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Ferroptosis is implicated in a range of brain disorders, but it is unknown whether neurons or glia in the brain are particularly effected. Here, we report that primary cortical astrocytes (PA), microglia (PM), and neurons (PN) varied in their sensitivities to ferroptosis. Specifically, PM were the most sensitive to ferroptosis, while PN were relatively insensitive. In contrast, PN and PM were equally susceptible to apoptosis, with PA being less affected, whereas all three cell types were similarly susceptible to autophagic cell death. In the tri-culture system containing PA, PM, and PN, the cells were more resistant to ferroptosis than that in the monoculture. These results demonstrated that brain cells exhibit different sensitivities under ferroptosis stress and the difference may be explained by the differentially regulated iron metabolism and the ability to handle iron. Continued elucidation of the cell death patterns of neurons and glia will provide a theoretical basis for related strategies to inhibit the death of brain cells.
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Introduction

Neurological diseases significantly impact the life of the elderly. However, many of these diseases, including Alzheimer’s disease (AD) and multiple sclerosis (MS), still lack effective therapeutic interventions. Brain iron accumulation in the affected regions and increased oxidative stress have been noted in various neurological disorders (Hare et al., 2013), and chelation of iron has been suggested as a therapeutic strategy (Devos et al., 2014; Moreau et al., 2018; Klopstock et al., 2019). Recently, ferroptosis, a regulated cell death driven by iron-dependent phospholipid peroxidation, has also been implicated in several neurological disorders, such as AD, Parkinson’s disease (PD), MS, ischemic and hemorrhagic stroke (Do Van et al., 2016; Tuo et al., 2017; Bao et al., 2021; Lei et al., 2021; Yan et al., 2021; Luoqian et al., 2022; Tuo et al., 2022). Anti-ferroptosis compound has been trialed in phase I clinical studies for Amyotrophic Lateral Sclerosis (ALS) and PD, and the results warrant the next stage of clinical investigations (Southon et al., 2020). Therefore, ferroptosis may be essential in the pathogenesis of neurological diseases.

Ferroptosis is regulated by multiple cellular metabolic pathways, including redox homeostasis, iron metabolism, mitochondrial activity, and lipids metabolism (Dixon et al., 2012; Yan et al., 2020; Yan et al., 2021). Glutathione peroxidase 4 (Gpx4) and ferroptosis suppressor protein 1 (FSP1) are two crucial check-points to prevent ferroptosis, through the antioxidant systems by catalyzing the reduction of lipid peroxides and regeneration of ubiquinone, respectively (Friedmann Angeli et al., 2014; Yang et al., 2014; Bersuker et al., 2019; Doll et al., 2019). On the other hand, acyl-CoA synthetase long-chain family member 4 (Acsl4) is crucial for the execution of ferroptosis through its catalytic role in polyunsaturated fatty acids production (Doll et al., 2017). In addition, proteins involved in iron regulation, including transferrin (Tf), transferrin receptor 1 (TfR1), divalent metal transporter 1 (DMT1), ferroportin (Fpn), ferritin heavy chain 1 (FTH1), iron-responsive protein 1/2 (IRP1/2), and hypoxia-inducible factor 1α (HIF-1α), have been implicated independently or synergistically in ferroptosis (Masaldan et al., 2019; Tian et al., 2020; Bao et al., 2021).

Cell death occurs extensively in both neurons and glial cells during neurological diseases. Neuronal death caused by ferroptosis has been reported in neurological diseases such as AD, MS, and stroke (Bao et al., 2021; Luoqian et al., 2022; Tuo et al., 2022). The glial cells, including astrocytes and microglia, are considered dynamic guardians of neurons, and function to maintain the blood-brain-barrier, modulate synapse activity and respond to central nervous system (CNS) injuries (Prinz et al., 2019; Sofroniew, 2020). It has been reported that ferroptosis also occurred in astrocytes and microglia during neurodegenerative conditions, and inhibition of its activation in astrocytes can prevent neuronal death (Ishii et al., 2019; Kapralov et al., 2020; Park et al., 2021). Different cell lineages exhibit differentiated susceptibility to ferroptosis in cancer cell lines (Yang et al., 2014; Zou et al., 2020), but the sensitivity of specified brain cells in response to ferroptosis has yet to be explored.

Here, we have isolated and cultured primary cortical astrocytes (PA), microglia (PM), and neurons (PN) to compare their sensitivities to ferroptosis and other types of cell death such as apoptosis and autophagy. We have then applied a tri-culture system to mimic ferroptosis phenomena in vivo, and to determine the sequence of cell death in different cells. We have also explored the potential mechanisms to explain different sensitivities by examining the changes in ferroptotic genes as well as iron-regulatory genes. These results may provide a theoretical basis for inhibiting ferroptosis in specific brain cell types in neurological diseases.



Materials and methods


Animals

All animal care and experimental protocols were approved and performed following the guide from the Institutional Guidelines of the Animal Care and Use Committee (K2018071, Sichuan University, China). Timed-pregnant Sprague-Dawley rats were purchased from the Institute of Laboratory Animals of Sichuan Academy of Medical Sciences, China. Primary cortical cell cultures were all prepared from postnatal day 0–1 rat pups. All animals were housed under standard conditions of temperature (22 ± 2°C) and humidity, and a 12 h light-dark cycle, with free access to food and water before experiments.



Primary culture preparation

Primary cortical cell cultures were all prepared from postnatal day 0–1 rats (Hennebelle et al., 2020). The plates or flasks were pre-coated with 1 mg/mL of poly-D-lysine (Sigma, United States) overnight at 37°C with 5% CO2, then washed with sterile deionized water and covered with the corresponding medium detailed below.

PN from the cortices was prepared as previously described (Lei et al., 2012). Cortices were dissected and dissociated in trypsin (Sigma, T-4665, United States). The neurons were plated at a density of 6*10∧5/mL in the plating medium (DMEM with 10% fetal bovine serum, 5% horse serum, and 10 mg/L gentamycin sulfate, purchased from Invitrogen or Sigma, United States). After 2 h incubation, the neurons were changed to Neurobasal supplemented medium (with B27, 500 μM glutaMAX and 10 μg/mL gentamycin sulfate, Thermo Fisher Scientific or Sigma, United States). The experiments were performed on day 7 post-plating.

