of cell malignancy. Our study used LC-MS untargeted metabolomic approaches and real-time polymerase chain reaction (PCR) to characterize the molecular changes induced by a specific moderate uniaxial stretch regimen (i.e., 24 h-1 Hz, cyclic stretch 0,5% elongation) on SAOS-2 osteosarcoma cells. Differential metabolic pathway analysis revealed that the mechanical stimulation induces a downregulation of both glycolysis and the tricarboxylic acid (TCA) cycle. At the same time, the amino acid metabolism was found to be dysregulated, with the mechanical stimulation enhancing glutaminolysis and reducing the methionine cycle. Our findings showed that cell metabolism and oxidative defense are tightly intertwined in mechanically stimulated cells. On the one hand, the mechano-induced disruption of the energy cell metabolism was found correlated with an antioxidant glutathione (GSH) depletion and an accumulation of reactive oxygen species (ROS). On the other hand, we showed that a moderate stretch regimen could disrupt the cytoprotective gene transcription by altering the expression levels of manganese superoxide dismutase (SOD1), Sirtuin 1 (SIRT1), and NF-E2-related factor 2 (Nrf2) genes. Interestingly, the cyclic applied strain could induce a cytotoxic sensitization (to the doxorubicin-induced cell death), suggesting that mechanical signals are integral regulators of cell cytoprotection. Hence, focusing on the mechanosensitive system as a therapeutic approach could potentially result in more effective treatments for osteosarcoma in the future.
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1 INTRODUCTION
The human body is constantly affected by physical forces which change molecular properties determining how cells behave. Over the past 20 years, there has been extensive research on mechanosensing and mechanotransduction, particularly in adherent cells (Michaletti et al., 2017; Mohammed et al., 2019; Alloisio et al., 2021). These processes are now recognized to play vital roles in numerous essential cellular functions, including adhesion and proliferation, mitosis, motility, and apoptosis (Holle and Engler, 2011; Gioia et al., 2018; Alloisio et al., 2021; Harris and Hawkins, 2022). Similarly, cancer cells exert forces to facilitate their spread to other parts of the body while consuming ATP. Recently, there has been an increasing focus on cancer mechanobiology, determining how cells behave to unlock new avenues in the modulation of cell malignancy (Bertero et al., 2019; Park et al., 2020; Hattinger et al., 2021; Talayero and Vicente-Manzanares, 2023). During solid tumor progression, cells undergo mechanical and metabolic changes that sustain migration. However very little is known about how the metabolic state of a cell affects its malignant properties and vice versa (Schiliro and Firestein, 2021).
Osteosarcoma (OS) stands as the most prevalent primary bone tumor. It exhibits a bimodal age distribution, with a peak occurrence of 4.2 cases per million in children and young adults, followed by another peak of 4.2 cases per million in older individuals (Harris and Hawkins, 2022). Despite the customary practice of subjecting OS patients to an intense chemotherapy regimen involving multiple drugs both before and after surgery (Lilienthal and Herold, 2020), there has been no notable enhancement in the survival rate for metastatic osteosarcoma for several decades (Harris and Hawkins, 2022). Collaborative endeavors have yielded minimal advancements in the survival prospects of individuals with metastatic osteosarcoma. Consequently, there is an urgent demand for novel treatment approaches for OS.
Cancer cell mechanobiology has been recently explored for OS cells by showing that they modulate their malignancy in response to changes in several extracellular mechanic stimulations (Adamopoulos et al., 2017; Bertero et al., 2019; Müller and Silvan, 2019; Shoaib et al., 2022). Noteworthy, recent studies have identified compelling links between extracellular signals and chemotherapy failure (Yu et al., 2022), envisaging the possibility that extracellular stimulations can regulate cell cytotoxicity. The bone microenvironment has been shown to play a crucial role in the development and progression and tumor relapse of OS since the cell subpopulation of the bulk tumor became resistant to cytotoxic drugs (Hattinger et al., 2021). Hence, given that the majority of chemotherapeutic agents are known to increase the intracellular concentrations of reactive oxygen species (ROS) and can disrupt the redox balance within cancer cells (Yang et al., 2018), it is a plausible hypothesis that mechanical forces contribute to cytotoxic processes in cells. Accordingly, a mechanically-induced morphological alteration has been reported to be associated with an acute cytotoxicity effect on the human breast cancer cell line (Dufrêne et al., 2017). Moreover, several studies have shown that the upregulation of the expression of some mechanosensitive cytoprotective genes such as manganese superoxide dismutase (SOD1), Sirtuin 1 (SIRT1), NF-E2-related factor 2 (Nrf2) and Transcription factor forkhead box protein O1 (FOXO1), is a necessary survival adaptation during tumor progression (Maiese et al., 2009; Park et al., 2012; Zhang et al., 2016; Xue et al., 2020; Eleutherio et al., 2021). Mounting evidence has proposed this enabling cells to cope with increased cellular and extracellular redox stress (Kajihara et al., 2006; Lee et al., 2013; Barrera et al., 2021; Kuno et al., 2023).
