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Abstract

:

Glioblastoma (GBM) is the most commonly occurring type of primary tumor of the central nervous system (CNS) and is considered the worst type of glioma. Despite the current standard treatment for newly diagnosed GBM, which involves surgery followed by chemotherapy with temozolomide (TMZ) and radiation therapy, the average survival time for patients with GBM is only about 15 months. This is due to GBM’s tendency to recur, its high proliferative rates, its ability to evade apoptosis, and its ability to invade healthy tissue. Therefore, it is crucial to explore new treatment options for GBM. This study investigated the potential anticancer activities of a new series of synthetic chalcones, which are natural compounds found in the biosynthesis of flavonoids in plants. Primary cell culture of glioblastoma (GBM1) from surgical resection was used to evaluate the effects of synthetic chalcones on viability, cell death, reactive oxygen species (ROS), mitochondrial membrane potential (ΔΨm), cell cycle, and invasion. One chalcone, Q1VA (at concentrations of 10, 50, and 100 μM for 24 h) induced cytotoxicity by increasing apoptosis levels and depolarizing the mitochondrial membrane, as evidenced by a TMRE assay. Further analysis using the molecular fluorescent probe H2DCFDA indicated that the increased levels of reactive oxygen species (ROS) might be linked to altered mitochondrial membrane potential and cell death. Furthermore, viable cells were observed to be delayed in the cell cycle, primarily in the M phase, and the invasion process was reduced. The findings of this study indicate that Q1VA is a potential adjuvant therapeutic agent for GBM due to its significant antitumor effects. If its safety and efficacy can be confirmed in animal models, Q1VA may be considered for clinical trials in humans. However, additional research is required to determine the optimal dosage, treatment schedule, and potential side effects of Q1VA.
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1. Introduction


Gliomas are the most common type of central nervous system (CNS) neoplasm, arising from glial cells that grow uncontrollably and affect both the brain and spinal cord. According to their histopathological characteristics, gliomas are classified by the WHO into different grades (I–IV). Glioblastoma (GBM) is the most aggressive form (IV) and the most common malignant primary brain tumor.



The standard treatment for patients with newly diagnosed GBM is surgery, followed by chemotherapy with temozolomide (TMZ) plus radiotherapy. However, neither treatment nor surgery has helped increase the life expectancy of the patients. Although aggressive treatments are used, the average survival time for patients with GBM remains around 14 months, mainly due to tumor recurrence as surgery fails to remove all tumor cells [1].



GBM includes a high degree of intratumorally cellular heterogeneity and a high rate of recurrence [2]. Within the tumor are subpopulations of cells that express markers associated with tumor-initiating cells, such as CD133, CD15, and ABCG2. These cells exhibit longstanding proliferation, self-renewal potential, and resistance to therapy, which contribute to the therapeutic resistance of GBM. This is a significant challenge because even a single tumor-initiating cell can repopulate the entire tumor [3].



The resistance to treatment can also be attributed to the cancer stem cell (CSC) hypothesis [4]. CSCs can promote radio and chemoresistance, as well as tumor recurrence by repopulating the tumor [5]. For instance, CSCs present in GBM are known to contribute to the resistance to chemotherapy because they have efficient drug efflux transport systems, especially the ATP Binding Cassette (ABC) transporters [6]. These ABC transporters are a family of transmembrane proteins that function as drug efflux pumps, transporting a wide range of endogenous and exogenous molecules out of cells by harnessing the energy from ATP hydrolysis. ABC transporters play a crucial role in the development of multidrug resistance (MDR) in cancer cells, which can lead to chemotherapy failure and poor prognosis. They are expressed at high levels in various types of cancer, including leukemia, breast, and colon cancer, and contribute to the efflux of chemotherapeutic agents from cancer cells, reducing their intracellular concentration and efficacy [7]. ABC transporter inhibitors are currently being investigated as potential therapeutic agents to overcome MDR and improve cancer treatment outcomes.



The biology of GBM cells is characterized by their invasive and proliferative nature, as well as their ability to reprogram cell functions. They can evade apoptosis by reducing the expression of pro-apoptotic proteins (BAX) and increasing the levels of anti-apoptotic proteins (BCL-2). This allows GBM cells to invade the healthy tissue surrounding the tumor, making complete surgical resection difficult. The high proliferation rates of GBM cells lead to an increased tumor mass, which in turn results in the release of protumor and angiogenic factors [8,9].



