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Abstract

:

Epigallocatechin-3-gallate (EGCG) is an antioxidant that directly scavenges reactive oxygen species (ROS) and inhibits pro-oxidant enzymes. Although EGCG protects hippocampal neurons from status epilepticus (SE, a prolonged seizure activity), the underlying mechanisms are not fully understood. As the preservation of mitochondrial dynamics is essential for cell viability, it is noteworthy to elucidate the effects of EGCG on impaired mitochondrial dynamics and the related signaling pathways in SE-induced CA1 neuronal degeneration, which are yet unclear. In the present study, we found that EGCG attenuated SE-induced CA1 neuronal death, accompanied by glutathione peroxidase-1 (GPx1) induction. EGCG also abrogated mitochondrial hyperfusion in these neurons by the preservation of extracellular signal-regulated kinase 1/2 (ERK1/2)–dynamin-related protein 1 (DRP1)-mediated mitochondrial fission, independent of c-Jun N-terminal kinase (JNK) activity. Furthermore, EGCG abolished SE-induced nuclear factor-κB (NF-κB) serine (S) 536 phosphorylation in CA1 neurons. ERK1/2 inhibition by U0126 diminished the effect of EGCG on neuroprotection and mitochondrial hyperfusion in response to SE without affecting GPx1 induction and NF-κB S536 phosphorylation, indicating that the restoration of ERK1/2–DRP1-mediated fission may be required for the neuroprotective effects of EGCG against SE. Therefore, our findings suggest that EGCG may protect CA1 neurons from SE insults through GPx1–ERK1/2–DRP1 and GPx1–NF-κB signaling pathways, respectively.
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1. Introduction


Status epilepticus (SE, a prolonged seizure activity) is a life-threatening neurological emergency and carries a risk of major morbidity and mortality, which can have long-term consequences, including impaired cognition, neuronal death and aberrant neuronal networks [1,2]. Excitotoxicity induced by excessive Ca2+ influx through the N-methyl-D-aspartate receptor (NMDAR) is one of the pathological mechanisms for SE-induced neuronal death, which triggers programmed neuronal necrosis death [3,4].



The preservation of mitochondrial mass, bioenergetic functions and reactive oxygen species (ROS) homoeostasis is required for neuronal survival because mitochondria produce most of the energy in the form of ATP to execute and maintain cell viability. Thus, mitochondrial dynamics such as fission (fragmentation) and fusion (elongation) are essential for the maintenance of the bioenergetics and Ca2+ buffering needs of neurons for neurotransmission. Mitochondrial fission plays an important role in mitochondrial motility, mitochondrial DNA inheritance, the regulation of mitochondrial size/shape, the distribution of mitochondria, mitochondria quality control and homeostasis and the removal of damaged mitochondria through mitophagy. However, excessive mitochondrial fission leads to neuronal death by impaired bioenergetics, ROS generation and the release of cytochrome c (a pro-apoptotic factor) from mitochondria [5,6,7,8]. Mitochondrial fusion is also critical to maintain the integrity of mitochondria. However, aberrant excessive mitochondrial fusion also evokes excessive ROS production by inhibiting mitochondrial respiration and induces ATP deficiency in peripheral sites by abolishing mitochondrial transports [3,9,10,11] (Figure 1).



GTPase dynamin-related protein 1 (DRP1) encoded on DNM1L is required for proper mitochondrial dynamics. DRP1 activity is oppositely regulated by two distinct serine (S) phosphorylation sites. DRP1 S616 phosphorylation facilitates mitochondrial fission, while S637 phosphorylation detaches DRP1 from mitochondria and subsequently inhibits fragmentation [12]. In humans, DNM1L mutations cause a mitochondrial fission deficiency (abnormal mitochondrial elongation) and then a sudden onset of refractory SE with very poor neurologic outcomes [13,14,15,16]. A mutation of the signal transducer and activator of transcription 2 (STAT2) also leads to intractable seizures, with DRP1 inactivation causing defective mitochondrial fission [17]. In experimental animal models, SE rapidly downregulated DRP1 expression, which evoked aberrant mitochondrial elongation leading to programmed necrotic neuronal death in CA1 pyramidal cells [3,18,19,20]. Although SE induces the apoptosis of parvalbumin (PV) interneurons, regulating the fast adaptation to repetitive spikes in the hilus of the dentate gyrus through DRP1-mediated excessive mitochondrial fragmentation [21], it is likely that at least in CA1 neurons, SE provokes programmed necrosis due to the hyperfusion of the mitochondrial network (aberrant mitochondrial elongation) by deregulating DRP1-mediated mitochondrial fission (Figure 1).



