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The development of effective therapy for eradicating glioblastoma stem cells remains a major challenge due to their aggressive growth, chemoresistance and radioresistance which are mainly conferred by aldehyde dehydrogenase (ALDH)1A1. The latter is the main stemness mediator via enhancing signaling pathways of Wnt/β-catenin, phosphatidylinositol 3-kinase/AKT, and hypoxia. Furthermore, ALDH1A1 mediates therapeutic resistance by inactivating drugs, stimulating the expression of drug efflux transporters, and detoxifying reactive radical species, thereby apoptosis arresting. Recent reports disclosed the potent and broad-spectrum anticancer activities of the unique nanocomplexes of diethyldithiocarbamate (DE, ALDH1A1 inhibitor) with ferrous oxide nanoparticles (FeO NPs) mainly conferred by inducing lipid peroxidation-dependent non-apoptotic pathways (iron accumulation-triggered ferroptosis), was reported. Accordingly, the anti-stemness activity of nanocomplexes (DE-FeO NPs) was investigated against human and mouse glioma stem cells (GSCs) and radioresistant GSCs (GSCs-RR). DE-FeO NPs exhibited the strongest growth inhibition effect on the treated human GSCs (MGG18 and JX39P), mouse GSCs (GS and PDGF-GSC) and their radioresistant cells (IC50 ≤ 70 and 161 μg/mL, respectively). DE-FeO NPs also revealed a higher inhibitory impact than standard chemotherapy (temozolomide, TMZ) on self-renewal, cancer repopulation, chemoresistance, and radioresistance potentials. Besides, DE-FeO NPs surpassed TMZ regarding the effect on relative expression of all studied stemness genes, as well as relative p-AKT/AKT ratio in the treated MGG18, GS and their radioresistant (MGG18-RR and GS-RR). This potent anti-stemness influence is primarily attributed to ALDH1A1 inhibition and ferroptosis induction, as confirmed by significant elevation of cellular reactive oxygen species and lipid peroxidation with significant depletion of glutathione and glutathione peroxidase 4. DE-FeO NPs recorded the optimal LogP value for crossing the blood brain barrier. This in vitro novel study declared the potency of DE-FeO NPs for collapsing GSCs and GSCs-RR with improving their sensitivity to chemotherapy and radiotherapy, indicating that DE-FeO NPs may be a promising remedy for GBM. Glioma animal models will be needed for in-depth studies on its safe effectiveness.
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1 INTRODUCTION
Glioblastoma (GBM), the most aggressive glioma subtype, is mainly attributed to glioma stem cells (GSCs), which have unique potential for self-renewal, differentiation into heterogeneous tumor cells, invasion, and treatment resistance (Alves et al., 2021; Tang et al., 2021; Sahoo et al., 2024). GSCs have a robust DNA repair system (e.g., O6-methylguanine-DNA methyltransferase, MGMT) that can confer resistance to the standard chemotherapeutic agent temozolomide (TMZ) by demethylation of O6-methylguanine, thereby eliminating the TMZ’s DNA damaging effect (Singh et al., 2021; Tang et al., 2021). There are multiple signaling pathways contributing to the aggressive features and expansion of GSCs, including Wnt/β-catenin, Hedgehog, NOTCH1, phosphatidylinositol 3-kinase (PI3K)/AKT, epidermal growth factor receptor (EGFR), and hypoxia-inducible factor (HIF1A) (Eckerdt et al., 2020; Alves et al., 2021; Tang et al., 2021). GSCs are characterized by overexpression of CD133 (PROM1), CD44, ATP-binding cassette (ABC) drug efflux transporters (ABCB1/Multidrug resistance, ABCC1/multi-drug resistance-associated protein-1, and ABCG2), NANOG, OCT-4, SOX2, ZEB1, and nestin (intermediate filament protein) as well as overactivation of aldehyde dehydrogenase (ALDH)1A. These markers are important not only for identifying GSCs, but also for mediating self-renewal and treatment resistance (Schäfer et al., 2012; Alves et al., 2021; Tang et al., 2021). Among these markers, ALDH1A1 is considered as a superior CSCs protector against toxic aldehydes-mediated oxidative damage and a major stemness regulator. ALDH1A1 activity is closely linked to functional cancer stem cells via catalyzing the biosynthesis of retinoid acid which triggers the activation of PI3K/AKT, hypoxia, NOTCH, and Wnt/β-catenin pathways. These pathways involve in stemness maintenance and therapeutic resistance via enhancing the expression of stemness transcription factors (SOX2, NANOG, OCT-4, CD44, and ZEB1) and ABC transporters. Moreover, ALDH1A1 mediates resistance to both chemotherapy and radiotherapy via the direct inactivating drugs, increasing expression of ABC transporters, and detoxifying the released reactive radicals, thus viewed as a potential therapeutic target (Schäfer et al., 2012; Ciccone et al., 2020; Uddin et al., 2020; Yang et al., 2020; Deldar Abad Paskeh et al., 2021; Poturnajova et al., 2021; Daisy Precilla et al., 2022; Wei et al., 2022).
Despite substantial improvements in GBM therapeutic methods, its treatment remains challenging in comparison to other tumor types (Stupp et al., 2009; Singh et al., 2021). Therefore, an effective remedy that targets GSCs with the goal of lowering their chemoresistance and radioresistance is critical.
Recent studies reported that nanocomplexes of diethyldithiocarbamate (DE, a metabolite of the FDA-approved drug disulfiram) with metal oxide nanoparticles (NPs) exhibited potent anticancer impact against human cancer cell lines and tumor animal models (Abu-Serie and Eltarahony, 2021; Abu-Serie and Abdelfattah, 2022; Abu-Serie, 2023; Abu-Serie and Abdelfattah, 2023; Abu-Serie, 2024). As cancer stem cells (CSCs) can resist apoptosis-dependent cell death (Safa, 2022), these efficient nanocomplexes of DE and green chemically synthesized metal oxide (Cu4O3, Cu2O, and FeO) NPs were able to mediated cancer cell death by inducing new nonapoptotic pathways. These novel cell death pathways including the accumulated copper-mediated cuproptosis and iron-mediated ferroptosis, lead to mitochondrial dysfunction and uncontrolled lipid peroxidation, respectively (Tang et al., 2021; Abu-Serie, 2023; Abu-Serie and Abdelfattah, 2023). Ferroptosis inducers can thus improve sensitivity of GBM to chemotherapeutic drugs (e.g., TMZ), radiation, and immunotherapy as well as targeted therapy (e.g., epidermal growth factor receptor inhibitors) and inhibit metastasis (Zhuo et al., 2022; Bo et al., 2024; Wang et al., 2024). Ferroptosis is exacerbated by the inhibition of the antioxidant glutathione system, including glutathione peroxidase (GPX)4 and its substrate glutathione (GSH) (Koppula et al., 2021; Zhuo et al., 2022). This glutathione system suppression can be mediated by DE, which is a potent inhibitor of ALDH1A1 (Abu-Serie and Abdelfattah, 2023). Previous studies found that ALDH1A1 inhibitors prevented hypoxia and stemness expression, while increasing reactive oxygen species (ROS) and CSCs’ drug sensitivity (Vassalli, 2019; Abu-Serie and Eltarahony, 2021; Abu-Serie and Abdelfattah, 2022; Abu-Serie, 2023; Abu-Serie and Abdelfattah, 2023; Abu-Serie, 2024).
Accordingly, this current study focused on investigation of the cytotoxic effect of these nanocomplexes (DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs), in comparison with TMZ, on human and mouse GSCs and their radioresistant (GSCs-RR) lines. The most active nanocomplex impact on self-renewal, cancer repopulation, therapeutic resistance, stemness gene expression, p-AKT, and ALDH1A1 activity was evaluated for unveiling its anti-stemness mechanisms.
2 MATERIALS AND METHODS
2.1 Materials
Copper chloride, copper nitrate, vitamin C, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), DMSO, heparan sulfate, primers, ALDH activity colorimetric assay kit (Cat#MAK082), thiobarbituric acid, all trans-retinal, Ellman (5,5′-dithio-bis-2(nitro benzoic acid) reagent, GSH, and malondialdehyde tetrabutylammonium salt, were obtained from Sigma-Aldrich (Saint Louis, MO, US). DE, methoxynitrosulfophenyl-tetrazolium carboxanilide (XTT), TMZ were purchased from Acros Organics (Morris Plains, NJ, US), Invitrogen (Waltham, MA, US), and MedChemExpress (NJ, United States of America), respectively. DMEM/F12 and fetal bovine serum was from Gibco (Grand Island, NY, US). B27-mius vitamin A was supplied from Invitrogen (Waltham, MA, US), whereas human recombinant FGF basic (Cat#100-18B) and human recombinant EGF (Cat#AF-100-15) were from PeproTech (Cedarbrook Drive Cranbury, NJ, US). RNeasy MinElute Cleanup Kit, High-Capacity cDNA Reverse Transcription kit, and chemiluminescent substrate were obtained from Thermo Fischer Scientific (Waltham, MA, US), while Light Cycler 480 SYBR green kit were from Roche Diagnostics (Mannheim, Germany). protein assay dye reagent concentrate, Mini-PROTEAN TGX™ gel, and Protein Assay Dye Reagent Concentrate were from Bio-Rad (Hercules, CA, US). p-AKT (rabbit monoclonal antibody (Thr308), AKT, and anti-rabbit IgG were supplied from Cell Signaling Technology (Danvers, MA, US). HRP-β-actin (Cat# ab49900 [AC-15]) and ROS assay kit were purchased from Abcam (Cambridge, MA, US).
