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Background
Glioblastoma (GB, grade-IV astrocytoma) is a highly aggressive brain tumor often resistant to treatment with temozolomide (TMZ) due to multidrug resistance (MDR). Researchers are investigating natural compounds, such as chrysin (CHR), with anti-cancer properties; however, its ability to overcome drug resistance remains unclear. This study aimed to evaluate the possible synergistic effects of CHR and TMZ on glioblastoma cells in 2D- and 3D-culture models.
Methods
Based on cytotoxicity (MTT test) and synergism analysis, U-87MG cells were treated with CHR (25 μM) and TMZ (250 μM), individually or combined, for 48 hours. Clonogenicity, migration, and invasion were assessed. Fluorescence staining was used to assess MtMP collapse, ER stress, autophagy, apoptosis, and target protein localization. Protein level alterations were measured using Western blotting, and network pharmacology was used to identify shared molecular targets. Antitumor effects were also assessed in 3D-tumor spheroids (mimics in vivo tumors), through viability and growth analyses.
Results
The combined treatment was more effective in reducing cell proliferation than either agent alone, in a dose- and time-dependent manner. CHR increased TMZ cytotoxicity by promoting mitochondrial dysfunction, ER stress, autophagy, and apoptosis, and further decreased motility, clonogenicity, EMT status, and stem-like traits. Co-treatment also suppressed the TMZ-induced upregulation and nuclear translocation of P-glycoprotein (identified as a key CHR target through network pharmacology analysis) and NF-κB-p65, as well as reduced the expression of stress proteins (Hsp60, Hsp70, Hsp90) and MRP1. In 3D spheroid models, co-treatments significantly impaired growth and viability.
Conclusion
These findings suggest that CHR may be a promising adjuvant to TMZ therapy, providing novel insights into overcoming chemoresistance in GB treatment.
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1 INTRODUCTION
Glioblastoma (GB, grade-IV astrocytoma) is a highly aggressive and common malignant brain tumor in adults. It is characterized by rapid progression, diffuse infiltration, and resistance to conventional therapies. Despite advancements in surgical resection, radiotherapy, and chemotherapy, the prognosis for GB patients remains unfavorable, with a median survival rate of approximately 12–15 months following diagnosis (Grochans et al., 2022). Temozolomide (TMZ) is the primary drug for treating GB. However, its effectiveness is often hindered by chemoresistance due to mechanisms such as increased DNA repair capability, alterations in apoptotic pathways, enhanced autophagy, and survival signaling. These resistance mechanisms not only reduce the cytotoxic effects of TMZ but also contribute to tumor recurrence and poor clinical outcomes (Singh et al., 2021). Identifying agents that enhance TMZ sensitivity or overcome resistance is crucial. Despite improvements with chemotherapeutic TMZ and non-invasive tumor-treating fields, GB’s aggressiveness necessitates additional treatment strategies to improve patient survival rates and quality of life (Pouyan et al., 2025).
Given the longstanding issues of side effects and chemotherapy resistance associated with TMZ, research has increasingly focused on supportive natural therapies. Chrysin (5,7-dihydroxyflavone, CHR), a natural flavonoid found in honey, propolis, and various plant extracts, has garnered attention for its pharmacological properties, including anti-inflammatory, antioxidant, and anticancer effects (Kasala et al., 2015; Mani and Natesan, 2018). Emerging evidence indicates that CHR can influence molecular pathways involved in cell proliferation, apoptosis, and drug resistance. Its potential therapeutic anticancer effects have been reported in many cancers, including bladder (Xu et al., 2018; Lima et al., 2020), brain (Weng et al., 2005; Wang et al., 2018; Mahdi et al., 2023), breast (Lirdprapamongkol et al., 2013; Yang et al., 2014), cervix/ovary (Lim et al., 2018; Raina et al., 2021), colon (Lin et al., 2018), gastric (Xia et al., 2015; Zhong et al., 2020; Lee et al., 2021), liver (Xu et al., 2017), lung (Brechbuhl et al., 2012; Tang et al., 2024), pancreas (Zhou et al., 2021), and prostate (Ryu et al., 2017). Notably, CHR has been investigated for its potential to enhance therapeutic effects in cancer cells that exhibit resistance to chemotherapeutic agents such as cisplatin, doxorubicin, and 5-fluorouracil (Raina et al., 2024). However, its role in modulating TMZ resistance in glioma cells is not well understood. Research conducted by Liao et al. (2014) has demonstrated that CHR administration increases the sensitivity of GBM8901 glioblastoma cells to TMZ; this report was limited to 2D models and did not investigate the underlying molecular mechanisms. Our study systematically assesses the CHR–TMZ combination in 2D and 3D U-87MG glioblastoma models, examining apoptosis, autophagy, mitochondrial membrane potential (MtMP), endoplasmic reticulum (ER) stress, epithelial-mesenchymal transition (EMT), cancer stem cell (CSC) markers, multidrug resistance (MDR) proteins, and nuclear factor-kappaB (NF-κB)/P-glycoprotein (P-gp/ABCB1) signaling using experimental and bioinformatic methods. These findings offer a clearer mechanistic and translational perspective on CHR–TMZ synergy in glioblastoma.
This study sought to determine whether CHR can enhance the cytotoxic effects of TMZ and to investigate the underlying molecular mechanisms involved. We examined the influence of CHR on TMZ resistance in the U-87MG glioblastoma cell line, which is a widely utilized in vitro model for studying GB biology and treatment responses. Our findings indicated that treatments with the CER and TMZ decrease the viability of glioma cells in a manner dependent on both dosage and duration. CHR showed a synergistic cytotoxic effect with TMZ; CHR + TMZ treatments exhibited a significant anticancer impact compared to single-agent applications. Combined treatment attenuated cell proliferation, motility, clonogenic survival, and the EMT/stem-like state and led to the loss of MtMP, induction of ER stress, autophagy, and apoptosis. Notably, pre-treating with wortmannin (an autophagy inhibitor) reversed CHR + TMZ cytotoxicity and reduced LC3A-II and cleaved caspase-3 levels. Remarkably, despite increased levels of stress/heat shock proteins (Hsp60, Hsp70, and Hsp90), a key cellular transcription factor NF-κB-p65, and MDR proteins P-gp and MDR-associated protein 1 (MRP1/ABCC1) resulting from TMZ treatment, CHR co-treatment prevented the increased protein expression profile in glioma cells. Additionally, the increased nuclear localization of P-gp and NF-κB after TMZ treatment decreased with CHR application. Remarkably, CHR + TMZ treatments significantly reduced the viability and growth of cancer stem cell-like 3D-spheroids (an in vitro system that mimics in vivo tumors). This study is the first to report on the potential anticancer mechanism of CHR plus TMZ combined treatment in both 2D-monolayer and 3D-spheroid models. Moreover, the network pharmacology approach revealed 20 overlapping target genes between CHR, TMZ, and glioma, linking them to oncogenic signaling pathways. CHR was also uniquely associated with 60 glioma-related genes, including drug resistance protein P-gp, as confirmed by immunoblotting and immunofluorescence labeling. Obtained results suggest that CHR enhances the efficacy of the chemotherapeutic drug TMZ and may provide new insights into the potential application of CHR as an adjuvant therapeutic agent in the management of gliomas. Therefore, after further in vitro and in vivo studies, using CHR plus TMZ might be a promising approach to treating GB cancers.
2 MATERIALS AND METHODS
2.1 2D-cell culture and conditions
The study was conducted with U-87MG human glioblastoma cells obtained from Istanbul University Cell Culture Collections. Cells were cultured in DMEM supplemented with 10% FBS, 1% antibiotic-antimycotic solution (100 U/mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin-B), and 1% NEAA in a humidified atmosphere containing 5% CO2 at 37 °C. The experiments were conducted with logarithmically growing cells (passages 3–10) as well as cultures initiated with cells from different passages. Standard culture reagents were from Gibco (Carlsbad-USA).
2.2 Cytotoxicity assay, drug synergism analysis, and treatments
MTT assay was performed to determine the cytotoxic effects and IC50 (half maximal inhibitory concentration) values of temozolomide (TMZ, #T2577, Sigma/St. Louis-USA) and chrysin (CHR, #95082, Sigma/St. Louis-USA) as described previously (Şengelen and Önay-Uçar, 2024). Exponentially growing-cells were plated into 96-well microplates (2 × 104 cells/well). Therapeutic reagents were dissolved in DMSO, and different doses of CHR (concentration range of 0–100 μM) and TMZ (concentration range of 0–1000 μM) were applied for 24-h, 48-h, and 72-h. Afterwards, MTT solution (5 mg/mL in D-PBS) was added for 4-h, DMSO was added to dissolve the formazan crystals, and absorbance at 540 nm was measured.
To evaluate the in vitro combination effects of CHR (10, 25, 50, 75, and 100 µM) and TMZ (100, 250, 500, 750, and 1000 µM), synergism analysis was performed using the percentage inhibitory effect of either alone or in combination with both agents on cell viability (as determined by MTT test for 48-h). The SynergyFinder software v3.0 (https://synergyfinder.fimm.fi/) was utilized to assess the synergistic effect and calculate the synergy score (SS) (Ianevski et al., 2022). Synergism analysis was conducted using the Bliss, Loewe, ZIP, and HSA synergy score models. To validate the drug synergistic interaction, doses with SS values greater than 10 in the drug-drug matrix were selected. Additionally, the combination index (CI) by the Chou-Talalay method (Chou and Talalay, 1984) was utilized to quantify the in vitro drug combination effects using Compusyn software (v1.0, Compusyn Inc., Paramus/USA). CI was plotted on the y-axis as a function of effect level (Fa) on the x-axis to assess the synergism, additive effect, and antagonism. The 11-point CI scale used for analysis is as follows: <0.1 very strong synergism, 0.1–0.3 strong synergism, 0.3–0.7 synergism, 0.7–0.85 moderate synergism, 0.85–0.90 slight synergism, 0.90–1.10 nearly additive, 1.10–1.20 slight antagonism, 1.20–1.45 moderate antagonism, 1.45–3.3 antagonism, 3.3–10 strong antagonism, and >10 very strong antagonism.
To evaluate molecular action mechanisms and anticancer effects of CHR and TMZ treatments in 2D-culture, U-87MG cells were treated with 25 µM doses of CHR and 250 µM doses of TMZ individually, as well as in combination, for a duration of 48-h, based on the drug synergy results. The final concentration of DMSO in the culture medium did not exceed 0.275%.
To evaluate the functional contribution of autophagy to the cellular response elicited by CHR and TMZ, pharmacological inhibition of autophagy was performed using Wortmannin (Wu et al., 2010). Cells were first incubated with 1 µM Wortmannin (#PHZ1301, Invitrogen/USA) for 6-h. Following this pre-treatment, the medium containing Wortmannin was removed and replaced with fresh medium containing CHR, TMZ, or their combination. After 48-h of treatment, cell viability was assessed by MTT assay, and Western blot analysis was performed to evaluate LC3A-II and cleaved caspase-3 protein levels as markers of autophagy and apoptosis, respectively.
2.3 Colony formation assay
Glioma cells’ colony-forming abilities were assessed using a 2D-colony formation assay (CFA). Post-treatment, U-87MG cells were collected, suspended in medium, plated at 1,000 cells/well in 6-well plates, and incubated at 37 °C for 7-days. Cells were then fixed with a methanol:acetic acid mixture (3:1; 5-min/37 °C), stained with 0.5% crystal-violet (15-min, Merck/Darmstadt-Germany), washed with distilled water, air-dried, and photographed. Colonies were imaged with ChemiDoc-XRS/ImageLab-6.0.1 software (Bio-Rad/Hercules-USA) and counted using ImageJ software.
2.4 Cell migration and invasion assays
In vitro scratch assay was performed to evaluate the migration of glioma cells. One-day after cell seeding (6 × 104 cells/well of the 24-well culture plate), the scratch was created with the help of a 1000 µL tip, cells were washed with D-PBS and treated with CHR, TMZ, and CHR plus TMZ. Images of cells were taken at 0-h and 48-h. Additionally, Boyden chamber assay was employed to assess the quantity of invited and migrated cells. Transwell inserts with 8 μm-pore (Sarstedt/Nümbrecht-Germany), precoated with or without matrigel (50 μL, #354230, Corning/Wiesbaden-Germany), were utilized to detect invasion and migration, respectively. Treated cells (3 × 104 per well in FBS-free media) were seeded in top-chamber, with 10% FBS media added to the lower chamber. After 24-h at 37 °C, invading or migrating cells were fixed with 4% PFA, stained with 0.5% crystal-violet (15-min, Merck/Darmstadt-Germany) and then photographed. Images were taken with an Olympus/CKX31 inverted light microscope and analyzed using ImageJ software.
2.5 Mitochondrial membrane potential assay: JC-1 staining
Mitochondrial membrane potential (MtMP) changes were assessed by JC-1 staining, where its monomers emit green-fluorescence and aggregates emit orange-red-fluorescence. After seeding (2 × 104 cells/well) into 8-well chambered slides and treating with CHR and TMZ, cells were incubated with JC-1 dye loading solution (1 μg/mL, #E-CK-A301, Elabscience/Beijing-China) for 20-min/37 °C, and then washed with D-PBS. Slides were examined using a confocal-fluorescence microscope and analyzed using ImageJ software.
2.6 Apoptosis assay: hoechst/propidium iodide double staining
The percentage of viable, apoptotic, and dead cells were assessed by double staining with DNA-binding blue-fluorescent dye Hoechst-33342 (HO, #H-1399, Invitrogen/Carlsbad-USA) and red-fluorescent dye propidium iodide (PI, #P1304MP, Invitrogen/Carlsbad-USA). After seeding (2 × 104 cells/well) into 8-well chambered slides (NuncLab-TekII, Thermo-Invitrogen/Carlsbad-USA) and treating with CHR and TMZ, cells were stained with HO/PI (5 μg/mL, 30-min/37 °C) and visualized using a confocal-fluorescence microscope (Leica-SPE2/Germany). Apoptotic and dead cells were manually counted, while ImageJ-software was used to determine total cell numbers.
2.7 Autophagy assay: acridine orange staining
Acidic vesicular organelles (AVO) were assessed by green-fluorescent dye acridine orange (AO) staining. After seeding (2 × 104 cells/well) into 8-well chambered slides and treating with CHR and TMZ, cells were incubated with AO dye (1 μg/mL, #A1301, Invitrogen/Carlsbad-USA) for 15-min/37 °C, and then washed with D-PBS. Slides were examined to assess autophagic vacuole formation using a confocal-fluorescence microscope and analyzed using ImageJ software.
2.8 Immunofluorescence labeling
Intracellular localizations of NF-κB/p65 and P-glycoprotein were assessed by immunofluorescence (IF) labeling. After seeding (2 × 104 cells/well) into 8-well chambered slides and treating with CHR and TMZ, cells were fixed with 4% PFA (20-min/37 °C), washed with D-PBS, and incubated with blocking-permeabilization buffer (1% BSA, 0.5% TritonX-100 in D-PBS, 1-h/RT), followed by incubation with primary (overnight/4 °C) and DyLight secondary (1-h/RT) antibodies (Table 1). Hoechst-33342 was used to stain the nuclei. The stained cells were observed using a confocal-fluorescence microscope.
TABLE 1 | Antibodies used for Western blotting (WB) and immunofluorescence (IF) staining.	Antibody	Host	Dilution (WB)	Dilution (IF)	Catalog number	Companya
	Anti-Bax	Rabbit	1:1,000	—	50599-2-Ig	Proteintech
	Anti-Bcl-2	Rabbit	1:1,000	—	12789-1-AP	Proteintech
	Anti-Cas-3/p17/p19	Rabbit	1:1,000	—	19677-1-AP	Proteintech
	Anti-PARP1	Rabbit	1:1,000	—	13371-1-AP	Proteintech
	Anti-LC3AI/II	Mouse	1:1,000	—	PA5-22990	Thermo/Invitrogen
	Anti-Hsp60	Rabbit	1:1,000	—	15282-1-AP	Proteintech
	Anti-Hsp70	Mouse	1:1,000	—	MA3-007	Thermo/Invitrogen
	Anti-Hsp90	Rabbit	1:1,000	—	MA1-10372	Thermo/Invitrogen
	Anti-Grp78	Rabbit	1:1,000	—	NBP2-16749	Novus
	Anti-IRE1α	Rabbit	1:1,000	—	NB100-2324	Novus
	Anti-ATF6	Mouse	1:1,000	—	NBP1-40256	Novus
	Anti-NF-κB-p65	Rabbit	1:1,000	1:400	10745-1-AP	Proteintech
	Anti-P-glycoprotein	Rabbit	1:1,000	1:400	22336-1-AP	Proteintech
	Anti-MRP1	Mouse	1:1,000	—	67228-1-Ig	Proteintech
	Anti-β-catenin	Rabbit	1:1,000	—	PA5-19469	Thermo/Invitrogen
	Anti-E-cadherin	Rabbit	1:1,000	—	PA5-32178	Thermo/Invitrogen
	Anti-N-cadherin	Mouse	1:1,000	—	MA1-91128	Thermo/Invitrogen
	Anti-TGF-β	Rabbit	1:1,000	—	MA5-15065	Thermo/Invitrogen
	Anti-Twist	Mouse	1:500	—	MA5-17195	Thermo/Invitrogen
	Anti-CD44	Rabbit	1:1,000	—	15675-1-AP	Proteintech
	Anti-CD133	Rabbit	1:1,000	—	18470-1-AP	Proteintech
	Anti-Nanog	Rabbit	1:500	—	14295-1-AP	Proteintech
	Anti-β-actin	Mouse	1:2,500	—	MA5-15739	Thermo/Invitrogen
	Anti-Mouse IgG	Goat	1:5,000	—	31430	Thermo/Invitrogen
	Anti-Rabbit IgG	Goat	1:5,000	—	31460	Thermo/Invitrogen
	Anti-Rabbit IgG/DL633	Goat	-	1:400	35562	Thermo/Invitrogen