Despite the widespread use of TMZ, its effects are limited due to the presence of the blood–brain barrier (BBB). The BBB controls the distribution of chemotherapy and reduces the availability of treatment options. Multiple factors are involved in the drug concentration in the CNS such as the permeability of the BBB and the drug concentration and delivery method. As a result, numerous studies have been conducted to find better treatments, including studies of epigenetics, immunotherapy, biochemistry, and the development of new cytotoxic molecules [10,11,12,13,14]. However, effective alternative options are still not available.



Chalcones are a type of natural compound that have shown potential as adjuvant antitumoral agents. These compounds are precursors in the biosynthesis of flavonoids in plants and can be synthesized by condensing aryl ketones with aromatic aldehydes in the presence of a condensing agent. Chalcones have been used to synthesize a variety of synthetic heterocyclic compounds and have been demonstrated to have biological effects such as antimicrobial, anti-inflammatory, analgesic, and antileukemic properties [15].



Chalcones (1,3-diaryl-2-propen-1-ones) can be modified with different functional groups, such as aryls, hydroxyls, carboxyls, etc., to change their target molecules and produce distinct biological activities. This versatility makes chalcones a useful tool in medicinal chemistry for drug discovery. Both natural and synthetic chalcone compounds have shown various interesting biological activities such as anti-inflammatory, antimalarial, antiviral, and anticancer [10,16,17,18]. For instance, Sinha and collaborators investigate the antimalarial potential of three synthetic chalcones and demonstrate that chalcones can reduce the levels of Plasmodium berghei infection after 8 days post-infection when compared to the control [19]. Furthermore, the effect of another synthetic chalcone was observed on bacterial Gram-positive (both non-resistant and resistant) and Gram-negative bacteria, showing a capacity to inhibit efflux pumps and prevent biofilm formation [20]. In terms of anti-inflammatory properties, several chalcones were found to modulate transcript factors, and it was also demonstrated that chalcones have the ability to inhibit Cyclooxygenase-2 (COX-2) [21].



Studies on the use of chalcones as an antitumoral agent have demonstrated the ability of various types of chalcones to inhibit cell proliferation and block cells in the M phase of the cell cycle. This is due to their activity as a microtubule depolymerizing agent [22,23,24,25,26]. The proper segregation of chromosomes during cell division is essential for the maintenance of genomic stability, and defects in this process can lead to various diseases, including cancer. The mitotic spindle, a complex and dynamic macromolecular machine, plays a crucial role in the accurate segregation of chromosomes during mitosis. It is primarily composed of microtubules, which are dynamic filaments that undergo polymerization and depolymerization to form a highly organized structure that interacts with chromosomes [27]. In glioblastomas, aberrant spindle assembly and defects in chromosome segregation have been reported, leading to genomic instability. These defects are often associated with alterations in key spindle regulators and checkpoint proteins, such as Aurora kinases and Polo-like kinases, which are frequently overexpressed or mutated in glioblastoma [28,29,30].



Previous studies from our laboratory evaluated the effects of three synthetic chalcones (A23, C31, and J11) on the glioma cell line A-172 (ATCC CRL-1620) and surgery-obtained GBM cells. The treatment resulted in an increase in apoptosis with no further increase in necrosis. This effect was associated with oxidative stress caused by the increased presence of reactive oxygen species and nitric oxide production. The effects of chalcones on cell cycle regulation showed an arrest at G0/G1 and S phases, suggesting that chalcone C31 interferes with cell cycle control [31]. Chalcones are a class of compounds with diverse chemical structures that have shown promising anticancer activity in various studies. The aim of this study was to evaluate the effects of a new series of synthetic chalcones on GBM cells with the goal to discover new adjuvant drugs that can improve the efficacy of current treatments and ultimately improve the prognosis of patients with brain cancer.




2. Materials and Methods


2.1. Synthesis and Characterization of Chalcones


The chalcones Q1VA, Q2VA, and Q18VA were prepared using an aldol condensation. Aldol condensation refers to condensation of ketones and aldehydes with a catalyst followed with a dehydration reaction to form C-C bonds [32]. The aldol condensation was between 4-carboxybenzaldehyde (1 mmol) and corresponding acetophenones (1 mmol) using p-toluene sulfonic acid (PTSA) as a catalyst and methanol as a solvent. The reaction was maintained under reflux for 24 h, and when finished, the precipitation was performed in distilled water for faster and interference-free precipitation of the compounds, because regular water contains minerals that can cause slow precipitation [33].