PA and PM were also prepared from postnatal day 0–1 rat cortices as previously described (Xu et al., 2019). In brief, the brain tissues of rat pups were dissected, and then mechanically dissociated and subsequently strained through a 70 μm cell strainer (BD, United States) until full dissociation into a single-cell suspension. After centrifugation at 1,000 rpm for 5 min, the pellets were resuspended in a complete medium (DMEM/F12 1% penicillin/streptomycin and 20% fetal bovine serum, Thermo Fisher Scientific, United States) and plated in poly-D-lysine-coated 150-cm2 flasks. After 7–14 days, the confluent culture was placed horizontally on a shaker (Quanterix, United States) with the medium covering the flasks and shaken at 250 rpm for 16–18 h. The supernatant detached cells were collected as PM. The attached cells were trypsinized and then collected as PA. Both PA and PM were plated on poly-D-lysine coated 6-well plates 2 days before experiments.



Primary cortical co/tri-culture systems preparation

The tri-culture system was established following a protocol modified from previous work (Goshi et al., 2020). In this study, the cell slides were coated with poly-D-lysine before plating. PN were cultured on the cell slides for 5 days before tri-culture, then the collected PA and PM were plated separately into the cell slides which were covered with PN for 2 days before experiments. In the co-culture system (PA and PN), the steps are the same as in the tri-culture. The workflow was shown in Figure 4A.



Cell viability assay

Primary cells were plated onto 96-well plates and treated with Ferrous ammonium sulfate hexahydrate (H20FeN2O14S2, Fe2+) (0–1 mM in ddH2O; Sigma, United States, 7783-85-9) or different cell death inducers (RSL3, 0–100 μM in DMSO, S8155; erastin in DMSO, 0–100 μM, S7242; Selleck Chemicals, CN) to induce ferroptosis (Dixon et al., 2012; Tuo et al., 2022), staurosporine (0–100 μM in DMSO; Selleck Chemicals, CN, S1421) to induce apoptosis (Tang et al., 2000), and rapamycin (0–100 μM in DMSO; Selleck Chemicals, CN, S1039) to induce autophagy (He et al., 2017) after seeding. Cell viability was assayed 24 h post-treatment using Cell Counting Kit-8 (CCK8, Bimake, United States) at the optical density of 450 nm or lactate dehydrogenase (LDH) Cytotoxicity Assay Kit (Thermo Fisher Scientific, United States) following the manufacturer’s instructions at the optical density of 490 nm. The data were normalized against the control.



Flow cytometry analysis for lipid reactive oxygen species detection

The lipid reactive oxygen species (ROS) within cells were detected using a flow cytometry method as previously described (Tuo et al., 2022). Briefly, primary cells were collected and washed with phosphate buffer saline (PBS, Thermo Fisher Scientific, United States), then the cells were incubated with 1 μM BODIPY 581/591 C11 (D3861, Thermo Fisher Scientific, United States) for 30 min at 37°C in an incubator (Thermo Fisher Scientific, United States). Subsequently, cells were resuspended in 500 μL hank’s balanced salt solution (Thermo Fisher Scientific, United States), strained through a 70 μm cell strainer (BD, United States), and analyzed using the 488 nm laser of a flow cytometer (LSR Fortessa, BD, United States). For BODIPY 581/591 C11 staining, the signals from both non-oxidized C11 (PE channel) and oxidized C11 (FITC channel) were monitored. The ratios of mean fluorescence intensity (MFI) of FITC to that of PE were calculated. Data analysis was conducted using FlowJo X software (BD, United States).



Immunocytochemistry staining

Cells were fixed with 4% paraformaldehyde (PFA, Sigma, United States) at room temperature for 30 min. Then, cells were blocked for 1 h at room temperature with 6% normal goat serum (Solarbio, CN) dissolved in 0.2% Triton X-100 and incubated with specific primary antibodies overnight at 4°C in a humidified chamber. The antibodies used in the study were: primary antibodies TuJ-1 (1:10,000, Sigma, United States, T2200), glial fibrillary acidic protein (GFAP), (1:1,000 Millipore, United States, MAB360), ionized calcium-binding adaptor molecule 1 (Iba-1) (1:2,000, Wako, JPN, 019-19741). For the negative control, the primary antibody was replaced by 0.01 M PBS. The next day, cells were washed three times for 10 min each by 0.01 M PBS and incubated with the secondary antibody of Alexa Fluor® 488 AffiniPure Alpaca Anti-Rabbit IgG (H + L) (Jackson ImmunoResearch, United States, 611-545-215) or Cy™3 AffiniPure Alpaca Anti-Rabbit IgG (H + L) (Jackson ImmunoResearch, United States, 611-165-215) for 1 h at room temperature. After three times washing for 10 min each with 0.01 M PBS, nuclei were stained with DAPI (Beyotime, CN) for 10 min. Images were taken under a fluorescent microscope (OLYMPUS VS200, JPN) equipped with a digital camera and the OlyVIA software (OLYMPUS, Ver.3.3, JPN). At least four non-overlapping images were automatically counted by Image J (1.49 m, NIH, United States) in a double-blinded manner.



Quantitative real-time polymerase chain reaction

Cells were collected for the investigation of mRNA expression by quantitative real-time polymerase chain reaction (qPCR). Total RNA was extracted using the TRIzol reagent (Invitrogen, United States) by the manufacturer’s protocol and was quantified by spectrophotometry (NanoDrop 2000 Fluorospectrometer, Thermo Fisher Scientific, United States). RNAs were reversely transcribed to complementary DNA (cDNA) by a reverse transcriptase kit (Thermo Fisher Scientific, United States). The relative abundance of each mRNA was quantified by qPCR using specific primers and the TransStart® Tip Green qPCR SuperMix (Transgene, CN). Primers for rats were synthesized by YouKang (CN) and listed in Table 1. qPCR reactions were carried out using Real-Time PCR Detection System (C1000 Touch™ Thermal Cycler, Bio-Rad, United States). Data were analyzed by the 2–ΔΔCt method and normalized against Gapdh.


TABLE 1    PCR primers sequences.
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Statistical analysis

All data are shown as the mean ± SEM. The Student’s t-test was used to detect differences between two groups; for multiple comparisons, one-way ANOVA with a post hoc Tukey test was performed using GraphPad Prism 8.0 software. P < 0.05 was considered statistically significant.