Commonly, metabolic alterations occurring in most cancer cells are believed to contribute to tumor development and also mediate resistance to chemotherapeutical drugs (Chen et al., 2020). In particular, alterations of cell metabolism in OS, which have been previously reported to be correlated to the grade of OS malignancy (Lamego et al., 2014; Li et al., 2016; Ren et al., 2017), and understanding the mechanism of transformation during metastasis have provided information on treatment and prognosis (Fritsche-Guenther et al., 2020). We have recently selected a mechanical regimen (i.e., 24 h-1 Hz-cyclic stretch 0.5% elongation) able to disrupt the metastatic potential properties (such as cell migration and adhesion) of the SAOS-2 osteosarcoma cell line (Alloisio et al., 2023). The current study intended to identify the mechano-induced alterations of metabolism that sustain the mechano-biological changes of SAOS-2 cells by using an untargeted mass spectrometry approach. In particular, since several mechanical stimuli are reported to increase the production of free radicals such as reactive oxygen and nitrogen species via several mechanisms (Djordjevic et al., 2010; Palomero et al., 2012), our metabolomics analysis was also focussed on the mechano-modulation of the oxidative stress homeostasis. Moreover, a quantitative real-time PCR comparative analysis, between mechanically treated SAOS-2 cells and static control counterpart, was performed on the expression levels of some mechanosensitive cytoprotective genes such as SOD1, SIRT1, FOXO1 and Nrf2 (Pardo et al., 2008; Chen et al., 2021; 2018), which are reported to be involved in the defence against oxidative stress (Kajihara et al., 2006; Lee et al., 2013; Barrera et al., 2021; Kuno et al., 2023). Lastly, we screened whether or not the mechanical-induced metabolic changes could help osteosarcoma SAOS-2 cells to become more sensitive to doxorubicin-induced death.
2 MATERIALS AND METHODS
2.1 Cell culture
The SAOS-2 human osteosarcoma cell line was sourced from the Biological Bank and Cell Factory-Interlab Cell Line Collection (ICLC) (Accession Number ICLC HTL01001) IRCCS Policlinico San Martino Hospital, IST Genova, Italy. These cells were cultured in Dulbecco’s Modified Eagle’s Medium (4.5 g/L glucose)/Ham F12 (1:1) (Invitrogen, Carlsbad, CA, United States) and supplemented with 10% fetal bovine serum (FBS) (Euroclone s.p.a., Milano, Italy), Penicillin–Streptomycin Solution 100X (Gibco, Life Technologies, Carlsbad, CA, United States), and Amphotericin B 100X (Biowest, Riverside, MO, United States) at 37°C in an atmosphere of 5% CO2. The culture medium was refreshed twice a week, and any nonadherent cells were removed during these routine changes.
2.2 Mechanical stretch application
A cyclic uniaxial stretch of 0.5% elongation at 1 Hz for 24 h was applied to adherent cells using the MechanoCulture FX device, as previously outlined in Alloisio et al. (2023). Briefly, a deformable silicone well culturing plate from CellScale Biomaterials Testing in Waterloo, ON, Canada, was employed to hallow the culturing system to follow the uniaxial deformation applied. These silicone wells were pre-coated with rat type I collagen from Enzo Life Sciences in Farmingdale, NY, United States, at a concentration of 50 μg/mL in a PBS solution. SAOS-2 cells were seeded at a density of 2 × 105 cells per well, with a culture area comprising 16 wells, each measuring 8 mm × 8 mm. For each dataset, two silicon plates were seeded, and both were exposed to the same experimental conditions. However, only one of the two plates underwent the mechanical stretching, while the other served as a static isometric, unstimulated control. After 24 h of cell seeding, a 0.5% elongation stretch was applied to the cells at a cyclical frequency of 1 Hz for 24 h, with a pattern of 1 h of stretching followed by 3 h of rest. To assess the response of adherent live cells immediately after the mechanical stretch, an in-house developed micro-plate adapter was used to detect fluorescence and spectrometry, employing a TECAN spark microplate reader (Tecan Group, Männedorf, Switzerland) (Alloisio et al., 2023).
2.3 Metabolite extraction and UHPLC‒MS analysis
Immediately following the mechanical treatment, the stretched samples and their respective control counterparts were subjected to the following processing steps. Cell Counting: The cell number was determined by counting the cells after trypsinization using an automated cell-counting chipTM on the TECAN sparkR multimode reader, a product of the Tecan Group based in Männedorf, Switzerland. Sample Resuspension: The sample was resuspended by adding 0.15 mL of ice-cold ultra-pure water with a resistance of 18 MΩ to lyse the cells. The tubes containing the samples were rapidly subjected to two temperature shifts: first, they were plunged into dry ice or a circulating bath at −25°C for 0.5 min and then transferred to a water bath at 37°C for another 0.5 min. Chemical Extraction: To each tube, 0.6 mL of −20°C methanol and then 0.45 mL of −20°C chloroform were added. The tubes were mixed every 5 min for a total of 30 min. Subsequently, the solutions were centrifuged for 15 min at 15,000 × g before being stored at −20°C for 2–8 h. Further Centrifugation: The tubes were then centrifuged again at 10,000 ×g for 10 min at 4°C, and the collected supernatants were dried to obtain visible pellets. Sample Re-suspension and LC/MS analysis: Finally, the dried samples were re-suspended in 0.1 mL of a solution containing water and 5% formic acid. These re-suspended samples were then transferred to glass autosampler vials and analyzed by LC/MS as previously reported (Tzounakas et al., 2022).