a Antibodies used for immunoblotting and immunofluorescence staining were from Novus (St.Louis-USA), Proteintech (Chicago-USA), and Thermo/Invitrogen (Carlsbad-USA).
2.9 Protein extraction and western blot analysis
The target protein levels were analyzed by Western blotting using the standard procedure previously described (Şengelen and Önay-Uçar, 2024). After seeding (3 × 105 cells/well) into 8-well chambered slides and treating with CHR and TMZ, cells were harvested, and lysed with ice-cold RIPA buffer (#89900, Thermo/Kwartsweg-Holland) supplemented with EDTA-free-PIC (1tablet/50 mL, Roche/Darmstadt-Germany) and PMSF (1 mM, AppliChem/Darmstadt-Germany). Protein concentrations were determined using BCA assay (iNtRON Biotechnology/Seongnam-Korea). Equal amounts of protein (30 μg/well) were separated via SDS-PAGE and transferred onto a PVDF membrane (Bio-Rad/Hercules-USA). Blots were probed with indicated primary (overnight/4 °C) and HRP-linked-secondary (2-h/RT) antibodies (Table 1). β-actin was used as a loading control (see Supplementary Figures S1–S5 for all reference protein images). ECL substrate (SuperSignal West-Pico, Thermo/Kwartsweg-Holland) and ChemiDoc-XRS/ImageLab-6.0.1 software (Bio-Rad, Hercules-USA) were used for visualization.
2.10 Growth and viability experiments in 3D glioma spheroid model
U-87MG glioma 3D-spheroids were generated using the hanging drop/agarose method, as described previously by Şengelen and Önay-Uçar (2024). Cell suspensions (2 × 104 cells per 10 μL drop) were pipetted onto inverted plate lids. The lid was carefully positioned over the agarose/media-coated plate (1% final concentration), and the droplets were maintained in a hanging position under humidified conditions for 4-days to allow spheroid formation via gravity-driven cell aggregation for 4 days. Spheroids were gently transferred into wells by centrifugation (500 rpm/10-s, Eppendorf-5810R) and incubated for an additional 3-days.
Acid phosphatase (APH) assay (Friedrich et al., 2007) was performed to determine the spheroid viability and IC50 values of CHR (concentration range of 0–200 μM) and TMZ (concentration range of 0–2000 μM) treatments. Treated spheroids with CHR and/or TMZ were washed with D-PBS and incubated in the APH test solution (0.1 M sodium acetate, 0.1% TritonX-100, 2 mg/mL p-nitrophenyl phosphate, pH4.8) for 90-min at 37 °C. To stop the enzymatic reaction, 1N NaOH (10 µL per spheroid) was added, and absorbance at 405 nm was measured.
To evaluate the effects of CHR and TMZ treatments on spheroid growth, 3D-cultured cells were treated with 25µM and 50 µM doses of CHR and 250µM and 500 µM doses of TMZ individually, as well as in combination. The final concentration of DMSO in the culture medium did not exceed 0.550%. The impact of a single treatment was assessed after 48-h. Repeated treatment was administered once every 2 days, for a total of three treatments. Images of spheroids were taken using a digital-camera attached (ToupTek Photonics XCAM-1080PHD/Zhejiang-China) invert microscope (Olympus CKX31/Tokyo-Japan) at days 0, 2, 4 and 6. The areas of the spheroids were measured using the NIH Image J-software.
2.11 Bioinformatic analysis
The canonical SMILES structures of CHR and TMZ were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/), and their potential target proteins (probability score >0) were predicted using SwissTargetPrediction (http://www.swisstargetprediction.ch/). Glioblastoma-related genes were identified through GeneCards (https://www.genecards.org). Common targets between CHR, TMZ, and glioblastoma were found via Venn diagram analysis (http://bioinformatics.psb.ugent.be/webtools/Venn/). Protein–protein interaction (PPI) networks of overlapping targets were analyzed using the STRING database v12.0 ((http://string-db.org). GO and KEGG pathway enrichment analyses were performed using ShinyGO v8.0 (http://bioinformatics.sdstate.edu/go/).
2.12 Statistical analysis
Data were presented as mean ± SD from at least three independent experiments. Graphs and statistical evaluations were done using GraphPad Prism program (v10.4). Nonlinear regression analysis of the sigmoidal dose-response curve was conducted to determine the IC50 values. Statistical analysis was performed using one-/two-way analysis of variance (ANOVA) followed by Tukey post-hoc-test. A P value less than 0.05 was considered statistically significant.
3 RESULTS
3.1 Chrysin and temozolomide combined treatments synergistically reduce glioma proliferation
The antiproliferative effects of CHR (0-100 μM) and TMZ (0-1000 μM) treatments were assessed in U-87MG human glioblastoma cells. As indicated in Figure 1A, MTT assay demonstrated that both therapeutic agents exhibited dose- and time-dependent cytotoxicity. The cytotoxic response to CHR and TMZ was similar across all exposure periods, but the IC50 value for the 24-h treatment could not be calculated, suggesting limited early cytotoxicity. IC50 values ​​of CHR and TMZ were determined to be, respectively, 56.72 μM and 627.76 μM following a 48-h exposure, and 24.06 μM and 241.76 μM after a 72-h treatment; the decrease in IC50 values over time reflects a significant time-dependent increase in drug potency. Besides, CHR demonstrated higher cytotoxicity compared to TMZ at lower dose levels.
[image: Graphs and images analyze the effects of Chrysin (CHR) and Temozolomide (TMZ) on cell viability and synergy. Panel A shows dose-response curves for CHR and TMZ at different time points, highlighting IC50 values. Panel B features a heatmap illustrating CHR and TMZ combinations, with synergy observed. Panel C presents synergy scores from Bliss, Loewe, ZIP, and HSA models. Panel D provides a table and plot for combination index (CI) values of CHR and TMZ combinations. Panel E shows microscopy images of control, CHR, TMZ, and CHR+TMZ treatments, accompanied by a bar graph of cell viability percentages.]FIGURE 1 | Chrysin (CHR) and temozolomide (TMZ) dose- and time-dependently reduce the viability and synergistically suppress proliferation U-87MG glioblastoma cells. (A) Cells were treated with increasing concentrations of CHR (0-100 µM) and TMZ (0-1000 µM) for 24-h, 48-h, and 72-h. MTT assay was performed to detect cell viability and IC50 (the half-maximal inhibitory concentration) values (n = 6). To calculate the IC50 values of treatments, a nonlinear regression analysis of the sigmoidal dose–response curve was performed. (B) Cells were treated with five drug doses for 48-h (n = 4) and dose-response matrices were generated to quantify synergistic interactions. (C) The percentage inhibition of proliferation, calculated according to the MTT results (n = 4), was used to determine the synergy score (SS) value. Heat-map responses, Bliss, Loewe, ZIP, and HSA Synergy scores were calculated using SynergyFinder software. (D) The CI value was determined based on the MTT results (n = 4) using Compusyn software. CI was plotted on the y-axis as a function of effect level (Fa) on the x-axis to assess the synergism, additive effect, and antagonism. (E) The effects of single (25 µM CHR and 250 µM TMZ) or combined (CHR + TMZ) treatments on cell morphology and viability (n = 4). Data are presented as mean ± SD. ***P < 0.001 versus control; ###P < 0.001 versus CHR + TMZ. Statistical evaluation was performed with one-way ANOVA (Tukey post-hoc-test).Drug synergism analysis was conducted utilizing SynergyFinder and Compusyn software to evaluate the synergistic interaction between CHR and TMZ. Cell viability inhibition percentages (quantified via MTT assay) served as the basis for calculating the combination index (CI) and synergy score (SS) to determine potential drug interactions. Dose-response matrix revealed synergistic interactions between CHR and TMZ (Figure 1B). As shown in Figure 1C, synergistic regions detected through Bliss, Loewe, ZIP, and HSA analysis were mainly found at 10-25 μM CHR and 100-250 μM TMZ concentrations. Three out of four models yielded the highest SS values for 25 µM CHR and 250 µM TMZ concentrations (22.64 for Bliss, 18.70 for ZIP, and 30.68 for HSA), while this combination ranked second in the Loewe model with 3.15 SS (the highest score belonged to 10 µM CHR +100 µM TMZ, with an SS value of 12.28). Besides, Compusyn-generated Fa-CI plot identified two synergistic doses with CI values 0.81 (for 10 µM CHR +100 µM TMZ) and 0.90 (for 25 µM CHR +250 µM TMZ) (Figure 1D). The synergy analysis results identified the combination of 25 μM CHR and 250 μM TMZ as the optimal dose for subsequent molecular studies. Furthermore, phenotype analysis via microscopy, as shown in Figure 1E, indicated that glioblastoma cell growth was suppressed by CHR and TMZ at these doses, with the combined treatment showing a more pronounced effect. Control cells (exposed to 0.275% DMSO) demonstrated typical morphology, characterized by being well spread and flattened. In contrast, treated cells exhibited noticeable alterations in shape and adhesion. The cell viability graph revealed that single-agent applications resulted in approximately a 20% reduction in viability (P < 0.001), whereas the CHR + TMZ combination led to about a 40% reduction (P < 0.001).
3.2 Chrysin and temozolomide combined treatments synergistically induce apoptosis and autophagy in glioma cells
To assess the pro-apoptotic effects of the treatments, JC-1 staining (Figure 2A), Western blot analysis (Figure 2B) and HO/PI double staining (Figure 2C) were conducted. JC-1 staining revealed mitochondrial dysfunction through a reduced red-to-green fluorescence ratio, indicating MtMP loss. CHR and TMZ together caused more significant MtMP disruption than either treatment alone, resulting in a 4.95-fold decrease (P < 0.001) in mitochondrial membrane integrity in U-87MG cells. The Bax/Bcl-2 ratio exhibited a substantial increase in the CHR (1.83-fold P < 0.01), TMZ (1.72-fold P < 0.01), and CHR + TMZ (3.87-fold P < 0.001) groups relative to the control group. Treatment with CHR, either alone or in combination with TMZ, led to a significant elevation in cleaved-Cas3 levels (2.99-fold P < 0.05, and 5.46-fold P < 0.001, respectively). These findings indicate a disruption in MtMP status. Additionally, PARP1 p89 cleavage fragment levels were markedly increased in the CHR (1.51-fold P < 0.01), TMZ (1.65-fold P < 0.001), and CHR + TMZ (4.10-fold P < 0.001) groups compared to the control. Moreover, HO/PI fluorescent images showed that the CHR + TMZ combination led to more apoptotic and dead cells than CHR or TMZ alone. Hoechst-stained nuclei in controls were round and intact, while treated groups had more apoptotic bodies and nuclear condensation. Apoptosis rates were 13.84% for CHR (P < 0.001), 10.76% for TMZ (P < 0.001), and 30.60% for CHR + TMZ (P < 0.001) treatments. PI-positive dead cells were higher with the combination treatment, showing 7.94% for CHR (P < 0.001), 6.58% for TMZ (P < 0.001), and 17.64% for CHR + TMZ (P < 0.001). Findings confirmed the synergistic impact of CHR and TMZ in inducing apoptosis.