Epigallocatechin-3-gallate (EGCG) activates the non-integrin 67 kDa laminin receptor (67LR) [22,23]. EGCG also directly scavenges ROS, independent of 67LR [24,25], and acts as an antioxidant to inhibit pro-oxidant enzymes such as nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and xanthine oxidase [26,27]. Indeed, EGCG showed a neuroprotective effect in an oxyhemoglobin (OxyHb)-induced rat subarachnoid hemorrhage (SAH) model by abrogating DRP1 upregulation and excessive mitochondrial fragmentation [28] (Figure 1). Unlike the SAH model, SE induced DRP1 downregulation and mitochondrial hyperfusion in the CA1 neurons of the dorsal hippocampus [3,18,19,20]. However, EGCG protected hippocampal pyramidal neurons from lithium chloride (LiCl)–pilocarpine-induced SE by inhibiting nuclear factor-κB (NF-κB) activity, although the effect of EGCG on mitochondrial dynamics has not been reported [29]. As oxidative stress is one of the common causes of neuronal damage induced by OxyHb-induced SAH [28], neuroinflammation [30,31] and SE [4,12] models, it is likely that the neuroprotective effects of EGCG may be relevant to oxidative stress-induced mitochondrial dynamics as well as NF-κB inhibition. Indeed, EGCG increases glutathione peroxidase-1 (GPx1), which plays an important role in the reduction of the H2O2 level as a cofactor of glutathione (GSH), and GPx1 downregulation is involved in SE-induced CA1 neuronal death [32,33,34,35,36]. Furthermore, EGCG attenuates the increment of NADPH oxidase and superoxide dismutase (SOD) activities, but not H2O2 production [37]. Considering that oxidative stress induces neuronal death caused by impaired mitochondrial dynamics [38,39,40] and EGCG improves ROS-induced mitochondrial dysfunctions [28,41,42], it is likely, therefore, that EGCG-mediated GPx1 upregulation may attenuate SE-induced CA1 neuronal death by affecting impaired mitochondrial dynamics as well as NF-κB activation, which is still elusive. Thus, the present study was conducted to investigate the effects of EGCG on CA1 neuronal degeneration, aberrant mitochondrial hyperfusion, NF-κB phosphorylation and GPx1 downregulation induced by SE.



Here, we demonstrate that EGCG attenuated SE-induced CA1 neuronal death and aberrant mitochondrial elongation in CA1 neurons. These neuroprotective effects of EGCG were relevant to GPx1 upregulation in CA1 neurons, which prevented mitochondrial hyperfusion by the preservation of extracellular signal-regulated kinase 1/2 (ERK1/2)-mediated DRP1 S616 phosphorylation, independent of the c-Jun N-terminal kinase (JNK) signaling pathway. EGCG-induced GPx1 upregulation also inhibited NF-κB S536 phosphorylation in CA1 neurons following SE. ERK1/2 inhibition by U0126 diminished the effect of EGCG on neuroprotection and mitochondrial hyperfusion without affecting GPx1 induction and NF-κB S536 phosphorylation. Therefore, our findings suggest that EGCG-induced GPx1 upregulation may protect CA1 neurons from SE insults through the ERK1/2–DRP1-mediated restoration of impaired mitochondrial elongation as well as the inhibition of NF-κB S536 phosphorylation.




2. Materials and Methods


2.1. Experimental Animals and Chemicals


Seventy male Sprague-Dawley rats (200–220 g; Daehan biolink, Umseong, Chungcheongbuk-do, Republic of Korea) were used in this experiment. Twenty-eight rats were used for the control group and forty-two rats were used for the experimental groups, respectively. The rats were housed under a 12 h dark/light cycle with a standard rodent diet and water. All experimental procedures were formally approved by the Institutional Animal Care and Use Committee of Hallym University (Hallym 2021-3; approval date, 17 May 2021). All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA), except as noted.