2.4 Metabolomic data processing and statistical analysis
Metabolomic data processing and statistical analysis involved the following steps. Data Export and Pre-processing: Raw data files from replicates were exported as.mzXML files and subsequently processed using MAVEN 8.1. Statistical analysis: Univariate (Volcano plots) and multivariate statistical analyses were performed on the complete metabolomics dataset using MetaboAnalyst 5.0 software. Before analysis, the raw data underwent normalization by median and autoscaling to give greater importance to low-abundance ions while minimizing the amplification of noise. False discovery rate (FDR) was used for controlling multiple testing. Pathway Analysis: Pathway analyses were performed using the web-based tool MetPA (Metabolomic Pathway Analysis), integrated into the MetaboAnalyst platform. Data for metabolites detected in all samples were input into MetPA with annotations based on common chemical names. These accepted metabolites were manually verified using databases like HMDB, KEGG, and PubChem. For pathway analysis a Homo sapiens pathway library was utilized; the global test was the chosen pathway enrichment analysis method, and the relative betweenness centrality was the node importance measure for topological analysis. Graphical Representation: Metabolites that displayed significant changes were graphed and statistically analyzed by using Graphpad Prism 5.01 software. The reported data represent the means of three replicates with standard deviation (SD) indicated.
2.5 Analysis of intercellular ROS generation on flexible silicone plates
The intercellular ROS formation was evaluated using a DCFDA/H2DCFDA- Cellular ROS Assay Kit (ab113851, Abcam, Cambridge, United Kingdom). Cells were seeded on a silicone plate at a density of 400 cells/mm2 and cultured in phenol red-free Dulbecco’s Modified Eagle’s Medium (4.5 g/L glucose)/Ham F12 (1:1) (Corning, Manassas,VA, United States) and supplemented with 10% fetal bovine serum (FBS) (Euroclone s.p.a., Milano, Italy), Penicillin–Streptomycin Solution 100X (Gibco, Life Technologies, Carlsbad, CA, United States), and Amphotericin B 100X (Biowest, Riverside, MO, United States) at 37°C in an atmosphere of 5% CO2. These cells were cultured for a day to allow cell adhesions. The day after the medium was replaced with phenol red-free medium. Then one plate underwent to 1 Hz cyclic stretch for 24 h, whereas the second plate was left static under the exact condition of the stimulated well. The ROS formation was performed within the two silicone plates according to the manufacturer’s instructions of the DCFDA/H2DCFDA - Cellular ROS Assay Kit (ab113851, Abcam Cambridge,United Kingdom). Briefly, the cell medium was discarded, and the attached cells were washed twice with 100 µL of 1X buffer per well. Then cells were incubated with an H2DCFDA probe and stained at 37°C with 5% CO2 in the dark. Cell medium was discarded, and the attached cells were washed twice with 100 µl of 1X buffer per well. 55 μM MBHP (ter-butyl hydroperoxide) solution was used to develop the fluorogenic reaction. First fluorescence reading was recorded at t(0) using 485 and 535 nm as Excitation and Emission wavelength, respectively. The silicone plates were maintained at 37°C with 5% CO2 in the dark and after 2 h of incubation, the fluorescence was detected again by an Infinite®200 PRO multi-well plate reader (Tecan Group Ltd., Männedorf, Switzerland). Additionally, a treatment that enhances ROS production was performed. Specifically, both pates underwent 2-h incubation with 8,6 µM doxorubicin holding cells at 37°C with 5% CO2 in the dark.
2.6 Cytotoxicity assay
The impact of mechanical pre-treatment on cell cytotoxicity induced by doxorubicin was measured by an MTT colorimetric assay (Merk Life Science S.r.l., Milano, Italia). To examine doxorubicin cell cytotoxicity, cells were seeded on silicone plates at 110 cells/mm2 density and allowed to adhere for 24 h as previously indicated. Then, cells on the silicone-plate were 24 h-treated with serum-free medium at different concentrations of doxorubicin within the range of 0–10 μM. For the measurement of absorbance after 24 h, each well received 20 μL of MTT solution (5 mg/mL in PBS with Ca2+ and Mg2+) and was subsequently incubated at 37°C in a 5% CO2 atmosphere for 2 h. To dissolve the formazan crystals, 100 μL of extraction buffer (5% SDS in N,N-Dimethylformamide) was then added to each well, followed by another 2 h of incubation at 37°C with 5% CO2. The absorbance of the formazan products in each well was assessed at a wavelength of 570 nm using the Infinite® 200 PRO multi-well plate reader from Tecan Group Ltd. in Männedorf, Switzerland after 2 h of incubation. The relative cell viability index was derived by dividing the absorbance at a given doxorubicin concentration over the absorbance recorded for the control cells (which were incubated without doxorubicin).
2.7 Quantitative RT-PCR analysis
To assess the impact of the mechanical treatment on gene expression was evaluated as follows: after the 24-h cyclic stretch application, treated SAOS-2 cells and the static control counterpart were detached using trypsin, pelleted, and prepared for analysis of specific target genes: SOD1, SITR1, Nrf2, and FOXO1. RNA was extracted from cellular pellets following the manufacturer’s protocol using the TRIZOL Reagent from Roche Diagnostics GmbH in Mannheim, Germany. The quality of the extracted RNA was evaluated by measuring the absorbance ratio at 260 and 280 nm using the NanoQuant Plate with an Infinite®200 PRO multi-well plate reader from Tecan Group Ltd., in Männedorf, Switzerland. The RNA was reverse-transcribed using a SensiFAST™ cDNA Synthesis Kit (Bioline, Meridian Bioscience, London, United Kingdom) in accordance with the manufacturer’s specifications. Gene expression levels were quantified using iTaq Universal SYBR Green Supermix (Biorad Laboratories, Hercules, CA, United States). Quantitative real-time PCR (qRT-PCR) was conducted utilizing a LightCycler 96 Real-Time PCR System (Roche Diagnostics GmbH). For data analysis, the expressions of all target genes were normalized using the ΔΔ cycle threshold method, with human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene expression serving as the reference for normalization. The relative quantification was performed by using LightCycler®96 system software version 1.1 (Roche). Primers were designed by using the UCSC genome browser (https://genome.ucsc.edu/), ApE software (version 2.0 70.0), NetPrimers software (https://www.premierbiosoft.com/netprimer/), and primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The primers were then synthesized by Merck (Life Sciences, Milano, Italy). The sequences of the primers used for quantitative real-time PCR analysis of gene expression in SAOS-2 cells are as in Table 1.
