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Temporal lobe epilepsy (TLE) is one of the most common neurological disorders, but still one-third of patients cannot be properly treated by current medication. Thus, we investigated the therapeutic effects of a novel small molecule, NecroX-7, in TLE using both a low [Mg2+]o-induced epileptiform activity model and a mouse model of pilocarpine-induced status epilepticus (SE). NecroX-7 post-treatment enhanced the viability of primary hippocampal neurons exposed to low [Mg2+]o compared to controls in an MTT assay. Application of NecroX-7 after pilocarpine-induced SE also reduced the number of degenerating neurons labelled with Fluoro-Jade B. Immunocytochemistry and immunohistochemistry showed that NecroX-7 post-treatment significantly alleviated ionized calcium-binding adaptor molecule 1 (Iba1) intensity and immunoreactive area, while the attenuation of reactive astrocytosis by glial fibrillary acidic protein (GFAP) staining was observed in cultured hippocampal neurons. However, NecroX-7-mediated morphologic changes of astrocytes were seen in both in vitro and in vivo models of TLE. Finally, western blot analysis demonstrated that NecroX-7 post-treatment after acute seizures could decrease the expression of mixed lineage kinase domain-like pseudokinase (MLKL) and phosphorylated MLKL (p-MLKL), markers for necroptosis. Taken all together, NecroX-7 has potential as a novel medication for TLE with its neuroprotective, anti-inflammatory, and anti-necroptotic effects.
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INTRODUCTION
Epilepsy is a common neurological disorder affecting people of all ages (World Health Organization, 2022). Among various types of epilepsies, temporal lobe epilepsy (TLE) is often refractory to anti-epileptic drugs with no cure (Tellez-Zenteno and Hernandez-Ronquillo, 2012), requiring the development of novel drugs that can ameliorate key pathologies of TLE. Abrupt and excessive neuronal excitability in the brain is thought to contribute to hippocampal sclerosis, a characteristic pathological finding in TLE patients (Steve et al., 2014; Tai et al., 2018). In animal models recapitulating TLE, prolonged seizure activities called status epilepticus (SE) can trigger multifaceted processes in the hippocampus, resulting in neuronal deaths that feature both apoptosis and necrosis (Sloviter et al., 1996; Sankar et al., 1998; Fujikawa et al., 2000b). Necroptosis, an inflammation-associated novel mode of cell death, has been proposed as one of the complicated mechanisms for neuronal death after SE (Dingledine et al., 2014; Choi et al., 2021). Given that neuroinflammation, including reactive astrocytosis and microglial activation, is frequently observed in the hippocampus after SE (Vezzani et al., 2011; Cho et al., 2019), inflammation and neuronal death can have intricate relationships in neurological diseases such as epilepsy (Yu et al., 2021).
NecroX-7 (also known as MIT-001), an indole-derived small molecule that belongs to the NecroX compound family, primarily inhibits the generation of mitochondrial reactive oxygen species (ROS) (Kim et al., 2010). NecroX-7 has demonstrated therapeutic efficacies in a wide range of diseases including graft-versus-host disease (GVHD) (Im et al., 2015), chemotherapy-associated mucositis (Im et al., 2019), acetaminophen-induced liver injury (Park et al., 2013), and myocardial (Hwang et al., 2018), renal (Jin et al., 2016), and hepatic ischemia-reperfusion injuries (Choi et al., 2010; Lee et al., 2016). These significant protective effects shown in multiple cell types are mainly derived from its anti-necrotic and anti-inflammatory properties, which are important pathological findings also shown in TLE. However, there has been no report evaluating possible applications of NecroX-7 in central nervous system (CNS) diseases including TLE.
Here we investigated whether NecroX-7 could have an impact on SE-induced hippocampal neurodegeneration using in vitro low [Mg2+]o-induced neurotoxicity and in vivo pilocarpine-induced SE models of epilepsy. We found that post-treatment of NecroX-7 after seizures, but not pre-treatment, had neuroprotective effects in the hippocampus. NecroX-7 post-treatment could alleviate low [Mg2+]o-induced hippocampal neuronal synaptic losses in a dose-dependent manner. In addition, reactive gliosis was significantly downregulated by NecroX-7 treatment after acute seizures in both in vivo and in vitro. Finally, the hippocampal expression of mixed lineage kinase domain-like pseudokinase (MLKL) and phosphorylated MLKL (p-MLKL) was significantly attenuated by NecroX-7 post-treatment, demonstrating an anti-necroptotic effect of NecroX-7 after acute seizures.
MATERIALS AND METHODS
Animals
Male 6-week-old C57BL/6N mice or pregnant rats (KOATECH, Pyungtaek, Korea) were bred at a constant temperature of 22°C ± 1°C in a light-controlled room with food and water ad libitum. All animal trials were approved by the Ethics Committee of the Catholic University of Korea (CUMS-2020-0103-04, CUMS-2022-0078-02) and Dankook University (DKU-22-047) and were carried out following the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication no. 80-23, revised 1996).