2.2. Surgical Procedures and SE Induction


Rats were implanted with an infusion needle (brain infusion kit 1; Alzet, Cupertino, CA, USA) into the right lateral ventricle (coordinates: 1 mm posterior; 1.5 mm lateral; 3.5 mm depth) under isoflurane anesthesia (3% induction, 1.5–2% for surgery and 1.5% maintenance in a 65:35 mixture of N2O:O2), followed by connecting an osmotic pump (1007D; Alzet, Cupertino, CA, USA) containing (1) a vehicle (n = 28), (2) EGCG (50 μM) (n = 28) or (3) EGCG (50 μM) + U0126 (25 μM) (n = 14). In pilot and previous studies [23], each treatment did not evoke neurological adverse effects or alter the seizure susceptibility and its severity in response to pilocarpine. Two days after surgery, the rats were injected with LiCl (127 mg/kg, i.p.). The next day, 20 min before pilocarpine administration, the animals received atropine methylbromide (5 mg/kg i.p.). Thereafter, the animals were given pilocarpine (30 mg/kg, i.p.; n = 42). Two hours after SE onset, diazepam (Valium; Hoffmann-la Roche, Neuilly-sur-Seine, France; 10 mg/kg, i.p.) was injected to cease seizure activity, and repeated as needed. Control animals (n = 28) were injected with saline in place of pilocarpine.




2.3. Western Blot


Three days after SE, the animals were decapitated under urethane anesthesia (1.5 g/kg, i.p.). The hippocampus of each animal (n = 7 rats in each group) was rapidly collected. After homogenization with a lysis buffer containing a protease inhibitor cocktail (Roche Applied Sciences, Branford, CT, USA) and a phosphatase inhibitor cocktail (PhosSTOP®; Roche Applied Science, Branford, CT, USA), protein concentrations were determined using a Micro BCA Protein Assay Kit (Pierce Chemical, Rockford, IL, USA). An equal amount (10 μg) of each sample was loaded onto Bis-Tris sodium dodecyl sulfate-poly-acrylamide electrophoresis gel (SDS-PAGE). The proteins were separated by electrophoresis and transferred to polyvinylidene fluoride membranes. The membranes were then immunoblotted using a primary antibody (Table 1). Rabbit anti-β-actin was used as an internal reference for data normalization. An ECL Kit (GE Healthcare Korea, Seoul, South Korea) was used to visualize the signals, and the proteins were analyzed using an ImageQuant LAS4000 system (GE Healthcare Korea, Seoul, South Korea). The phosphoprotein:total protein ratio was described as the phosphorylation ratio.




2.4. Immunohistochemistry and Mitochondrial Morphometry


Three days after SE, animals were anesthetized with urethane anesthesia (1.5 g/kg, i.p.) and perfused through the left ventricle with normal saline followed by 4% paraformaldehyde in a 0.1 M phosphate buffer (PB; pH 7.4). The brains were post-fixed in the same fixative, cryoprotected with 30% sucrose overnight and cut at a thickness of 30 μm using a cryostat. Hippocampal tissues approximately −3.0~−3.6 mm from the bregma were selected based on the rat brain from stereotaxic coordinates [43]. After blocking with 3% bovine serum albumin in PBS for 30 min at room temperature, the sections were reacted with a cocktail solution containing primary antibodies (Table 1) overnight at room temperature, followed by incubation with Cy2- or Cy3-conjugated secondary antibodies. A negative control test was performed with pre-immune serum substituted for the primary antibody.



Pilocarpine-induced SE results in the most pronounced CA1 neuronal loss of the dorsal hippocampus of adult rats [44], while it further degenerates neurons in the ventral hippocampus of immature and young rats [45,46]. Furthermore, aberrant mitochondrial elongation was predominantly detected in the SE-vulnerable CA1 neurons of the dorsal hippocampus in our previous studies [3,19,20,21]. Therefore, the fluorescent intensities and mitochondrial morphometry were analyzed from five CA1 neurons randomly selected in the pyramidal cell layer of the dorsal hippocampus (five sections from each animal; n = 7 rats in each group) using AxioVision Rel. 4.8 software (Carl Zeiss Korea, Seoul, Republic of Korea) and ImageJ software. To conduct mitochondrial morphometry, the mitochondrial elongation index (area-weighted form factor = perimeter2/4π) and mitochondrial network aggregation (cumulative area:perimeter ratio = Σarea/Σperimeter) in these neurons were calculated using ImageJ software. The mitochondrial elongation index indicates the increased mitochondrial length (mitochondrial elongation) by the transition from a punctiform to an elongated shape. In addition, mitochondrial network aggregation (cumulative area:perimeter ratio) indicates the transition from elongated, isolated mitochondria to a reticular network or the aggregation of interconnected mitochondria [47,48].