Results


Primary microglia were most susceptible to ferroptosis

To examine the responses to ferroptosis in different brain cells, primary cells were isolated and cell death inducers were applied to these cells. PA, PM, and PN show highly differentiated responses to either RSL3 (IC50 (μM): PA = 0.12, PM = 0.03, PN = 12.15, Figure 1A) or erastin (IC50 (μM): PA = 14.09, PM = 0.48, PN > 100, Figure 1B) induced ferroptosis, where PM were the most sensitive to ferroptosis and PN were the least sensitive (Figures 1A,B). These observations were consistent with the sensitivities of these cells to iron toxicity, where PM have shown significant cell death at concentrations where PA and PN were viable (Figure 1C). These results have been further validated by immunostaining using GFAP, Iba-1, TuJ-1 and DAPI to label PA, PM, PN and their nuclei, respectively (Figures 1F–H). Meanwhile, staurosporine-induced apoptosis and rapamycin-induced autophagy were applied in these primary cells. Staurosporine induced significantly less cell death in PA compared to PM and PN (IC50 (μM): PA = 0.87, PM = 0.04, PN = 0.04, Figure 1D), where rapamycin resulted in similar levels of cell death among tested cells (IC50 (μM): PA > 100, PM = 7.471, PN = 46.96, Figure 1E). These results suggest that different types of brain cells respond to cell death signaling differently, and PM were the most sensitive cell type tested to ferroptosis and iron stress.
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FIGURE 1
The response of primary brain cells to cell death inducers. (A–E) Dose-response curves of ferroptosis-inducers RSL3 (A) or erastin (B), Fe2+ (C), autophagy-inducer rapamycin (D), and apoptosis-inducer staurosporine (E) on primary brain cells after 24 h treatment, detected by CCK8, respectively N = 6. (F) Brain cells in the monoculture systems were stained with Iba-1 (green), TuJ-1 (green), GFAP (red), and DAPI (blue), respectively. (G) Brain cells in the monoculture systems were stained with DAPI (blue) after RSL3 treatment for 24 h, respectively. (H) The quantification of the proportion of DAPI in primary brain cells in the monoculture systems. Data are means ± SEM, N = 4, scale bar = 100 μm. One-way ANOVA with post hoc Tukey test was performed.


We have further measured biochemical features consistent with the occurrence of ferroptosis. Lipid peroxidation, measured by the BODIPY-C11 method, is considered one marker for ferroptosis (Doll et al., 2017). We have found that both RSL3 [(μM): PA = 0.08, PM = 0.02, PN = 2.5] and erastin [(μM): PA = 10, PM = 0.5, PN = 15] treatment (doses to induce about 20% of cell death in each cell type, respectively) caused a significant elevation of the lipid ROS in all cell types (Figures 2A–L). Acsl4, Aifm2 (encoding FSP1), and Gpx4 are crucial in ferroptosis (Yan et al., 2021), and RSL3 treatment significantly reduced the level of Acsl4 in all tested cells, with an additional reduction of Gpx4 in PN (Figures 2M–O). Aifm2 was not affected in all cell types (Figures 2M–O). RSL3 is a Gpx4 inhibitor, which blocks the antioxidant activity of Gpx4 through direct binding (Yang et al., 2014), and usually without affecting its expression. The reduction of Acsl4 we observed here may be a protective mechanism against lipid ROS accumulation, which was reported previously (Tuo et al., 2022).
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FIGURE 2
Ferroptosis inducers lead to increased ROS and changes in ferroptosis-related gene expressions in primary brain cells. (A–F) Lipid ROS in PA (A), PM (C) and PN (E) treated with RSL3 for 24 h (representative histogram plot for fluorescence of oxidized BODIPY-C11), respectively. Relative lipid ROS is presented as the ratio of oxidized to reduce BODIPY-C11 MFI in PA (B), PM (D) and PN (F) treated with RSL3 for 24 h, respectively N = 6. (G–L) Lipid ROS in PA (G), PM (I) and PN (K) treated with erastin for 24 h (representative histogram plot for fluorescence of oxidized BODIPY-C11), respectively. Relative lipid ROS is presented as the ratio of oxidized to reduce BODIPY-C11 MFI in PA (H), PM (J) and PN (L) treated with erastin for 24 h, respectively N = 6. (M,N) qPCR was performed to quantify the mRNA levels of ferroptosis-related genes in PA (M), PM (N) and PN (O) after 24 h of RSL3 treatment, respectively. Data are means ± SEM, N = 3–5. Student’s t-test was performed.




Differences in iron regulation may be responsible for ferroptosis sensitivity

PM were not only the most sensitive cells to ferroptosis but to iron as we have shown in Figures 1A–C. Since the regulation of ferroptosis cannot explain the differentiated sensitivities, we have hypothesized that iron metabolism may be involved since it has also been implicated in ferroptosis regulations (Lei et al., 2021). We have therefore examined the changes in iron regulatory genes in three brain cells treated with RSL3 by qPCR. We have used the same RSL3 doses as Figure 2, and found an increased level of Fth1 only in PA (Figure 3A). A significant reduction of Fpn was observed in PM (Figure 3B), while it was up-regulated in PN (Figure 3C). The level of Irp1 was also down-regulated in PN post RSL3 treatment (Figure 3C). It is known that glial cells regulate iron in a different way vs. neurons (Reinert et al., 2019) and the significantly elevated Fpn in PN after RSL3 treatment may facilitate iron exportation, which protects the neurons from ferroptosis or iron toxicity.
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FIGURE 3
Iron metabolism-related gene expressions in primary brain cells after RSL3 treatment. (A–C) qPCR was performed to quantify the mRNA levels of iron metabolism-related genes in PA (A), PM (B) and PN (C) after 24 h of RSL3 treatment, respectively. Data are means ± SEM, N = 3–5. Student’s t-test was performed.
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FIGURE 4
RSL3 induced primary brain cell death in co/tri-culture system. (A) Workflow for the co/tri-culture system (This image was created by BioRender.com). (B–D) Cell viability detected by LDH in PN monoculture (B), PA/PN co-culture (C), and PA/PN/PM tri-culture system (D) after RSL3 treatment for 24 h. (E,F) Brain cells in the tri-culture system were stained with Iba-1 (green), TuJ-1 (green), GFAP (red) and DAPI (blue) after RSL3 treatment for 24 h. (G,H) The quantification of the proportion of DAPI, GFAP, Iba-1, and TuJ-1 positive primary brain cells in the tri-culture system. Data are means ± SEM, N = 4, scale bar = 200 μm. One-way ANOVA with post hoc Tukey test was performed.




Glia are more sensitive to ferroptosis in the tri-culture system

The monoculture system we used can only mimic brains with limited capacity. We have then tested the PA, PM, and PN responses to RSL3 (0.03 μM to induce about 50% PM death and 2.5 μM to induce 20% PN death according to Figure 1A) or erastin (0.5 μM to induce about 50% PM death and 15 μM to induce 20% of PN death according to Figure 1B) in co/tri-culture systems (1:1 or 1:1:1) modeling the in vivo environment (Figure 4A). We found that both PN/PA co-culture and PN/PA/PM tri-culture responded significantly to RSL3 treatment, while PN alone was less affected by the treatment which is consistent with our earlier results (Figures 4B–D). Consistent with the monoculture, immunostaining of tri-culture revealed that the DAPI and Iba-1 double-positive cells were significantly reduced dose-dependently with RSL3 treatment (Figures 4E,G), indicating that PM were affected most severely. GFAP-positive cells were reduced by treating with 2.5 μM RSL3 in the tri-culture system (Figures 4E–H), indicating the loss of PA similar to our previous observations in monoculture (Figures 1F–H). There were no significant changes in TuJ-1-positive cells (Figures 4F,H), indicating that neurons were less affected with RSL3 treatment in the tri-culture system.