Primary cell culture and low [Mg2+]o-induced epileptiform activity
Rat hippocampal neurons were cultured as previously described (Choi et al., 2021; Hong et al., 2022). At embryonic day 19, maternal rats were anesthetized with 16.5% urethane (0.8 mL/100 g) and fetal hippocampal tissue was isolated in Ca2+- and Mg2+-free HEPES-buffered Hanks' salt solution (HHSS). The hippocampus was dissociated by trituration through a flame-narrowed Pasteur pipette and placed in Neurobasal medium with 2% B27 supplement, 0.25% Glutamax Ⅰ and penicillin/streptomycin/amphotericin B (100 U/mL, 100 μg/mL, 0.025 μg/each, respectively) for pure neurons or added to DMEM medium containing 10% FBS, 10% horse serum, and penicillin/streptomycin/amphotericin B (100 U/mL, 100 μg/mL, 100 μg/mL, respectively) for neuron-glia co-cultures. Cells were seeded at 1.1×105/well on 25 mm cover glasses coated with matrigel (0.2 mg/mL; BD Biosciences, San Jose, CA, USA) for immunocytochemistry or 0.5×105/well on 96 well plates for MTT assay. Then, neurons were cultured at 37°C in 10% CO2 and 75% of the culture medium was replaced after 3 days and 7 days, respectively. On day 9 after the cell-seeding, cultured rat hippocampal neurons were exposed to 0.9 mM [Mg2+]o medium (CON) or 0.1 mM [Mg2+]o medium (Low Mg2+) for 24 h to induce high-frequency epileptiform discharges that mimics acute seizures (Kim et al., 2008).
Pilocarpine-induced mouse model of SE and sample preparation
A mouse SE model was generated as previously described (Jeong et al., 2011; Cho et al., 2015; Kim and Cho, 2018). In short, scopolamine methyl nitrate (2 mg/kg; Sigma-Aldrich, St. Louis, MO, United States, S2250) and terbutaline hemisulfate salt (2 mg/kg; Sigma-Aldrich, T2528) were administered intraperitoneally (i.p.) 30 min prior to pilocarpine hydrochloride (280 mg/kg; i. p., Sigma-Aldrich, P6503) injection. After pilocarpine was injected, behavioral seizures were carefully observed according to the modified Racine scale (Racine, 1972) and the time when the mouse exhibited the first grade 3 seizures (Seizure onset) and the time when the mouse started to demonstrate continuous motor seizures (SE onset) were recorded to assess the seizure kinetics in the groups. Mice with continuous generalized convulsive seizures higher than grade 3 were identified as having shown SE and were subjected to further studies. Diazepam (10 mg/kg, i. p.) was injected 3 h after the onset of SE to cease behavioral seizures. Then, they were housed in an incubator (30°C) and fed with water-moistened chow to facilitate recovery. After 2 days, they were sent back to the original environment.
After the final NecroX-7 treatment, animals were anesthetized with ketamine (50 mg/mL) and xylazine (23.3 mg/mL) mixture (4:0.5), followed by transcardial perfusion with saline. After the brain was removed, hemibrains were postfixed in 4% paraformaldehyde (pH 7.4) for 3 days, then immersed in 30% sucrose solution for 3 days. Then, the brains were frozen in liquid nitrogen and serial hippocampal coronal sections (30 μm thick) were made with a cryostat (Leica, Wetzlar, Germany, CM 1850) for staining. For the other half of the brain, the hippocampus was frozen under liquid nitrogen for western blotting.
Drug treatment
NecroX-7 was provided by MitoImmune Therapeutics Inc. Cells were allocated into 4 groups: vehicle, 10 μM, 30 μM, or 100 μM NecroX-7. In the pretreatment groups, cells were exposed to either vehicle or NecroX-7 for 1 h prior to 0.1 mM [Mg2+]o treatment (Kim et al., 2008; Kim et al., 2016). In the post-treatment group, cells started to be exposed to either vehicle or NecroX-7 at 1 h after 0.1 mM [Mg2+]o medium–induced epileptiform activity until the end of the experiment. MK-801 (10 μM), an NMDA receptor blocker known to have neuroprotective effects, was pre-treated 30 min before exposure to low [Mg2+]o medium as a positive control.
Pilocarpine-injected mice were allocated into 3 groups: placebo, 20 mg/kg, or 40 mg/kg of NecroX-7. One hour after diazepam injection, each group was given intraperitoneal injection of placebo or drug solutions, which was prepared by dissolving the powder in 5% dextrose. Mice were daily administered the same dose of NecroX-7 or placebo for the following 7 days after pilocarpine injection. On the 7th day, mice were sacrificed after the final injection of the drug.
3-[4,5-Dimethylthiazol-2-yl]-2, 5-dipheyltetrazolium bromide (MTT) assay
On day 9 after the cell-seeding in 96-well plates, the pretreatment group was treated with NecroX-7 (10 μM, 30 μM, and 100 μM) for 1 h and then cultured with Neurobasal medium containing L-glutamine, 2% B27 supplement, 0.25% Glutamax Ⅰ and penicillin/streptomycin/amphotericin B (100 U/mL, 100 μg/mL, 0.025 μg/mL, respectively) for 24 h. The post-treatment group was cultured in the same condition and then treated with NecroX-7 (10 μM, 30 μM, and 100 μM) 1 h later. After 24 h, neurons were treated with 20 μL of MTT (0.5 mg/mL) for 4 h. The absorbance at 570 nm was recorded using a microplate reader (Bio-Rad, Hercules, CA, United States).