All compounds were identified with melting point determination, 1H, and 13C Nuclear Magnetic Resonance (NMR) spectroscopy, and High-Resolution Mass Spectra (HRMS), according to our previous studies and supporting data [34].



NMR is a characterization technique used to identify the carbons and hydrogens present in the studied structure. HRMS, a mass detector, enables the analysis of the molecular fragments from each component of the sample, providing a powerful tool for identifying unknown compounds and determining purity together with the NMR.



In summary, melting points were determined using a Microquimica MGAPF-301 apparatus. The 1H and 13C NMR spectra were recorded using a Bruker Avance DRX 400 spectrometer (operating at 400 MHz for 1H and 100 MHz for 13C) using tetramethylsilane as the internal standard. HRMS were recorded using a micrOTOF-QII mass spectrometer (Bruker Daltonics) equipped with an automatic syringe pump (KD Scientific) for sample injection (constant flow of 3 μL min−1) in the positive mode of Atmospheric Pressure Photoionization (APPI) (1.0 kV) using acetone as solvent. The instrument was calibrated in the m/z range of 50 to 3000 using a low-concentration tuning mix solution (Agilent Technologies). Data were processed using Bruker Data Analysis software version 4.0. When the calculated and experimental masses were compared, the error was within 2 ppm.



Data on the characterization of chalcones Q1VA, Q2VA, and Q18VA are presented below.



Q1VA: (E)-methyl 4-(3-oxo-3-phenylprop-1-en-1-yl) benzoate. Yield: 53%. Yellow solid. mp 118.3–118.9 °C; 1H NMR (400 MHz, CDCl3) δ (ppm): 8.09 (2H, d, J = 8.0 Hz); 8.04 (2H, d, J = 8.0 Hz); 7.82 (1H, d, J = 15.6 Hz); 7.71 (2H, d, J = 8.0 Hz); 7.62 (m, 1H); 7.61 (2H, d, J = 15.6 Hz); 7.52 (2H, d, J = 8.0 Hz); 3.94 (3H, s); 13C NMR (100 MHz, CDCl3) δ (ppm): 189.9; 166.1; 142.8; 138.7; 137.5; 132.7; 131.2; 129.8 (2); 127.9 (2); 128.4 (2); 128.2 (2); 123.7; 52.0. HRMS (APPI -TOF) m/z: 267.1022 [M + H]+, calculated for C17H14O3, 267.1016.



Q2VA: (E)-methyl 4-(3-oxo-3-(p-tolyl)prop-1-en-1-yl)benzoate. Yield: 51%. Light yellow solid. mp 154.1–154.9 °C; 1H NMR (400 MHz, CDCl3) δ (ppm): 8.07 (2H, d, J = 8.0 Hz); 7.94 (2H, d, J = 8.0 Hz); 7.80 (1H, d, J = 16.0 Hz); 7.69 (2H, d, J = 8.0 Hz); 7.60 (1H, d, J = 16.0 Hz); 7.31 (2H, d, J = 8.0 Hz); 3.93 (3H, s); 2.43 (3H, s); 13C NMR (100 MHz, CDCl3) δ (ppm): 189.5; 166.4; 144.0; 142.7; 139.2; 135.3; 131.4; 130.1 (2); 129.4 (2); 128.7 (2); 128.2 (2); 124.1; 52.3; 21.7. HRMS (APPI -TOF) m/z: 281.1174 [M + H]+, calculated for C18H16O3, 281.1172.



Q18VA:(E)-methyl4-(3-(4-hydroxy-3,5-dimethoxyphenyl)-3-oxoprop-1-en-1-yl)benzoate. Yield 12%. Yellow solid. mp 149.0–149.8; 1H NMR (400 MHz, CDCl3) δ (ppm): 8.08 (2H, d, J = 8.0 Hz); 7.81 (1H, d, J = 15.6 Hz); 7.70 (2H, d, J = 8.0 Hz); 7.57 (1H, d, J = 15.6 Hz); 7.33 (2H, d, J = 8.0 Hz); 6.01 (1H, s, OH); 3.99 (6H, s); 3.94 (3H, s); 13C NMR (100 MHz, CDCl3) δ (ppm): 188.2; 166.5; 147.0 (2); 142.8; 140.0; 139.3; 130.2 (2); 131.5; 129.5; 128.3 (2); 123.7; 106.1 (2); 56.7 (2); 52.4. HRMS (APPI -TOF) m/z: 343.1174 [M + H]+, calculated for C19H18O6, 343.1176.