2.5. Fluoro-Jade B (FJB) Staining


For the quantification of neuronal degeneration, some tissue sections (n = 4–5 sections in each animal) were mounted on a glass slide and reacted with 0.06% KMnO4, followed by 0.001% FJB solution (Histo-Chem Inc., Jefferson, AR, USA). The number of FJB-positive neurons was measured using AxioVision Rel. 4.8.




2.6. Data Analysis


Data were analyzed using the Mann–Whitney test or Kruskal–Wallis test followed by a Dunn–Bonferroni post hoc comparison. A p-value less than 0.05 was considered to be significant.





3. Results


3.1. EGCG Attenuates SE-Induced CA1 Neuronal Death


First, we evaluated the effects of EGCG on SE-induced CA1 neuronal death. Compared with the vehicle, EGCG effectively attenuated CA1 neuronal death induced by SE (z = 2.619 and p = 0.009, n = 7 rats, respectively; Mann–Whitney test; Figure 2A,B).




3.2. EGCG Diminishes SE-Induced GPx1 Downregulation in CA1 Neurons


SE leads to GPx1 downregulation in CA1 neurons [3,19]. As EGCG protects against oxidative stress by acting as a natural free radical scavenger and enhances GPx1 expression [35,49], we investigated whether EGCG affected GPx1 expression in CA1 neurons following SE.



In the control animals, EGCG did not affect the GPx1 protein level in the hippocampus (Figure 3A,B and Figure S1). SE reduced the GPx1 protein level to 0.46-fold of the control vehicle-treated animal level in the hippocampus (p < 0.001; Dunn–Bonferroni post hoc test), which was enhanced to 0.61-fold of the control vehicle-treated animal level by EGCG (p = 0.041; Dunn–Bonferroni post hoc test; χ2(3) = 22.03; p < 0.001; n = 7 rats, respectively; Kruskal–Wallis test; Figure 3A,B and Figure S1). Compatible with the Western blot data, SE decreased the GPx1 fluorescent intensity to 0.39-fold of the control vehicle-treated animal level in the CA1 neurons (p < 0.001; Dunn–Bonferroni post hoc test), which was mitigated by EGCG (p < 0.001; Dunn–Bonferroni post hoc test; χ2(3) = 111.685; p < 0.001; n = 35 cells in 7 rats, respectively; Kruskal–Wallis test; Figure 3C,D). These findings indicated that EGCG may prevent GPx1 downregulation from SE, which would ameliorate CA1 neuronal death.




3.3. EGCG Ameliorates SE-Induced Aberrant Mitochondrial Elongation in CA1 Neurons


GPx1 protects neurons from oxidative stress, which evokes neuronal degeneration mediated by impaired mitochondrial dynamics [32,33,38,39,40]. Thus, we investigated whether EGCG influenced the mitochondrial dynamics in CA1 neurons following SE.



SE elongated the mitochondrial length in CA1 neurons (p < 0.001; Dunn–Bonferroni post hoc test). Although EGCG did not alter the mitochondrial length in the control rats, it effectively diminished SE-induced elongation (p = 0.001; Dunn–Bonferroni post hoc test; χ2(3) = 42.741; p = 0.001; n = 35 cells in 7 rats, respectively; Kruskal–Wallis test; Figure 4A,B). SE also led to mitochondrial aggregation in CA1 neurons (p < 0.001; Dunn–Bonferroni post hoc test). EGCG ameliorated aberrant mitochondrial aggregation in CA1 neurons (p = 0.022; Dunn–Bonferroni post hoc test; χ2(3) = 41.646; p < 0.001; n = 35 cells in 7 rats, respectively; Kruskal–Wallis test), while it could not affect the mitochondrial reticular networks in the control animals (Figure 4A,C). These findings indicated that SE may lead to mitochondrial hyperfusion in CA1 neurons, which would be inhibited by EGCG.