2.2 Methods
2.2.1 Preparation of the characterized metal oxide NPs and nanocombination with DE
Copper oxide NPs (Cu4O3 and Cu2O) were prepared by incubating chitosan and vitamin C with copper copper chloride and copper nitrate, respectively (Abu-Serie and Eltarahony, 2021; Abu-Serie and Abdelfattah, 2023), whereas ferrous oxide NPs were prepared by adding iron nitrate and vitamin C to NaOH (Abu-Serie and Abdelfattah, 2022). As mentioned in these our recent studies, Cu4O3 NPs, Cu2O NPs, and FeO NPs with sizes of 112.5, 111.6, and 38.8 nm, respectively, were characterized by X-ray diffractometer, energy dispersive X-ray analysis, and electron microscopes. These metal oxide NPs were mixed with DE, at a ratio of 1:10, forming nanocomplexes of DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs (156.5, 148.1, and 157.8 nm, respectively). The identity of the pure chelated nanoformulation between DE and FeO NPs was confirmed by FTIR spectra (Abu-Serie and Abdelfattah, 2022). For the subsequent experiments, all NPs and DE were dissolved in GSCs’culture medium. The experimental design of this current study is demonstrated in Figure 1.
[image: Figure 1]FIGURE 1 | Experimental design.
2.2.2 Cytotoxicity assay using human and mouse GSCs and GSCs-RR
2.2.2.1 Cell culture
Human MGG18 cells were provided by Dr. Hiroaki Wakimoto (Harvard Medical School, Boston, MA, US) and established as previously described (Wakimoto et al., 2009; Wakimoto et al., 2012). JX39P cells were provided by Dr. Christopher D. Willey (University of Alabama at Birmingham, AL, US), and generated as previously reported (Stackhouse et al., 2022). Mouse GS cells were isolated as recently mentioned (Osuka et al., 2021). Platelet derived growth factor-induced glioma stem cells (PDGF-GSC) were provided by Dr. Dolores Hambardzumyan (Icahn School of Medicine at Mount Sinai, NY, US) and established as demonstrated previously (Charles et al., 2010).
Radioresistant GSCs were established as shown in previous study (Osuka et al., 2021). Briefly, we performed repeated irradiation (2 or 5 Gy) to mouse GSCs (GS and PDGF-GSC) and human GSCs (MGG18), every three or 4 days in vitro. The culture medium was replaced, and the cells were passaged as appropriate. After repeated irradiation, we established radioresistant GSCs, MGG18-RR (2Gy x 9 doses), GSRR (5Gy x 12) and PDGF-GSC-RR (5 Gy x 8). JX39-RT is a radioresistant patient-derived xenograft (PDX) cells established by Dr. Christopher D. Willey (University of Alabama at Birmingham, AL, US). Subcutaneous PDX tumors were exposed to 2 Gy of irradiation three times per week for 2 weeks (total 12 Gy) and allowed to regrow before being passaged to a new set of mice. This process was repeated up to six times to establish radiation-resistant PDX models.
All above-mentioned GSCs were cultured in DMEM/F12 supplemented with 10 mL B27-mius vitamin A, 20 ng/mL human recombinant FGF basic, 20 ng/mL human recombinant EGF, and 200 ng/mL heparan sulfate.
2.2.2.2 XTT cell proliferation assay
All GSCs (MGG18, JX39P, GS, PDGF-GSC, MGG18-RR, JX39P-RT, GSRR, PDGF-GSC-RR) were trypsinized to obtain single cell suspensions. Then, these cells were seeded (3,000 cells/well and 6,000 cells/well for GSCs and their corresponding GSCs-RR, respectively) in 96 well ultra-low attachment sterile plates. After 72 h of sphere formation, serial concentrations (300–9.375 μg/mL) of the standard chemotherapy (TMZ), DE, metal oxide NPs, and DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs were added. After another 3 days of incubation in 5% CO2 incubator (37°C), 1 mg/mL of XTT was incubated with the untreated and treated spheres for 4 h. Then, absorbances of the formed formazan (an orange-red colored product of active metabolite spheres) were measured at 450 nm using SpectraMax microplate reader (Marshall Scientific, Hampton, NH, US) to estimate the growth inhibition percentages relative to the untreated GSCs. Subsequently, the inhibitory concentration at which 50% growth inhibition (IC50) was calculated by GraphPad Prism 9. Furthermore, morphological changes in the treated spheres and the untreated spheres were recorded using phase contrast inverted microscope (Fisher Scientific, Waltham, MA, US). Additionally, fluorescence microscope (Life technologies, Carlsbad, CA, US) was used to investigate mouse GSCs and GSCs-RR that had been labeled with a fluorescence reporter (mCherry).
Among human and mouse GSCs, MGG18 and GS were selected for further experiments owing to their aggressive growth behavior compared to JX39P and PDGF-GSC. In all the following assays, the most effective formula (DE-FeO NPs) and TMZ were used at doses of 70 μg/mL for GSCs (MGG18 and GS) and 161 μg/mL for GSCs-RRs (MGG18-RR and GSRR).
2.2.3 Evaluation of the impact on stemness phenotypes
2.2.3.1 Self-renewal capability
The single cell suspensions of MGG18, GS, MGG18-RR, and GSRR were seeded in low-attachment 96 well plates and incubated with serial concentrations of DE-FeO NPs or TMZ during 72 h of sphere formation in 5% CO2 incubator. Then, XTT was added and absorbance was measured at 450 nm to estimate the efficiency of sphere formation in the presence of nanocomplex and chemotherapy in relative to the untreated wells. Furthermore, IC50 value, at which 50% inhibition of self-renewal, was estimated by GraphPad Prism 9, for comparing between nanocomplex and chemotherapy (Abu-Serie et al., 2021). Moreover, the formed spheres in the treated wells were counted and their areas were measured by ImageJ software in relation to the untreated formed spheres. Additionally, the morphology of these formed spheres was documented by phase contrast (Fisher Scientific, Waltham, MA, US) and fluorescence microscopes (Life technologies, Carlsbad, CA, US).
2.2.3.2 Cancer repopulation potential
The single cell suspensions of GSCs (MGG18 or GS) were cultured in 10% fetal bovine serum-supplemented DMEM/F12 medium and seeded in traditional 96-well cell culture plates. After cell attachment, serial concentrations of DE-FeO NPs or TMZ were added. After 3 days, 20 µL MTT (5 mg/mL) was incubated for 4 h, then discarded, and 100 µL DMSO was added followed by measuring absorbance at 590 nm (SpectraMax microplate reader, Marshall Scientific, Hampton, NH, US). The growth inhibition percentage was estimated relative to the untreated attached cancer cells and IC50 was calculated by GraphPad Prism 9 (Abu-Serie et al., 2021). Furthermore, the morphological alterations of these cancer cells were observed using phase contrast (Fisher Scientific, Waltham, MA, US) and fluorescence microscopes (Life technologies, Carlsbad, CA, US).
2.2.3.3 Resistance response of GSCs-RR to chemotherapy and radiotherapy
After preincubation of MGG18-RR and GSRR with serial concentrations of DE-FeO NPs for 24 h, these spheres were exposed to resistance dose of TMZ (10 μg/mL) or resistance irradiation doses (2 Gy and 5 Gy). After 3 days, cell viability was measured by adding XTT and sphere morphology was recorded by phase contrast (Fisher Scientific, Waltham, MA, US) and fluorescence microscopes (Life technologies, Carlsbad, CA, US). The fold increment in sensitivity to chemotherapy and radiotherapy was calculated relative to TMZ-treated and irradiated spheres, respectively.
2.2.4 qPCR assessment for key stemness genes
RNeasy MinElute Cleanup Kit was used to extract RNA from the untreated and treated GSCs and GSCs-RR. After quantifying RNA by NanoDrop spectrophotometer (Thermo Fischer Scientific, Waltham, MA, US) and cDNA synthesis using High-Capacity cDNA Reverse Transcription kit, qPCR was performed using Light Cycler 480 SYBR green kit and primers “final concentration 500 nM”. Human and mouse primer sequences and their pearson’s coefficient and efficiency were shown in Supplementary Tables S1, S2. The qPCR protocol was initiated at 95°C for 5 min, followed by 40 cycles of 95°C (20 s) and 60°C (1 min).
2.2.5 Western blot analysis of p-AKT and AKT protein levels
For determining p-AKT level relative to total AKT, Western blot technique was used. Briefly, cellular proteins of the untreated and treated spheres were extracted, quantified by protein assay dye reagent concentrate, boiled in loading buffer, and separated using 4%–20% Mini-PROTEAN TGX™ gel. Then, proteins were transferred to nitrocellulose membrane, blocked with 5% bovine serum albumin, washed, and incubated with 1:1,000 p-AKT (rabbit monoclonal antibody Thr 308) or AKT overnight at 4°C. After that, the membrane was washed, incubated 1: 2000 secondary antibody (anti-rabbit IgG) for 1 h, washed, and chemiluminescent substrate was added, then bands were documented using chemiluminescent imaging system (ImageQuant™ LAS 500, GE Healthcare Bio-Sciences, Piscataway, NJ, US). For housekeeping protein, the membrane was washed, and incubated with 1:1000 HRP-β-actin for 1 h, washed, and the substrate was added for visualizing its bands using chemiluminescent imaging system (ImageQuant™ LAS 500, GE Healthcare Bio-Sciences, Piscataway, NJ, US).