We have further validated our findings using erastin to induce ferroptosis. Erastin treatment in the tri-culture system also resulted in similar LDH changes as RSL3 treatment (Figures 5A–C). It resulted in a significant reduction of Iba1-positive cells, and a moderate reduction in GFAP-positive cells, where TuJ-1-positive cells were not significantly affected (Figures 5D–G), which is consistent with the results of RSL3 treatment.
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FIGURE 5
Erastin induces primary brain cell death in co/tri-culture system. (A–C) Cell viability detected by LDH in PN monoculture (A), PA/PN co-culture (B), and PA/PN/PM tri-culture system (C) after erastin treatment for 24 h. (D–G) Brain cells in the tri-culture system were stained with Iba-1 (green), TuJ-1 (green), GFAP (red) and DAPI (blue) after erastin treatment for 24 h (D,E). The quantification of the proportion of DAPI, GFAP, Iba-1 and TuJ-1 positive cells in the tri-culture system (F,G). Data are means ± SEM, N = 4, scale bar = 200 μm. One-way ANOVA with post hoc Tukey test was performed.


These results illustrated that PM were the most susceptible to ferroptosis in both monoculture and tri-culture systems. And it also demonstrated that the tri-culture system was more resistant to ferroptosis than that in the monoculture (for example, the 2.5 μM RSL3 yielded 50% PA and 77% PM in the monoculture, respectively, Figures 1F–H; vs. 22% PA and 68% PM in the tri-culture system, Figures 4E–H). Specifically, a small but significant proportion of neurons undergoing ferroptosis (about 20% death with 2.5 μM RSL3 Figures 1F–H), where no neuronal death was detected in the tri-culture system, indicating that the tri-culture system may therefore protect neurons when stressed by ferroptosis, which is of clinical relevance.




Discussion

Collectively, our results here indicate that ferroptosis may affect brain cells differentially among PA, PM, and PN, compared to apoptosis and autophagy. PM were the most susceptible to ferroptosis in both monoculture and tri-culture systems. These results were consistent with that microglia possessed the highest susceptibility to ferroptosis in a human iPSC-derived tri-culture system which consists of a relative percentage of astrocytes, microglia, and neurons (Ryan et al., 2021).

Apoptosis, autophagy, and ferroptosis share common regulatory elements, and the cross-talk of cell death have reported in neurological diseases (Dang et al., 2022). Here we found that ferroptosis affect brain cells differentially compared to apoptosis and autophagy in vitro, which may be caused by the different iron content among these brain cells since neither apoptosis nor autophagy has been reported to be affected by iron levels (Reinert et al., 2019). During the disease progression, the cells may respond to various stress differently, as previously demonstrated in the pathogenesis of stroke (Naito et al., 2020). It is also possible that brain cells from other brain regions act differently than the cortical cells we observed here, depending on their ability to handle iron stress. For example, we have found that dopaminergic neurons in substantial nigra were both iron and dopamine rich, compared to the adjacent ventral tegmental area, which was susceptible to 6-hydroxydopamine (6-OHDA) toxicity modeling PD (Hare et al., 2014).

Lipid peroxidation has been considered one of the most pivotal indicators of ferroptosis (Wenzel et al., 2017). Here we found significant but similar increases in lipid ROS across all three brain cells, indicating that lipid ROS response to ferroptosis cannot be accounted for the differentiated cell susceptibilities. Further, we found that Gpx4 was only reduced in PN treated with RSL3 which may be caused by the differences in sensitivity of different cells to Gpx4-regulate ferroptosis (Zou et al., 2019). Studies have shown that specific deletion of Gpx4 in neurons was neonatal mortality, while conditional Gpx4 deletion in mice resulted in neurodegeneration and astrogliosis (Seiler et al., 2008; Yoo et al., 2012), indicating different roles of Gpx4 in neurons and glial cells.

Iron was essential for the execution of ferroptosis. Iron regulatory genes were shown to affect ferroptosis sensitivity, and iron chelators prevent ferroptosis in vivo and in vitro (Dixon et al., 2012; Wang et al., 2017). Here, we identified that PA, PM, and PN acted differently facing the challenges of ferroptosis or iron. It was previously suggested that iron levels were different among the brain cells, where microglia are the most iron-rich cells (Reinert et al., 2019). Microglia may therefore exert as a guardian of ferroptosis within the neuronal system because they are prone to brain diseases with iron accumulation (Reinert et al., 2019; Guo et al., 2021). In support of this hypothesis, we found that microglia undergo ferroptotic cell death in the tri-culture system in a concentration where the other cells were still intact, and they responded to iron toxicity significantly. It would be of interest to test this hypothesis further in a condition of the disease since we have previously found that in EAE mice for MS, iron accumulation was a later event compared to the activation of ferroptosis in neurons (Luoqian et al., 2022). In addition, it is possible that direct contact in co-culture or tri-culture systems, in which cell-cell contact directly and cell-extracellular matrix interact can be signaled by soluble factors (Paschos et al., 2015), making all cells in the tri-culture system more viable as observed here.

We have found that RSL3 significantly reduced the Fpn expression in microglia while there was an increased level in neurons, and we have suggested that the altered levels of Fpn may explain the differentiated sensitivity to ferroptosis as we observed. Fpn, also known as SCL40A1, is the gene responsible for the expression of ferroportin which is the only identified iron exporter in mammals to date. Ferroportin can transport iron into the blood from iron storage cells and thus maintaining systemic iron homeostasis (McKie et al., 2000; Zhang et al., 2018), and it is coupled with ceruloplasmin or amyloid precursor protein to export iron in brain cells (Lei et al., 2021). Erastin was suggested to induce ferroptosis with increased iron by regulating ferroportin in human breast carcinoma cells and endometriosis (Ouyang et al., 2020; Li et al., 2021). Knockdown of Fpn accelerated erastin-induced ferroptosis in neuroblastoma cells (Geng et al., 2018). Overexpression of Fpn in the hippocampus ameliorated ferroptosis in an AD mouse model (Bao et al., 2021). Therefore we speculated here that ferroportin changes observed protected neurons from ferroptotic stress, and the sensitivity of brain cells to ferroptosis may depend on their abilities to regulate iron.