[image: Scientific figure with six panels (A-F) comparing the effects of different treatments (CONTROL, CHR, TMZ, CHR+TMZ) on cells using various assays. Panel A shows fluorescence microscopy images of JCI-Red and JCI-Green staining with a bar graph of relative green fluorescence intensity. Panel B includes Western blot images for Bax, Bcl2, Cas3, cleaved Cas3, and PARP1 p89, with graphs of fold change for Bax/Bcl2 ratio, cleaved Cas3 levels, and cleaved PARP1 levels. Panel C presents Hoechst and PI staining with a bar graph showing percentages of live, apoptotic, and dead cells. Panel D features a Western blot for LC3A-I/II with a bar graph of LC3A-I/II ratio fold change. Panel E depicts AVOs staining images with a bar graph for relative red AVOs fluorescence intensity. Panel F shows cell viability data with and without Wortmannin, and a Western blot for LC3A-I/II and Cas3. Statistical significance is indicated by asterisks and hashtags.]FIGURE 2 | Chrysin (CHR) and temozolomide (TMZ) combination induces mitochondrial dysfunction, apoptosis, and autophagy in U-87MG glioblastoma cells. Cells were treated with CHR (25 μM), TMZ (250 μM), and CHR + TMZ for 48-h. (A) JC-1 staining (its monomers emit green-fluorescence and aggregates emit orange-red-fluorescence) was used to evaluate mitochondrial membrane potential (MtMP, n = 5; ×1,000, scale-bar:10 μm). (B) Western blot analysis (n = 3) of Bax/Bcl-2 ratio, cleaved caspase-3 (p19/17) and PARP1 (p89) levels (β-actin loading control) and quantitative data. (C) Double staining with Hoechst (blue-fluorescence) and PI (red-fluorescence) for determining apoptosis and quantitative analysis (n = 5; ×400, scale-bar:20 μm). (D) Western blot analysis (n = 3) of LC3A I/II levels (β-actin loading control) and quantitative data. (E) Fluorescent microscope was used to visualize the acidic vesicular organelles (AVOs, a hallmark of autophagy; red-fluorescence) as well as the cytoplasm and nucleus (green-fluorescence) after the vital staining of the cells with acridine orange (n = 5; ×1,000, scale-bar:10 μm). (F) To assess autophagy’s role in treatment, cells were pre-treated with an autophagy inhibitor Wortmannin (1 μM, 6-h) before exposure to CHR, TMZ, or both for 48-h. Cell viability was measured by MTT assay, and LC3A-II and cleaved caspase-3 protein levels were evaluated by Western blot. See Supplementary Figure S1 for all reference protein images and uncropped images of Western blots. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control; #P < 0.05 and ###P < 0.001 versus CHR + TMZ. Statistical evaluation for HO/PI staining was performed with two-way ANOVA, while other comparisons utilized one-way ANOVA (Tukey post-hoc-test).Autophagic activity was measured using Western blot analysis (Figure 2D) and AO staining (Figure 2E). At the molecular level, the LC3A-II/I ratios (indicating autophagy) were observed to be 1.47-fold (P < 0.01) and 3.70-fold (P < 0.001) higher in the CHR and CHR + TMZ groups, respectively, compared to the control group. Additionally, AVO accumulation were determined by the shift of green-fluorescence to red-fluorescence in AO assay. Treatment with CHR, TMZ, and CHR + TMZ resulted in an increase in red-AVO positive cells (1.87-fold P < 0.05, 1.97-fold P < 0.05, and 5.62-fold P < 0.001, respectively). To evaluate the functional role of autophagy in CHR + TMZ-induced cytotoxicity and apoptosis, U-87MG cells were pre-treated with Wortmannin (1 μM, 6-h) prior to exposure to CHR, TMZ, or their combination for 48-h. As shown in Figure 2F, MTT assay results indicated that Wortmannin pre-treatment was associated with increased cell viability in the control group (P < 0.01). In the CHR group, Wortmannin did not significantly alter cell viability. However, higher cell viability was noted in both the TMZ and CHR + TMZ groups following Wortmannin treatment (P < 0.001), suggesting that inhibition of autophagy was related to reduced cytotoxicity from these treatments. Western blot analysis aligned with these findings, showing decreased LC3A-II and cleaved caspase-3 levels in the CHR + TMZ group after Wortmannin pre-treatment. These observations suggest that the combined CHR + TMZ treatment induces autophagy more effectively than single-agent treatments.
3.3 Chrysin and temozolomide combined treatments synergistically change cellular stress response and drug resistance profile in glioma cells
As shown in Figure 3A, Western blot analysis revealed that treatment with TMZ led to a slight increase in Hsp60 levels (1.18-fold P < 0.05) and a robust upregulation of Hsp70 (1.54-fold P < 0.01), but with no difference in Hsp90 levels (P > 0.05). In contrast, CHR treatment prevented the TMZ-induced increase in Hsp levels in glioma cells. Co-treatment with CHR significantly reduces the levels of Hsp60 (1.19-fold P < 0.05), Hsp70 (2.05-fold P < 0.001), and Hsp90 (2.37-fold P < 0.001) compared to the TMZ group. Besides, the levels of Grp78, IRE1α, and ATF6-p50 were evaluated to assess ER stress in glioma cells. CHR alone did not alter Grp78 and IRE1α levels (P > 0.05) but increased ATF6-p50 levels (P < 0.001). TMZ alone treatment increased IRE1α and ATF6-p50 levels (P < 0.001), with no change in Grp78 levels (P > 0.05). However, the combination of CHR and TMZ significantly elevated levels of Grp78 (1.44-fold P < 0.01), IRE1α (2.22-fold P < 0.001), and Cl-ATF6 (4.56-fold P < 0.001). These findings indicate that ER stress was notably higher with CHR + TMZ co-treatment compared to either treatment alone.
[image: Western blot analysis and immunofluorescence images illustrating the effects of Chrysin (CHR) and Temozolomide (TMZ) on various protein levels and NF-κB activity. Panels A, B and D show protein expression levels with graphs indicating fold changes. Panels B and C display immunofluorescence of NF-κB p65 and P-gp across treatment conditions, with blue indicating nuclei and red showing protein localization. Panel F presents a schematic summarizing the relationships between Hsp levels, ER stress, multidrug resistance (MDR), and TMZ sensitivity influenced by CHR.]FIGURE 3 | Chrysin (CHR) enhances temozolomide (TMZ) efficacy by modulating stress response, NF-κB signaling, and multidrug resistance (MDR) in U-87MG glioblastoma cells. Cells were treated with CHR (25 μM), TMZ (250 μM), and CHR + TMZ for 48-h. (A) Western blot analysis (n = 3) of Hsp60, Hsp70, Hsp90, GRP78, IRE1α, and cleaved ATF6 (p50) levels (β-actin loading control) and quantitative data. (B) Western blot analysis (n = 3) of NF-κB-p65 (β-actin loading control) and quantitative data. (C) Immunofluorescence labeling for NF-κB-p65 protein (n = 3; ×1,000, scale-bar:10 μm). (D) Western blot analysis (n = 3) of the P-gp (*a mature 170-kDa product involved in drug efflux) and MRP1 levels (β-actin loading control) and quantitative data. (E) Immunofluorescence labeling for P-gp (n = 3; ×1,000, scale-bar:10 μm). (F) Shape showing status Hsp levels, ER stress, MDR, and TMZ sensitivity upon CHR treatment. See Supplementary Figures S2-S4 for all reference protein images and uncropped images of Western blots. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control; #P < 0.05, ##P < 0.01 and ###P < 0.001 versus CHR + TMZ. Statistical evaluation was performed with one-way ANOVA (Tukey post-hoc-test).Expression levels and nuclear localization of the NF-κB-p65 transcription factor were assessed using immunoblotting (Figure 3B) and immunofluorescence labeling (Figure 3C) analysis. CHR treatment led to a significant decrease in p65 expression (1.80-fold P < 0.01), whereas TMZ treatment increased its levels (1.25-fold P < 0.05). Notably, the elevated levels induced by TMZ were significantly suppressed by co-treatment with CHR, resulting in a 1.51-fold decrease (P < 0.05). Consistently, immunofluorescence labeling revealed increased nuclear translocation of NF-κB-p65 in glioma cells treated with TMZ alone. In contrast, a substantial reduction in nuclear localization was observed following combination treatment with CHR.
To assess the impact of treatments on drug resistance mechanisms in U-87MG glioma cells, the expression levels of the key resistance markers P-glycoprotein (P-gp) and multidrug resistance-associated protein 1 (MRP1) were evaluated using immunoblotting (Figure 3D) and immunofluorescence analysis (Figure 3E). Notably, exposure to TMZ alone significantly elevated the levels of P-gp (2.11-fold P < 0.001) and MRP1 (1.66-fold P < 0.001) compared to control cells. Conversely, CHR treatment inhibited the TMZ-induced increase in MDR protein levels. Specifically, P-gp expression (a mature 170-kDa product involved in drug efflux) was markedly reduced following CHR (1.74-fold P < 0.05) and CHR + TMZ (1.91-fold P < 0.01) treatments. Similarly, MRP1 levels were significantly downregulated in the CHR (3.90-fold P < 0.001) and CHR + TMZ (3.88-fold P < 0.001) groups. Importantly, combined treatment resulted in a substantial reduction in P-gp (4.04-fold P < 0.001) and MRP1 (6.44-fold P < 0.001) expressions compared to treatment with TMZ alone. Additionally, immunofluorescence analysis showed that P-gp was highly localized at the nuclear membrane in the TMZ-only treatment group. However, co-treatment with CHR significantly diminished both the overall expression of P-gp and its localization to the nuclear membrane.
As briefly stated in Figure 3F, CHR not only suppressed Hsp and MDR marker levels but also induced ER stress, thereby enhancing the cells’ sensitivity to TMZ.
3.4 Chrysin and temozolomide combined treatments synergistically decrease colony formation, migratory, and differentiation characteristics of glioma cells
The clonogenic potential of U-87MG glioma cells was evaluated by CFA (Figure 4A). Colony-forming ability decreased by 1.47-fold (P < 0.01) with CHR, 1.27-fold (P < 0.05) with TMZ, and 2.24-fold (P < 0.001) with CHR + TMZ compared to the control group; suggesting that the CHR + TMZ combination more effectively reduces colony formation in glioma cells than either treatment alone. As shown in Figure 4B, the scratch migration assay revealed that TMZ treatment did not reduce the migratory capacity of glioma cells (P > 0.05), while CHR (1.17-fold P < 0.01) and CHR + TMZ (1.33-fold P < 0.001) treatments significantly reduced the rate of wound closure. Additionally, the transwell chamber assay (Figure 4C) revealed a significant reduction in glioma cell migration and invasion after treatment. In the CHR group, migrated and invaded cells were 87.08% (P < 0.01) and 79.21% (P < 0.01) of control levels, respectively. In the CHR + TMZ group, these values decreased to 44.69% (P < 0.001) and 43.00% (P < 0.001), respectively.