2.2.6 Determination of ALDH1A1 inhibition
For determination of ALDH1A1 activity, ALDH activity colorimetric assay kit was used with all trans-retinal as substrate. Following 72 h of treatment of the above-mentioned MGG18, GSRR, and their GSCs-RR with DE-FeO NPs or TMZ, these spheres were lysed in ALDH assay buffer, centrifuged, and the supernatants were harvested for incubation with ALDH substrate mix and retinal. The change in the absorbance was recorded after 10 min at 450 nm using microplate reader (Marshall Scientific, Hampton, NH, US), and the activity was calculated using the NADH standard curve. Then, the inhibition percentage in ALDH1A1 activity was estimated relative to the untreated spheres.
2.2.7 Determination of GSH level and GPX4 activity
Cellular GSH and GPX4 were determined in cell lysates of the untreated and treated cells. GSH level was quantified using Ellman (5,5′-dithio-bis-2(nitro benzoic acid) reagent as previously reported (Ellman, 1959; Abu-Serie and Abdelfattah, 2022). GPX4 activity was detected as described in previous studies (Kernstock and Girotti, 2008; Abu-Serie, 2023). Then, GPX4 inhibition percentage in the treated spheres was estimated relative to the untreated spheres.
2.2.8 Quantification of cellular contents of ROS and lipid peroxidation
Reactive oxygen species level was detected in the untreated and treated spheres using cellular ROS assay kit. After 72 h of treatment with DE-FeO NPs or TMZ, all spheres were resuspended in phenol red-free DMEM/F12 culture medium and incubated with dichlorodihydrofluorescein diacetate (DCF-DA) for 60 min in 5% CO2 incubator (37°C). The fluorescence intensity of DCF (equivalent to cellular ROS content) was measured at 485 nm (excitation) and 535 nm (emission) using fluorescence microplate reader (Marshall Scientific, Hampton, NH, US). The level of ROS was estimated using standard curve of t-butyl hydroperoxide. The latter values were normalized to cellular protein content which was detected by Protein Assay Dye Reagent Concentrate.
Briefly, lipid peroxidation content was detected by incubation of supernatant of the untreated and treated spheres with an equal volume of 0.67% thiobarbituric acid in 95°C for 60 min (Innes et al., 1988). Then, plates were centrifuged and the supernatants were measured at 532 nm. The concentration of lipid peroxides was calculated using standard curve of malondialdehyde and normalized to the cellular protein level.
2.2.9 Experimental determination of blood-brain barrier permeability (LogP)
The reference substances, benzoic acid, toluene, anthraquinone and benzyl benzoate were dissolved in HPLC grade methanol. Their retention time on RP-C18 column was then determined. The HPLC analysis employed reversed-phase C18 column (Agilent HC-C18(2), 5 μm, 150 mm × 4.6 mm, Agilent Technologies, Inc., Santa Clara, CA, US) using photodiode detector (Agilent 1,260 Infinity DAD, Agilent Technologies, Inc., Santa Clara, CA, US). For analysis, an isocratic mobile phase of 3:1 (v/v) methanol and water was employed. A volume of 20 μL (Agilent 1,260 Infinity High S61 performance autosampler) was injected with a flow rate of 0.6 mL/min (Agilent 1,260 Infinity Quaternary Pump). Temperature of the column oven was kept at 25°C (Agilent 1,260 Infinity Thermostatic Column Compartment). A calibration curve of Log k versus LogP of the reference compounds was constructed to obtain its regression equation (Hansch and Leo, 1980). The most active nanocomplex (DE-FeO NPs) was dissolved in the mobile phase that was injected into the column. The partition coefficient of the tested nanocomplex was calculated from interpolating its capacity factor value in the calibration curve regression equation. LogP of this nanocomplex was calculated by extrapolating its t ratio using regression equation.
2.2.10 Statistical analysis
Data was presented as mean ± standard error of mean (SEM). The obtained data (n = 6–9) was analyzed using t-test and one-way analysis of variance (ANOVA) multiple comparison with Tukey’s post hoc test in GraphPad Prism 9.3.1. The statistical significance levels were set at p ≤ 0.05*, ≤0.01**, and ≤0.001***. Normal distribution and homogeneity were checked using D’Agostino-Pearson omnibus normality test (GraphPad Prism 9.3.1) and homogeneity of variance test (SPSS Statistics 27), respectively.
3 RESULTS
3.1 Growth inhibition potentials on human and mouse GSCs and GSCs-RR
Herein, nanocomplexes of DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs which have semi-oval or semi-circular shapes (Figure 2A), were investigated for their cytotoxicity on GSCs and GSCs-RR in comparison with their constituents (metal oxide NPs and DE) as well as TMZ. Regarding human GSCs (MGG18 and JX39P), DE-FeONPs had the highest growth inhibition potency with the lowest half maximal inhibitory concentration (IC50 ≤ 70 and 43 μg/mL, respectively) compared to DE-Cu4O3 NPs, DE-Cu2O NPs, metal oxides, DE, and TMZ (262 and 182 μg/mL, respectively) as shown in Figure 2B (I–IV). For their corresponding GSCs-RR (MGG18-RR and JX39P-RT), DE-FeONPs exhibited the strongest cytotoxic effect with the minimum IC50 (142 and 85 μg/mL, respectively) compared with other two nanocomplexes, metal oxides, DE, and TMZ (485 and 322 μg/mL, respectively), as illustrated in Figure 2C (I–IV). Furthermore, this nanocomplex of DE-FeONPs revealed the lowest IC50 values (54, 70, 161, 103 μg/mL) compared to other tested compounds and TMZ (276, 265, 458, and 323 μg/mL) for inhibiting the growth of mouse GSCs (GS and PDGF-GSC) and GSCs-RR (GSRR and PDGF-GSC-RR), respectively, as demonstrated in Figure 3A (I–VI), Figure 3B (I–VI). Figure 4A (I–VI), Figure 4B (I–IV) declares that the morphology of the DE-FeONPs-treated human and mouse GSCs and GSCs-RR, as compared to those other treated spheres and untreated control spheres, had severely collapsed. Additionally, Supplementary Figure S1 (A–D) illustrates the obvious decrease in red fluorescence of mCherry-labeled GS, PDGF-GSC, and their correlative GSCs-RR after DE-FeONPs treatment compared to untreated and other compounds-treated mCherry-labeled GSCs and GSCs-RR.
[image: Figure 2]FIGURE 2 | Morphology of the studied nanocomplexes and cytotoxicity on human glioma stem cells (GSCs) and corresponding radioresistance (GSCs-RR). (A) Scanning electron microscope images of diethyldithiocarbamate (DE)-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs (Magnification ×5,000). (B) Growth inhibition potentials of standard chemotherapy (temozolomide, TMZ), DE, metal oxides (Cu4O3 NPs, Cu2O NPs, and FeO NPs), and nanocomplexes (DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs) as shown by (I,II) dose response curves and (III,IV) half maximal inhibitory concentration (IC50) values for MGG18 and JX39P, respectively. (C) Growth inhibition potentials of these above-mentioned compounds on MGG18-RR and JX39P-RT as demonstrated by (I,II) dose response curves and (III,IV) IC50. Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to other compounds. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***.
[image: Figure 3]FIGURE 3 | Cytotoxicity on mouse glioma stem cells (GSCs) and correlative radioresistance GSCs-RR. (A) Growth inhibition impacts of standard chemotherapy (temozolomide, TMZ), diethyldithiocarbamate (DE), metal oxides nanoparticles (Cu4O3 NPs, Cu2O NPs, and FeO NPs), and nanocomplexes (DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs), as illustrated by (I,II) dose response curves and (III,IV) half maximal inhibitory concentration (IC50) values for GS and platelet derived growth factor-induced glioma stem cells (PDGF-GSC), respectively. (B) Growth inhibition potentials of these compounds on GSRR and PDGF-GSC-RR as presented by (I,II) dose response curves and (III,IV) IC50. Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to other compounds. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***.
[image: Figure 4]FIGURE 4 | Morphological alterations of the treated human and mouse glioma stem cells (GSCs) and their radioresistance GSCs-RR, using phase contrast microscopy. (A) Human GSCS, including (I) MGG18, (II) JX39P, (III) MGG18-RR, and (IV) JX39P-RT and (B) Mouse GSCS, including (I) GS, (II) PDGF-GSC, (III) GSRR, and (IV) PDGF-GSC-RR after 72 h treatment with temozolomide (TMZ), diethyldithiocarbamate (DE), metal oxides (Cu4O3 NPs, Cu2O NPs, and FeO NPs), and nanocomplexes (DE-Cu4O3 NPs, DE-Cu2O NPs, and DE-FeO NPs). (Magnification ×200, scale bar 100 µm).