Histologic assessments
Immunocytochemistry was performed after culturing primary neurons for 9 days. After the fixation with pre-chilled methanol, cells were permeabilized with 0.3% Triton X-100 for 5 min. Then, cells were blocked with 10% bovine serum albumin (BSA) for 1.5 h at room temperature. After blocking, the primary antibody was incubated at 4°C overnight. Antibodies used were mouse anti-microtubule-associated protein 2 (MAP2) (1:200; Sigma-Aldrich), rabbit anti-postsynaptic density protein (PSD95) (1:200; Abcam, Cambridge, MA, United States), mouse anti-glial fibrillary acidic protein (GFAP) (1:200; MAB360, Millipore, Burlington, MA, United States) and rabbit anti-ionized calcium binding adaptor molecule 1 (Iba1) (1:1000; 019-1971, Wako, Richmond, VA, United States). The next day, Alexa Fluor 488-conjugated anti-rabbit IgG (1:500; Invitrogen, Carlsbad, CA, United States) and Alexa Fluor 555-conjugated anti-mouse IgG (1:500; Invitrogen) were incubated for 1.5 h at room temperature. After the counterstaining with DAPI, coverslips were mounted on slides using VECTASHIELD mounting medium (Vector Laboratories, Inc., Burlingame, CA, United States) and observed under confocal microscopy. For reactive gliosis after pilocarpine-induced SE, immunohistochemistry was performed using free-floating methods as described in previous studies (Brulet et al., 2017; Jang et al., 2019; Cho et al., 2020). Briefly, the same protocol with immunocytochemistry was followed except for the incubation with peroxidase-conjugated secondary antibodies and 0.05% 3,3′-diaminobenzidine (DAB) for color development. The reaction was terminated by 0.05 M trizma buffer and sections were mounted with dibutylphthalate polystyrene xylene (DPX), and observed under a light microscope (Olympus, Tokyo, Japan, BX51). For the evaluation of SE-induced neuronal death, Fluoro-Jade B (FJB) staining was performed (Choi et al., 2022). Slides with coronal hippocampal sections were placed in 0.06% KMnO4 solution for 7 min, followed by the incubation in 0.001% FJB (Biosensis, Thebarton, Australia, TR-150-FJB) for 30 min. Afterwards, slides were dehydrated with serial ethanol and xylene. Finally, sections were mounted with DPX and visualized using Lionheart FX system (Biotek, Winooski, VT, United States).
Confocal imaging
Primary neurons were transferred to a confocal microscope (LSM 700; Carl Zeiss, Jena, Germany) and observed through a ×60 objective (numerical aperture, 0.8). A total of eight cross-sections were obtained at 1 μm intervals along the z-axis of the cell using the z-stack imaging technique and were combined to obtain one image. Using an argon ion laser, the GFP is excited at 488 nm and emits light at 519 nm (10 nm band pass). The RFP is excited at 555 nm (HeNe laser) and emitted at 565 nm.
Microscope analysis and quantification
FJB-positive or immunoreactive cells were quantified as previously described (Choi et al., 2022). The number of FJB-positive cells was counted in every 12th hippocampal section, which was summed up and multiplied by 24 to estimate the total number of FJB-expressing cells in an animal. The CA1 and CA3 pyramidal cell layer (PCL) was demarcated by the point of rapid widening of PCL thickness and the larger soma size of CA3 pyramidal cells. The hilus was defined as the triangular area formed by connecting endpoints of the upper and lower granule cell layer (GCL) but excluding the CA4 PCL. As for quantitative analysis of reactive gliosis, the percentage of Iba1-and GFAP-immunoreactive areas in the dentate gyrus (DG) was analyzed using NIH ImageJ software. Sections with damaged regions in the hippocampal subfields were excluded from the analysis and samples containing two or more sections with damaged subfields were also excluded from the analysis. Briefly, background intensity was determined by measuring the pixel intensity of non-tissue area in each image. Then, Iba1-and GFAP-immunoreactivity were determined using the background intensity as a threshold for reactivity. Finally, the percentage of the marker-immunoreactive area over DG area value for all the images was calculated, and then those values were averaged for each mouse. The Iba1-immunoreactive area in CA1 and CA3 subfields of the hippocampus was evaluated using the same protocol as described above. For primary cultured neurons, the integrated intensity was quantified as the sum of pixel values of target immunoreactivity in an image of GFAP- or Iba1-positive areas using ImageJ software (NIH, United States) (Hong et al., 2021). Analysis of PSD95 puncta superimposed on MAP2 immunocytochemistry was done by quantitative measurements of the number of PSD95 puncta per 0.1 mm dendrite recognized by MAP2.
Western blotting
Western blotting was performed as described in our previous work (Choi et al., 2021). Briefly, the hippocampus and cultured rat hippocampal neurons were lysed in ProEX™ CETi lysis buffer (TransLab Biosciences, Carpentersville, IL, United States) and ProPrep™ lysis buffer (iNtRON Biotechnology, Sungnam, Korea), respectively. Equal amounts of protein (40–60 µg for the hippocampus and 15–20 µg for cultured rat hippocampal neurons) were separated onto a 12% and 5% SDS-polyacrylamide gels, respectively, and were then transferred onto the polyvinylidene difluoride membranes. The membranes were incubated with 3% BSA for an hour at room temperature. Then the membranes were placed in anti-MLKL (1:1,000, Cell Signaling Technology, Danvers, MA, United States, 14993S), anti-p-MLKL (1:1,000, Cell Signaling Technology, Danvers, MA, United States, 18,640), or anti-phosphorylated RIP3 (1:500, Abcam, Cambridge, MA, United States, ab195117) at 4°C overnight. The next day, horseradish peroxidase-conjugated anti-rabbit IgG (1:2,000, GeneTex, Irvine, CA, United States) was added for 2 h. Afterwards, bands were detected by enhanced chemiluminescence detection kit (Elpis Biotech, Inc., Lexington, MA, United States). For loading controls, the membranes were stripped with Restore Western Blot Stripping buffer (Thermo Scientific, Waltham, MA, United States) and re-probed with mouse monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 1:1,000, Santa Cruz Biotechnology, Inc., Dallas, TX, United States, SC-32233) for animal tissues and mouse monoclonal anti-β-actin (1:2,000; Santa Cruz Biotechnology, Inc., Dallas, TX, United States) for cultured rat hippocampal neurons. Then, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (1:2000, GeneTex) and visualized under ImageQuant LAS 4000 (Fujifilm, Tokyo, Japan). Finally, relative quantification of immunoreactivity of each band was carried out using the method of densitometric analysis.
Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) and statistical significance was assessed using GraphPad Prism 9 software (GraphPad Software Inc.) or SPSS 12.0. Experimental groups were randomly assigned, and the exact sample size is presented in the figure legends. To reduce the experimental bias, analyses were performed by a researcher blind to the experimental groups. Body weight changes of pilocarpine-induced SE model mice were analyzed using Repeated measures one-way ANOVA, while seizure onset and SE onset after pilocarpine injection were analyzed using one-way ANOVA with Tukey’s multiple comparisons and Kruskal-Wallis test with Dunn’s multiple comparisons test, respectively. For FJB staining results, statistical differences were mainly determined by Kruskal–Wallis test with Dunn’s multiple comparisons test as normal distribution was not assumed. For DG analysis, Brown-Forsythe one-way ANOVA with unpaired t-test with Welch’s correction was performed as normal distribution was assumed but equal variance was not assumed. For analysis of Iba1 and GFAP immunohistochemistry, One-way ANOVA with Tukey’s multiple comparisons test was used when normal distribution was assumed. In case normal distribution was not assumed, Iba1 in CA3 subfield, Kruskal-Wallis test with Dunn’s multiple comparisons test was done. For western blot analysis, one-way ANOVA with Newman-Keuls multiple comparisons test was used. For in vitro results, one-way ANOVA with Bonferroni post-hoc test was performed. The level of statistical significance was set as 95% confidence interval p < 0.05 or 99% confidence interval p < 0.01.
RESULTS
NecroX-7 treatment protects seizure-induced hippocampal neuronal death
Treatment with the 0.1 mM [Mg2+]o in rat primary hippocampal neurons to induce epileptiform discharges showed significant cell death (76.1% ± 1.6%. n = 13, p < 0.001) (Figures 1A, B). Pretreatment with NecroX-7 showed no difference in neuronal death caused by 0.1 mM [Mg2+]o medium (10 μM of NecroX-7: 76.3% ± 2.4%, n = 8; 30 μM: 78.2% ± 1.4%, n = 10; 100 μM: 75.2% ± 5.3%, n = 5). Post-treatment with NecroX-7 (10 μM and 100 μM) still showed neuronal death (10 μM of NecroX-7: 79.0% ± 2.5%, n = 11; 100 μM: 78.8% ± 2.3%, n = 9). However, NecroX-7 at 30 μM significantly blocked 0.1 mM [Mg2+]o–induced neurotoxicity (85.4% ± 1.6%, n = 21) (Figure 1B). MK-801 (10 μM), a positive control, showed neuroprotective effects (98.3% ± 1.5%, n = 11) (data not shown). These results indicate that NecroX-7 protects neurons exposed to 0.1 mM [Mg2+]o medium when post-treated at 30 μM but not pre-treated.
[image: Figure 1]FIGURE 1 | NecroX-7 (30 μM in vitro, 20 mg/kg and 40 mg/kg in vivo) post-treatment protects cells against 0.1 mM [Mg2+]o-induced neurotoxicity in cultured rat hippocampal neurons and pilocarpine-induced SE in mouse hippocampal hilus. (A) in vitro experimental design shown as a timeline. The pretreatment group was treated with NecroX-7 (10 μM, 30 μM, 100 μM) at 1 h before 0.1 mM [Mg2+]o treatment for 24 h. The post-treatment group was treated with NecroX-7 (10 μM, 30 μM, 100 μM) at 1 h after 0.1 mM [Mg2+]o treatment for 24 h (B) A graph showing cell viability in primary cultured hippocampal neurons. One-way ANOVA was performed with Bonferroni post-hoc test, p < 0.0001, F(10, 119) = 28.13. Data are shown as mean ± SEM. ###p < 0.001 vs. Control, ***p < 0.001 vs. low [Mg2+]o. (C) in vivo experimental design shown as a timeline. (D) Representative microscopic images of each group showing Fluoro-Jade B (FJB)-stained degenerating neurons in hippocampal subfields. Scale bar = 200 μm. (E) Graphs showing the number of FJB-positive cells in the hilus, CA1, and CA3 subfields of the hippocampus. Fewer degenerating neurons were observed in the hilus of NecroX-7-treated groups compared with the placebo group. n = 13 (placebo), n = 14 (20 mg/kg NecroX-7) and n = 13 (40 mg/kg NecroX-7). Detailed statistics are as follows. CA1: Kruskal–Wallis test was performed with Dunn’s multiple comparisons test, p = 0.98, H = 0.05; CA3: Kruskal–Wallis test was performed with Dunn’s multiple comparisons test, p = 0.90, H = 0.21; Hilus: Brown-Forsythe ANOVA was performed with unpaired t-test with Welch’s correction test, p = 0.02, F(2, 18.52) = 5.28. Data are presented as mean ± SEM. *p < 0.05.