TABLE 1 | Primer sequences used for RT-PCR analyses.
[image: Table 1]Results are presented as means ± SEM, and variations between the means were assessed using the parametric t-test with the assistance of the GraphPad Prism 9.01 software (San Diego, CA, United States).
3 RESULTS
3.1 Mechano-induced changes of osteosarcoma SAOS-2 cell metabolome
Osteosarcoma SAOS-2 cells were exposed to a specific medium-magnitude strain regimen, which has been considered a valuable insult for understanding important cellular aspects in osteosarcoma cell biology in vitro (Alloisio et al., 2023). Specifically, SAOS-2 cells were subjected or not to a 0.5% elongation uniaxial cyclic stretch at 1 Hz frequency for 24 h, and an untargeted metabolomics analysis was performed to evaluate cell metabolism modifications induced by this mechanical stimulation. The significant discriminating metabolites between unstimulated (Ctrl) and mechanically stimulated (1 Hz) SAOS-2 cells were identified using the Volcano plot analysis (Figure 1). Based on the selected criteria, 48 metabolites were significantly downregulated, whereas 25 were significantly upregulated, in the mechanically stretched cells (1 Hz samples) compared to unstimulated SAOS-2 cells (Ctrl samples). Among metabolites that mainly displayed changes in 1 Hz-exposed samples compared to the controls, there were amino acids such as glycine, glutamate, glutamine, aspartate, arginine, and lysine. Their increased level suggests a central role of amino acids in energy production and nucleotide synthesis in cyclically stretched samples (1 Hz) with respect to the untreated specimens (Ctrl). Indeed, the KEGG pathway analysis showed that the significant perturbed metabolic pathways in osteosarcoma SAOS-2 cell lines included: energy metabolism (glycolysis, pentose phosphate pathway, and citrate cycle); alanine, aspartate and glutamate metabolism; purine metabolism; pyrimidine metabolism; and vitamin B6 metabolism (Figure 2).
[image: Figure 1]FIGURE 1 | Volcano plot showing the distribution of the fold changes in metabolite concentrations induced by the 24 h 1 Hz cyclic stretch of SAOS-2 cells. Blue and red dots refer to decreased and increased metabolites, respectively, in the 1 Hz samples (fold change >1.5 and adjusted p-value FDR < 0.05).
[image: Figure 2]FIGURE 2 | Metabolomics Pathway Analysis (MetPA) of mechanically 1 Hz stimulated SAOS-2 cell line. The color of each circle is based on p-values (darker colors indicate more significant changes of metabolites in the corresponding pathway). In contrast, the circle size corresponds to the pathway impact score. The most impacted pathways (high statistical significance scores) are annotated by their full name.
To study in detail the mechanical regulation of the uniaxial cyclic stretch on the energy metabolism, the glycolysis, the Pentose Phosphate Pathways (PPP), and the citrate cycle (TCA) of SAOS-2 cells exposed or not to a 0.5% elongation uniaxial cyclic stretch for 24 h were compared. As Figure 3 clearly shows, we observed a mechanically-induced increased abundance of glucose-6-phosphate (G6P) in mechanically stretched samples (1 Hz). In contrast, lactate accumulation significantly decreased upon the stimulation, confirming that the cyclic stretch application can reverse the Warburg effect in SAOS-2 cells. Since PPP and glycolysis are metabolically linked for sharing the common intermediate G6P, increased glycolysis concurrently leads to decreased PPP rate and vice versa. As expected, we highlighted a glucose diversion from the glycolysis into the PPP in 1 Hz stimulated samples.
[image: Figure 3]FIGURE 3 | Changes in accumulation of intermediates belonging to glycolysis and Pentose Phosphate Pathway in mechanically stimulated (1 Hz) samples compared to the control (Ctrl). Data are presented as mean ± standard deviation. The statistical significance of each metabolite between samples was determined using Student’s t-test. *p-value < 0.05; **p-value < 0.01; ***p-values < 0.001.
Besides, a significant mechanically-induced decrease in citrate and an increased level of 2-oxoglutarate suggests that in 1 Hz samples TCA metabolites derive from glutaminolysis, the process by which cells convert glutamine into glutamate that can be further metabolized to 2-oxoglutarate to enter the TCA cycle. This last step involves the activity of different transaminases that directly transfer amino groups from glutamate to alpha-keto acids, either oxaloacetate or pyruvate, to generate, respectively, the 2-oxoglutarate/aspartate and 2-oxoglutarate/alanine couples as products (Figure 4).