3.4. EGCG Attenuates a Decrease in DRP1 Expression and Its S616 Phosphorylation in CA1 Neurons


As DRP1 expression and its S616 phosphorylation are significantly decreased in CA1 neurons 3 days after SE [3,19], we validated the effect of EGCG on DRP1 expression and its S616 phosphorylation following SE. The Western blot data showed that EGCG did not affect DRP1 expression and its S616 phosphorylation in the hippocampus of the control animals (Figure 5A–C). Following SE, the total DRP1 protein level was reduced to 0.56-fold of the control vehicle-treated animal level in the hippocampus (p < 0.001; Dunn–Bonferroni post hoc test), which increased to 0.8-fold of the control vehicle-treated animal level by EGCG (p = 0.01; Dunn–Bonferroni post hoc test; χ2(3) = 21.275; p < 0.001; n = 7 rats, respectively; Kruskal–Wallis test; Figure 5A,B and Figure S2). Furthermore, the DRP1 S616 phosphorylation level was 0.51-fold of the control vehicle-treated animal level in the hippocampus (p < 0.001; Dunn–Bonferroni post hoc test). EGCG enhanced it to 0.66-fold of the control vehicle-treated animal level (p = 0.016; Dunn–Bonferroni post hoc test; χ2(3) = 21.275; p < 0.001; n = 7 rats, respectively; Kruskal–Wallis test; Figure 5A,C and Figure S2). A double immunofluorescent study also revealed that SE decreased the DRP1 expression in CA1 neurons (p < 0.001; Dunn–Bonferroni post hoc test), which was attenuated by EGCG (p < 0.001; Dunn–Bonferroni post hoc test; χ2(3) = 105.805; p < 0.001; n = 35 cells in 7 rats, respectively; Kruskal–Wallis test; Figure 5D,E). These findings indicated that EGCG may ameliorate SE-induced CA1 neuronal death by facilitating DRP1-mediated mitochondrial fission.




3.5. EGCG Enhances ERK1/2 but Not JNK Phosphorylation in CA1 Neurons following SE


The ERK1/2 and JNK signaling pathways regulate DRP1 S616 phosphorylation [50,51]. Furthermore, SE diminishes the ERK1/2 and JNK phosphorylation level (activity), while it does not affect their total protein levels in the rat hippocampus [20]. Therefore, it is likely that EGCG may ameliorate SE-induced CA1 neuronal death by facilitating DRP1-mediated mitochondrial fissions through the ERK and/or JNK pathways. To confirm this, we explored the effects of EGCG on ERK1/2 and JNK activities (phosphorylation) following SE.



In the control animals, EGCG did not change the ERK1/2 and JNK total protein and phosphorylation levels in the hippocampus (Figure 6A–C and Figure S2). SE diminished the phospho (p)-ERK1/2 level to 0.54-fold of the control vehicle-treated animal level in the hippocampus (p < 0.001; Dunn–Bonferroni post hoc test), which was enhanced to 0.78-fold of the control vehicle-treated animal level by EGCG (p = 0.009; Dunn–Bonferroni post hoc test; χ2(3) = 22.627; p < 0.001; n = 7 rats, respectively; Kruskal–Wallis test; Figure 6A,B and Figure S2). The p-JNK level was also decreased to 0.55-fold of the control vehicle-treated animal level in the hippocampus (p < 0.001; Dunn–Bonferroni post hoc test; χ2(3) = 20.362; p < 0.001; n = 7 rats, respectively; Kruskal–Wallis test; Figure 6A,C and Figure S2). However, EGCG did not affect the decreased p-JNK level following SE (Figure 6A,C and Figure S2). A double immunofluorescent study also revealed that SE downregulated the p-ERK1/2 level in CA1 neurons (p < 0.001; Dunn–Bonferroni post hoc test), which was attenuated by EGCG (p < 0.001; Dunn–Bonferroni post hoc test; χ2(3) = 109.938; p < 0.001; n = 35 cells in 7 rats, respectively; Kruskal–Wallis test; Figure 6D,E). These findings indicated that EGCG may facilitate mitochondrial fission by enhancing ERK1/2 but not JNK-mediated DRP1 S616 phosphorylation.