[image: Scientific illustration showing experimental results on the effects of various treatments (Control, CHR, TMZ, CHR+TMZ) on cell behavior. Panel A: Colony formation analysis with corresponding bar graph. Panel B: Scratch assay images at 0 and 48 hours with a graph showing scratch closure percentage. Panel C: Images and bar graphs for invasion and migration assays. Panel D: Western blot analysis and bar graphs for β-catenin, E-cadherin, N-cadherin, TGF-β, and Twist levels. Panel E: Western blot and bar graphs for stemness markers CD44, CD133, and Nanog. Panel F: Diagram showing chrysin's effects on clonogenicity, EMT, stemness phenotype, and migration.]FIGURE 4 | Chrysin (CHR) in combination with temozolomide (TMZ) synergistically suppresses clonogenicity, migration, epithelial-to-mesenchymal transition (EMT), and stemness features in U-87MG glioblastoma cells. Cells were treated with CHR (25 μM), TMZ (250 μM), and CHR + TMZ for 48-h. (A) The colony-forming ability of the cells was evaluated with CFA in 2D-culture (crystal violet staining on day 7; n = 3) (B) The migratory ability of the cells was evaluated by scratch-wound assay (n = 6; ×40, scale-bar:400 µm). (C) Transwell migration and invasion assay (n = 5; ×200, scale-bar:200 µm). (D) Western blot analysis (n = 3) of EMT markers N-cadherin/E-cadherin, β-catenin, Twist1, TGF-β (β-actin loading control) and quantitative data. (E) Western blot analysis (n = 3) of cancer stem cell (CSC) markers CD44, CD133, and Nanog (β-actin loading control) and quantitative data. (F) Shape showing decreased clonogenicity, migration, EMT, and CSC status upon CHR treatment. See Supplementary Figure S5 for all reference protein images and uncropped images of Western blots. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control; #P < 0.05, ##P < 0.01 and ###P < 0.001 versus CHR + TMZ. Statistical evaluation was performed with one-way ANOVA (Tukey post-hoc-test).Epithelial-mesenchymal transition (EMT) was evaluated by immunoblotting to examine the levels of EMT markers, including β-catenin, E-cadherin, N-cadherin, TGF-β, and Twist1 (Figure 4D). β-catenin expression decreased after CHR + TMZ treatments (2.14-fold P < 0.01) compared to the control. TMZ exposure increased the N-cadherin (a mesenchymal marker)/E-cadherin (an epithelial marker) ratio (2.00-fold P < 0.01) and Twist1 levels (2.74-fold P < 0.001) compared to the control, indicating an enhanced EMT phenotype and resistance to drug therapy. Co-treatment with CHR prevented these increases; N-cadherin/E-cadherin ratio and Twist1 levels were reduced by 2.36-fold (P < 0.001) and 3.72-fold (P < 0.001) compared to the TMZ group. Additionally, CHR + TMZ treatment also decreased TGF-β expression (1.55-fold P < 0.05) compared to the control. In addition to evaluating EMT, the differentiation properties of glioma cells were assessed by determining the levels of cancer stem cell (CSC) markers CD44, CD133, and Nanog (Figure 4E). The CHR treatment resulted in a significant decrease in CD133 (1.57-fold P < 0.01) and Nanog expression (2.93-fold P < 0.001) but did not affect CD44 levels (P > 0.05) compared to the control group. Conversely, TMZ treatment significantly increased CD44 levels (2.18-fold P < 0.001) while having no significant effect on CD133 levels (P > 0.05) and causing a reduction in Nanog expression (1.72-fold P < 0.001). Notably, CHR and TMZ co-treatment decreased these marker levels compared to both the control (except for CD44) and TMZ groups; this treatment resulted in a 2.62-fold decrease (P < 0.001) in CD133 and an 8.29-fold decrease (P < 0.001) in Nanog levels compared to the control group. Our findings demonstrated that the CHR + TMZ combination treatment was more effective in suppressing EMT and CSC-like properties in glioma cells than CHR or TMZ alone.
As briefly stated in Figure 4F, CHR markedly suppressed clonogenicity, migration, EMT, and stemness phenotype of glioma cells.
3.5 Chrysin and temozolomide combined treatments synergistically reduce viability and growth of glioma spheroids
CHR and TMZ treatments were observed to reduce the viability of U-87MG glioma 3D-spheroids in a time- and dose-dependent manner (Figure 5A). The IC50 values of CHR were 125.28 μM at 48-h and 66.94 μM at 72-h, while those of TMZ were 1,420.91 μM at 48-h and 956.44 μM at 72-h, which were approximately two-fold higher compared to the 2D-monolayer culture.
[image: Graphs and images analyzing the effects of Chrysin and Temozolomide on cell viability over time. Chart A displays viability curves for each compound at different times. Chart B shows the three-dimensional spheroid area percentage for multiple treatments, and Chart C shows cell viability percentages. Images in section D illustrate spheroid growth over six days under various treatment conditions. Error bars, treatment labels, and statistical significance markers are present.]FIGURE 5 | Chrysin (CHR) enhances the anti-tumor efficacy of temozolomide (TMZ) in U-87MG glioblastoma 3D-spheroid culture (SPC) model. (A) Spheroids were treated with increasing concentrations (10–200 μM) of CHR and (100–2000 μM) TMZ for 24-h, 48-h, and 72-h. APH assay was performed to detect cell viability and IC50 (the half-maximal inhibitory concentration) values (n = 10). To calculate the IC50 values of treatments, a nonlinear regression analysis of the sigmoidal dose–response curve was performed. (B) The size of spheroids was analyzed to determine spheroid growth (n = 6). (C) Cell viability was assessed with the APH test during the 1st, 2nd, and 3rd treatments (n = 10). (D) The first treatment was applied to spheroids on Day-0. The spheroids were treated with 25 μM and 50 μM of CHR, 250 μM and 500 μM of TMZ and combinations doses, photographed 48-h later, and exposed to three times (on Day-0, Day-2, and Day-4) (×40, scale-bar:400 µm). Data are presented as mean ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control; #P < 0.05, ##P < 0.01 and ###P < 0.001 indicate a comparison between doses of the same group; θP<0.05, θθP<0.01 and θθθP<0.001 versus CHR25; εεεP<0.001 versus CHR50; &P < 0.05, &&P < 0.01 and &&&P < 0.001 versus TMZ25; γP<0.05 and γγγP<0.001 versus TMZ50. Statistical evaluation was performed with two-way ANOVA (Tukey post-hoc-test).In the 3D glioma spheroid model, combinations of CHR (25 μM and 50 μM) with TMZ (250 μM and 500 μM) were evaluated for spheroid growth (Figure 5B), viability (Figure 5C), and morphology (Figure 5D). Spheroid growth in the control group increased by 42.99% after the first treatment, 81.98% after the second, and 92.57% after the third compared to day 0. CHR (50 μM) and TMZ (500 μM) halted spheroid growth by the third treatment and significantly reduced viability (CHR: 21.48% P < 0.001; TMZ: 19.44% P < 0.001). Combining the highest doses of CHR (50 μM) and TMZ (500 μM) stopped spheroid growth; it grew only 8.39% by day 2 and decreased in size on days 4 and 6. This combination yielded a 16% reduction in size and nearly 60% decrease in viability by the third treatment, showing CHR boosts TMZ efficacy in 3D spheroid cultures. Besides, control spheroids treated with the medium were compact, and migratory colonies were observed on days 2, 4, and 6. The diameter of CHR-treated spheroids was smaller compared to the control, varying based on the dose and treatment type (single or repeated). Additionally, spheroids treated with CHR showed disrupted structure with many disassociated cells, particularly in the CHR50+TMZ250 and CHR50+TMZ500 groups. These findings indicate that CHR markedly potentiated the therapeutic efficacy of TMZ in 3D spheroid cultures, as evidenced by the substantial reduction in both spheroid growth and cell viability in the combined treatment group compared to TMZ alone; thus, suggesting that CHR may enhance TMZ sensitivity and improve its antitumor activity under more physiologically relevant culture conditions.
3.6 Chrysin, temozolomide and glioma-related targets and their functional classifications
The potential target proteins of CHR and TMZ were evaluated using canonical SMILES structures (Figure 6A), and 24 overlapping targets were identified, with 20 of these also being associated with glioma. Among these shared targets, several key genes involved in cancer-related pathways were identified, including EGFR, PARP1, SRC, MET, GSK3B, and CYP19A1. These genes are known to play critical roles in cell proliferation, DNA repair, and oncogenic signaling, indicating their potential as mediators of the combined anti-glioblastoma effect of CHR and TMZ. Additionally, a broader set of 60 glioma-related targets specific to CHR was identified (Figure 6B); this gene set includes multiple multidrug resistance-associated transporters (ABCB1, ABCC1, ABCG2), cyclin-dependent kinases (CDK1, CDK6), matrix metalloproteinases (MMP2, MMP9, MMP12), inflammatory mediators (NOS2, NOX4), and genes associated with glioma stemness or progression (APP, MAPT, IGF1R, TERT). According to GO and KEGG analysis (Figure 6C), these targets are involved in processes such as drug resistance, cell cycle regulation, invasion, oxidative stress, and stem cell maintenance. Functional enrichment analysis links them to responses to chemicals and inorganic substances, as well as programmed cell death regulation and cellular stress response. Plasma membrane regions, membrane rafts, and axonal structures are highlighted as key components in cellular components. Significant molecular functions include kinase activity and small molecule binding, with KEGG pathways noting the PI3K-Akt signaling pathway, EGFR inhibitor resistance, and cancer-related proteoglycan and microRNA pathways.
[image: Chemical structures of CHR and TMZ are shown. A Venn diagram details overlapping target proteins for TMZ, CHR, and glioma. Network diagrams illustrate target interactions. Bar charts display gene ontology (GO) analysis for biological processes, cellular components, and molecular functions, highlighting gene counts and functional categories. KEGG pathway analysis is depicted by a bubble chart indicating enrichment levels.]FIGURE 6 | Network pharmacology analysis for predicting the possible intersection of target genes related to Chrysin (CHR), temozolomide (TMZ), and glioma. (A) The molecular structure of CHR and TMZ. (B) Venn diagram identifying the intersection of CHR, TMZ, and glioma-related target genes. The protein–protein interaction (PPI) network detected by STRING software using intersecting target genes. (C) The result of Gene ontology (GO; the terms are biological process, cellular components, and molecular function) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses.4 DISCUSSION
Utilizing natural compounds to improve the efficacy and minimize side effects of temozolomide (TMZ) is a crucial approach (Zhai et al., 2021). Studies indicate that flavonoid chrysin (CHR) has time- and dose-dependent cytotoxicity on glioma cells (Weng et al., 2005; Liao et al., 2014; Jia et al., 2015; Santos et al., 2015; Wang et al., 2018), aligning with our cell viability results (Figure 1A/left-graph). Although TMZ is applied clinically, research continues to optimize its effectiveness (Mishchenko et al., 2025). Our findings confirm that the cytotoxic effects of TMZ are both time- and dosage-dependent, corroborated by our previous work (Şengelen and Önay-Uçar, 2024) and other studies (Lan et al., 2016; Kim et al., 2018) (Figure 1A/right-graph). SynergyFinder and Compusyn software were utilized to assess the combined impacts of CHR and TMZ; analyses showed a synergistic effect at 25 μM CHR and 250 μM TMZ (Figures 1B–D). Notably, Liao et al. (2014) showed enhanced effects of combining CHR (20 μM) and TMZ (100 μM) in GBM8901 cells (aligns with our synergistic findings), though synergy and mechanisms were not detailed. In comparison, our study investigates CHR + TMZ synergy in 2D/3D U-87MG glioblastoma models, examining its impact on apoptosis, autophagy, ER stress, EMT, and MDR, and aims to clarify its translational relevance by focusing on the mechanisms underlying the synergistic effect.
The main objective in cancer treatment is to promote apoptosis in malignant cells (Obrador et al., 2024). The study demonstrates that CHR markedly induces apoptosis, as evidenced by changes in MtMP status (Figure 2A), Bax/Bcl-2 ratio, active caspase-3 levels (Figure 2B), and HO/PI staining (Figure 2C). Furthermore, combining CHR with TMZ leads to enhanced glioma cell death through synergistic action. Prior research has documented CHR’s pro-apoptotic effects in various cancers, including bladder (Xu et al., 2018), breast (Lirdprapamongkol et al., 2013), brain (Mahdi et al., 2023), ovary (Lim et al., 2018), colon (Lin et al., 2018), gastric (Zhong et al., 2020; Lee et al., 2021), liver (Xu et al., 2017), and prostate (Ryu et al., 2017). As an apoptosis indicator, CHR plus TMZ treatment also increased cleavage of PARP1 (which plays a critical role in DNA repair) (D'Amours et al., 2001), aligning with previous findings that CHR inhibits PARP in colorectal cancer (Lin et al., 2018) and hepatocellular carcinoma (Xu et al., 2017). Supportively, CHR has been documented to enhance apoptotic responses to various chemotherapies, such as cisplatin (Raina et al., 2023), 5-FU (Lee et al., 2021), docetaxel (Lim et al., 2017), and doxorubicin (Gao et al., 2013).