The chemical structure of chalcones Q1VA, Q2VA, and Q18VA is shown in Figure 1.




2.2. Primary GBM Cell Culture


The sample was obtained from a resection surgery for GBM on a patient at the Celso Ramos Hospital, in Florianopolis, Santa Catarina, Brazil. The obtained sample was collected in a 15 mL conical tube containing Dulbecco’s Modified Eagle’s medium and nutrient mixture F12 (DMEM-F12; Invitrogen) with 10% fetal bovine serum (FBS; Cultilab). Then, in a laminar flow cabinet, the blood vessels and cerebral membranes were removed. The sample was trypsinized (Trypsin/EDTA, 0.05%; Gibco) and homogenized to be plated in 25 cm2 culture flasks, containing DMEM F-12 with 10% FBS, at 37 °C in culture conditions (atmosphere of 5% CO2). To assure the cell culture did not contain unspecific cell types, we started the experiments after at least 10 passages. The primary human glioblastoma cell, obtained and referred to as GBM1, was used in subsequent experiments.



When 80% of confluence was reached, the cells were trypsinized and plated in 96-well plates (104 cells/well) for the experiments. All the procedures were approved by the local ethics committee for human research (CEPHS 108.286).




2.3. Cell Treatment


First, the chalcones were diluted in dimethylsulfoxide (DMSO, Neon) and initial screening was performed with 50 µM of chalcone with DMSO to determine the potential cytotoxicity on GBM1 cells. After the chalcones were identified, the GBM cells were treated for 24 h at 50 µM, 100 µM, 150 µM, and 200 µM to find the concentration to perform subsequent assays. Vehicle controls were assayed with the same volume of DMSO (max of 1%).




2.4. Cell Viability Assay


The cell viability was determined with an MTT (3-(4,5-Diamethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay. Briefly, the MTT is a tetrazolium salt that is up taken up by viable cells and reduced into a purple color; the MTT reduction occurs due to mitochondrial succinate dehydrogenase [35]. After 24 h treatment with the chalcones Q1VA, Q2VA, and Q18VA, the medium was removed, and the cells were incubated with an MTT solution (0.2 mg/mL in PBS: Sigma®) for 2 h at 37 °C. Then, the MTT solution was removed, the formazan crystals were dissolved in DMSO, and the viability was quantified spectrophotometrically at a wavelength of 540 nm, using the multimode reader Infinite M200 TECAN.




2.5. Cell Cycle


The cell cycle was identified with PI incorporation in flow cytometer analysis. In brief, after the 24 h of treatment, the cells were aspirated and washed in cold PBS, centrifuged, and fixed in PFA 4% in 70% ethanol (Synth) at 4 °C for 30 min. Then, the cells were resuspended in PBS containing 20 mg/mL RNAse A (ThermoFisher), Triton 0.001% (Usb), and 50 mg/mL PI (Millipore) and incubated at 4 °C for 30 min in the dark. The results were obtained using a FACS Canto II flow cytometer.




2.6. Measurement of ROS Production


To measure cellular ROS production, the molecular fluorescent probe H2DCFDA (Sigma) was used. After chalcone treatment for 3, 6, 12, and 24 h, 104 cells were loaded with 10 mM H2DCFDA for 20 min. H2DCFDA diffuses through the cell membrane and intracellular esterases hydrolyze it into the nonfluorescent form dichlorofluorescein (DCFH). DCFH reacts with intracellular H2O2 to form dichlorofluorescein (DCF), a green, fluorescent dye. The fluorescence was measured with a multimode reader Infinite M200 TECAN with wavelengths of excitation and emission of 485 and 520 nm, respectively.