Microglia are the immune-resident cells of the CNS and comprise a major link between inflammation and neurodegeneration. The cells can sensitize to inflammation and trigger neuroinflammatory responses (Borst et al., 2021). Recently, a new subset of disease-associated microglia (DAM) was identified, which may be therapeutically targeted (Deczkowska et al., 2018). Previous studies have suggested that microglia contributed to MS in part owing to its sensitivity to iron (Lee et al., 2019; Absinta et al., 2021), and we have previously demonstrated that ferroptosis inhibition or knockdown Acsl4 improved the MS behavioral phenotypes, with reduced neuroinflammation and neuronal death in the EAE mice (Luoqian et al., 2022). In the current study, we found that microglia were the most sensitive to ferroptosis or iron toxicity. Therefore, targeting microglia, especially DAM, may provide a new therapeutic approach for neurological disorders with inflammation and immune defects.



Conclusion

In conclusion, our findings highlight the possibility that brain cells may be individually targeted in disease since they respond to ferroptotic stress differently. Most of the current therapeutic strategies related to ferroptosis are to inhibit its occurrence, and it would be of critical importance to select the responsible cells to target. It also has implications in brain cancer therapy, where the dosage of ferroptosis inducers can affect the targeted cell types as we demonstrated here. The essential roles of microglia in maintaining brain homeostasis and functions, especially the role during cell death, may provide further clues on the selective cell death occurring in neurological diseases.



Data availability statement

The original contributions presented in this study are included in the article/supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

This animal study was reviewed and approved by the Institutional Guidelines of the Animal Care and Use Committee (K2018071, Sichuan University, China).



Author contributions

PL and XSL: concept, design experiments, and project supervision. LJ, XLL, and YL: conduct experiments, analyze data, and prepare figures and manuscript. JW, XD, and HX: analyze data and prepare figures. All authors assisted with the maintenance of the availability of reagents, sample processing, and data analysis, and contributed to the editing of the manuscript and agreed to be accountable for the content of the work.



Funding

This work was supported by the Sichuan Province Science and Technology Support Program (2021YFS0205 to XSL and 2019YFS0212 to HX) and the West China Hospital 1.3.5 project for disciplines of excellence (ZYYC20009 to PL).



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.



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.



References

Absinta, M., Maric, D., Gharagozloo, M., Garton, T., Smith, M. D., Jin, J., et al. (2021). A lymphocyte-microglia-astrocyte axis in chronic active multiple sclerosis. Nature 597, 709–714. doi: 10.1038/s41586-021-03892-7

Bao, W. D., Pang, P., Zhou, X. T., Hu, F., Xiong, W., Chen, K., et al. (2021). Loss of ferroportin induces memory impairment by promoting ferroptosis in Alzheimer’s disease. Cell Death Differ. 28, 1548–1562. doi: 10.1038/s41418-020-00685-9

Bersuker, K., Hendricks, J. M., Li, Z., Magtanong, L., Ford, B., Tang, P. H., et al. (2019). The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature 575, 688–692. doi: 10.1038/s41586-019-1705-2

Borst, K., Dumas, A. A., and Prinz, M. (2021). Microglia: Immune and non-immune functions. Immunity 54, 2194–2208. doi: 10.1016/j.immuni.2021.09.014

Dang, X., Huan, X., Du, X., Chen, X., Bi, M., Yan, C., et al. (2022). Correlation of ferroptosis and other types of cell death in neurodegenerative diseases. Neurosci. Bull. 38, 938–952. doi: 10.1007/s12264-022-00861-6

Deczkowska, A., Keren-Shaul, H., Weiner, A., Colonna, M., Schwartz, M., and Amit, I. (2018). Disease-associated microglia: A universal immune sensor of neurodegeneration. Cell 173, 1073–1081. doi: 10.1016/j.cell.2018.05.003

Devos, D., Moreau, C., Devedjian, J. C., Kluza, J., Petrault, M., Laloux, C., et al. (2014). Targeting chelatable iron as a therapeutic modality in Parkinson’s disease. Antioxid. Redox Signal. 21, 195–210. doi: 10.1089/ars.2013.5593

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M., Gleason, C. E., et al. (2012). Ferroptosis: An iron-dependent form of nonapoptotic cell death. Cell 149, 1060–1072. doi: 10.1016/j.cell.2012.03.042

Do Van, B., Gouel, F., Jonneaux, A., Timmerman, K., Gele, P., Petrault, M., et al. (2016). Ferroptosis, a newly characterized form of cell death in Parkinson’s disease that is regulated by PKC. Neurobiol. Dis. 94, 169–178. doi: 10.1016/j.nbd.2016.05.011

Doll, S., Freitas, F. P., Shah, R., Aldrovandi, M., da Silva, M. C., Ingold, I., et al. (2019). FSP1 is a glutathione-independent ferroptosis suppressor. Nature 575, 693–698. doi: 10.1038/s41586-019-1707-0

Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold, I., et al. (2017). ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem. Biol. 13, 91–98. doi: 10.1038/nchembio.2239

Friedmann Angeli, J. P., Schneider, M., Proneth, B., Tyurina, Y. Y., Tyurin, V. A., Hammond, V. J., et al. (2014). Inactivation of the ferroptosis regulator Gpx4 triggers acute renal failure in mice. Nat. Cell Biol. 16, 1180–1191. doi: 10.1038/ncb3064

Geng, N., Shi, B. J., Li, S. L., Zhong, Z. Y., Li, Y. C., Xua, W. L., et al. (2018). Knockdown of ferroportin accelerates erastin-induced ferroptosis in neuroblastoma cells. Eur. Rev. Med. Pharmacol. Sci. 22, 3826–3836. doi: 10.26355/eurrev_201806_15267

Goshi, N., Morgan, R. K., Lein, P. J., and Seker, E. (2020). A primary neural cell culture model to study neuron, astrocyte, and microglia interactions in neuroinflammation. J. Neuroinflammation 17:1551.