Autophagy is crucial for cancer cell survival and death, with autophagy being linked to TMZ resistance in gliomas (Singh et al., 2021). However, excessive autophagy with TMZ and adjuvant treatments can enhance its therapeutic effectiveness (Yan et al., 2016). Immunoblotting (Figure 2D) and AO staining (Figure 2E) indicated an increase in autophagy following TMZ treatment compared to basal control levels; this relatively modest increase in autophagy may have diminished the TMZ’s efficacy through drug resistance. On the contrary, CHR co-treatment caused a pronounced rise in autophagy markers (LC3A-II and AVOs), suggesting excessive autophagy may drive cell death. Our findings align with studies on CHR-induced autophagy in colorectal (Lin et al., 2018) and pancreatic cancers (Zhou et al., 2021), indicating CHR could enhance TMZ-induced apoptosis through autophagy. Furthermore, wortmannin pre-treatment reversed the cytotoxic effects of CHR + TMZ, lowering LC3A-II and cleaved caspase-3 levels (Figure 2F). These results support autophagy as a pro-death mechanism facilitating apoptosis (Yan et al., 2016; Xia et al., 2020), and suggest modulating autophagy may improve responses to TMZ-based therapies in glioblastoma.
Stress proteins help cancer cells resist drugs (Somu et al., 2023). While the impact of CHR on Hsp levels in cancer cells remains unknown, TMZ has been shown to increase Hsp expression (Castro et al., 2015). In this study, CHR did not affect Hsp expression, except for lowering Hsp90 levels. CHR also reduced TMZ-induced Hsp upregulation while boosting ER stress (Figure 3A), similar to its effects in prostate (Ryu et al., 2017) and bladder cancer (Xu et al., 2018). Moreover, NF-κB is a critical transcription factor that regulates the inflammation, survival, anti-apoptotic, and MDR responses of cancer cells (DiDonato et al., 2012; Sui et al., 2014). CHR co-treatment reduced TMZ-induced NF-κB p65 levels and nuclear localization, as evidenced by immunoblotting (Figure 3B) and immunofluorescence labeling (Figure 3C), suggesting enhanced TMZ efficacy via NF-κB inhibition. Additionally, TMZ significantly upregulated P-gp (ABCB1) and MRP1 (ABCC1) transporter proteins, whereas CHR alone or with TMZ suppressed these increases (Figure 3D) and reduced P-gp nuclear localization (Figure 3E). Given that ATP-dependent membrane transporters such as P-gp and MRP1 mediate drug efflux and limit chemotherapeutic efficacy (Gottesman et al., 2002; Robey et al., 2018), these findings indicate CHR’s potential to counteract TMZ-induced MDR, a notable factor in treatment resistance in gliomas (Rich and Bigner, 2004). Decreased expression of these transporters by CHR may boost TMZ’s cytotoxicity by increasing its intracellular concentration. Flavonoids have been reported to inhibit P-gp in various cancers (Kumar et al., 2023), and P-gp blockade has been shown to sensitize glioma cells to temozolomide (Yu et al., 2024). Additionally, blocking the NF-κB pathway enhances TMZ efficacy in glioblastoma (Yu et al., 2018). Supportively, CHR has also been reported to suppress MDR transporters (Brechbuhl et al., 2012) and to inhibit NF-κB signaling in various cancer models (Wu et al., 2018; Yeo et al., 2020). Collectively, these previous reports and our findings reveal that the suppressive effect of CHR on MDR-associated transporters is a crucial mechanism for increasing TMZ sensitivity alongside changes in cellular stress responses (Figure 3F).
The combination of CHR and TMZ significantly inhibited U-87MG glioblastoma cell colony formation capacity (Figure 4A), migration and invasion (Figure 4B,C), EMT (Figure 4D), and CSC properties (Figure 4E), thereby reducing long-term proliferative capacity and impairing key drivers of tumor aggressiveness (Wang et al., 2018). Supportively, research reveals that CHR reduces colony formation and invasiveness in various cancers, including cervix/ovary (Lim et al., 2018; Raina et al., 2021), brain (Wang et al., 2018), breast (Yang et al., 2014), gastric (Zhong et al., 2020), and lung (Tang et al., 2024). These effects were linked to downregulation of EMT markers such as β-catenin, N-cadherin, TGF-β, and Twist1, while E-cadherin levels remained stable, indicating preserved epithelial characteristics and inhibition of mesenchymal transition (Lee et al., 2014); this is supported by CHR’s reducing impact on the EMT status of breast cancer cells (Yang et al., 2014). Furthermore, the CHR + TMZ combination also significantly reduced the expression of stem cell markers CD133 and Nanog (Deldar Abad Paskeh et al., 2021), and countered TMZ-induced increases in CD44, suggesting CHR mitigates glioma progression by reducing stem-cell characteristics (Raina et al., 2024). Overall, CHR enhances tumor cell sensitivity to TMZ and inhibits the migrative-invasive, stem cell-like, and EMT-related properties of glioblastoma cells, offering a multifaceted approach to combat tumor progression (Figure 4F).
Recent interest in 3D-spheroid models stems from their more accurate simulation of the tumor microenvironment, capturing features like hypoxia, nutrient gradients, and cell-cell interactions (Kapałczyńska et al., 2018). In this study, U-87MG glioblastoma spheroids showed roughly double IC50 values for CHR and TMZ compared to 2D-cultures, suggesting greater drug resistance in 3D conditions (Figure 5A), consistent with both our previous findings (Şengelen and Önay-Uçar, 2024) and existing literature (Nunes et al., 2019). Despite TMZ being the standard chemotherapy for glioblastoma, resistance remains a significant challenge for effective treatment (Stupp et al., 2005). As shown in Figures 5B–D, high doses of TMZ reduced spheroid growth and viability, and its combination with CHR further enhanced these effects. Repeated treatment significantly inhibited spheroid growth and even reduced spheroid size. Notably, 50 μM CHR plus 500 μM TMZ produced a pronounced synergistic reduction in growth and viability, consistent with reports that flavonoid–chemotherapy combinations suppress proliferation in 3D glioma models (Zhai et al., 2021). Supportively, CHR’s tumor size reduction has been observed in brain (Wang et al., 2018), gastric (Zhong et al., 2020), liver (Xu et al., 2017), lung (Tang et al., 2024), and pancreatic (Zhou et al., 2021) cancers. Therefore, combining CHR with TMZ may improve chemotherapy efficacy and decrease drug resistance in glioblastoma, but further in vivo and clinical studies are needed to explore this potential.
Our findings on cell motility, EMT/stem-like state, MDR, and apoptosis were supported by bioinformatics and network pharmacology analyses (Figure 6), suggesting CHR can mitigate drug resistance and EMT-CSC profiles observed in glioma spheroids from our previous study (Şengelen and Önay-Uçar, 2024). Twenty common targets, including EGFR, PARP1, SRC, MET, GSK3B, and CYP19A1, were identified, all crucial regulators of proliferation, DNA repair, and oncogenic signaling (Gan et al., 2009; Murai et al., 2012; Li et al., 2023). Sixty glioma-associated targets were associated with CHR, such as MDR transporters (ABCB1, ABCC1, ABCG2), cyclin-dependent kinases (CDK1, CDK6), matrix metalloproteinases (MMP2, MMP9, MMP12), and genes related to inflammation or oxidative stress (NOS2, NOX4) (Levicar et al., 2003; Agarwal et al., 2010; Gialeli et al., 2011). Functional enrichment analysis highlighted roles in chemical response, cell death, cellular stress, and membrane- and axon-associated components, and kinase and small molecule binding. KEGG analysis revealed PI3K-Akt signaling, EGFR inhibitor resistance, and other cancer-related pathways (Manning et al., 2002; Caretta and Mucignat-Caretta, 2011; Li et al., 2022).
Consequently, this study is the first to report on the potential anticancer mechanism of CHR plus TMZ treatment in 2D- and 3D-cultured gliomas, but it has some limitations. Due to genetic diversity among GB patients, using various cell lines may provide more generalizable results (Xie et al., 2014). Although spheroid culture mimics in vivo environment, it does not encompass the complex tumor microenvironment, immune response, vascularization, and pharmacokinetics; animal studies are needed to elucidate bioavailability, systemic toxicity, and therapeutic index of the CHR and TMZ combination (Hottinger et al., 2016). Additionally, targeted drug delivery systems like nanoparticles (Mahdi et al., 2023; Oliyapour et al., 2023) may improve efficacy by enhancing CHR’s bioavailability and solubility. Another limitation is the lack of functional validation, such as gene silencing or pharmacological inhibition, to confirm the roles of P-gp and NF-κB pathways. Pathway-specific inhibition studies are also needed to clarify the effects of treatment-induced ER stress on cytotoxicity and apoptosis. Future research will address these gaps for stronger mechanistic insights. Despite these limitations, the findings support further research into CHR, which enhances TMZ’s effectiveness and may serve as a useful adjuvant therapy for gliomas. In-depth studies could confirm CHR plus TMZ as a promising approach to treating GB cancers.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
YA: Formal Analysis, Methodology, Data curation, Visualization, Conceptualization, Validation, Writing – review and editing, Writing – original draft, Investigation. AS: Writing – original draft, Formal Analysis, Visualization, Methodology, Data curation, Validation, Investigation, Conceptualization, Writing – review and editing. DG: Writing – review and editing, Investigation, Visualization, Data curation. İÖ: Investigation, Visualization, Data curation, Writing – review and editing. ÖK: Writing – review and editing, Investigation. MP: Supervision, Project administration, Funding acquisition, Writing – review and editing, Resources, Conceptualization.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by the Scientific Research Projects Coordination Unit of Istanbul University, Türkiye (Grant number: FYL-2022-39042).
CONFLICT OF INTEREST
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1643186/full#supplementary-material
ABBREVIATIONS
AVOs, acidic vesicular organelles; CFA, colony formation assay; CHR, Chrysin; CI, combination index; CSC, cancer stem cell; EMT, epithelial-mesenchymal transition; ER, endoplasmic reticulum; GB, Glioblastoma; HO/PI, Hoechst/Propidium iodide; Hsp, Heat shock protein; IC50, Half maximal inhibitory concentration; MDR, multidrug resistance; MRP1, multidrug resistance-associated protein 1; MtMP, Mitochondrial membrane potential; NF-κB, nuclear factor-kappaB; P-gp, P-glycoprotein; SS, synergy score; TMZ, Temozolomide.
REFERENCES
	Agarwal, S., Sane, R., Gallardo, J. L., Ohlfest, J. R., and Elmquist, W. F. (2010). Distribution of gefitinib to the brain is limited by P-glycoprotein (ABCB1) and breast cancer resistance protein (ABCG2)-Mediated active efflux. J. Pharmacol. Exp. Ther. 334, 147–155. doi:10.1124/jpet.110.167601