Accordingly, the most active compound (DE-FeONPs) was chosen to study its inhibitory effect on the stemness of GSCs and GSCs-RR at its IC50 (70 and 161 μg/mL, respectively), in comparison with TMZ. Since MGG18 and GS, along with their correlating RR, exhibit more aggressive growth patterns than JX39P and PDGF-GSC, these GSCs were used in the subsequent assays.
3.2 Suppressive effect on self-renewal, cancer repopulation, and therapeutic resistance potentials
The self-renewal inhibition was detected by incubating single cell suspensions of these aforementioned spheres with serial concentrations of the most active compound (DE-FeONPs) or TMZ for the 3 days that are required for sphere formation. Figure 5A (I, II) declares that 103, 20, 116, and 27 μg/mL of DE-FeONPs, in comparison to 248, 39, 385, and 130 μg/mL of TMZ, can inhibit 50% of the self-renewal potential of MGG18, GS, MGG18-RR, and GSRR, respectively. Figure 5B (I–II) confirms the inhibitory potency of DE-FeONPs on sphere formation in the treated human and mouse mCherry-labeled GSCs and GSCs-RR, in comparison with TMZ. As recorded, DE-FeONPs diminished the count of the generated spheres of the above-mentioned cells by 64.2%, 66.8%, 57.7%, and 61.3%, respectively, compared to 21.8%, 36%, 15%, and 12.7%, respectively, in the case of TMZ (Figure 5C (I, II)). Moreover, areas of DE-FeONPs-treated spheres were reduced by 70.7%, 76.5%, 61.2%, and 73.1%, respectively, while TMZ-treated sphere areas decreased by 25.6%, 59.8%, 6.05%, 12.5%, respectively (Figure 5C (III, IV)).
[image: Figure 5]FIGURE 5 | Inhibitory impacts of standard chemotherapy and the most active nanocomplex on the self-renewal potential of human and mouse glioma stem cells (GSCs) and radioresistance GSCs-RR. (A) Inhibition potency of temozolomide (TMZ) and diethyldithiocarbamate (DE)-FeO NPs on sphere formation of human MGG18, mouse GS, MGG18-RR, and GSRR as indicated by (I) dose response curves and (II) half maximal inhibitory concentration (IC50) values as well as (B) morphological variations of the formed spheres using (I,II) phase contrast microscopy and (III) fluorescence microscopy for mCherry-labeled GS and GSRR. (C) A decrease in (I,II) counts and (III,IV) area of the formed treated spheres (MGG18, GS, MGG18-RR, and GSRR, respectively) relative to the untreated control. Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to TMZ. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***.
For cancer repopulation inhibition, single cell suspensions of MGG18 and GS were cultured in medium containing fetal bovine serum, seeded in regular cell culture plates, and then incubated with the serial dilutions of DE-FeONPs or TMZ. Cells of MGG18-RR or GSRR did not properly form an attached monolayer and proliferated as spheres in this attached condition, so MGG18 and GS only were used for this experiment. As illustrated in Figure 6A (I, II), this nanocomplex can inhibit 50% of the growth of differentiated cancer cells of MGG18 and GS at doses of 21.5 ± 2.6 and 10.76 ± 0.6 μg/mL, respectively, whereas IC50 values of TMZ were 172.3 ± 7.5 and 67.6 ± 2.5 μg/mL, respectively. Furthermore, Figure 6A (III) demonstrates severe collapse in the shape of DE-FeONPs-treated attached glioma cells in comparison with TMZ-treated cells and the untreated cells.
[image: Figure 6]FIGURE 6 | Suppressive effects of standard chemotherapy and the most active nanocomplex on cancer repopulation and therapeutic resistance potentials of human and mouse glioma stem cells (GSCs) and radioresistance GSCs-RR. (A) Growth inhibition effect of temozolomide (TMZ) and diethyldithiocarbamate (DE)-FeO NPs on the attached differentiated glioma cells of human MGG18 and mouse GS in terms of (I) dose response curves and (II) half maximal inhibitory concentration (IC50) values, as well as (III) morphological variations in the treated differentiated cancer cells using phase contrast microscopy (Magnification ×200, scale bar 100 µm). Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to TMZ. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***. (B) Relative fold increment in the chemosensitivity and radiosensitivity response of pretreated MGG18-RR and GSRR with DE-FeO NPs to (I) TMZ and (II,III) radiation (2Gy and 5Gy, respectively), as well as (C) their morphology (I) human spheres using phase contrast microscopy (Magnification ×200, scale bar 100 µm) and mouse spheres using (II) phase contrast microscopy and (III) Fluorescence microscopy (magnification ×200, scale bar 100 µm).
Regarding chemoresistance and radioresistance suppression, MGG18-RR and GSRR were chosen owing to their higher therapeutic resistance potency than MGG18 and GS. Prior to being exposure to resistance doses of TMZ or x-ray (2 Gy and 5 Gy), these spheres were preincubated with various concentrations of DE-FeONPs. Figure 6B I declares that DE-FeONPs increased the chemosensitivity of MGG18-RR and GSRR by about 4.0 and 6.6 folds at 300 μg/mL, 3.2 and 3.5 at 150 μg/mL, 2.2 and 2.7 at 75 μg/mL, and 1.8 and 1.0 folds at 37.5 μg/mL, respectively. Moreover, DE-FeONPs improved the radiosensitivity of MGG18-RR to 2 Gy and 5 Gy by 3 and 8.7 folds at 300 μg/mL, 2.1 and 7.6 folds at 150 μg/mL, and two and 5.3 folds at 75 μg/mL, respectively (Figure 6B (II, III)). Meanwhile, only the highest dose of DE-FeONPs (300 μg/mL) can enhance the radiosensitivity of GSRR to 2 Gy and 5 Gy by 2.1 and 6.1 folds, respectively (Figure 6B (II, III)). Figure 6C (I–IV) demonstrate an extreme change in the morphology and a drastic reduction in mCherry fluorescence of DE-FeONPs + TMZ, DE-FeONPs+2Gy, and DE-FeONPs+5Gy-GSCs-RR which preincubated with DE-FeONPs in comparison with the untreated control and TMZ-, 2Gy-, and 5Gy-exposed GSCs-RR.
3.3 Repressive impact on stemness genes, relative p-AKT level, and ALDH1A1 activity
As shown in Figures 7A, B, DE-FeONPs significantly downregulated the expression of the studied genes when compared to TMZ. However, no significant difference was recorded between DE-FeONPs and TMZ in the relative expression of NOTCH1 and β-catenin (CTNNB1) in the treated GS, NANOG in the treated MGG18-RR, and CTNNB1 in the treated GSRR. In the treated MGG18, DE-FeONPs suppressed the expression of ABCC1, ABCG2, ALDH1A1, CD44, PROM1, EGFR, HIF1A, MGMT, nestin, and OCT-4 by 3-12 folds and other genes by about two folds, compared to TMZ (Figures 7A, B I). DE-FeONPs reduced the expression of all mentioned genes by > 3 folds, excluding PROM1 and MGMT by 1.8 folds in the treated GS (Figures 7A, B II). Moreover, the expression of all genes was suppressed by ≥ 2 folds and CTNNB1 by 13 folds in DE-FeONPs-treated MGG18-RR, compared to TMZ-treated MGG18-RR (Figures 7A, B III). In DE-FeONPs-treated GSRR spheres, their gene expressions were inhibited by ≥ 2 folds, excluding ABCC1, PROM1, and MGMT expressions were ≤1.5 folds, compared to TMZ-treated GSRR [Figures 7A, B (IV)].
[image: Figure 7]FIGURE 7 | Repressive potentials of standard chemotherapy and the most active nanocomplex on stemness gene expression of human and mouse glioma stem cells (GSCs) and radioresistance GSCs-RR. Relative fold decrement in gene expression of (A) aldehyde dehydrogenase (ALDH)1A1, ATP-binding cassette (ABC)B1, ABCC1, ABCG2, CD44, CD133 (PROM1), NOTCH1, and β-catenin (CTNNB1) as well as (B) NANOG, OCT-4, SOX-2, nestin, epidermal growth factor receptor (EGFR), O6-methylguanine-DNA methyltransferase (MGMT), hypoxia inducing factor (HIF1A), and ZEB1 in (I) human MGG18, (II) mouse GS, (III) MGG18-RR, and (IV) GSRR after treatment with temozolomide (TMZ) and diethyldithiocarbamate (DE)-FeO NPs. Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to TMZ. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***.
More importantly, Western blot analysis of relative expression of p-AKT/AKT revealed that DE-FeONPs lowered significantly relative p-AKT protein level by 2.56, 1.71, 3.46, and 3.37 folds, compared to 1.10, 1.04, 1.50, and 1.19 folds in TMZ-treated MGG18, MGG18-RR, GS, and GSRR, respectively (Figure 8A (I, II)).
[image: Figure 8]FIGURE 8 | Quelling effects of standard chemotherapy and the most active nanocomplex on p-AKT/AKT, aldehyde dehydrogenase (ALDH)1A activity, glutathione (GSH) level, and glutathione peroxidase (GPX) four activity in human and mouse glioma cells (GSCs) and radioresistance GSCs-RR. (A) Western blot analysis of p-Akt in the untreated and temozolomide (TMZ) and diethyldithiocarbamate (DE)-FeO NPs-treated human MGG18, mouse GS, MGG18-RR, and GSRR as demonstrated by (I) Western blotting images and (II) relative ratio of p-AKT to AKT expression level. (B) ALDH1A1 inhibition % in the above-mentioned treated spheres relative to the untreated spheres. (C) Cellular level of GSH and (D) relative GPX4 inhibition % after treatment with TMZ and DE-FeO NPs in (I) the treated MGG18 and GS as well as (II) their corresponding radioresistance cells. Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to TMZ and the untreated control. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***.