2.7. Measurement of Mitochondrial Membrane Potential


Tetramethylrhodamine ethyl ester (TMRE), a fluorescent dye, was used to measure the mitochondrial membrane potential after Q1VA treatment. GBM1 cells were plated in a 96-well plate and treated with Q1VA for 24 h after reaching confluence. TMRE (100 nM; Sigma-Aldrich) was then added and allowed to incubate for 30 min at 37 °C. Fluorescence was measured at 550 nm. As a positive control, a mitochondrial uncoupler, carbonyl cyanide p-trifluoromethoxy phenylhydrazone (FCCP 20 μM; Sigma-Aldrich), was used.




2.8. Apoptosis and Necrosis Detection


The Annexin-V FITC assay kit (Millipore) was used to determine the levels of apoptosis and necrosis in flow cytometry. After 24 h of treatment with chalcones or vehicle, GBM1 cells were trypsinized, centrifuged, and resuspended in cold PBS, followed by one more centrifugation, and then resuspended in binding buffer 1 X. Therefore, the GBM1 cells were separated: Annexin positive, PI (propidium iodide) positive, PI/Annexin negative, and PI/Annexin positive. The concentrations and periods of incubation were performed following the protocol. The results were obtained using a FACS Canto II flow cytometer.




2.9. In Vitro Invasion Assay


To measure the migration and invasive potential of GBM1 cells following treatment, we used a Transwell® insert coated with Matrigel®. In order to migrate and invade, GBM1 cells undergo biochemical changes, and Matrigel® is a basement membrane matrix that can be used to evaluate this ability. First, 50 µL of Matrigel® (5 mg/mL, Corning) were placed on top of the Transwell® insert and incubated for 30 min for polymerization. Then, cells that were suspended in serum-free and treated with Q1VA and then added to the upper part of the chamber. Next, the chemoattractant solution containing DMEM-F12 and 20% FBS was added to the lower chamber, and the plate was placed for 24 h at 37 °C in a humidified incubator with 5% CO2. The cells located on the membrane’s upper surface (non-invading cells), were detached with a cotton-tipped applicator. The invasive cells attached to the insert’s lower membrane surface were stained with Hoechst (5 μg/mL) for 10 min and counted using a fluorescence microscope (Olympus IX83). The invaded cells were counted in 10 randomly chosen fields from each membrane.




2.10. Statistical Analysis


Data were analyzed using GraphPad Prism 9 software with a one-way or two-way ANOVA and post-tests Student–Newman–Keuls and Bonferroni’s, respectively. The results were considered significant when p < 0.05. All the experiments were performed three independent times in triplicate.





3. Results


3.1. Effects of Chalcone on Cell Viability


3.1.1. Reaction to Obtain the Chalcones


The chalcones were synthesized with the Claisen–Schmidt condensation using an acid catalyst and methanol. With this method, the carboxyl group of 4-carboxybenzaldehyde was esterified as a parallel reaction, since the esterification can happen between a carboxylic acid and an alcohol in the presence of acid. All compounds were characterized unequivocally, and in addition, the formation of the E isomer of chalcones was verified, which is known to be the most stable in most cases. After the synthesis and characterization of the compounds, biological tests were performed.




3.1.2. Initial Screening of Synthetic Chalcones


The primary goal of this study was to assess the efficacy of a new series of synthetic chalcones. To this end, we conducted an initial screening of 17 chalcones at a concentration of 50 µM for 24 h and evaluated their effect on GBM1 cells (Figure 2A). Our results showed that among the 17 chalcones, Q1VA, Q2VA, and Q18VA exhibited some reduction in GBM1 cell viability.



We further tested the three chalcones at four different concentrations (50 µM, 100 µM, 150 µM, and 200 µM) for 24 h (Figure 2B). Our results revealed that chalcone Q1VA significantly reduced GBM1 cell viability at all four concentrations (69%, 24%, 10%, and 8%) compared to the control. On the other hand, chalcone Q2VA demonstrated a reduction in viability but no significant difference was observed (85%, 80%, 81%, and 80%). Chalcone Q18VA exhibited a significant reduction in viability only at 150 µM and 200 µM (63% in both), but there was no significant difference at 50 µM and 100 µM (85% and 69%).



We chose Q1VA for further assays based on our findings, as it demonstrated significant effects at lower concentrations compared to the other chalcones. Additionally, we obtained previous results from primary cultures of murine astrocytes, which indicated that higher concentrations of Q1VA can reduce the viability of normal cells (data not shown).