	Brechbuhl, H. M., Kachadourian, R., Min, E., Chan, D., and Day, B. J. (2012). Chrysin enhances doxorubicin-induced cytotoxicity in human lung epithelial cancer cell lines: the role of glutathione. Toxicol. Appl. Pharmacol. 258, 1–9. doi:10.1016/j.taap.2011.08.004

	Caretta, A., and Mucignat-Caretta, C. (2011). Protein kinase a in cancer. Cancers (Basel) 3, 913–926. doi:10.3390/cancers3010913

	Castro, G. N., Cayado-Gutiérrez, N., Zoppino, F. C., Fanelli, M. A., Cuello-Carrión, F. D., Sottile, M., et al. (2015). Effects of temozolomide (TMZ) on the expression and interaction of heat shock proteins (HSPs) and DNA repair proteins in human malignant glioma cells. Cell Stress Chaperones 20, 253–265. doi:10.1007/s12192-014-0537-0

	Chou, T.-C., and Talalay, P. (1984). Quantitative analysis of dose-effect relationships: the combined effects of multiple drugs or enzyme inhibitors. Adv. enzyme Regul. 22, 27–55. doi:10.1016/0065-2571(84)90007-4

	D'amours, D., Sallmann, F. R., Dixit, V. M., and Poirier, G. G. (2001). Gain-of-function of poly(ADP-ribose) polymerase-1 upon cleavage by apoptotic proteases: implications for apoptosis. J. Cell Sci. 114, 3771–3778. doi:10.1242/jcs.114.20.3771

	Deldar Abad Paskeh, M., Asadi, S., Zabolian, A., Saleki, H., Khoshbakht, M. A., Sabet, S., et al. (2021). Targeting cancer stem cells by dietary agents: an important therapeutic strategy against human malignancies. Int. J. Mol. Sci. 22, 11669. doi:10.3390/ijms222111669

	Didonato, J. A., Mercurio, F., and Karin, M. (2012). NF-κB and the link between inflammation and cancer. Immunol. Rev. 246, 379–400. doi:10.1111/j.1600-065X.2012.01099.x

	Friedrich, J., Eder, W., Castaneda, J., Doss, M., Huber, E., Ebner, R., et al. (2007). A reliable tool to determine cell viability in complex 3-d culture: the acid phosphatase assay. J. Biomol. Screen 12, 925–937. doi:10.1177/1087057107306839

	Gan, H. K., Kaye, A. H., and Luwor, R. B. (2009). The EGFRvIII variant in glioblastoma multiforme. J. Clin. Neurosci. 16, 748–754. doi:10.1016/j.jocn.2008.12.005

	Gao, A. M., Ke, Z. P., Shi, F., Sun, G. C., and Chen, H. (2013). Chrysin enhances sensitivity of BEL-7402/ADM cells to doxorubicin by suppressing PI3K/Akt/Nrf2 and ERK/Nrf2 pathway. Chem. Biol. Interact. 206, 100–108. doi:10.1016/j.cbi.2013.08.008

	Gialeli, C., Theocharis, A. D., and Karamanos, N. K. (2011). Roles of matrix metalloproteinases in cancer progression and their pharmacological targeting. Febs J. 278, 16–27. doi:10.1111/j.1742-4658.2010.07919.x

	Gottesman, M. M., Fojo, T., and Bates, S. E. (2002). Multidrug resistance in cancer: role of ATP-Dependent transporters. Nat. Rev. Cancer 2, 48–58. doi:10.1038/nrc706

	Grochans, S., Cybulska, A. M., Simińska, D., Korbecki, J., Kojder, K., Chlubek, D., et al. (2022). Epidemiology of glioblastoma multiforme-literature review. Cancers (Basel) 14, 2412. doi:10.3390/cancers14102412

	Hottinger, A. F., Pacheco, P., and Stupp, R. (2016). Tumor treating fields: a novel treatment modality and its use in brain tumors. Neuro Oncol. 18, 1338–1349. doi:10.1093/neuonc/now182

	Ianevski, A., Giri, A. K., and Aittokallio, T. (2022). SynergyFinder 3.0: an interactive analysis and consensus interpretation of multi-drug synergies across multiple samples. Nucleic Acids Res. 50, W739–w743. doi:10.1093/nar/gkac382

	Jia, W. Z., Zhao, J. C., Sun, X. L., Yao, Z. G., Wu, H. L., and Xi, Z. Q. (2015). Additive anticancer effects of chrysin and low dose cisplatin in human malignant glioma cell (U87) proliferation and evaluation of the mechanistic pathway. J. buon 20, 1327–1336. Available online at: https://www.jbuon.com/archive/20-5-1327.pdf. 

	Kapałczyńska, M., Kolenda, T., Przybyła, W., Zajączkowska, M., Teresiak, A., Filas, V., et al. (2018). 2D and 3D cell cultures - a comparison of different types of cancer cell cultures. Arch. Med. Sci. 14, 910–919. doi:10.5114/aoms.2016.63743

	Kasala, E. R., Bodduluru, L. N., Madana, R. M., V, A. K., Gogoi, R., and Barua, C. C. (2015). Chemopreventive and therapeutic potential of chrysin in cancer: mechanistic perspectives. Toxicol. Lett. 233, 214–225. doi:10.1016/j.toxlet.2015.01.008

	Kim, S. S., Harford, J. B., Moghe, M., Rait, A., Pirollo, K. F., and Chang, E. H. (2018). Targeted nanocomplex carrying siRNA against MALAT1 sensitizes glioblastoma to temozolomide. Nucleic Acids Res. 46, 1424–1440. doi:10.1093/nar/gkx1221

	Kumar, A., Kalra, S., Jangid, K., and Jaitak, V. (2023). Flavonoids as P-glycoprotein inhibitors for multidrug resistance in cancer: an in-silico approach. J. Biomol. Struct. Dyn. 41, 7627–7639. doi:10.1080/07391102.2022.2123390

	Lan, F., Yang, Y., Han, J., Wu, Q., Yu, H., and Yue, X. (2016). Sulforaphane reverses chemo-resistance to temozolomide in glioblastoma cells by NF-κB-dependent pathway downregulating MGMT expression. Int. J. Oncol. 48, 559–568. doi:10.3892/ijo.2015.3271

	Lee, J. K., Joo, K. M., Lee, J., Yoon, Y., and Nam, D. H. (2014). Targeting the epithelial to mesenchymal transition in glioblastoma: the emerging role of MET signaling. Onco Targets Ther. 7, 1933–1944. doi:10.2147/ott.S36582

	Lee, S., Lee, S. K., and Jung, J. (2021). Potentiating activities of chrysin in the therapeutic efficacy of 5-fluorouracil in gastric cancer cells. Oncol. Lett. 21, 24. doi:10.3892/ol.2020.12285

	Levicar, N., Nuttall, R. K., Lah, T. T., and Nutall, R. K. (2003). Proteases in brain tumour progression. Acta Neurochir. (Wien) 145, 825–838. doi:10.1007/s00701-003-0097-z

	Li, B., Qin, Y., Yu, X., Xu, X., and Yu, W. (2022). Lipid raft involvement in signal transduction in cancer cell survival, cell death and metastasis. Cell Prolif. 55, e13167. doi:10.1111/cpr.13167

	Li, S., Wang, C., Chen, J., Lan, Y., Zhang, W., Kang, Z., et al. (2023). Signaling pathways in brain tumors and therapeutic interventions. Signal Transduct. Target Ther. 8, 8. doi:10.1038/s41392-022-01260-z

	Liao, C. L., Chen, C. M., Chang, Y. Z., Liu, G. Y., Hung, H. C., Hsieh, T. Y., et al. (2014). Pine (Pinus morrisonicola hayata) needle extracts sensitize GBM8901 human glioblastoma cells to temozolomide by downregulating autophagy and O(6)-methylguanine-DNA methyltransferase expression. J. Agric. Food Chem. 62, 10458–10467. doi:10.1021/jf501234b

	Lim, H. K., Kim, K. M., Jeong, S. Y., Choi, E. K., and Jung, J. (2017). Chrysin increases the therapeutic efficacy of docetaxel and mitigates docetaxel-induced edema. Integr. Cancer Ther. 16, 496–504. doi:10.1177/1534735416645184

	Lim, W., Ryu, S., Bazer, F. W., Kim, S. M., and Song, G. (2018). Chrysin attenuates progression of ovarian cancer cells by regulating signaling cascades and mitochondrial dysfunction. J. Cell Physiol. 233, 3129–3140. doi:10.1002/jcp.26150

	Lima, A. P. B., Almeida, T. C., Barros, T. M. B., Rocha, L. C. M., Garcia, C. C. M., and Da Silva, G. N. (2020). Toxicogenetic and antiproliferative effects of chrysin in urinary bladder cancer cells. Mutagenesis 35, 361–371. doi:10.1093/mutage/geaa021

	Lin, Y. M., Chen, C. I., Hsiang, Y. P., Hsu, Y. C., Cheng, K. C., Chien, P. H., et al. (2018). Chrysin attenuates cell viability of human colorectal cancer cells through autophagy induction unlike 5-Fluorouracil/Oxaliplatin. Int. J. Mol. Sci. 19, 1763. doi:10.3390/ijms19061763

	Lirdprapamongkol, K., Sakurai, H., Abdelhamed, S., Yokoyama, S., Athikomkulchai, S., Viriyaroj, A., et al. (2013). Chrysin overcomes TRAIL resistance of cancer cells through Mcl-1 downregulation by inhibiting STAT3 phosphorylation. Int. J. Oncol. 43, 329–337. doi:10.3892/ijo.2013.1926