[image: Figure 4]FIGURE 4 | Changes in accumulation of TCA intermediates and glutaminolysis in mechanically stimulated (1 Hz) samples compared to the control (Ctrl). Data are presented as mean ± standard deviation. The statistical significance of each metabolite between samples was determined using Student’s t-test. *p-value < 0.05; **p-value < 0.01; ***p-values < 0.001.
Noteworthy differences were also detected at the level of some individual amino acid concentrations and their relative pathways in the 1 Hz treated SAOS-2 cells compared to the untreated counterpart. For example, glutathione metabolism resulted to be mechanically downregulated. The transsulfuration pathway significantly contributes to glutathione production; it involves the conversion of homocysteine, derived from methionine and folate cycles, into cysteine and reduced glutathione via the intermediate cystathionine. Interestingly, our results showed a downregulation of metabolites implicated in the methionine cycle in 1 Hz samples compared to controls (Figure 5). Besides the above-mentioned amino acids, serine and glycine were also required in these metabolisms. The conversion of serine to glycine involves vitamin B6 as essential coenzyme and generates one-carbon units that enter both the folate and methionine cycle. These pathways are important for nucleotide synthesis and methyl donor S-Adenosyl Methionine (SAM) generation, respectively. Therefore, the observed mechanically-induced upregulation of serine, glycine and bioactive forms of vitamin B6 (pyridoxamine, pyridoxamine 5 phosphate, and pyridoxal) allowed us to suppose that these metabolites do not feed the methionine cycle through the folate cycle. This hypothesis is also corroborated by the reduced levels, in the 1 Hz sample with respect to the control specimen, of SAM and S-adenosyl homocysteine that therefore do not participate in nucleotide synthesis and GSH production.
[image: Figure 5]FIGURE 5 | Mechanically-induced changes in the accumulation of intermediates belonging to aminoacid and vitamin B6 metabolisms. Metabolite quantification is reported for the mechanically stimulated SAOS-2 cells (1 Hz) and the static control counterpart (Ctrl). Data are presented as mean ± standard deviation. The statistical significance of each metabolite between samples was determined using Student’s t-test. *p-value < 0.05; **p-value < 0.01; ***p-values < 0.001. The bold arrow indicates the reaction that requires vitamin B6 as a cofactor.
In connection with the alteration of specific amino acid abundance levels, our findings revealed a downregulation, in 1 Hz samples, of purine and pyrimidine metabolisms along with some of their related metabolites (e.g., hypoxanthine, AMP, and adenosine for purine metabolism; UMP, uridine and CMP for pyrimidine metabolism) (Figure 6). Since nucleotide metabolism is essential for the biosynthesis of DNA and RNA, cell signaling, enzyme regulation and proliferation of cancer cells, these inhibitions in 1 Hz samples confirmed that the treatment regulates the de novo synthesis process.
[image: Figure 6]FIGURE 6 | Mechanically-induced changes in the accumulation of intermediates belonging to pyrimidine and purine metabolisms in mechanically stimulated (1 Hz) samples compared to the control (Ctrl). Data are presented as mean ± standard deviation. The statistical significance of each metabolite between samples was determined using Student’s t-test. *p-value < 0.05; **p-value < 0.01; ***p-values < 0.001.
3.2 1 Hz stretching treatment increased cellular ROS production and SAOS-2 cell sensitivity to doxorubicin
Since our metabolomic analysis displayed several distinctive features of increased oxidative stress in mechanically treated SAOS-2 cells (e.g., GSH depletion, pentose phosphate pathway upregulation, and nucleotide synthesis decrease), we evaluated whether the 24 h-1 Hz mechanical stimulation was accompanied or not by an intercellular ROS production. Figure 7A shows that the mechanical stimulation induced a moderate ROS overproduction by 1.89 folds with respect to the static control counterpart. To evaluate a possible synergistic effect of mechanical and chemical stimuli on ROS generation, the mechanically pre-treated cells were incubated with the ROS inducer doxorubicin, a chemotherapeutic drug currently used in osteosarcoma treatment. The concurrent mechanical and chemical stimulations showed a boost in ROS production; Figure 7A displays that the 24 h treatment of SAOS-2- cells with 8.6 µM doxorubicin increases the ROS generation by 5-folds. Therefore, the chemically induced production of ROS masked the differences between static and stretch-induced regulation of ROS production in SAOS-2 cells. Based on the achieved results, we also hypothesized that the stretch-induced disruption of oxidative stress homeostasis could lead to a possible cytotoxic sensitization of the mechanical pre-treated SAOS-2 cells. Therefore, we employed the doxorubicin chemotherapeutic drug to also test the osteosarcoma cell resistance to death. Pre-stretched and control cells were treated with different concentrations of doxorubicin within the 1.25–10 µM range. Figure 7B shows that SAOS-2 cells died in a dose-dependent manner in response to the doxorubicin treatments in both cases. However, the mortality was more effective for the pre-stretched cells. This indicates that 1 Hz-24 h stretch treatment can render osteosarcoma cells more sensitive to doxorubicin-induced death. Since SOD1, SIRT1, Nrf2, and FOXO-1 are mechanosensitive genes whose proteins have been reported to play an important role in counteracting oxidative stress (Kajihara et al., 2006; Pardo et al., 2008; Chen et al., 2018; Barrera et al., 2021; Chen et al., 2021; Kuno et al., 2023), their gene expression levels were measured using real-time PCR. Figure 7C shows that our 24 h-1 Hz mechanical stimulation did not significantly perturb the expression level of the FOXO1 gene. On the contrary, the mechanical stimulation induced an upregulation of the SOD1 gene and a concurrent downregulation of the two transcription factor genes (i.e., SIRT1 and Nrf2) in the mechanically stimulated sample with respect to the control cells.