Guo, J. J., Yue, F., Song, D. Y., Bousset, L., Liang, X., Tang, J., et al. (2021). Intranasal administration of alpha-synuclein preformed fibrils triggers microglial iron deposition in the substantia nigra of Macaca fascicularis. Cell Death Dis. 12:81. doi: 10.1038/s41419-020-03369-x

Hare, D., Ayton, S., Bush, A., and Lei, P. (2013). A delicate balance: Iron metabolism and diseases of the brain. Front. Aging Neurosci. 5:34. doi: 10.3389/fnagi.2013.00034

Hare, D. J., Lei, P., Ayton, S., Roberts, B. R., Grimm, R., George, J. L., et al. (2014). An iron–dopamine index predicts risk of parkinsonian neurodegeneration in the substantia nigra pars compacta. Chem. Sci. 5, 2160–2169. doi: 10.1039/c3sc53461h

He, Z., Guo, L., Shu, Y., Fang, Q., Zhou, H., Liu, Y., et al. (2017). Autophagy protects auditory hair cells against neomycin-induced damage. Autophagy 13, 1884–1904. doi: 10.1080/15548627.2017.1359449

Hennebelle, M., Morgan, R. K., Sethi, S., Zhang, Z., Chen, H., Grodzki, A. C., et al. (2020). Linoleic acid-derived metabolites constitute the majority of oxylipins in the rat pup brain and stimulate axonal growth in primary rat cortical neuron-glia co-cultures in a sex-dependent manner. J. Neurochem. 152, 195–207. doi: 10.1111/jnc.14818

Ishii, T., Warabi, E., and Mann, G. E. (2019). Circadian control of BDNF-mediated Nrf2 activation in astrocytes protects dopaminergic neurons from ferroptosis. Free Radic. Biol. Med. 133, 169–178. doi: 10.1016/j.freeradbiomed.2018.09.002

Kapralov, A. A., Yang, Q., Dar, H. H., Tyurina, Y. Y., Anthonymuthu, T. S., Kim, R., et al. (2020). Redox lipid reprogramming commands susceptibility of macrophages and microglia to ferroptotic death. Nat. Chem. Biol. 16, 278–290. doi: 10.1038/s41589-019-0462-8

Klopstock, T., Tricta, F., Neumayr, L., Karin, I., Zorzi, G., Fradette, C., et al. (2019). Safety and efficacy of deferiprone for pantothenate kinase-associated neurodegeneration: A randomised, double-blind, controlled trial and an open-label extension study. Lancet Neurol. 18, 631–642. doi: 10.1016/s1474-4422(19)30142-5

Lee, N. J., Ha, S. K., Sati, P., Absinta, M., Nair, G., Luciano, N. J., et al. (2019). Potential role of iron in repair of inflammatory demyelinating lesions. J. Clin. Invest. 129, 4365–4376. doi: 10.1172/JCI126809

Lei, P., Ayton, S., and Bush, A. I. (2021). The essential elements of Alzheimer’s disease. J. Biol. Chem. 296, 100–105. doi: 10.1074/jbc.REV120.008207

Lei, P., Ayton, S., Finkelstein, D. I., Spoerri, L., Ciccotosto, G. D., Wright, D. K., et al. (2012). Tau deficiency induces parkinsonism with dementia by impairing APP-mediated iron export. Nat. Med. 18, 291–295. doi: 10.1038/nm.2613

Li, Y., Zeng, X., Lu, D., Yin, M., Shan, M., and Gao, Y. (2021). Erastin induces ferroptosis via ferroportin-mediated iron accumulation in endometriosis. Hum. Reprod. 36, 951–964. doi: 10.1093/humrep/deaa363

Luoqian, J., Yang, W., Ding, X., Tuo, Q. Z., Xiang, Z., Zheng, Z., et al. (2022). Ferroptosis promotes T-cell activation-induced neurodegeneration in multiple sclerosis. Cell. Mol. Immunol. 19, 913–924. doi: 10.1038/s41423-022-00883-0

Masaldan, S., Bush, A. I., Devos, D., Rolland, A. S., and Moreau, C. (2019). Striking while the iron is hot: Iron metabolism and ferroptosis in neurodegeneration. Free Radic. Biol. Med. 133, 221–233. doi: 10.1016/j.freeradbiomed.2018.09.033

McKie, A. T., Marciani, P., Rolfs, A., Brennan, K., Wehr, K., Barrow, D., et al. (2000). A novel duodenal iron-regulated transporter, IREG1, implicated in the basolateral transfer of iron to the circulation. Mol. Cell 5, 299–309. doi: 10.1016/s1097-2765(00)80425-6

Moreau, C., Duce, J. A., Rascol, O., Devedjian, J. C., Berg, D., Dexter, D., et al. (2018). Iron as a therapeutic target for Parkinson’s disease. Mov. Disord. 33, 568–574. doi: 10.1002/mds.27275

Naito, M. G., Xu, D., Amin, P., Lee, J., Wang, H., Li, W., et al. (2020). Sequential activation of necroptosis and apoptosis cooperates to mediate vascular and neural pathology in stroke. Proc. Natl. Acad. Sci. USA 117, 4959–4970 doi: 10.1073/pnas.1916427117

Ouyang, F., Chen, X., Chen, Y., Liang, J., Chen, Y., Lu, T., et al. (2020). Neuronal loss without amyloid-beta deposits in the thalamus and hippocampus in the late period after middle cerebral artery occlusion in cynomolgus monkeys. Brain Pathol. 30, 165–178. doi: 10.1111/bpa.12764

Park, M. W., Cha, H. W., Kim, J., Kim, J. H., Yang, H., Yoon, S., et al. (2021). NOX4 promotes ferroptosis of astrocytes by oxidative stress-induced lipid peroxidation via the impairment of mitochondrial metabolism in Alzheimer’s diseases. Redox Biol. 41:101947. doi: 10.1016/j.redox.2021.101947

Paschos, N. K., Brown, W. E., Eswaramoorthy, R., Hu, J. C., and Athanasiou, K. A. (2015). Advances in tissue engineering through stem cell-based co-culture. J. Tissue Eng. Regen. Med. 9, 488–503. doi: 10.1002/term.1870

Prinz, M., Jung, S., and Priller, J. (2019). Microglia biology: One century of evolving concepts. Cell 179, 292–311. doi: 10.1016/j.cell.2019.08.053

Reinert, A., Morawski, M., Seeger, J., Arendt, T., and Reinert, T. (2019). Iron concentrations in neurons and glial cells with estimates on ferritin concentrations. BMC Neurosci. 20:25. doi: 10.1186/s12868-019-0507-7

Ryan, S. K., Zelic, M., Han, Y., Teeple, E., Chen, L., Sadeghi, M., et al. (2021). Microglia ferroptosis is prevalent in neurodegenerative disease and regulated by SEC24B. bioRxiv [Preprint] doi: 10.1101/2021.11.02.466996

Seiler, A., Schneider, M., Forster, H., Roth, S., Wirth, E. K., Culmsee, C., et al. (2008). Glutathione peroxidase 4 senses and translates oxidative stress into 12/15-lipoxygenase dependent- and AIF-mediated cell death. Cell Metab. 8, 237–248. doi: 10.1016/j.cmet.2008.07.005