Before we investigate whether NecroX-7 can attenuate excitotoxic hippocampal damage after pilocarpine-induced SE, we first analyzed behavioral seizure onset and SE onset among placebo, 20 mg/kg, or 40 mg/kg of NecroX-7 post-treatment groups. We found that there were no significant differences regarding the seizure onset (placebo: 18.93 ± 2.19 min vs. 20 mg/kg: 13.60 ± 1.31 min vs. 40 mg/kg: 18.31 ± 1.70 min) and SE onset (placebo: 34.64 ± 3.10 min vs. 20 mg/kg: 26.07 ± 1.85 min vs. 40 mg/kg: 26.38 ± 1.41 min) (Supplementary Figure S1A,C,D), indicating no selection bias in group allocation. Moreover, when we assessed the body weight changes over a 7-day period after pilocarpine injection, we observed a significant recovery in body weight over time without any notable differences among the three groups (Supplementary Figure S1B), demonstrating no drug toxicity. Based on these baseline data, degenerating neurons were then evaluated by FJB staining (Figure 1C). Compared to placebo-treated controls, the number of FJB-positive neurons in the hilus (placebo: 15,807 ± 2,286 vs. 20 mg/kg: 9,478 ± 3,324 vs. 40 mg/kg: 10,508 ± 747) was significantly reduced in both groups of NecroX-7 treatment (Figures 1D, E). However, FJB-positive degenerating neurons were comparable among three groups in the CA1 (placebo: 26,278 ± 6,382 vs. 20 mg/kg: 24,480 ± 5,194 vs. 40 mg/kg: 23,631 ± 6,121) and CA3 (placebo: 32,479 ± 9,507 vs. 20 mg/kg: 31,229 ± 6,779 vs. 40 mg/kg: 48,052 ± 15,483) subfields of the hippocampus (Figures 1D, E), suggesting that the neuroprotective effects of NecroX-7 against pilocarpine-induced SE have region-specific differences. Collectively, our findings demonstrate that NecroX-7 post-treatment after seizure activities can exert hilar neuroprotection.
Effect of NecroX-7 on low [Mg2+]o-induced synapse loss in cultured rat hippocampal neurons
To investigate the effects of NecroX-7 on synapse loss that precedes excitotoxicity, we performed PSD95 immunocytochemistry, which labels excitatory synapses. The number of PSD95 puncta per 0.1 mm dendrite recognized by MAP2 was quantitatively measured (Figure 2A). Treatment with 0.1 mM [Mg2+]o medium for 24 h significantly reduced the number of PSD95 puncta by 214.8 ± 17.1 (n = 14) (Figure 2B). Pretreatment with MK801 (10 μM) for 30 min significantly prevented synapse loss induced by 0.1 mM [Mg2+]o by 335.4 ± 17.9 (n = 17), indicating NMDA receptor-dependent synapse loss (data not shown). Post-treatment with NecroX-7 at 10 μM reduced PSD loss by 242.3 ± 22.8 (n = 15) and 30 μM of NecroX-7 significantly prevented PSD loss by 329.3 ± 23.3 (n = 14). This indicates a NecroX-7 concentration-dependent protection against synapse loss elicited by 0.1 mM [Mg2+]o (Figure 2B).
[image: Figure 2]FIGURE 2 | NecroX-7 (30 μM in vitro) post-treatment protects against 0.1 mM [Mg2+]o-induced synaptic loss in cultured rat hippocampal neurons. (A) Confocal images show the maximum z-stack of hippocampal neurons expressing MAP2 (red) and PSD95 (green). Scale bar = 10 μm for low magnified images, 2 μm for higher magnified images. (B) A graph summarizing the effect of NecroX-7 (10 μM, 30 μM) post-treatment on changes in 0.9 mM [Mg2+]o medium or 0.1 mM [Mg2+]o medium or changes in the number of PSD95-positive puncta per 0.1 mm dendrite. One-way ANOVA was performed with Bonferroni post-hoc test, p < 0.0001, F(5, 74) = 7.63. Data are shown as means ± SEM, ###p < 0.001 vs. Control, ***p < 0.001 vs. low [Mg2+]o.