[image: Figure 7]FIGURE 7 | Mechanically-induced upregulation of ROS and Cytotoxicity in SAOS-2 cell line. (A) Cellular ROS production for the 1 Hz-stimulated or not stimulated cells is reported both in the presence and the absence of 8,6 µM Doxorubicin treatment. (B) Doxorubicin Cytotoxicity for SAOS-2 osteosarcoma cells that were or were not pre-mechanically treated. Light green square symbols represent relative cell viability for cells cyclically stimulated for 24 h at 1 Hz frequency. Dark-green triangles represent control static cells (cells cultured on a silicone support subjected to the same experimental conditions but not stretched). Statistics have been performed on three biological replicates with four technical replicates per condition. (C) The impact of a 24 h 1 Hz uniaxial stimulation on the gene expression of four cytoprotective genes (i.e., SOD1, SIRT1, Nrf2, and FOXO-1). Statistical analyses were performed on three biological replicates with at least three technical replicates per condition. Statistical significance between treated and control samples was determined using Student’s t-test. *p-value < 0.05; **p-value < 0.01.
4 DISCUSSION
In recent years, there has been a growing fascination with unraveling the role of mechanical forces in governing cellular biology, with particular emphasis on their impact on cancer cells. Mechanical cues originating from the tumor microenvironment play a pivotal role in shaping cell mechanics and affecting cellular metabolism, ultimately fostering the aggressiveness of cancer. Numerous studies have highlighted that particular metabolic activities can provide critical support for the biological processes within tumors, facilitating both cancer initiation and progression (Hosios et al., 2016; Weber, 2016; Chen et al., 2020; Fritsche-Guenther et al., 2020). Moreover, during cancer progression, there is evidence that mechanical changes from the microenvironment induce crucial molecular signals to guide cells in capturing nutrients to support their metabolic needs (Bays et al., 2017; Bertero et al., 2019; Evers et al., 2021; Torrino et al., 2021). The findings from mechanobiological studies hold the potential to revolutionize current cancer treatment strategies, ultimately leading to improved patient outcomes.
In this study, comparative metabolite characterization by means of untargeted metabolomics analyses was performed to shed light on the molecular mechanisms underlying the mechanical stimulation of the SAOS-2 cell line that could possibly be helpful in clinical therapy for osteosarcoma. We identified several mechanosensitive metabolites that could represent novel oncogenic targets. The intermediates and end-products of glycolysis were found significantly decreased in mechanically stimulated (1 Hz) samples. For rapid growth, cancer cells enhance their metabolism by “metabolic reprogramming” (Chen et al., 2020). Via the well-known “Warburg effect” manifested by increased glucose uptake and lactate production (Hsu and Sabatini, 2008), cancer cells obtain energy either in oxygen or hypoxia (Warburg, 1956), and consequently leads to a downregulation of the TCA cycle (Gatenby and Gillies, 2004). According to many studies, one of the most common metabolic changes in OS is enhanced glycolysis; many glycolytic enzymes have been shown to promote the tumorigenic activity of OS cells and are associated with poor prognosis in patients (Sottnik et al., 2011; Zhuo et al., 2015; Shen et al., 2019; Feng et al., 2022). Metabolic inhibitors of glycolysis (such as 2-deoxy-D-glucose) and of the mitochondrial respiratory pathway (such as metformin) may represent a potentially effective therapy against Ewing Sarcoma cell lines in vitro (Dasgupta et al., 2017).
Interestingly, SAOS-2 cells showed an over-accumulation of pentose phosphate pathway (PPP) intermediates after our mechanical stimulation. The regulatory network of PPP flux represents a crucial metabolic adaptation in a number of environmental contexts in human malignancies, including cancer (Jin and Zhou, 2019). It has been reported that in cancer cells, the pentose phosphate pathway (PPP) can concurrently sustain: i) tumor cell survival by providing NADPH, which is needed for fatty acid synthesis under stress conditions, and ii) cell proliferation by the generation of pentose phosphates for DNA synthesis (Patra and Hay, 2014; Jin and Zhou, 2019). In the case of osteosarcoma, Fritsche-Guenther et al. have shown reduced label incorporation of ribose-5-phosphate in both malignant and metastatic in vitro cultured OS cells compared to benign cells, suggesting a decreased flux through the PPP (Fritsche-Guenther et al., 2020). Consistent with these findings, our work suggests that mechano-unstimulated osteosarcoma cells do not use PPP for proliferation. Considering that the NADPH generated by PPP also serves to counteract ROS generation, it is reasonable to hypothesize that the increased PPP activity we observed in 1 Hz treated samples may represent a cell response to elevated levels of oxidative stress. Another metabolic aspect to consider is that the conversion of most pyruvate to lactate results in restricting pyruvate entry into the TCA cycle for a higher ATP yield. Consequently, a process known as glutaminolysis (Hosios et al., 2016) alternatively provides the carbon source for the TCA cycle. Several studies have provided substantial evidence regarding the significant role of metabolites derived from glutamine in fueling the tricarboxylic acid (TCA) cycle within cancer cells (Gaglio et al., 2011; Zhao et al., 2019). Consequently, the targeting of glutaminolysis has emerged as a promising strategy for disrupting cancer metabolism and impeding tumor progression (Lukey et al., 2013; Matés et al., 2020; Wang et al., 2020). Along with the mechano-activation of the glutamine catabolism reported for a breast cancer cell model by hyper loading forces (Torrino et al., 2021), our data demonstrate that mechanical stimulation activates glutaminolysis in osteosarcoma cell model suggesting that this typical tumor-associated metabolotype is mechanosensitive.