	Mahdi, W. A., Alanazi, M. M., Imam, S. S., Alshehri, S., Hussain, A., Altamimi, M. A., et al. (2023). Formulation of multicomponent inclusion complex of cyclodextrin-amino acid with chrysin: physicochemical characterization, cell viability and apoptosis assessment in human primary glioblastoma cell line. Int. J. Pharm. X 6, 100211. doi:10.1016/j.ijpx.2023.100211

	Mani, R., and Natesan, V. (2018). Chrysin: sources, beneficial pharmacological activities, and molecular mechanism of action. Phytochemistry 145, 187–196. doi:10.1016/j.phytochem.2017.09.016

	Manning, G., Whyte, D. B., Martinez, R., Hunter, T., and Sudarsanam, S. (2002). The protein kinase complement of the human genome. Science 298, 1912–1934. doi:10.1126/science.1075762

	Mishchenko, T. A., Olajide, O. J., Gorshkova, E. N., Vedunova, M. V., and Krysko, D. V. (2025). Regulated cell death modalities: breaking resistance of temozolomide glioblastoma therapy. Trends Cancer 11, 430–432. doi:10.1016/j.trecan.2025.01.007

	Murai, J., Huang, S. Y., Das, B. B., Renaud, A., Zhang, Y., Doroshow, J. H., et al. (2012). Trapping of PARP1 and PARP2 by clinical PARP inhibitors. Cancer Res. 72, 5588–5599. doi:10.1158/0008-5472.Can-12-2753

	Nunes, A. S., Barros, A. S., Costa, E. C., Moreira, A. F., and Correia, I. J. (2019). 3D tumor spheroids as in vitro models to mimic in vivo human solid tumors resistance to therapeutic drugs. Biotechnol. Bioeng. 116, 206–226. doi:10.1002/bit.26845

	Obrador, E., Moreno-Murciano, P., Oriol-Caballo, M., López-Blanch, R., Pineda, B., Gutiérrez-Arroyo, J. L., et al. (2024). Glioblastoma therapy: past, present and future. Int. J. Mol. Sci. 25, 2529. doi:10.3390/ijms25052529

	Oliyapour, Y., Dabiri, S., Molavi, O., Hejazi, M. S., Davaran, S., Jafari, S., et al. (2023). Chrysin and chrysin-loaded nanocarriers induced immunogenic cell death on B16 melanoma cells. Med. Oncol. 40, 278. doi:10.1007/s12032-023-02145-z

	Pouyan, A., Ghorbanlo, M., Eslami, M., Jahanshahi, M., Ziaei, E., Salami, A., et al. (2025). Glioblastoma multiforme: insights into pathogenesis, key signaling pathways, and therapeutic strategies. Mol. Cancer 24, 58. doi:10.1186/s12943-025-02267-0

	Raina, R., Almutary, A. G., Bagabir, S. A., Afroze, N., Fagoonee, S., Haque, S., et al. (2021). Chrysin modulates aberrant epigenetic variations and hampers migratory behavior of human cervical (HeLa) cells. Front. Genet. 12, 768130. doi:10.3389/fgene.2021.768130

	Raina, R., Hussain, A., Almutary, A. G., Haque, S., Raza, T., D'souza, A. C., et al. (2023). Co-administration of chrysin and luteolin with cisplatin and topotecan exhibits a variable therapeutic value in human cancer cells, HeLa. ACS Omega 8, 41204–41213. doi:10.1021/acsomega.3c04443

	Raina, R., Bhatt, R., and Hussain, A. (2024). Chrysin targets aberrant molecular signatures and pathways in carcinogenesis (review). World Acad. Sci. J. 6: 45. doi:10.3892/wasj.2024.260

	Rich, J. N., and Bigner, D. D. (2004). Development of novel targeted therapies in the treatment of malignant glioma. Nat. Rev. Drug Discov. 3, 430–446. doi:10.1038/nrd1380

	Robey, R. W., Pluchino, K. M., Hall, M. D., Fojo, A. T., Bates, S. E., and Gottesman, M. M. (2018). Revisiting the role of ABC transporters in multidrug-resistant cancer. Nat. Rev. Cancer 18, 452–464. doi:10.1038/s41568-018-0005-8

	Ryu, S., Lim, W., Bazer, F. W., and Song, G. (2017). Chrysin induces death of prostate cancer cells by inducing ROS and ER stress. J. Cell Physiol. 232, 3786–3797. doi:10.1002/jcp.25861

	Santos, B. L., Oliveira, M. N., Coelho, P. L., Pitanga, B. P., Da Silva, A. B., Adelita, T., et al. (2015). Flavonoids suppress human glioblastoma cell growth by inhibiting cell metabolism, migration, and by regulating extracellular matrix proteins and metalloproteinases expression. Chem. Biol. Interact. 242, 123–138. doi:10.1016/j.cbi.2015.07.014

	Şengelen, A., and Önay-Uçar, E. (2024). Rosmarinic acid attenuates glioblastoma cells and spheroids' growth and EMT/stem-like state by PTEN/PI3K/AKT downregulation and ERK-Induced apoptosis. Phytomedicine 135, 156060. doi:10.1016/j.phymed.2024.156060

	Singh, N., Miner, A., Hennis, L., and Mittal, S. (2021). Mechanisms of temozolomide resistance in glioblastoma - a comprehensive review. Cancer Drug Resist 4, 17–43. doi:10.20517/cdr.2020.79

	Somu, P., Basavegowda, N., Gomez, L. A., Jayaprakash, H. V., Puneetha, G. K., Yadav, A. K., et al. (2023). Crossroad between the heat shock protein and inflammation pathway in acquiring drug resistance: a possible target for future cancer therapeutics. Biomedicines 11, 2639. doi:10.3390/biomedicines11102639

	Stupp, R., Mason, W. P., Van Den Bent, M. J., Weller, M., Fisher, B., Taphoorn, M. J., et al. (2005). Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 352, 987–996. doi:10.1056/NEJMoa043330

	Sui, H., Pan, S. F., Feng, Y., Jin, B. H., Liu, X., Zhou, L. H., et al. (2014). Zuo jin wan reverses P-gp-mediated drug-resistance by inhibiting activation of the PI3K/Akt/NF-κB pathway. BMC Complement. Altern. Med. 14, 279. doi:10.1186/1472-6882-14-279

	Tang, X., Luo, X., Wang, X., Zhang, Y., Xie, J., Niu, X., et al. (2024). Chrysin inhibits TAMs-Mediated autophagy activation via CDK1/ULK1 pathway and reverses TAMs-Mediated growth-promoting effects in non-small cell lung cancer. Pharm. (Basel) 17, 515. doi:10.3390/ph17040515

	Wang, J., Wang, H., Sun, K., Wang, X., Pan, H., Zhu, J., et al. (2018). Chrysin suppresses proliferation, migration, and invasion in glioblastoma cell lines via mediating the ERK/Nrf2 signaling pathway. Drug Des. Devel Ther. 12, 721–733. doi:10.2147/dddt.S160020

	Weng, M. S., Ho, Y. S., and Lin, J. K. (2005). Chrysin induces G1 phase cell cycle arrest in C6 glioma cells through inducing p21Waf1/Cip1 expression: involvement of p38 mitogen-activated protein kinase. Biochem. Pharmacol. 69, 1815–1827. doi:10.1016/j.bcp.2005.03.011

	Wu, Y. T., Tan, H. L., Shui, G., Bauvy, C., Huang, Q., Wenk, M. R., et al. (2010). Dual role of 3-methyladenine in modulation of autophagy via different temporal patterns of inhibition on class I and III phosphoinositide 3-kinase. J. Biol. Chem. 285, 10850–10861. doi:10.1074/jbc.M109.080796

	Wu, T. C., Chan, S. T., Chang, C. N., Yu, P. S., Chuang, C. H., and Yeh, S. L. (2018). Quercetin and chrysin inhibit nickel-induced invasion and migration by downregulation of TLR4/NF-κB signaling in A549 cells. Chem. Biol. Interact. 292, 101–109. doi:10.1016/j.cbi.2018.07.010

	Xia, Y., Lian, S., Khoi, P. N., Yoon, H. J., Han, J. Y., Chay, K. O., et al. (2015). Chrysin inhibits cell invasion by inhibition of recepteur d'origine nantais via suppressing early growth response-1 and NF-κB transcription factor activities in gastric cancer cells. Int. J. Oncol. 46, 1835–1843. doi:10.3892/ijo.2015.2847

	Xia, Q., Xu, M., Zhang, P., Liu, L., Meng, X., and Dong, L. (2020). Therapeutic potential of autophagy in glioblastoma treatment with phosphoinositide 3-Kinase/Protein kinase B/Mammalian target of rapamycin signaling pathway inhibitors. Front. Oncol. 10, 572904. doi:10.3389/fonc.2020.572904

	Xie, Q., Mittal, S., and Berens, M. E. (2014). Targeting adaptive glioblastoma: an overview of proliferation and invasion. Neuro Oncol. 16, 1575–1584. doi:10.1093/neuonc/nou147

	Xu, D., Jin, J., Yu, H., Zhao, Z., Ma, D., Zhang, C., et al. (2017). Chrysin inhibited tumor glycolysis and induced apoptosis in hepatocellular carcinoma by targeting hexokinase-2. J. Exp. Clin. Cancer Res. 36, 44. doi:10.1186/s13046-017-0514-4

	Xu, Y., Tong, Y., Ying, J., Lei, Z., Wan, L., Zhu, X., et al. (2018). Chrysin induces cell growth arrest, apoptosis, and ER stress and inhibits the activation of STAT3 through the generation of ROS in bladder cancer cells. Oncol. Lett. 15, 9117–9125. doi:10.3892/ol.2018.8522

	Yan, Y., Xu, Z., Dai, S., Qian, L., Sun, L., and Gong, Z. (2016). Targeting autophagy to sensitive glioma to temozolomide treatment. J. Exp. Clin. Cancer Res. 35, 23. doi:10.1186/s13046-016-0303-5

	Yang, B., Huang, J., Xiang, T., Yin, X., Luo, X., Huang, J., et al. (2014). Chrysin inhibits metastatic potential of human triple-negative breast cancer cells by modulating matrix metalloproteinase-10, epithelial to mesenchymal transition, and PI3K/Akt signaling pathway. J. Appl. Toxicol. 34, 105–112. doi:10.1002/jat.2941

	Yeo, H., Lee, Y. H., Koh, D., Lim, Y., and Shin, S. Y. (2020). Chrysin inhibits NF-κB-Dependent CCL5 transcription by targeting IκB kinase in the atopic dermatitis-like inflammatory microenvironment. Int. J. Mol. Sci. 21, 7348. doi:10.3390/ijms21197348

	Yu, Z., Chen, Y., Wang, S., Li, P., Zhou, G., and Yuan, Y. (2018). Inhibition of NF-κB results in anti-glioma activity and reduces temozolomide-induced chemoresistance by down-regulating MGMT gene expression. Cancer Lett. 428, 77–89. doi:10.1016/j.canlet.2018.04.033

	Yu, C. P., Lin, S. W., Tsai, J. C., and Shyong, Y. J. (2024). Long acting tariquidar loaded stearic acid-modified hydroxyapatite enhances brain penetration and antitumor effect of temozolomide. Eur. J. Pharm. Biopharm. 197, 114231. doi:10.1016/j.ejpb.2024.114231

	Zhai, K., Mazurakova, A., Koklesova, L., Kubatka, P., and Büsselberg, D. (2021). Flavonoids synergistically enhance the anti-glioblastoma effects of chemotherapeutic drugs. Biomolecules 11, 1841. doi:10.3390/biom11121841

	Zhong, X., Liu, D., Jiang, Z., Li, C., Chen, L., Xia, Y., et al. (2020). Chrysin induced cell apoptosis and inhibited invasion through regulation of TET1 expression in gastric cancer cells. Onco Targets Ther. 13, 3277–3287. doi:10.2147/ott.S246031

	Zhou, L., Yang, C., Zhong, W., Wang, Q., Zhang, D., Zhang, J., et al. (2021). Chrysin induces autophagy-dependent ferroptosis to increase chemosensitivity to gemcitabine by targeting CBR1 in pancreatic cancer cells. Biochem. Pharmacol. 193, 114813. doi:10.1016/j.bcp.2021.114813