NecroX-7 treatment attenuates seizure-induced neuroinflammation
We next examined the effect of NecroX-7 on seizure-induced neuroinflammation by Iba1 and GFAP immunostaining (Figure 3Aa,b). Iba1 immunohistochemistry showed a marked microglial activation in placebo-treated group, whereas 20 mg/kg and 40 mg/kg of NecroX-7 treatment notably downregulated Iba1 immunoreactivities (Figure 3B). Quantitative analysis confirmed that NecroX-7 after SE decreased Iba1-immunoreactive area in DG (placebo: 9.82% ± 1.50% vs. 20 mg/kg: 6.08% ± 0.72% vs. 40 mg/kg: 4.68% ± 0.79%) (Figure 3B). However, quantitative analysis on Iba1-immunoreactive area in CA1 (placebo: 22.93% ± 4.67% vs. 20 mg/kg: 13.55% ± 2.80% vs. 40 mg/kg: 11.95% ± 3.79%) and CA3 (CA3: placebo: 26.31% ± 5.53% vs. 20 mg/kg: 17.63% ± 3.86% vs. 40 mg/kg: 14.64% ± 5.74%) subfields of the hippocampus were not altered by NecroX-7 post-treatment (Supplementary Figure S2), suggesting region-specific differences in NecroX-7-mediated microglial regulation. In addition, rat hippocampal neuron-glia co-cultures also demonstrated that the exposure to 0.1 mM [Mg2+]o significantly increased the intensity of Iba1 (4.31 ± 0.35×105, n = 20) (Figure 3C). Post-treatment of NecroX-7 at 30 μM significantly reduced the intensity of Iba1 (2.78 ± 0.24×105, n = 17), similar to in vivo results (Figure 3C). When we assessed reactive astrocytosis, the GFAP-immunoreactive area in DG (placebo: 24.00% ± 2.43% vs. 20 mg/kg: 22.62% ± 2.35% vs. 40 mg/kg: 20.21% ± 1.23%) was not altered by NecroX-7 post-treatment (Figure 3D). However, hypertrophic GFAP-expressing astrocytes often seen in placebo group (Figure 3D, black arrows) were not frequently detected and instead ramified morphology (Figure 3D, white arrows) was occasionally observed in NecroX-7-treated groups, suggesting morphologic alteration of reactive astrogliosis by NecroX-7 post-treatment. Since we observed morphological changes of reactive astrocytes in the NecroX-7-treated DG, we performed a quantitative analysis using primary cells exposed to low [Mg2+]o. In hippocampal neuron-glia co-culture, low [Mg2+]o markedly increased the size of astrocytes and the intensity of GFAP by 5.45 ± 0.52×106 (n = 35) (Figure 3E). Post-treatment with 30 μM of NecroX-7 dramatically decreased the size of astrocytes and the intensity of GFAP, as shown in Figure 3E (vehicle: 5.45 ± 0.5×106, n = 35 vs. 10 μM: 5.03 ± 0.6×106, n = 32 vs. 30 μM: 3.47 ± 0.54×106, n = 30). These results indicate that NecroX-7 not only decreased GFAP intensity but also significantly restored the morphological changes in astrocytes. Taken all together, our findings demonstrate that NecroX-7 post-treatment can alleviate SE-induced hippocampal neuroinflammation.
[image: Figure 3]FIGURE 3 | Expression of glial fibrillary acidic protein (GFAP) and ionized calcium-binding adapter molecule 1 (Iba1) by activation of mouse glial cells induced by 0.1 mM [Mg2+]o and pilocarpine-induced SE was reduced by NecroX-7 (30 μM in vitro, 20 mg/kg and 40 mg/kg in vivo) post-treatment. (Aa) Experimental design of in vivo model shown as a timeline. (Ab) Experimental design of in vitro model shown as a timeline. (B) Representative microscopic images of immunohistochemistry stains of Iba1 in dentate gyrus (DG). Magnified areas in the hilus are indicated by black rectangles (a-c) in low magnified images. Note that hypertrophic activated microglia are detected in the hilus in all groups. Scale bar = 200 μm for low magnified images, 50 μm for higher magnified images. A graph showing Iba1-immunoreactive area in DG. Reactive microgliosis was significantly lower in NecroX-7-treated groups (20 mg/kg, 40 mg/kg) compared to the placebo group. n = 11 (placebo), n = 12 (20 mg/kg) and n = 12 (40 mg/kg). One-way ANOVA was performed with Tukey’s multiple comparisons test, p = 0.004, F(2, 32) = 6.450. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01. (C) Confocal images show the maximum z-stack of hippocampal neurons expressing Iba-1 (green) and DAPI (blue). The graph summarizes the effects of NecroX-7 (10 μM, 30 μM) post-treatment on Iba1 expression caused by 0.9 mM [Mg2+]o medium or 0.1 mM [Mg2+]o medium. One-way ANOVA was performed with Bonferroni post-hoc test, p < 0.0001, F(5, 139) = 9.85. Scale bar = 20 μm. Data are shown as mean ± SEM. ###p < 0.001 vs. Control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. low [Mg2+]o. (D) Representative microscopic images of immunohistochemistry stains of GFAP in DG. Hypertrophic astrocytes, resembling activated astrocytes, are indicated with black arrows in magnified image (a) of the placebo group. Less hypertrophic, ramified, astrocytes are indicated with white arrows in the magnified images (b, c) of NecroX-7-treated groups. Scale bar = 200 μm for low magnified images, 50 μm for higher magnified images. A graph showing GFAP-immunoreactive area in DG. Percentages of GFAP-immunoreactive area were comparable between placebo and NecroX-7-treated groups. n = 14 (placebo), n = 14 (20 mg/kg) and n = 13 (40 mg/kg). One-way ANOVA was performed with Tukey’s multiple comparisons test, p = 0.45, F(2, 38) = 0.81. Data are presented as mean ± SEM. *p < 0.05. (E) Confocal images show the maximum z-stack of hippocampal neurons expressing GFAP (red) and DAPI (blue). The graph summarizes the effects of NecroX-7 (10 μM, 30 μM) post-treatment on GFAP expression caused by 0.9 mM [Mg2+]o medium or 0.1 mM [Mg2+]o medium. One-way ANOVA was performed with Bonferroni post-hoc test, p < 0.0001, F(5, 194) = 10.45. Scale bar = 20 μm. Data are shown as mean ± SEM. ###p < 0.001 vs. Control, *p < 0.05, **p < 0.01, ***p < 0.001 vs. low [Mg2+]o.