3.6. EGCG Ameliorates NF-κB S536 Phosphorylation in CA1 Neurons following SE


NF-κB S536 phosphorylation is relevant to the vulnerability of CA1 neurons in response to SE [52,53]. EGCG mitigates SE-induced neuronal damage by inhibiting the NF-κB signaling pathway [29]. Interestingly, mitochondrial fission and the NF-κB signaling pathway reciprocally regulate each other [54,55]. As GPx1 inhibits NF-κB S536 phosphorylation [56,57], it is likely that EGCG protects CA1 neurons from SE by affecting NF-κB S536 phosphorylation. Consistent with previous studies [52,53], the present study revealed that NF-κB S536 phosphorylation was very weakly observed in CA1 neurons. Following SE, the NF-κB S536 phosphorylation level was significantly enhanced in these neurons (p < 0.001; Dunn–Bonferroni post hoc test). In addition, EGCG effectively ameliorated the SE-induced enhancement of NF-κB S536 phosphorylation in CA1 neurons (p < 0.001; Dunn–Bonferroni post hoc test; χ2(3) = 111.461; p < 0.001; n = 35 cells in 7 rats, respectively; Kruskal–Wallis test; Figure 7A,B). Considering the inhibitory effect of EGCG on SE-induced mitochondrial hyperfusion in the present study (Figure 4), these data indicated that enhanced NF-κB S536 phosphorylation may not be involved in aberrant mitochondrial elongation in CA1 neurons. Therefore, our findings suggested that EGCG may ameliorate SE-induced CA1 neuronal degeneration by abrogating NF-κB S536 phosphorylation, independent of mitochondrial dynamics.




3.7. ERK1/2 Inhibition Abrogates the Effect of EGCG on SE-Induced CA1 Neuronal Degeneration


The protective mechanism of EGCG against the oxidative burden includes ERK1/2 activation [58,59,60,61]. Indeed, the present study demonstrated that EGCG increased ERK1/2 phosphorylation and inhibited aberrant mitochondrial elongation in CA1 neurons. Therefore, we applied a U0126 (an ERK1/2 inhibitor) co-treatment with EGCG prior to the SE induction to confirm the role of ERK1/2 in the neuroprotective effect of EGCG on SE-induced neuronal death. Compared with the vehicle, the U0126 co-treatment diminished the neuroprotective effect of EGCG on SE-induced CA1 neurons (z = 2.43; p = 0.015; n = 7 rats, respectively; Mann–Whitney test; Figure 8A,B). These findings indicated that ERK1/2 activation may be required for the neuroprotective effect of EGCG against SE.




3.8. ERK1/2 Inhibition Abrogates the Effect of EGCG on Mitochondrial Hyperfusion


Next, we investigated whether the U0126 co-treatment influenced the effect of EGCG on aberrant mitochondrial elongation in CA1 neurons following SE. Compared with the vehicle, the U0126 co-treatment increased the mitochondrial elongation index (z = 3.172; p = 0.002; n = 35 cells in 7 rats, respectively; Mann–Whitney test) and mitochondrial aggregation (z = 4.939; p < 0.001; n = 35 cells in 7 rats, respectively; Mann–Whitney test; Figure 9A–C) in the CA1 neurons of EGCG-treated rats following SE. These findings indicated that EGCG–ERK1/2 activation may restore the SE-induced impairment of mitochondrial fission in CA1 neurons.




3.9. U0126 Co-Treatment Inhibits EGCG-Induced DRP1 S616 Phosphorylation without Affecting GPx1 Induction and NF-κB S536 Phosphorylation following SE


We also confirmed whether a U0126 co-treatment affected the activation of the ERK1/2–DRP1 signaling pathway induced by EGCG. As GPx1 activates ERK1/2 phosphorylation [62,63,64], the effect of a U0126 co-treatment on EGCG-induced GPx1 upregulation was investigated. Compared with the vehicle, the U0126 co-treatment did not affect the total DRP1 protein level (Figure 10A–C and Figure S4). However, EGCG decreased DRP1 S616 phosphorylation in the hippocampus (z = 2.492; p = 0.013; n = 7 rats, respectively; Mann–Whitney test; Figure 10A–C and Figure S4). The U0126 co-treatment did not influence the GPx1 expression in the hippocampus of EGCG-treated rats following SE (Figure 10A,D and Figure S4). An immunofluorescent study also revealed that the U0126 co-treatment did not affect NF-κB S536 phosphorylation in the CA1 neurons of EGCG-treated rats following SE (Figure 10E,F). Thus, our findings indicated that EGCG-mediated ERK1/2 activation may facilitate DRP1-mediated mitochondrial dynamics without affecting GPx1 induction as well as NF-κB S536 phosphorylation.