It is worth mentioning that DE-FeONPs inhibited extremely ALDH1A1 activity in the treated MGG18, MGG18-RR, GS, and GSRR by 76.2 ± 3.6, 80.4 ± 2.5, 52.1 ± 1.6, and 57.3% ± 1.6%, respectively, whilst TMZ suppressed it by only ≤5.5% (Figure 8B).
3.4 Ferroptosis induction with alteration in cellular redox status
In terms of anti-ferroptotic mediators (antioxidants), DE-FeONPs significantly diminished GSH level by 76.1, 83.5, 50.7, and 67.9%, respectively, compared to 29.8, 13.2, 7.1, and 13.3%, respectively, in TMZ-treated MGG18, GS, MGGR18-RR, and GSRR (Figure 8C (I, II)). Furthermore, GPX4 activity was significantly inhibited (63.8, 72.5, 50.3, and 55.6%) in DE-FeONPs-treated MGG18, GS, MGGR18-RR, and GSRR, respectively, when compared to TMZ-treated spheres (14.9, 21.1, 8.5, and 10.8%) as shown in Figure 8D (I, II).
In DE-FeONPs-treated MGG18 and GS, ROS levels were increased by 2.9 and 2.2 folds, respectively, compared to about 1.5 folds in the case of TMZ-treated spheres. In the treated MGGR18-RR and GSRR, only DE-FeONPs, not TMZ, can increase ROS levels by 2.4 and 2.0 folds, respectively (Figure 9A (I, II)). The main ferroptosis marker (lipid peroxidation) was elevated by 2.9, 2.9, 2.7, and 5.0 folds in DE-FeONPs-treated MGG18, GS, MGGR18-RR, and GSRR, respectively, versus 1.1, 1.5, 1.0, and 1.2 folds, respectively, for TMZ-treated spheres (Figure 9B (I, II)).
[image: Figure 9]FIGURE 9 | Elevation in the cellular levels of reactive oxygen species (ROS) and lipid peroxidation in standard chemotherapy and the most active nanocomplex-treated human and mouse glioma stem cells (GSCs) and radioresistance GSCs-RR. (A) ROS levels in (I) human MGG18, mouse GS, (II) MGG18-RR, and GSRR as well as (B) lipid peroxidation inhibition % in (I) human MGG18, mouse GS, (II) MGG18-RR, and GSRR after treatment with temozolomide (TMZ) and diethyldithiocarbamate (DE)-FeO NPs. Data are demonstrated as mean ± SEM. DE-FeO NPs nanocomplex was compared to TMZ and the untreated control. Values are considered statistically significant at p < 0.05*, <0.01**, and <0.001***.
3.5 Prediction of blood-brain barrier penetration
Experimental determination of LogP for DE-FeONPs showed that the nanocomplex recorded LogP = 2.105, fulfilling the optimal LogP value for blood-brain barrier penetration (range of 1.5-2.7, with the mean value of 2.1) (Pajouhesh and Lenz, 2005).
4 DISCUSSION
It is critical to find an effective treatment for inhibiting GSC stemness, which contributes to treatment failure and tumor progression (Osuka et al., 2021; Kim et al., 2024). Herein, DE-FeONPs was found to have the highest growth inhibitory potential on four GSCs (IC50 ≤ 70 μg/mL) and four corresponding GSCs-RR (IC50 ≤ 161 μg/mL), compared to TMZ (≤276 and ≤485 μg/mL, respectively) and other nanocomplexes. Furthermore, DE-FeONPs inhibited self-renewal and cancer repopulation capabilities of human and mouse GSCs and their RR (IC50 ≤ 116 μg/mL) more effectively than TMZ (IC50 ≤ 385 μg/mL). Up to 75 μg/mL of DE-FeONPs increased sensitivity of MGG18-RR and GSRR to TMZ by > 2 folds. The minimum concentration of DE-FeONPs which can increase the sensitivity of human MGG18-RR and mouse GSRR to TMZ and human MGG18-RR to radiotherapy (2Gy or 5 Gy) by ≥ 2 folds, was 75 μg/mL. Only the maximum dose of DE-FeONPs (300 μg/mL) could significantly improve the sensitivity of mouse GSRR to radiotherapy (2Gy or 5 Gy) by > 2 folds. Importantly, DE-FeONPs lowered the expression of all studied stemness genes and relative p-AKT protein expression level with higher efficacy than TMZ in both human and mouse GSCs and GSCs-RR.
The potent anti-stemness influence of DE-FeONPs is attributed to inhibiting ALDH1A1 and inducing lipid peroxidation-dependent ferroptosis (Abu-Serie, 2024). Since, the balance between reactive radical species and antioxidants is primarily responsible for therapeutic resistance in GBM (Zhuo et al., 2022), inducing ferroptosis could be one of the most promising treatments (Luo et al., 2022; Xue et al., 2024). Notably, GSCs have a higher capacity than normal brain cells for iron uptake by upregulating the expression of its receptor (Park et al., 2019). Interestingly, a previous study reported that TMZ can induce ferroptosis by upregulating the divalent metal transporter (DMT)1 expression for enhancing iron uptake and inhibiting nuclear factor erythroid related factor (Nrf)2-mediated GSH and GPX expression (Song et al., 2021). However, no discernible change in lipid peroxidation levels was observed in TMZ-treated wells versus the untreated wells (Figure 9B (I, II)). This is mainly attributed to the fact that these TMZ-treated spheres had no marked change in ALDH1A1 activity (Figure 8B). In line with this current result, previous studies demonstrated that expressions of ALDH1A1 as well as stemness genes (e.g., ABCG2 and NOTCH1) increased in response to TMZ treatment in GBM cells (Chua et al., 2008; Schäfer et al., 2012; Tango et al., 2018; Alves et al., 2021). Most importantly, Auffinger et al. (2014) declared critical data concerning that TMZ stimulates the conversion of non-GSCs to therapeutic resistant and invasive GSCs (in vitro and in vivo), explaining the high rate of cancer relapse after TMZ treatment (Auffinger et al., 2014). In line with previous studies, this study showed that ALDH1A1 activity not only sustains stemness redox homeostasis via detoxifying reactive aldehyde species (products of lipid peroxidation), but it also maintains the activity, expression, and stability of hall-markers of stemness phenotypes, including AKT, β-catenin (CTNNB1), ABCG2, and HIF-1A (Wang et al., 2020; Poturnajova et al., 2021). Hence, ALDH1A1 prevents TMZ- and radiation-induced DNA damage (i.e., resistance to chemotherapy and radiation by protecting DNA from genotoxicity) and mediates stemness and anti-apoptosis (Schäfer et al., 2012; Tango et al., 2018; Zhong et al., 2022). Therefore, patients with high ALDH1A1 expression level had a poorer prognosis and therapeutic response than those with low levels (Schäfer et al., 2012).
Diethyldithiocarbamate inhibits ALDH1A1 via its thiol affinity, forming a disulfide bond in the active site (Koppaka et al., 2012; Abu-Serie, 2018). In DE-FeO NPs-treated GSCs and GSC-RR, the inhibition of ALDH1A1 activity was associated with lowering ALDH1A1 gene expression. The latter could be attributed to suppressing the expression of β-catenin (CTNNB1), a key mediator for triggering ALDH1A1 transcription (Poturnajova et al., 2021). Previous study reported that disulfiram, the parent precursor of DE, inhibited MGMT activity in human glioblastoma cell lines (Paranjpe et al., 2014). This efficiency was potentiated when disulfiram was combined with copper, generating DE/Cu complex (Wang et al., 2022), with a more potent inactivation of proteasome, resulting in toxic protein accumulation, and subsequently improving sensitivity to TMZ and radiation (Hothi et al., 2012; Lun et al., 2016; Zhuo et al., 2022). The thiol affinity of DE also inactivates the antioxidant glutathione system (GPX4 and GSH), promoting ferroptosis that is triggered by accumulation of FeO NPs (Abu-Serie, 2023; Abu-Serie and Abdelfattah, 2023). Iron (Fe+2) not only initiates lipid peroxidation by reacting with hydrogen peroxides, forming hydroxyl radicals, but also mediates its autopropagation by converting lipid peroxides into peroxyl and alkoxyl radicals (Luo et al., 2022).
As declared in this study, DE-FeO NPs caused severe suppression in ALDH1A1 activity, GSH level, and GPX4 activity (Figures 8B–D), resulting in a significant increase in ROS and lipid peroxidation (Figures 9A, B). These results indicate the incidence of efficient ferroptosis-mediated chemosensitivity and radiosensitivity (Figures 6B, C) and stemness halting, which was confirmed by suppressing stemness genes and p-AKT level. ALDH1A1 as well as the studied genes (including, PROM1, NOTCH1, CTNNB1, nestin, and EGFR), which mediate stemness and therapeutic resistance, activate the PI3K/p-AKT pathway (Vassalli, 2019; Eckerdt et al., 2020; Tang et al., 2021; Tsai et al., 2022). p-AKT enhances the expression of the main stemness-regulating transcription factors (NANOG, OCT-4, and SOX2), anti-apoptotic proteins, and HIF1A-mediated hypoxia, promoting self-renewal, tumor progression, chemoresistance and radioresistance (Li et al., 2016; Shin et al., 2019; Singh et al., 2021). HIF1A not only mediates radioresistance but also stimulates, together with β-catenin and ZEB1, TMZ resistance via inducing MGMT overexpression (Alves et al., 2021; Chien et al., 2021; Singh et al., 2021; Tang et al., 2021). Additionally, the Sonic Hedgehog pathway enhances the overexpression of MGMT and drug efflux transporters (ABCB1, ABCC1, and ABCG2) (Tang et al., 2021). Accordingly, downregulation of these above-mentioned genes resulted in a drastic collapse in stemness features (self-renewal, cancer repopulation, and therapeutic resistance) of DE-FeONPs-treated GSCs and GSCs-RR, compared to TMZ-treated spheres.