3.2. Q1VA Interferes with the Cell Cycle


Previous studies showed that chalcones have the ability to alter microtubule polymerization which, in turn, could affect the cell cycle proliferative status of the GBM cells [26,31]. To assess the interference of Q1VA with the cell cycle, a Propidium Iodide (PI) assay was performed. The results showed that after treating GBM1 cells with 50 µM and 100 µM of Q1VA for 24 h, there was a decrease of 20% and 14%, respectively, in the G0/G1 phase and an increase of 23% and 13%, respectively, in the M phase, showing significant differences in both phases. There was no significant difference in the S phase. This suggests that the influence of Q1VA allows a cell to pass through the S phase, but the cell cannot finish a division in the M phase. Furthermore, in phase G0/G1, the treated cells are probably dealing with the cytotoxic effects of Q1VA. (Figure 3).




3.3. Q1VA Triggers ROS Production and Mitochondria Depolarization


The Q1VA molecule was found to trigger the generation of ROS. The levels of ROS were measured 6 h, 12 h, and 24 h after treatment with 50 µM and 100 µM of Q1VA. The results showed that 6 h after treatment with 50 µM of Q1VA, the levels of ROS increased by 744% compared to the control and by 819% when treated with 100 µM. After 12 h, the levels of ROS decreased compared to the control by 8% with 50 µM and by 14% with 100 µM. After 24 h, the levels of ROS decreased further by 17% with 50 µM and by 13% with 100 µM (Figure 4).



When ROS levels are high, this can indicate that there is an imbalance in the production and elimination of these species, which can have damaging effects on cellular components such as mitochondrial membranes [36].



The results of the test using a TMRE probe showed that Q1VA chalcone can depolarize the mitochondrial membrane in both concentrations of 50 µM and 100 µM. The control had an average of 21, and a positive depolarizer (FCCP) was used as the positive control (Figure 5).




3.4. Identification of Cell Death


To identify the type of cell death, the Annexin-V assay was used. The results showed that after 24 h of treatment with Q1VA, there was an increase of 30% in the events of apoptosis death compared to the control, while the levels of necrosis were lower than the control (Figure 6).




3.5. Suppression of the Invasive Potential of GBM Cells with Q1VA


The GBM1 cells exhibit a high capacity for invasiveness. In order to assess the behavior of the cells after treatment, the Matrigel assay was conducted. Matrigel is a basement membrane matrix used to mimic the cell matrix to measure both migration and invasion [37]. The results showed that Q1VA decreased the potential for migration and invasion, with positive cells to HO being three times fewer compared to the control. Even treatment with a lower concentration of 10 µM reduced the positive cells by half (Figure 7).





4. Discussion


GBM is one of the deadliest and most untreatable human tumors, representing a significant health challenge. Despite numerous studies that have been conducted using various approaches, only a few have demonstrated potential anti-tumor activity. Among these, chalcones have shown promise as a potential treatment due to their significant anti-tumor effect, ability to inhibit angiogenesis, and ability to modulate ATP-binding cassette (ABC) proteins involved in multidrug resistance [22].



Chalcones are compounds with a common structure of 1,3-diphenylpropenone, which are widely expressed by vegetables and can be easily synthesized in a laboratory with various structures. These compounds have also been found to play a role in cell regulation and inducing apoptosis [10,16].



This study evaluated the effect of a novel synthesized chalcone. After prescreening 17 different chalcones (Figure 2A), the chalcones Q1VA, Q2VA, and Q18VA showed potent cytotoxic activity. Q1VA (Figure 2B) reduced GBM cell viability in all doses tested, and the 50 µM and 100 µM concentrations were chosen for subsequent tests. The chalcones Q2VA (Figure 2B) and Q18VA (Figure 2B) only had an effect at high concentrations. The chemical structure of Q2VA and Q118VA may be the reason why they are not efficient.



With the reduced viability of GBM1 cells observed after treatment with Q1VA, we aimed to study the effects on the remaining alive cells. Previous studies have demonstrated that chalcones can block the cell cycle by depolymerizing microtubules, thereby preventing cell proliferation [10,22,31]. Our results showed an increase in the M phase after treating GBM1 cells with Q1VA, suggesting that Q1VA could interfere with cell division and some fundamental cell functions, such as migration or invasion since the rates of proliferation and invasion are linked.