Sofroniew, M. V. (2020). Astrocyte reactivity: Subtypes, states, and functions in CNS innate immunity. Trends Immunol. 41, 758–770. doi: 10.1016/j.it.2020.07.004

Southon, A., Szostak, K., Acevedo, K. M., Dent, K. A., Volitakis, I., Belaidi, A. A., et al. (2020). Cu(II) (atsm) inhibits ferroptosis: Implications for treatment of neurodegenerative disease. Br. J. Pharmacol. 177, 656–667. doi: 10.1111/bph.14881

Tang, D., Lahti, J. M., and Kidd, V. J. (2000). Caspase-8 activation and bid cleavage contribute to MCF7 cellular execution in a caspase-3-dependent manner during staurosporine-mediated apoptosis. J. Biol. Chem. 275, 9303–9307. doi: 10.1074/jbc.275.13.9303

Tian, Y., Lu, J., Hao, X., Li, H., Zhang, G., Liu, X., et al. (2020). FTH1 inhibits ferroptosis through ferritinophagy in the 6-OHDA model of Parkinson’s disease. Neurotherapeutics 17, 1796–1812. doi: 10.1007/s13311-020-00929-z

Tuo, Q. Z., Lei, P., Jackman, K. A., Li, X. L., Xiong, H., Li, X. L., et al. (2017). Tau-mediated iron export prevents ferroptotic damage after ischemic stroke. Mol. Psychiatry 22, 1520–1530. doi: 10.1038/mp.2017.171

Tuo, Q. Z., Liu, Y., Xiang, Z., Yan, H. F., Zou, T., Shu, Y., et al. (2022). Thrombin induces ACSL4-dependent ferroptosis during cerebral ischemia/reperfusion. Signal Transduct. Target. Ther. 7:59. doi: 10.1038/s41392-022-00917-z

Wang, H., An, P., Xie, E., Wu, Q., Fang, X., Gao, H., et al. (2017). Characterization of ferroptosis in murine models of hemochromatosis. Hepatology 66, 449–465. doi: 10.1002/hep.29117

Wenzel, S. E., Tyurina, Y. Y., Zhao, J., St Croix, C. M., Dar, H. H., Mao, G., et al. (2017). PEBP1 wardens ferroptosis by enabling lipoxygenase generation of lipid death signals. Cell 171, 628–641.e26. doi: 10.1016/j.cell.2017.09.044

Xu, M., Tan, X., Li, N., Wu, H., Wang, Y., Xie, J., et al. (2019). Differential regulation of estrogen in iron metabolism in astrocytes and neurons. J. Cell. Physiol. 234, 4232–4242. doi: 10.1002/jcp.27188

Yan, H. F., Tuo, Q. Z., Yin, Q. Z., and Lei, P. (2020). The pathological role of ferroptosis in ischemia/reperfusion-related injury. Zool. Res. 41, 220–230. doi: 10.24272/j.issn.2095-8137.2020.042

Yan, H. F., Zou, T., Tuo, Q. Z., Xu, S., Li, H., Belaidi, A. A., et al. (2021). Ferroptosis: Mechanisms and links with diseases. Signal Transduct. Target. Ther. 6:49.

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R., Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death by GPX4. Cell 156, 317–331. doi: 10.1016/j.cell.2013.12.010

Yoo, S. E., Chen, L., Na, R., Liu, Y., Rios, C., Van Remmen, H., et al. (2012). Gpx4 ablation in adult mice results in a lethal phenotype accompanied by neuronal loss in brain. Free Radic. Biol. Med. 52, 1820–1827. doi: 10.1016/j.freeradbiomed.2012.02.043

Zhang, D. L., Wu, J., Shah, B. N., Greutelaers, K. C., Ghosh, M. C., Ollivierre, H., et al. (2018). Erythrocytic ferroportin reduces intracellular iron accumulation, hemolysis, and malaria risk. Science 359, 1520–1523. doi: 10.1126/science.aal2022

Zou, Y., Henry, W. S., Ricq, E. L., Graham, E. T., Phadnis, V. V., Maretich, P., et al. (2020). Plasticity of ether lipids promotes ferroptosis susceptibility and evasion. Nature 585, 603–608. doi: 10.1038/s41586-020-2732-8

Zou, Y., Palte, M. J., Deik, A. A., Li, H., Eaton, J. K., Wang, W., et al. (2019). A GPX4-dependent cancer cell state underlies the clear-cell morphology and confers sensitivity to ferroptosis. Nat. Commun. 10, 1617. doi: 10.1038/s41467-019-09277-9


OPS/images/fncel-16-995084-t001.jpg
Primer

Acsl4-F
Acsl4-R
Aifm2-F
Aifm2-R
Dmtl-F
Dmtl-R
Fpn-F
Fpn-R
Gapdh-F
Gapdh-R
Gpx4-F
Gpx4-R
Hif-1a-F
Hif-1a-R
Irpl-F
Irpl-R
Irp2-F
Irp2-R
Tf-F
Tf-R
Tfr-F
Tfr-R

Sequence

TCTGAGCAACAGCGAAGGTT
GAATTAGCAGCACCCGACCT
CCTTGAGATAGCAGCCTCCG
CCAACAAAGGGTGAGCTTGC
GGCTAATGGTGGAGTTGG
CTGCGATGGTGATGAGG
TGGGTGGATAAGAATGCC
ATGATCCCGCAGAGAATG
AGTGCCAGCCTCGTCTCATA
GGTAACCAGGCGTCCGATAC
CCTGGCTGGCACCATGT
TATCGGGCATGCAGATCGAC
ATGCCAGATCACAGCACA
GGACAAACTCCCTCACCA
TTCACTCTTGCTCATGGCT
CGCCTCTACGGCTTTCT
GAACTGGAATGGCTCATCA
CAATTACGCTGTCTGGGAA
CTGCCATTCGAAATCAGCGG
TGACGCTCCACTCATCACAC
GGCTTCCCAACATCCCT
GCGACCCTTCCATTCCT





OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Iron metabolism mediates microglia susceptibility in ferroptosis