NecroX-7 treatment reduces hippocampal necroptosis marker expression
Since NecroX-7 alleviated neuroinflammation and neuronal death, we tried to evaluate the nature of NecroX-7-mediated neuroprotection after acute seizures in vivo (Figure 4Aa) and in vitro (Figure 4Ab). On the 7th day after SE, our western blot analysis demonstrated that the hippocampal MLKL expression (placebo: 1.00 ± 0.15 vs. 20 mg/kg: 0.67 ± 0.08 vs. 40 mg/kg: 0.46 ± 0.12), a marker for necroptosis, was significantly decreased in groups of both 20 mg/kg and 40 mg/kg of NecroX-7 post-treatment, compared to placebo group (Figures 4B, C). In addition, post-treatment of hippocampal neurons exposed to 0.1 mM [Mg2+]o showed a significant induction of phopho-MLKL (p-MLKL) expression, which was markedly decreased by the treatment of 30 μM of NecroX-7 (Figures 4D, E). The expression of MLKL (Figures 4F, G) and phospho-RIP3 (Figures 4H, I) also demonstrated an increasing trend in the cells exposed to 0.1 mM [Mg2+]o. Collectively, our results suggest that NecroX-7 treatment after SE can contribute to the reduction of seizure-induced hippocampal necroptosis.
[image: Figure 4]FIGURE 4 | Treatment with NecroX-7 decreases the hippocampal necroptosis marker expression. (A) Experimental design shown as a timeline, in vivo (Aa) and in vitro (Ab). (B) Representative western blot image of MLKL expression in the hippocampus. GAPDH expression was used as a loading control. (C) A graph comparing relative expression of MLKL/GAPDH. MLKL expression was significantly lower in the NecroX-7-treated groups compared to the placebo group. n = 11 (placebo), n = 13 (20 mg/kg) and n = 8 (40 mg/kg). One-way ANOVA analysis with Newman-Keuls multiple comparisons test, p = 0.02, F(2, 29) = 4.83. Data are presented as mean ± SEM. *p < 0.05. (D, F, H) Representative western blot images of phosphorylated MLKL (p-MLKL), MLKL, and phosphorylated RIP3 (p-RIP3) expression in cultured rat hippocampal neurons. β-actin expression was used as a loading control. (E, G, I) Graphs comparing relative expression of p-MLKL/β-actin (E), MLKL/β-actin (G), and p-RIP3/β-actin (I). p-MLKL expression showed a significant increase after 0.1 mM [Mg2+]o-induced epileptiform activity. Notably, the increase in p-MLKL by 0.1 mM [Mg2+]o-induced epileptiform activity was significantly reduced by NecroX-7 post-treatment at 30 μM. n = 7 (vehicle CON), n = 7 (vehicle Low-Mg2+), n = 5 (30 μM CON), and n = 5 (30 μM Low-Mg2+) for p-MLKL expression. One-way ANOVA analysis with Bonferroni multiple comparisons test, p < 0.0001, F(3, 20) = 7.38. Data are presented as mean ± SEM. #p < 0.05 vs. Control, ***p < 0.001 vs. low [Mg2+]o. For MLKL, n = 5 (vehicle CON), n = 5 (vehicle Low-Mg2+), n = 4 (30 μM CON) and n = 4 (30 μM Low-Mg2+). For p-RIP3, n = 8 (vehicle CON), n = 8 (vehicle Low-Mg2+), n = 7 (30 μM CON) and n = 7 (30 μM Low-Mg2+).
DISCUSSION
Despite longstanding rigorous efforts to develop effective anti-epileptic drugs, epilepsy remains intractable in one-third of its patients, thereby still requiring novel drugs. In this study, we investigated a small molecule, NecroX-7, as a potential therapeutic agent for TLE. Administration of NecroX-7 after acute seizures demonstrated neuroprotective and anti-inflammatory effects on hippocampal neurons in both in vivo and in vitro models of TLE. Additionally, we demonstrated that NecroX-7 could reduce seizure-induced necroptosis marker expressions in the hippocampus.
In the present study, we proposed that necroptosis could play a role in seizure-induced cell deaths, which was prevented by NecroX-7 treatment. Necroptosis, a type of cell death also known as programmed necrosis, can be induced when TNFα binds to its receptor, TNFR1, and activates RIP1/3 to phosphorylate MLKL, an important marker of necroptosis (Yu et al., 2021). Phosphorylated MLKL then forms an oligomer and binds to the cell membrane, causing Ca2+ and Na+ influx, and increasing extracellular permeation of cellular components including DAMPs, which eventually leads to cell death (Du et al., 2022). Since SE is an inflammatory condition and cell deaths in SE in part showed necrotic morphologies (Fujikawa et al., 2000a; Dingledine et al., 2014; Wang et al., 2017b; Cai et al., 2017; Fricker et al., 2018; Du et al., 2022), involvement of necroptosis has been assumed. Indeed, we reported the first evidence that acute seizures can cause MLKL-mediated necroptosis in the hippocampus, in addition to the involvement of truncated neogenin in this process (Choi et al., 2021). We further sought to find an anti-necroptotic agent and found a novel small molecule, NecroX-7, that could decrease MLKL and p-MLKL expression after acute seizures. In other studies, inhibition of MLKL reduced SE-related brain damage and improved cognitive performance (Wang et al., 2017a; Jia et al., 2019), supporting our data. Taken all together, we provide a new lead compound, NecroX-7, as a potential anti-epileptic drug by demonstrating the alleviation of excitotoxic necroptosis.