However, one of the most significant results of our study, which is probably related to this preferential use of glutamine as an anaplerotic substrate for attempting to maintain the TCA cycle flux, was the evident disruption of the oxidative homeostasis in mechano-stimulated SAOS-2 cells when compared to controls. In fact, Gln is a vital precursor of Glu for GSH synthesis and significant decreases in GSH synthesis rates were registered in the mechanically treated cells (1 Hz samples), indicating an exacerbated oxidative stress response which is also sustained by increased levels of SOD1 gene. Nowadays the high level of oxidative stress is considered a valuable target for anticancer therapy (Benhar et al., 2016; Galadari et al., 2017; Desideri et al., 2019). This effect can be triggered by elevating external reactive oxygen species (ROS) levels and/or by suppressing the intrinsic protective antioxidant system (Van Loenhout et al., 2020). Consistent with previous findings, the current work observed a mechanically-induced increase of ROS generation and a concurrent inhibition of the endogenous protective antioxidant system such as GSH that, in turn, disrupts the cell antioxidant defenses. Numerous reports have shown that increased oxidative stress can inhibit cancer progression and metastasis by activating different cell death pathways and that the GSH may promote tumorigenesis and resistance to therapy (Benhar et al., 2016; Galadari et al., 2017). As previously reported, the depletion of the GSH antioxidant system can also be attributed to lower fluxes through the cysteine route (Desideri et al., 2019). Compared to controls, decreased levels of metabolites implicated in methionine and folate cycles were observed in mechanically treated samples. The folate and methionine pathways regulate the amino acid synthesis, purine, and pyrimidine metabolism, S-adenosyl-homocysteine levels and methylation capacity, as well as the maintenance of redox homeostasis through GSH, ATP, and NADH generation (Shuvalov et al., 2017) so they were considered key players in the evolution of cancer (Ducker and Rabinowitz, 2017) and can be an effective target for cancer treatment (Rosenzweig et al., 2018; Sullivan et al., 2021). Since the one-carbon metabolism, which is generally believed to sustain tumor cell survival and growth (Newman and Maddocks, 2017), was downregulated in our 1 Hz samples, our mechanical regimen of stimulation may be considered as a possible oncosuppressor treatment.
It is well known that, along with glutamine and cysteine, other amino acids, such as glycine and serine, are utilized to synthesize GSH and therefore required to maintain the cellular redox balance (Amelio et al., 2014). Glycine production depends on serine availability and on the vitamin B6 cofactor. All these three metabolites were upregulated in mechanically treated samples. Elevated circulating amounts of antioxidant B6 vitamers were correlated with a reduced incidence of several distinct neoplasms (Galluzzi et al., 2013). Moreover, vitamin B6 is reported to sensitize cancer cells to apoptosis induction by distinct types of physical and chemical stress, including several chemotherapeutics (Galluzzi et al., 2012). The antioxidant properties of vitamin B6 can derive from its direct involvement in reactions with ROS (Ohta and Foote, 2002; Matxain et al., 2006) and are indeed linked to its role as an enzyme cofactor in the transsulfuration pathway. In fact, it is known that vitamin B6 and folate deficiency can lead to elevated homocysteine levels, which in turn generate ROS (Tinelli et al., 2019). On the other hand, our results draw attention to the fact that the vitamin B6-dependent accumulation of glycine and serine in mechanically stimulated SAOS cells does not supply the methionine cycle through the folate cycle, leading to a reduction of purine and pyrimidine production. Cancer cells must utilize large amounts of energy and nucleotides for DNA and RNA synthesis, consequently, an upregulation of the de novo nucleotide metabolism enables cells to proliferate rapidly (Wu et al., 2022) Several intermediate metabolites of the purine nucleotide de novo synthesis pathway were found to be significantly increased in OS patients, indicating that the active purine metabolism was closely related to the development of osteosarcoma (Lv et al., 2020). These observations are in line with our metabolomic analysis where purine and pyrimidine metabolites were detected at lower concentrations in mechanically treated samples when compared to controls, which might possibly underlie the cytotoxic sensitization induced by the mechanical pre-treatment.
Furthermore, several studies have shown that elevated cytoprotective gene expression is a necessary survival adaptation during tumor progression. It is widely accepted that chemotherapeutics’ anticancer effectiveness enables cells to cope with increased cellular and extracellular redox stress (Kajihara et al., 2006; Lee et al., 2013; Barrera et al., 2021; Kuno et al., 2023). Specifically, SIRT1 is reported to play a distinctive role in osteosarcoma tumors, promoting metastasis, with its inhibition exerting antitumor activity. In human osteosarcoma cells, SIRT1 expression level may be coupled with metastatic risk in patients with osteosarcoma (Cheng et al., 2013; Zhang et al., 2016; Singh et al., 2018; Fathizadeh et al., 2019). Interestingly, Nrf2 activation is associated with poor prognosis, and Nrf2 has been identified as a key activator of cancer-supportive anabolic metabolism (He et al., 2020). Emerging evidence from several groups now indicates that SOD1 is overexpressed in cancers, and the activity of SOD1 may be essential to maintaining cellular ROS below a critical threshold (Papa et al., 2014).