Treatment with Q1VA decreased the invasion capacity of GBM1 cells, as observed in the Matrigel assay. This result suggests that Q1VA can alter microtubules and potentially interfere with the modulation of metalloproteases [38]. This is a noteworthy finding because a decrease in the invasiveness of GBM1 cells can potentially extend the time until recurrence. The invasive behavior of these cells is associated with the epithelial–mesenchymal transition, which allows cells to gain the ability to migrate and invade [39].



While chalcones show promising activity as potential adjuvant drugs for the treatment of brain cancer, caution should be exercised in interpreting the results of the assays used to measure cellular viability and invasiveness. The assays used to measure cellular viability (MTT assay) and invasiveness (Matrigel assay) have limitations. The MTT assay measures the reduction of a tetrazolium salt by mitochondrial dehydrogenases as an indicator of cellular viability, but this assay is susceptible to interference from compounds that may alter mitochondrial function, such as chalcones [40]. The Matrigel assay is a commonly used technique for measuring the invasive potential of cells. However, one limitation of this assay is the potential lack of communication between the tumor microenvironment and the extracellular matrix (ECM) within the assay. This is a particular concern for glioblastoma (GBM) cells, which actively interact with the ECM to remodel it for migration and infiltration. Furthermore, the ECM contains several transcription factors, which can also influence cellular behavior and may not be adequately represented in the Matrigel assay [41].



Exposure to toxins can have detrimental effects on cell survival as it can disrupt the function of mitochondria. The mitochondria play a crucial role in cellular energy production, and if its potential is lost, it can trigger apoptosis. Cancer cells have the ability to regulate the production of ROS, and an imbalance in this system can also trigger apoptosis. We have observed from our previous studies that fucoxanthin, a carotenoid, has the capability to depolarize the mitochondria in GBM cells, leading to apoptosis, similar to some chalcones [31,42].



The levels of reactive ROS showed an increase after treatment with Q1VA during the initial 12 h. This spike in ROS production has the potential to oxidize the lipids present in the mitochondrial membrane, which could result in the release of cytochrome C. Cytochrome C is an essential component of the respiratory chain and is normally present within the inner membrane of the mitochondria. However, when it is released into the cytosol, it can trigger apoptosis. This highlights the importance of the balance between ROS production and cellular defenses, as an imbalance in this system caused by agents such as Q1VA can have negative effects on cell survival [43]. As a result, the Q1VA-induced increase in ROS levels may be associated with the loss of Δψm, which triggers apoptosis. This is supported by similar findings in other studies that investigated the effect of different chalcones [31,36,44,45,46,47,48].



Q1VA was shown to induce a loss of mitochondrial potential in GBM1 cells, leading to an increase in cell death by apoptosis, as confirmed with the Annexin-V assay. GBM cells are known to have intense proliferative activity and can cause necrosis in tumor tissue due to a lack of oxygen. However, the decrease in necrotic death of the cells, as observed with Q1VA treatment, is positive since necrosis can promote tumor progression. On the other hand, the increase in death from apoptosis is desirable as it helps prevent the release of pro-tumor factors [49,50]. This, in fact, is an interesting fact about chalcones as they have the ability to induce cellular death by either apoptosis or autophagy. In human gastric carcinoma, a chalcone flavokawain B induced autophagic-cell death by reactive oxygen species and suppressed tumor growth in nude mice [51].



In recent years, several studies have highlighted the crucial role of microRNAs (miRNAs) in glioblastoma. For example, miR-21, a type of miRNA, has been found to be upregulated in glioblastoma cells, leading to increased proliferation, invasion, and angiogenesis [52]. Moreover, a recent study revealed that a chalcone derivative can suppress tumor growth through the NOX4-IRE1α sulfonation-RIDD-miR-23b axis. This finding is significant as it highlights the need of targeting specific miRNAs as a new and effective approach to treating aggressive tumors [53].



Chalcones have shown promising anticancer activity in our study, together with various studies, but there is a possibility of off-target effects of chalcone treatment on brain cells. Chalcones have been reported to exhibit cytotoxicity and can induce apoptosis in normal cells as well [54]. Therefore, careful consideration should be given to the dose and duration of chalcone treatment to minimize any potential adverse effects.