We also demonstrated that NecroX-7 could effectively regulate seizure-induced neuroinflammation. We found that NecroX-7 treatment significantly reduced the low [Mg2+]o-induced activation of microglia and astrocytes, together with the restoration of hypertrophic astrocytic morphology. Our in vivo and in vitro results suggest an anti-inflammatory role of NecroX-7 in TLE. In diverse experimental models of degenerative and inflammatory diseases including GVHD, chemotherapy-associated mucositis, atherosclerosis, and myocardial, renal, and hepatic ischemia-reperfusion injuries, NecroX-7 decreased the expression of pro-inflammatory cytokines or damage-associated molecular pattern (DAMPs), i.e., TNFα, IL-1R, IL-6, iNOS, MCP-1, or HMGB1 (Im et al., 2015; Grootaert et al., 2016; Jin et al., 2016; Lee et al., 2016; Hwang et al., 2018; Im et al., 2019), in line with our findings of NecroX-7-mediated anti-inflammation. Moreover, NecroX-7 controlled inflammatory cellular pathways such as NF-κB, JNK 1/2, and p38 signaling (Park et al., 2013; Chung et al., 2015; Grootaert et al., 2016; Hwang et al., 2018; Kim et al., 2021). As the inhibition of cytoplasmic and extracellular redistribution of HMGB1 from the nucleus is considered one of the major modes of action of NecroX-7 (Park et al., 2012; Im et al., 2015; Grootaert et al., 2016; Jin et al., 2016; Lee et al., 2016; Hwang et al., 2018; Im et al., 2019; Kim et al., 2021), it is plausible that in SE, blocking extracellular leakage of DAMPs by NecroX-7 may interfere with the initiation of inflammatory pathways and the production of pro-inflammatory cytokines including TNFα, attenuating necroptosis and thereby promoting hippocampal neuroprotection.
NecroX-7 has an advantage when it comes to drug development because it is bioavailable with oral administration and is non-toxic. Studies of IV administration of single and multiple doses of NecroX-7 to a healthy male population showed no significant side effects and it was confirmed to have optimal pharmacokinetic properties, such as dose proportionality, fast tissue distribution, and long t½, for a once-daily regimen (Kim et al., 2017; Kim et al., 2020). Since first-in-human trials have been conducted, a future direction will be to test the efficacy of NecroX-7 in TLE patients. A more elaborate study design will be required to determine the appropriate dosage of NecroX-7 for TLE as wide dose ranges of 0.3–30 mg/kg (i.v.), and 20-50 mg/kg (p.o.) in mice have been reported to show therapeutic efficacy in various diseases (Park et al., 2013; Chung et al., 2015; Im et al., 2019). We also reported that 20-40 mg/kg of NecroX-7 had anti-necroptotic and anti-inflammatory effects in a mouse model of TLE. Given that the blood-brain barrier (BBB) hinders efficient drug delivery to the cells in the brain, modification of the drug structure to enhance BBB penetration or high doses of NecroX-7 may be necessary to demonstrate therapeutic efficacy in the context of epilepsy. In addition, testing a variety of different cell types will be also required to provide comprehensive information about the efficacy and potential side effects of NecroX-7, especially when high doses of NecroX-7 need to be treated. However, the easy administration and good tolerability of NecroX-7 make it a more promising candidate as a novel anti-epileptic drug.
For future clinical trials of NecroX-7 in epilepsy, it will be valuable to compare the therapeutic efficacies of multiple drugs that can regulate various aspects of necroptosis, i.e., necrostatin-1 (Nec-1), dabrafenib, or necrosulfonamide (NSA), with respect to that of NecroX-7. Necrostatin-1 (Nec-1) is an ATP-competitive small molecule and allosterically inhibits RIP1, an upstream kinase of MLKL (Degterev et al., 2008). Dabrafenib, an FDA-approved immunotherapy agent for melanomas, is originally a B-RAFV600E inhibitor, but was later found to selectively inhibit RIP3 (Sugaya et al., 2019). Finally, NSA, another small molecule, is known to block MLKL oligomerization and activation (Yan et al., 2017; Bansal et al., 2019). As our results suggest that NecroX-7 can affect the steps associated with MLKL in the hippocampus, it will be interesting to evaluate differential impacts of targeting each key signaling molecule of necroptosis on neuroprotection after acute seizures.
In our study, while NecroX-7 successfully protected neuronal death in the hilus, pyramidal neurons in the CA1 and CA3 subfields could not be saved after pilocarpine-induced SE. This regional difference in cell death might be associated with region-specific alterations in microglial activation as we found that Iba1 immunoreactivity was alleviated only in the hilus. Alternatively, it may be related with different biochemical characteristics of each cell type, leading to altered response to environmental stimuli and NecroX-7 treatment. For instance, hilar interneurons express C-C motif chemokine receptor 8 (CCR8), which can inhibit dexamethasone-induced apoptosis (Spinetti et al., 2003), while pyramidal neurons do not (Liu et al., 2007). Despite speculative at the moment, NecroX-7 might boost the protective effect of CCR8, thus salvaging hilar interneurons. This hypothesis warrants further comprehensive investigation in the future as transcriptomic analysis between hilar interneurons and pyramidal neurons for the identification of differentially expressed candidates after acute seizures and then after NecroX-7 administration, respectively.
In summary, we propose NecroX-7 as a potential therapeutic agent for TLE by demonstrating the neuroprotective and anti-inflammatory effects in vitro and in vivo. In addition, we suggest that NecroX-7 after acute seizures can mediate anti-necroptosis in the hippocampus.
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