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Aksüt, Şengelen, Gürsoy, Öğütcü, Kuvet and Pekmez. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1643186-g005.jpg
>
w

[ 1sttreatment EE 2nd treatment 3rd treatment

120
. 24h = 48h -~ 72h
S 100
€ 120
8 ©
£ 1004 4 o 80 i .
z L © ] *
= = I’
i / o
= o i i
8 60 s') 40 2 3 gg Yoy #it
-2 EXCEEEEEEERRRRRRPRRRRRN REY O ! TR P ° Fkk 06008 s88 888 #
S 40 B ; T b wo
@ _ ~ 20 / £
@ 20 {48 h > 1C5,=125.28+2.51 uM & Vi
72 h 9 1C5,=66.94+3.82 jiM a 0
. : o
A, - - e e —_ _20
10 100
Chrysin (uM) .40

140 CONTROL CHR25 CHR50 TMZ250 TMZ500 CHR25+ CHR25+ CHR50+ CHR50+
S 120 C TMZ250 TMZ500 TMZ250 TMZ500
3
o
2100 I 1sttreatment BE 2nd treatment 3rd treatment

= 14
Z g0 5 140 st
] '§ 120
01 IO\ T S 100 )
Yvy
3 h < 8 w i e
3 48 h 9 1C5=1420.91+4.16 uM * 2 60 ; v T
& 2772 h > 1C4,=956.44+3.03 uM "3‘, % 2 4 ’
) : K 7
— Z 7 W% | WG
100 1000 8 0 4 /l 4 4
Temozolomide (uM) CONTROL CHR25 CHR50 TMZ250 TMZ500 CHR25+ CHR25+ CHR50+ CHR50+
D TMZ250 TMZ500 TMZ250 TMZ500

Day 0

o "o No .
% treatment - %
o g
3
o
2
N
> Day 2
8 : Stt t 5
§ reatmen w 3
1 °
» 2
3
M
& |
ol o 20 Day 4
° treatment - g
3
> g
5 e 2 5
x ; Day 6

CHR25+ CHR50+ CHR50+ B

- treatment

TMZ500 CHR25+
TMZ250 TMZ500 TMZ250 TMZ500

CONTROL CHR25 CHR50 TMZ250





OPS/images/fphar-16-1643186-g006.jpg
C

o

CA2
CA9
CYP19A1
ALOX15
ADORA1

o

ADORA2A
PARP1
CSNK2A1

CHR

AKR1B1

T™Z

Response to chemical =

Celluler response to chemical stimulus =

Response to stress =

Resporse to oxygen-containing compound =
Response to inorganic substance =

Pasilive req. of cell communication -
Posilive reg. of signaling -

Re. of programmed cel dezth =

Response to organic substance =

-log10(FDR)

GO - Biological process

Plasma membrane region =
Axolemma =

Hembrane raft =

Hembrane microdomain =

Cell projection membrene =
Hain axon =

Cell leading edge =
Chromosome telomeric region =
Lezding edge membrane =

Transferase complex transferring phosphorus-containing roups =

2
-log10(FDR)

.

GO - Cellular components

20 Related Targets

ABCB1
ABCG2
CBR1
CDK6
CYP1B1
XDH
TNKS
ALOX12
ESR1

FLT3
GSK3B
ADORA3
EGFR
MET
PIK3CG
PRKDC
KDR

ADORAL

ALOX15

CYP1B1

ABCC1

Protein serinethveonine/tyrosine kinase activity =

Small molecule binding =

Nucleatide binding =

N. of Genes S ———— R

20 protein kinzse actity - [ :3

25 Transtion metal ion vinaing - [ N AN 16

» R B

Phosphotransferase aclivity alcohol group as zcceplor = — 2
Transterase actvity trensterring phosphorus-containing arovps - [ MM
8 2 i 5 H
-log10(FDR)
GO - Molecular function
Bladder cancer - .
EGFR tyrosine kinase inhibitor resistance = [ ]
Adherens junction = [ )

N. of Genes Endocrine resistance = [ ]
I 50 Proteoglycans in cancer = o

75 MicroRNAS in cancer = .

10.0

12.5 Hepatocellular carcinoma = L]

Focal adhesion =
PI3K-AKt sgnaling pathway = @)
Pathways in cancer - ()
10 2 3 @ s

Fold Enrichment

KEGG

Genes

-I0g10{FDR)
® 50
@ 55
@ 5o
@ s

N.of Genes





OPS/images/fphar-16-1643186-g003.jpg
A CHR+ Hsp60 levels 20 Hsp70 levels B 0 NF-kB p65 levels C CHR TMZ C'|'|-|IV|RZ+

C CHR TMZ TMZ 20

o
=

Fold Change
Fold Change
5 &

2]

‘l

Hsp60

Fold Change
5

4
o

HSP70 [ss

IE g i
— C CHR TMZCHR+ C CHR TMZCHR+ C CHR TMZCHR+
™Z ™Z C ™Z
Hsp90 levels GRP78 levels
IEI lo 6 |
. y

[=d
°
o
°

£

B-actin

Fold Change
Fold Change

IS
Hoechst

N

o

n
C CHR TMZ CHR+ C CHR TMZ CHR+ ©
™Z ™Z o
[11]
IRE1a levels ATF6 p50 levels ¥
6 s
4
° °
. .
< - <
= L = 3
52 e 52
w w

Merge

o

C CHR TMZ CHR+ C CHR TMZ CHR+
™Z ™Z

D CHR+

m

C CHR TMzZ TMZ

CONTROL CHR T™MZ CHR+TMZ.

P-gp levels MRP1 levels
3

Fold Change
Fold Change

o ~
Hoechst

P-gp

Merge





OPS/images/fphar-16-1643186-g004.jpg
A CONTROL CHR B CONTROL CHR TMZ  CHR+TMZ

-
o
(=)

< % 80
= 2 &0
§ 40
- § 20
® 0

e&Q.o\' GQQ' «é";f&@'b

S S
,,,CO.,NTROL CHR o ™Z CHR+TMZ

[=
o
=
CFA (7 days) ©
CHR+TMZ H 2
+ *
i s . S ¢
T™Z * §
[=
CHR ¥ o
(7]
CONTROL g
(1] 20 40 60 80 E
Colony formation (% area)
D CHR+
C CHR TMZ TMZ B-catenin levels
3

(=23
o
(=23
o

B-cat CHR+TMZ 3
™Z ¥ [« 40 40
CHR 20 20
E-cad CONTROL 0
0.0 05 1.0
N-cad Fold Change
N-cad/E-cad ratio TGF-B levels
TGF-B ns 15
HitH
25 I ns
o @ —_— @
B .%’ 2,0 210 = 2
Twist 15 s * 5
E 1.0 305 3
B-actin 0.5
0.0 0.0
E & &S & & &
+ S & S &
CHR+ g o S &

C CHR TMZ TMZ

CD44 CD44 levels CD133 levels
3.0 —_s 1.5
T

— 2.5 P

@ # @

220 21.0 -t 2

CD133 2 2 " g
o015 [3) [3)

T -} -}

S 1.0 S 0.5 W ©

w w w

¢+
&L

0.5
o & & & & & & & Y

B-actin

(Y





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Chrysin sensitizes glioblastoma cells and spheroids to temozolomide treatment by reducing EMT and stemness phenotypes, as well as targeting multidrug resistance proteins		Background

		Methods

		Results

		Conclusion

		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 2D-cell culture and conditions

		2.2 Cytotoxicity assay, drug synergism analysis, and treatments

		2.3 Colony formation assay

		2.4 Cell migration and invasion assays

		2.5 Mitochondrial membrane potential assay: JC-1 staining

		2.6 Apoptosis assay: hoechst/propidium iodide double staining

		2.7 Autophagy assay: acridine orange staining

		2.8 Immunofluorescence labeling

		2.9 Protein extraction and western blot analysis

		2.10 Growth and viability experiments in 3D glioma spheroid model

		2.11 Bioinformatic analysis

		2.12 Statistical analysis





		3 RESULTS		3.1 Chrysin and temozolomide combined treatments synergistically reduce glioma proliferation

		3.2 Chrysin and temozolomide combined treatments synergistically induce apoptosis and autophagy in glioma cells

		3.3 Chrysin and temozolomide combined treatments synergistically change cellular stress response and drug resistance profile in glioma cells

		3.4 Chrysin and temozolomide combined treatments synergistically decrease colony formation, migratory, and differentiation characteristics of glioma cells

		3.5 Chrysin and temozolomide combined treatments synergistically reduce viability and growth of glioma spheroids

		3.6 Chrysin, temozolomide and glioma-related targets and their functional classifications





		4 DISCUSSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		ABBREVIATIONS

		REFERENCES









OPS/images/cover.jpg
, frontiers | Frontiersin Pharmacology

Chrysin sensitizes glioblastoma
cells and spheroids to
temozolomide treatment by
reducing EMT and stemness
phenotypes, as well as targeting
multidrug resistance proteins





OPS/images/fphar-16-1643186-g001.jpg
140

120

100

80

60

Cell viability (% control)

40

20

0

24h

48 h > IC5o=56.72+2.09 uM
72 h 9 1C5,=24.06+1.24 uM

1

-#- 48 h =+ 72h 140
120

3
£100

]

o
® 80

2
3 60

[}

>
= 40

5}
20
0

. :
10 100
Chrysin (uM)

Bliss

synergy score

-0.353+2.27

Loewe

synergy score

3.012+2.27

-~ 24h

48 h > IC5p= 627.7642.26 UM
72 h D 1C5y=241.76+1.40 uM:

10

ZIP

- 48h

100

= 72h

Temozolomide (uM)

synergy score

-0.186+2.27

synergy score
8.17+2.27

HSA

CHR + TMZ

Cell viability (% control)

o

0 10 % 50 75 100
i - CHR (uM)
D o
o}
°
TMZ cl 3 &
100 uM 250 uM 500 uM 750 uM 1000 pM o ® 3%6
10 pm 0.81 1.39 0.93 0.92 0.92
25 uM 0.93 0.90 1.02 1.07 1.01
CHR sopm 1.22 1.09 1.06 1.07 1.18
75 pM 1.34 0.98 0.97 1.26 1.20
100 pM 1.07 1.00 1.18 1.26 1.24 . e
05
Fa
CONTROL CHR TMZ

CHR TMZ CHR+
T™™Z





OPS/images/fphar-16-1643186-g002.jpg
CONTROL CHR

TMZ CHR+TMZ

CONTROL CHR TMZ CHR+TMZ
LX) he

Hoechst O Merge JC1-Green JC1-Red >

—
3
L

—_—

o2

2?0
c c
Qo
1
U)'a-,
]

s c
© @

= 0
Q0

x o
o
S

=

CHR+
C CHR TMZ TMZ

fiiiiid
Fkk

6

Bax

H

Bcl2

N

Cas3

Cleaved
Cas3

Cl-Cas3 levels

Bax/BcI2 ratio CI-PARP1 levels

8 8 8
HitH
26 86 26
& i g &
— = 4 Kkk S 4 = 4
o ; 3 = ;
I 2 oo I 2 I 2
o 0 0 0
2 ¢ & & ¢ & & & &
= & ,\\s@,\@ ‘{&ov & ,\\»Q.x,\@ & & "éé“‘
= & & S & S &
D CHR+
120 i mm CONTROL LC3A-II/l ratio C CHR TMZ TMZ
o 100 £ 2 '(r:;zR CHR+TMZ H
8 e CHR+TMZ ™Z E gt _
g CHR : m E
b CONTROL
= 0 2+ s B-actin
Fold Change
Live Apoptotic Dead
E CONTROL CHR TMZ CHR+TMZ F m= -Wortmannin CHR+
— 140 = +Wort
5 8 ortmannin CONTROL TMZ
2 g - 5120 Wortmannin = + —_ -+
K 85° £ 100 LC3A
~ >% o
> <c k] II"
3 32 2 ™ 7 .
== 4 ~
3 23 z 6 Cas3
5a 8
2 23, Tz S 40 Cleaved »
E 3 2 Cas3 N Yoo
% 0 0 - .
y L & B
g ,@9\’0& S é&o SR\ q."&
& dgz- & &










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