The present study reveals that the expression levels of SOD1, SIRT1, and Nrf2 genes, which are reported to be cytoprotective (Kajihara et al., 2006; Pardo et al., 2008; Lee et al., 2013; Chen et al., 2018; Barrera et al., 2021; Chen et al., 2021; Kuno et al., 2023), can be mechanically modulated. Notably, the downregulation of osteosarcoma-supporting genes SIRT1 and Nrf2, as demonstrated in the mechanically treated specimens in the current study, aligns with the compromised protection of SAOS-2 cells induced by mechanical stimulation. The intertwining between mechanosensing and cell cytotoxic sensitization envisages the possibility that the mechanosensitive molecules could be targeted for new therapeutic strategies in osteosarcoma. In this regard, our data report that the mechano-disruption of oxidative stress homeostasis correlated with a cytotoxic sensitization (to the doxorubicin-induced cell death) of the mechanical pre-treated SAOS-2 cells.
In conclusion, current LC-MS-based metabolomics profiling revealed different significantly altered metabolites in SAOS-2 cells after mechanical 1 Hz stimulation. Pathway analysis suggested a disrupted energy metabolism in mechanically treated cells, characterized by a significant downregulation of both glycolysis and TCA cycle, but also a dysregulation of amino acid metabolism (i.e., enhanced glutaminolysis, reduced methionine cycle). As supported by the mechanically-induced GSH depletion and ROS enrichment, in turn, our data show that our mechanical regiment can induce an increase in the levels of oxidative stress homeostasis which sensitizes SAOS-2 cells to doxorubicin-induced cell death.
As a whole, our research group has demonstrated that subjecting SAOS-2 cells to 1Hz-24 h stretch results in significant morphological, metabolic, and functional alterations. These changes exhibit a dual impact, fostering a pro-metastatic state characterized by heightened cell migration (Alloisio et al., 2023) while simultaneously downregulating defence mechanisms against doxorubicin-induced death. Figure 8 attempts to summarize the mechanically-induced changes of SAOS-2 cells, providing a schematic representation of the potential interconnections between the metabolic state and gene expression, intricately linked to concurrent variations in cell morphology (Alloisio et al., 2023). The coupling of cell structure with metabolism and function poses a challenge, with spatiotemporal cell deformations influencing cellular responses and malignancy (Muff et al., 2007; Cascione et al., 2019; Luo et al., 2022; Tollis et al., 2022). While it has been proposed that the structural components of the cell utilize cellular energy to orchestrate cellular functions, acting as a dynamic bridge between thermodynamics and gene expression (Pienta and Hoover, 1994; Bays et al., 2017; Bertero et al., 2019; Evers et al., 2021; Torrino et al., 2021), a comprehensive understanding of the intricate interplay between cell structure, cellular energy, and function remains imperative to properly connect changes in the metabolic state with cell morphological alterations. Nuclear morphology changes, often documented in cancer cells, may impact chromatin organization and gene expression, particularly in tumor development and cancer progression (Jevtić et al., 2014). In the context of mechanical-induced changes observed in SAOS-2 cells, it is conceivable that the enlargement of nuclear size may be associated with chromatin reorganization and gene expression. However, this hypothesis necessitates thorough validation in subsequent studies.
[image: Figure 8]FIGURE 8 | Schematic Illustration of the stretch-induced changes in SAOS-2 cells: Upper panel. Cell Morphology: Our previous findings using confocal and atomic force microscopy (AFM) revealed that the application of cyclic stretch induces significant alterations in the morphology of SAOS-2 cells (Alloisio et al., 2023). Notably, the nucleus area, recognized for its crucial role in mechano-regulating cell behaviors, undergoes enlargement. The entire cell undergoes increased elongation post-cyclic stretch application, resulting in a noteworthy increase in size and disruption of the nuclear-to-cellular (N/C) ratio of SAOS-2 cells (Alloisio et al., 2023). Lower panel. Gene Expression Levels: While the expression levels of osteogenic differentiative markers (i.e., ALP, COL1, RUNX-2) remain unaffected by mechanical stimulation (Alloisio et al., 2023), the present data shows that SIRT1 and Nrf2 are downregulated, whereas SOD1 is upregulated in the mechanically treated samples compared to the untreated specimens. Metabolic State: Mechanical stimulation is associated with a reversal of the Warburg effect, upregulation of glutaminolysis, GSH depletion, intracellular ROS accumulation, and upregulation of PPP, coupled with downregulation of nucleotide synthesis.
These findings contribute to a nuanced understanding of the intricate responses of SAOS-2 cells to mechanical stimuli, providing valuable insights into potential implications for cell behavior, metastasis, and sensitivity to therapeutic agents. Nevertheless, the authors acknowledge the limitations of their study focusing on a single cell line and recognize the importance of further investigations using multiple cell lines to expand the scope of research in cancer mechanobiology. A comprehensive understanding of mechanobiology and its impact on cell metabolism in various cancer types can provide valuable insights for the development of more effective and targeted approaches in cancer treatment. By identifying commonalities and differences in the response of different cancer cell lines to mechanical forces, researchers can potentially uncover new therapeutic targets and strategies for combating cancer.
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