		Introduction



		Materials and methods



		Animals



		Primary culture preparation



		Primary cortical co/tri-culture systems preparation



		Cell viability assay



		Flow cytometry analysis for lipid reactive oxygen species detection



		Immunocytochemistry staining



		Quantitative real-time polymerase chain reaction



		Statistical analysis







		Results



		Primary microglia were most susceptible to ferroptosis



		Differences in iron regulation may be responsible for ferroptosis sensitivity



		Glia are more sensitive to ferroptosis in the tri-culture system







		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		References

















OPS/images/cover.jpg
’ frontiers | Frontiers in Cellular Neuroscience













OPS/images/logo.jpg
’ frontiers | Frontiers in Cellular Neuroscience






OPS/images/fncel-16-995084-g001.jpg
A Ferroptosis induction B Ferroptosis induction C Iron D Autophagy induction E Apoptosis induction

150 = 150 = 150 150 = 150 =

ICso (uM) - PA ICs0 (uM) < PA - PA IC50 (1M) - PA I1C50 (uM)
PA =0.12 -~ PM PA = 14.09 - PM -~ PM PA =44.13 -~PM PA =0.87
PM = 0.03 - BN PM = 0.48 ~ PN ~ PN g%l_:ézgll = PN PM = 0.04
-~ = -~ - < =6. Q PN = 0.04
S PN = 12.15 S 5 PN >100 S ] Sy Shoo - G
- = = — o=
2 2 2 ] SIS E 3 .
> 5 B & Q, z = \
3 s0- 3 504 3 s0- 9 50 & @ 50 -
o @) &) @) @)
y
0 T T 0 T - T 0 T T T T 1 9 ¥ v 0 T T
2 0 2 - 0 2 4 0 1 2 4 - 0 2 -2 0 2
RSL3 Log (uM) Erastin Log (pM) Fe?* Log (uM) Rapamycin Log (uM) Staurosporine Log (uM)
GFAP DAPI Merge
ES Ctrl
2001
Ctrl
RSL3 0.03uM
— BN RSL325uM
Iba-1 DAPI Merge = - g
- P T
= RSL3 — 1 p<0.00! p=0.0298
A~ 0.03 2 I 1 -
o~ 100+ % i_O O
- 0 o e
Tul:1l * = |DAPI Mezge « = o
v , N : -
RSL3 =
; - 2.5uM

PA






OPS/images/fncel-16-995084-g002.jpg
BODIPY

BODIPY

100 Ctrl
RSL3

100 1IZ)2 104 1IZ)e
Alexa Flour 488

100 Ctl"l
Erastin

1IZ)'J 1D2 ‘lD4 1Cla
Alexa Flour 488

Relative mRNA expression

Acsl4 Aifm2 Gpx4

—
4
1

—_

Relative lipid ROS
<

o
W
1

—
W
1

—

Relative lipid ROS
g

(=3
W
1

p=0.010
| — |

RSL3

p=0.018
el

Erastin

BODIPY

BODIPY

Relative mRNA expression

3 4 5
10 10

10 1
Alexa Flour 488

0 Ctrl
O Erastin

102 105l 104
Alexa Flour 488

—_

Relative lipid ROS

e

Relative lipid ROS

o

1o ctrl
o RSL3
p<0.001 =
. e
Acsd  Aifm2  Gpxd

Ctrl RSL3

p<0.001
| —|
o

Co

Ctrl Erastin

BODIPY

BODIPY

Relative mRNA expression

0 104 10
Alexa Flour

5
488

Acsl4 Aifm2

—
W
1

Relative lipid ROS
g

f=4
W
1

0.0+

Relative lipid ROS
g &

=
W
1

p<0.001
| — |

©]
°%

O

Ctrl RSL3

Ctrl Erastin





OPS/images/fncel-16-995084-g003.jpg
>

Relative mRINNA expression

O-
Dmtl Fpn Fthl Hifla Irpl Irp2

Tfr

If

Relative mRINNA expression

g o Ctrl PM
0 RSL3
p<0.001
o o' 0O o 00 00
Bt ii9,saizalnd
] [ 0
0
0

Dmtl Fpn Fthl Hifla Ipl Irp2 Tfr

T

Ve 8
o Ctrl PN
£ "o RsL3
S 67 p<0.001
7 s- G
s
%4
5 p=0.027
£ lo We % 0 R
i Be® & 838 *v% 4

Dmtl Fpn Fthl Hifla Irpl Irp2 Tfir 1If





OPS/images/fncel-16-995084-g004.jpg
= —%
e \ L u*v.* Shaking Co-culture
«~ﬁ§\w//
<X PA+PM _
"N <
\i\/‘, )
N~ PM Tri-culture
) —
Postnatal 0-1 day
% -/
PN
Primary astrocytes (PA) 7% Primary microglia (PM) < Primary neurons (PN)

Coftri-culture systems

Ctrl

RSL3
0.03uM

RSL3
2.5uM

Ctrl

RSL3 [
0.03uM [

RSL3
2.5uM

PA+PN

PA+PM+PN

LDH (% of Ctrl)

% of Ctrl

% of Ctrl

D

’ PA+PN ° PA+PN+PM

500+ 4007 p<0.001
p<0.001 p<0.001
004 — 3 .
- ~ 3001
St Fo
< 300+ L © Sz
=) =
* 5 200-
= 200- =
a a
= G
O 1004 S
1004 Q&
S & o S D
O ¥ e O e
Y 5 &
& ¥ &
2001
Ctrl
RSL3 0.03uM
) p<0.001
p<0.001 p<0.001 —
or— o1 0O
1001 o1 ol Co
o @ O
50-
DAPI GFAP Iba-1
2001
Ctrl
RSL3 0.03uM
1 RSL32.5uM
1509 p<0.001
p<0.001 p<0.001
— ' 1 ‘
1004 X oty o8 O, e
- © i
50

DAPI GFAP TuJ-1





OPS/images/fncel-16-995084-g005.jpg
B ‘ C

0 PA+PN+PM

150~

300~
p<0.001
= = 150- =
I il . © SR - - = = '
R £ Z 200
Y St —
(=) =] =]
S L1004+ - - - =-=== - 2
: - 3
q 50- q )J 100- _________
501
G 1 1 G 1 1 G | | | |
N
Qgﬁ' \oﬁ Q@? \°’§\ Q@? \g\?\
& & > > &
0% SO DO
Iba-1
Erastin BT s TR/
0.5uM ) | LR
Erastin 5 T
15uM .
TulJ-1
Erastin
0.5uM
Erastin |
15uM
G
150~ , 150+ |
Erastin 0.5uM Erastin 0.5 uM
Erastin 15uM Erastin 15 uM
10042 222 1004222
™ MU e = g b e o R B e e R gl Fakaly . Q.00 ~Ces - e B
5 p<0.001 p=0.048 p=0.013 5 p<0.001 p
S St
2 p<0.001 2
o< b
®" 50- ® 50-
G | ||

DAPI GFAP Iba-1 DAPI GFAP Tud-1