Besides the therapeutic resistance, the blood brain barrier is viewed as another limitation for the remedy’s effect on GBM by preventing the effective dose from reaching GSCs. Interestingly, the DE-FeONPs exhibited the ideal partitioning for crossing the blood brain barrier as declared by experimental determination of LogP.
5 CONCLUSION
The nanocomplex of DE-FeONPs exhibited the strongest growth inhibitory potential on human and mouse GSCs and GSCs-RR, compared to TMZ, DE, metal oxide NPs, and other nanocomplexes (DE-Cu4O3 NPs and DE-Cu2O NPs). Moreover, DE-FeONPs inhibited self-renewal, cancer repopulation, and chemoresistance and radioresistance of human MGG18 and mouse GS as well as their corresponding GSCs-RR (MGG18-RR and GSRR) more effectively than TMZ. These were associated with a higher repression of stemness gene expression levels and relative p-AKT/AKT ratio in DE-FeONPs-treated spheres than TMZ-treated spheres. This potent anti-stemness effect of DE-FeONPs is mainly attributed to DE’s effect on lowering anti-ferroptotic factors (ALDH1A1 activity, GSH level, and GPX4 activity), which enhanced the inducible ferroptosis impact triggered by FeONPs. Ferroptosis was more powerful in DE-FeONPs-treated spheres than in TMZ-treated spheres, as evidenced by extreme elevations in cellular ROS and lipid peroxidation contents. Importantly, experimental LogP studies predicted the blood brain permeability of this nanocomplex. Accordingly, DE-FeONPs could represent a novel promising effective remedy for GBM by targeting therapeutic resistance GSCs. Animal models of GBM will be needed in the future to study its potential and pharmacokinetics in depth.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used. Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.
AUTHOR CONTRIBUTIONS
MA-S: Conceptualization, Data curation, Investigation, Methodology, Software, Validation, Visualization, Writing–original draft, Writing–review and editing. SO: Investigation, Supervision, Validation, Writing–review and editing. LH: Methodology, Validation, Writing–review and editing. MT: Data curation, Formal Analysis, Methodology, Software, Validation, Visualization, Writing–review and editing. AB: Writing–review and editing, Formal analysis, Project administration, Funding acquisition, Resources, Software. VD: Investigation, Supervision, Validation, Visualization, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The Researchers Supporting Project (RSP2024R64), King Saud University, Riyadh, Saudi Arabia. This work was supported by AY2022-2023 Fulbright Egyptian Scholar Program.
ACKNOWLEDGMENTS
The authors would like to express their sincere appreciation to the Researchers Supporting Project (RSP2024R64), King Saud University, Riyadh, Saudi Arabia. Authors acknowledge Opeyemi Iwaloye (Department of Neurosurgery, UAB, US) as well as Suman Karki, Utpreksha Vaish, Srikanth Iyer, Ana Karen Gutierrez, Sagnik Giri, JiaShiung Guan, and Preeti Sahay (Division of Surgical Oncology, UAB, US) for their support and help during the current study.
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.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2024.1363511/full#supplementary-material
ABBREVIATIONS
ABC, ATP-binding cassette; ALDH1A1, Aldehyde dehydrogenase 1A1; CSCs, Cancer stem cells; DE, Diethyldithiocarbamate; EGFR, Epidermal growth factor receptor; GBM, Glioblastoma; GPX4, Glutathione peroxidase; GSCs, Glioma stem cells; GSH, Glutathione; GSCs, Glioblastoma stem cells; GSCs-RR, Glioblastoma stem cells-radioresistance; HIF, Hypoxia-inducible factor; LogP, Oil/water partition coefficient; MGMT, O6-methylguanine-DNA methyltransferase; NPs, Nanoparticles; PDGF-GSC, Platelet derived growth factor-induced glioma stem cells; ROS, Reactive oxygen species; TMZ, Temozolomide.
REFERENCES
 Abu-Serie, M. M. (2018). Evaluation of the selective toxic effect of the charge switchable diethyldithiocarbamate-loaded nanoparticles between hepatic normal and cancerous cells. Sci. Rep. 8 (1), 4617. doi:10.1038/s41598-018-22915-4
 Abu-Serie, M. M. (2023). Targeted ferroptotic potency of ferrous oxide nanoparticles-diethyldithiocarbamate nanocomplex on the metastatic liver cancer. Front. Pharmacol. 13, 1089667. doi:10.3389/fphar.2022.1089667
 Abu-Serie, M. M., and Abdelfattah, E. Z. A. (2022). Anti-metastatic breast cancer potential of novel nanocomplexes of diethyldithiocarbamate and green chemically synthesized iron oxide nanoparticles. Int. J. Pharm. 627, 122208. doi:10.1016/j.ijpharm.2022.122208
 Abu-Serie, M. M., and Abdelfattah, E. Z. A. (2023). A comparative study of smart nanoformulations of diethyldithiocarbamate with Cu4O3 nanoparticles or zinc oxide nanoparticles for efficient eradication of metastatic breast cancer. Sci. Rep. 13 (1), 3529. doi:10.1038/s41598-023-30553-8
 Abu-Serie, M. M., Andrade, F., Cámara-Sánchez, P., Seras-Franzoso, J., Rafael, D., Díaz-Riascos, Z. V., et al. (2021). Pluronic F127 micelles improve the stability and enhance the anticancer stem cell efficacy of citral in breast cancer. Nanomedicine (Lond.) 16 (17), 1471–1485. doi:10.2217/nnm-2021-0013
 Abu-Serie, M. M., and Eltarahony, M. (2021). Novel nanoformulated diethyldithiocarbamate complexes with biosynthesized or green chemosynthesized copper oxide nanoparticles: an in vitro comparative anticancer study. Int. J. Pharm. 609, 121149. doi:10.1016/j.ijpharm.2021.121149
 Abu-Serie, M. M. (2024). Synergistic eradicating impact of 5-fluouracil with FeO nanoparticles-diethyldithiocarbamate in colon cancer spheroids. Nanomedicine (Lond) . doi:10.2217/nnm-2024-0007
 Alves, A. L. V., Gomes, I. N. F., Carloni, A. C., Rosa, M. N., da Silva, L. S., Evangelista, A. F., et al. (2021). Role of glioblastoma stem cells in cancer therapeutic resistance: a perspective on antineoplastic agents from natural sources and chemical derivatives. Stem Cell Res. Ther. 12 (1), 206. doi:10.1186/s13287-021-02231-x
 Auffinger, B., Tobias, A. L., Han, Y., Lee, G., Guo, D., Dey, M., et al. (2014). Conversion of differentiated cancer cells into cancer stem-like cells in a glioblastoma model after primary chemotherapy. Cell Death Differ. 21 (7), 1119–1131. doi:10.1038/cdd.2014.31
 Bo, Y., Mu, L., Yang, Z., Li, W., and Jin, M. (2024). Research progress on ferroptosis in gliomas (Review). Oncol. Lett. 27, 36. doi:10.3892/ol.2023.14169
 Charles, N., Ozawa, T., Squatrito, M., Bleau, A. M., Brennan, C. W., Hambardzumyan, D., et al. (2010). Perivascular nitric oxide activates notch signaling and promotes stem-like character in PDGF-induced glioma cells. Cell Stem Cell 6 (2), 141–152. doi:10.1016/j.stem.2010.01.001
 Chien, C. H., Hsueh, W. T., Chuang, J. Y., and Chang, K. Y. (2021). Dissecting the mechanism of temozolomide resistance and its association with the regulatory roles of intracellular reactive oxygen species in glioblastoma. J. Biomed. Sci. 28, 18. doi:10.1186/s12929-021-00717-7
 Chua, C., Zaiden, N., Chong, K. H., See, S. J., Wong, M. C., Ang, B. T., et al. (2008). Characterization of a side population of astrocytoma cells in response to temozolomide. J. Neurosurg. 109 (5), 856–866. doi:10.3171/JNS/2008/109/11/0856
 Ciccone, V., Morbidelli, L., Ziche, M., and Donnini, S. (2020). How to conjugate the stemness marker ALDH1A1 with tumor angiogenesis, progression, and drug resistance. Cancer Drug Resist 3 (1), 26–37. doi:10.20517/cdr.2019.70
 Daisy Precilla, S., Biswas, I., Kuduvalli, S. S., and Anitha, T. S. (2022). Crosstalk between PI3K/AKT/mTOR and WNT/β-Catenin signaling in GBM- Could combination therapy checkmate the collusion?Cell. Signal. 95, 110350. doi:10.1016/j.cellsig.2022.110350
 Deldar Abad Paskeh, M., Mirzaei, S., Ashrafizadeh, M., Zarrabi, A., and Sethi, G. (2021). Wnt/β-Catenin signaling as a driver of hepatocellular carcinoma progression: an emphasis on molecular pathways. J. Hepatocell. Carcinoma. 8, 1415–1444. doi:10.2147/JHC.S336858
 Eckerdt, F. D., Bell, J. B., Gonzalez, C., Oh, M. S., Perez, R. E., Mazewski, C., et al. (2020). Combined PI3Kα-mTOR targeting of glioma stem cells. Sci. Rep. 10 (1), 21873. doi:10.1038/s41598-020-78788-z
 Ellman, G. L. (1959). Tissue sulfhydryl groups. Arch. Biochem. Biophys. 82, 70–77. doi:10.1016/0003-9861(59)90090-6
 Hansch, C., and Leo, A. J. (1980). Substituent constant for correlation analysis in chemistry and biology. New York: Wiley. 