5. Conclusions


In conclusion, our findings provide evidence for the toxicity of the chalcone, Q1VA, with a hydrogen atom as its R group. This chalcone stimulates an increase in the production of reactive oxygen species, which is associated with a decrease in mitochondrial potential and initiation of apoptotic cell death. Moreover, the surviving cells have a disrupted cell cycle and decreased invasiveness (Figure 8). These results highlight the potential of Q1VA to impact multiple biological processes in tumor cells, and it is a start for further research to fully understand the molecular mechanisms involved in response to Q1VA treatment.
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Figure 1. Chemical structure of chalcones. (A) Chalcone Q1VA, (B) Chalcone Q2VA, and (C) Chalcone Q18VA. 
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Figure 2. Cytotoxic effect of chalcone derivatives on GBM1 cells. (A) Initial screening of cell viability after treating with chalcones (50 μM). The x-axis represents the different chalcones, and the y-axis represents the viability as a percentage of the control. The line represents the average result from the control. (B) GBM1 cells treated with chalcones Q1VA, Q2VA, and Q18VA for 24 h. The line represents the average result from the control. Data are represented as mean ± SEM (n 3 per group). Significant differences are compared to the control group (CT), * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 
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Figure 3. Cell cycle analysis. After 24 h of treatment, GBM1 cells were treated with Iodate Propidium, and the incorporation was measured with fluorescence. (A) The 24 h treatment showed a cell cycle arrest with an increased number of cells trapped in the M phase and a decreased number of cells in the G0/G1 phase. (B) Graphic representation of the flow cytometry results with the treatment of chalcone Q1VA on GBM1 cells. Values are means ± SEM (n 3 per group). Significant differences compared to the control group, * p < 0.05, ** p < 0.01, and **** p < 0.0001. 
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Figure 4. Measurement of intracellular ROS production. (A) GBM1 cells were treated for 6 h, (B) 12 h, and (C) 24 h with QVA1 followed with 20 min incubation of 10 mM H2DCFDA to measure fluorescence intensity. Data are represented as mean ± SEM (n 3 per group). Significant differences were compared to the control group (CT), ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 
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Figure 5. Mitochondrial Membrane Potential (Δψm) measured using a fluorochrome TMRE assay system. The ratio (Fluorescence/number of cells) represents the coupling efficiency (Δψm) of the mitochondria expressed as a percentage of the control. The positive control used was FCCP, an uncoupling agent that transports H+ ions through the mitochondrial membrane causing depolarization. After 24 h of treatment, chalcone Q1VA causes loss of potential mitochondrial membrane. Data are represented as mean ± SEM (n 3 per group). Significant differences compared to the control group (CT), ** p < 0.01, and *** p < 0.001. 
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Figure 6. Cell apoptosis/necrosis detection using Annexin V/FITC flow cytometry. (A) Graphical representation of the percentage from (B) flow cytometer results with treatment of 50 µM of Q1VA on GBM cells. The upper left quadrant (PI+/Annexin V−) represents necrotic cells, the left lower quadrant (PI−/Annexin V−) represents healthy cells, the upper right quadrant (PI+/Annexin V+) represents early apoptotic cells, and the lower right quadrant (PI−/Annexin V+) represents late apoptotic cells. FITC, fluorescein isothiocyanate; PI, propidium iodide; ISO, isoproterenol. Data are represented as mean ± SEM (n 3 per group). Significant differences compared to the control group, *** p < 0.001. 
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Figure 7. Invasive behavior of GBM1 cell. A Matrigel-precoated membrane filter insert was used to measure in vitro invasiveness. The GBM cells were treated with Q1VA 50 µM, and after 24 h of incubation, the cells that migrated through the membrane were stained, and representative fields were photographed. Original magnification: 200×. Scale bars represent 50 μm in all images. (A) Representative images showing the Matrigel assay containing GBM cells stained with Hoechst. (B) Graphical representation showing invading cell quantification. Data are represented as mean ± SEM (n 3 per group). Significant differences compared to the control group, *** p < 0.001. 
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Figure 8. Schematic illustration showing the effects of chalcone treatment and proposed mechanisms in GBM cells. After 24 h of treatment, the chalcone induces an increase in reactive oxygen species and an imbalance in the mitochondrial membrane potential, ultimately leading to apoptosis. Additionally, the chalcone treatment results in a delay in the cell cycle, which can also contribute to apoptosis over time. 
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