 Hothi, P., Martins, T. J., Chen, L., Deleyrolle, L., Yoon, J. G., Reynolds, B., et al. (2012). High-throughput chemical screens identify disulfiram as an inhibitor of human glioblastoma stem cells. Oncotarget 3, 1124–1136. doi:10.18632/oncotarget.707
 Innes, G. K., Fuller, B. J., and Hobbs, K. E. F. (1988). Lipid peroxidation in hepatocyte cell cultures: modulation by free radical scavengers and iron. Vitro Cell Dev. Biol. 24, 126–132. doi:10.1007/BF02623889
 Kernstock, R. M., and Girotti, A. W. (2008). New strategies for the isolation and activity determination of naturally occurring type-4 glutathione peroxidase. Protein Expr. Purif. 62 (2), 216–222. doi:10.1016/j.pep.2008.07.014
 Kim, H. J., Jeon, H. M., Batara, D. C., Lee, S., Lee, S. J., Yin, J., et al. (2024). CREB5 promotes the proliferation and self-renewal ability of glioma stem cells. Cell Death Discov. 10 (1), 103. doi:10.1038/s41420-024-01873-z
 Koppaka, V., Thompson, D. C., Chen, Y., Ellermann, M., Nicolaou, K. C., Juvonen, R. O., et al. (2012). Aldehyde dehydrogenase inhibitors: a comprehensive review of the pharmacology, mechanism of action, substrate specificity, and clinical application. Pharmacol. Rev. 64 (3), 520–539. doi:10.1124/pr.111.005538
 Koppula, P., Zhuang, L., and Gan, B. (2021). Cystine transporter slc7a11/xCT in cancer: ferroptosis, nutrient dependency, and cancer therapy. Protein Cell 12 (8), 599–620. doi:10.1007/s13238-020-00789-5
 Li, X., Wu, C., Chen, N., Gu, H., Yen, A., Cao, L., et al. (2016). PI3K/Akt/mTOR signaling pathway and targeted therapy for glioblastoma. Oncotarget 7 (22), 33440–33450. doi:10.18632/oncotarget.7961
 Lun, X., Wells, J. C., Grinshtein, N., King, J. C., Hao, X., Dang, N. H., et al. (2016). Disulfiram when combined with copper enhances the therapeutic effects of temozolomide for the treatment of glioblastoma. Clin. Cancer Res. 22, 3860–3875. doi:10.1158/1078-0432.CCR-15-1798
 Luo, Y., Tian, G., Fang, X., Bai, S., Yuan, G., and Pan, Y. (2022). Ferroptosis and its potential role in glioma: from molecular mechanisms to therapeutic opportunities. Antioxidants (Basel) 11 (11), 2123. doi:10.3390/antiox11112123
 Osuka, S., Zhu, D., Zhang, Z., Li, C., Stackhouse, C. T., Sampetrean, O., et al. (2021). N-cadherin upregulation mediates adaptive radioresistance in glioblastoma. J. Clin. Invest. 131 (6), e136098. doi:10.1172/JCI136098
 Pajouhesh, H., and Lenz, G. R. (2005). Medicinal chemical properties of successful central nervous system drugs. NeuroRx 2, 541–553. doi:10.1602/neurorx.2.4.541
 Paranjpe, A., Zhang, R., Ali-Osman, F., Bobustuc, G. C., and Srivenugopal, K. S. (2014). Disulfiram is a direct and potent inhibitor of human O6-methylguanine-DNA methyltransferase (MGMT) in brain tumor cells and mouse brain and markedly increases the alkylating DNA damage. Carcinogenesis 35, 692–702. doi:10.1093/carcin/bgt366
 Park, K. J., Kim, J., Testoff, T., Adams, J., Poklar, M., Zborowski, M., et al. (2019). Quantitative characterization of the regulation of iron metabolism in glioblastoma stem-like cells using magnetophoresis. Biotechnol. Bioeng. 116, 1644–1655. doi:10.1002/bit.26973
 Poturnajova, M., Kozovska, Z., and Matuskova, M. (2021). Aldehyde dehydrogenase 1A1 and 1A3 isoforms - mechanism of activation and regulation in cancer. Cell Signal 87, 110120. doi:10.1016/j.cellsig.2021.110120
 Safa, A. R. (2022). Drug and apoptosis resistance in cancer stem cells: a puzzle with many pieces. Cancer Drug Resist 5 (4), 850–872. doi:10.20517/cdr.2022.20
 Sahoo, O. S., Mitra, R., and Nagaiah, N. K. H. (2024). The hidden architects of glioblastoma multiforme: glioma stem cells. MedComm. Oncol. 3, e66. doi:10.1002/mog2.66
 Schäfer, A., Teufel, J., Ringel, F., Bettstetter, M., Hoepner, I., Rasper, M., et al. (2012). Aldehyde dehydrogenase 1A1-a new mediator of resistance to temozolomide in glioblastoma. Neuro. Oncol. 14 (12), 1452–1464. doi:10.1093/neuonc/nos270
 Shin, H. J., Lee, S., and Jung, H. J. (2019). A curcumin derivative hydrazinobenzoylcurcumin suppresses stem-like features of glioblastoma cells by targeting Ca2+/calmodulin-dependent protein kinase II. J. Cell Biochem. 120 (4), 6741–6752. doi:10.1002/jcb.27972
 Singh, N., Miner, A., Hennis, L., and Mittal, S. (2021). Mechanisms of temozolomide resistance in glioblastoma - a comprehensive review. Cancer Drug Resist 4 (1), 17–43. doi:10.20517/cdr.2020.79
 Song, Q., Peng, S., Sun, Z., Heng, X., and Zhu, X. (2021). Temozolomide drives ferroptosis via a DMT1-dependent pathway in glioblastoma cells. Yonsei Med. J. 62 (9), 843–849. doi:10.3349/ymj.2021.62.9.843
 Stackhouse, C. T., Anderson, J. C., Yue, Z., Nguyen, T., Eustace, N. J., Langford, C. P., et al. (2022). An in vivo model of glioblastoma radiation resistance identifies long noncoding RNAs and targetable kinases. JCI Insight 7 (16), e148717. doi:10.1172/jci.insight.148717
 Stupp, R., Hegi, M. E., Mason, W. P., van den Bent, M. J., Taphoorn, M. J., Janzer, R. C., et al. (2009). Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 10 (5), 459–466. doi:10.1016/S1470-2045(09)70025-7
 Tang, X., Zuo, C., Fang, P., Liu, G., Qiu, Y., Huang, Y., et al. (2021). Targeting glioblastoma stem cells: a review on biomarkers, signal pathways and targeted therapy. Front. Oncol. 11, 701291. doi:10.3389/fonc.2021.701291
 Tango, T., Ichwan, S., Wanandi, S. I., and Hardiany, N. S. (2018). Relative expression of aldehyde dehydrogenase 1 family member A1 in different malignancies of human glioma cells. J. Phys. Conf. Ser. 1073, 032059. doi:10.1088/1742-6596/1073/3/032059
 Tsai, Y. L., Chang, H. H., Chen, Y. C., Chang, Y. C., Chen, Y., and Tsai, W. C. (2022). Molecular mechanisms of KDELC2 on glioblastoma tumorigenesis and temozolomide resistance. Biomedicines 8 (9), 339. doi:10.3390/biomedicines8090339
 Uddin, M. H., Kim, B., Cho, U., Azmi, A. S., and Song, Y. S. (2020). Association of ALDH1A1-NEK-2 axis in cisplatin resistance in ovarian cancer cells. Heliyon 6 (11), e05442. doi:10.1016/j.heliyon.2020.e05442
 Ulasov, I. V., Nandi, S., Dey, M., Sonabend, A. M., and Lesniak, M. S. (2011). Inhibition of Sonic hedgehog and Notch pathways enhances sensitivity of CD133(+) glioma stem cells to temozolomide therapy. Mol. Med. 17 (1-2), 103–112. doi:10.2119/molmed.2010.00062
 Vassalli, G. (2019). Aldehyde dehydrogenases: not just markers, but functional regulators of stem cells. Stem Cells Int. 2019 (2019), 3904645. doi:10.1155/2019/3904645
 Wakimoto, H., Kesari, S., Farrell, C. J., Curry, W. T., Zaupa, C., Aghi, M., et al. (2009). Human glioblastoma-derived cancer stem cells: establishment of invasive glioma models and treatment with oncolytic herpes simplex virus vectors. Cancer Res. 69 (8), 3472–3481. doi:10.1158/0008-5472.CAN-08-3886
 Wakimoto, H., Mohapatra, G., Kanai, R., Curry, W. T., Yip, S., Nitta, M., et al. (2012). Maintenance of primary tumor phenotype and genotype in glioblastoma stem cells. Neuro. Oncol. 14 (2), 132–144. doi:10.1093/neuonc/nor195
 Wang, H., Liu, Y., Che, S., Li, X., Tang, D., Lv, S., et al. (2024). Deciphering the link: ferroptosis and its role in glioma. Front. Immunol. 15, 1346585. doi:10.3389/fimmu.2024.1346585
 Wang, L., Chen, Z., Ran, X., Tang, H., and Cao, D. (2022). A facile synthesis of Cu(II) diethyldithiocarbamate from monovalent copper-cysteamine and disulfiram. Inorg. Chem. Commun. 137, 109246. doi:10.1016/j.inoche.2022.109246
 Wang, W., He, S., Zhang, R., Peng, J., Guo, D., Zhang, J., et al. (2020). ALDH1A1 maintains the cancer stem-like cells properties of esophageal squamous cell carcinoma by activating the AKT signal pathway and interacting with β-catenin. Biomed. Pharmacother. 125, 109940. doi:10.1016/j.biopha.2020.109940
 Wei, Y., Li, Y., Chen, Y., Liu, P., Huang, S., Zhang, Y., et al. (2022). ALDH1: a potential therapeutic target for cancer stem cells in solid tumors. Front. Oncol. 12, 1026278. doi:10.3389/fonc.2022.1026278
 Xue, K., Yang, R., An, Y., Ding, Y., Li, S., Miao, F., et al. (2024). NIR-promoted ferrous ion regeneration enhances ferroptosis for glioblastoma treatment. J. Control. release. 368, 595–606. doi:10.1016/j.jconrel.2024.01.004
 Yang, L., Shi, P., Zhao, G., Xu, J., Peng, W., Zhang, J., et al. (2020). Targeting cancer stem cell pathways for cancer therapy. Signal Transduct. Target Ther. 5 (1), 8. doi:10.1038/s41392-020-0110-5
 Zhong, S., Shengyu, L., Xin, S., Zhang, X., Li, K., Liu, G., et al. (2022). Disulfiram in glioma: literature review of drug repurposing. Front. Pharmacol. 13, 933655. doi:10.3389/fphar.2022.933655
 Zhuo, S., He, G., Chen, T., Li, X., Liang, Y., Wu, W., et al. (2022). Emerging role of ferroptosis in glioblastoma: therapeutic opportunities and challenges. Front. Mol. Biosci. 9, 974156. doi:10.3389/fmolb.2022.974156
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.
Copyright © 2024 Abu-Serie, Osuka, Heikal, Teleb, Barakat and Dudeja. 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-15-1363511-g005.gif





OPS/images/fphar-15-1363511-g006.gif





OPS/images/fphar-15-1363511-g003.gif





OPS/images/fphar-15-1363511-g004.gif





OPS/images/fphar-15-1363511-g009.gif
T

e

i
i
1
i
1
1
Ve

L

3
v

DL S

//






OPS/images/fphar-15-1363511-g007.gif
FEEELLIPE FEEPIIFE FIEPIIFE FAIPIIAS

Bl
il

FEPLELEE FEPIEFEE prrrireE PSP IEPEE





OPS/images/fphar-15-1363511-g008.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Diethyldithiocarbamate-ferrous oxide nanoparticles inhibit human and mouse glioblastoma stemness: aldehyde dehydrogenase 1A1 suppression and ferroptosis induction		1 Introduction

		2 Materials and methods		2.1 Materials

		2.2 Methods





		3 Results		3.1 Growth inhibition potentials on human and mouse GSCs and GSCs-RR

		3.2 Suppressive effect on self-renewal, cancer repopulation, and therapeutic resistance potentials

		3.3 Repressive impact on stemness genes, relative p-AKT level, and ALDH1A1 activity

		3.4 Ferroptosis induction with alteration in cellular redox status

		3.5 Prediction of blood-brain barrier penetration





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		Abbreviations

		References









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

Diethyldithiocarbamate-ferrous
oxide nanoparticles inhibit
human and mouse glioblastoma
stemness: aldehyde
dehydrogenase 1Al suppression
and ferroptosis induction





OPS/images/fphar-15-1363511-g001.gif
s.nm.o.-w_.umw.u.‘.,ng f‘.._...‘...»w

Terapets b

S

.‘“:.::." ,‘\1 Pan Tl

;M“"F“_"“",

ey PR o stmacs e xpresions
et Frptis e
At of s ferroptoss mesons: Upkdpresdaton

L T v—————
DEPeO NPs - Dicthyldnbiocasbamac. fetrons oxide ammopurtickcs TMZ: Temogolomide





OPS/images/fphar-15-1363511-g002.gif









OPS/images/crossmark.jpg
©

|





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