4. Discussion


Oxidative stress and mitochondrial dysfunction are critical events contributing to the etiology of neurological disorders. Indeed, a ROS-induced imbalance of the mitochondrial dynamic network is involved in neurodegeneration in Parkinson’s disease, Huntington’s disease, Alzheimer’s disease and epilepsy [12]. Therefore, the restoration of the antioxidant defense system and mitochondrial functions/dynamics could be of importance to counteract such pathological conditions. Considering the antioxidative properties of EGCG to protect neurons against various neurological diseases [24,25,26,27,28,29], it is likely that EGCG may inhibit oxidative stress, which results in mitochondrial dysfunctions, recovering impaired mitochondrial dynamics that generate further ROS [12]. However, the underlying mechanisms of EGCG remain poorly understood.



EGCG attenuates mitochondrial swelling, mitochondrial crystal dissolution and electron density induced by oxidative stress [65], and restores the mitochondrial membrane potential, mitochondrial function and ATP production in neurons and astrocytes following various insults [66,67,68]. Indeed, EGCG accumulates in the mitochondria and acts locally as a free radical scavenger [49]. Furthermore, EGCG protects neurons from oxidative stress through ERK1/2 activation [58,59,60,61]. In the present study, we found that EGCG ameliorated SE-induced CA1 neuronal degeneration by restoring ERK1/2–DRP1-mediated mitochondrial fission. The present data also demonstrated that EGCG ameliorated SE-induced GPx1 downregulation in CA1 neurons. GPx1 removes H2O2 by acting as a cofactor of GSH [32,33], and EGCG increases the GSH level that upregulates GPx1 expression in CA1 neurons [34,36]. Furthermore, GPx1 activates ERK1/2 phosphorylation [62,63,64]. Therefore, our findings indicated that the antioxidative activity of EGCG may protect CA1 neurons from impaired mitochondrial elongation induced by ROS.



The maintenance of mitochondrial fission mediated by DRP1 S616 phosphorylation is essential for the viability of CA1 neurons following SE [3,4,18,19,20]. DRP1 S616 phosphorylation is regulated by ERK1/2 and JNK [50,51]. SE-induced CA1 neuronal death is relevant to decreases in ERK1/2 and JNK phosphorylation [20]. Furthermore, EGCG relieves stress-induced ERK1/2 inactivation [59,60]. Consistent with these previous studies, the present data demonstrated that EGCG augmented GPx1–ERK1/2-mediated DRP1 S616 phosphorylation, accompanied by an inhibition of mitochondrial hyperfusion/aggregation. On the other hand, 2-cyano-3,12-dioxo-oleana-1,9(11)-dien-28-oic acid methyl ester (CDDO-Me, a triterpenoid antioxidant) attenuated SE-induced CA1 neuronal death by enhancing ERK1/2 and JNK phosphorylation [20]. In the present study, however, EGCG did not affect JNK phosphorylation following SE. Considering that EGCG suppresses JNK phosphorylation [69,70], our findings suggested that the neuroprotective mechanism of EGCG against oxidative stress-induced cell death included ROS–GPx1–ERK1/2-mediated DRP1 S616 phosphorylation, independent of JNK, unlike CDDO-Me.



NF-κB activation contributes to inflammatory reactions and oxidative stress after brain injuries and strokes [71,72]. Furthermore, oxidative stress further activates the NF-κB signaling pathway [73]. Following SE, NF-κB S536 phosphorylation enhanced CA1 and CA3 pyramidal cells vulnerable to SE [48,49]. Consistent with these reports, the present study revealed that SE elicited NF-κB S536 phosphorylation in CA1 neurons. In addition, EGCG diminished SE-induced NF-κB S536 phosphorylation, accompanied by GPx1 upregulation. Considering that the deletion or inhibition of GPx1 increases NF-κB S536 phosphorylation [56,57], it is likely that the antioxidant properties of EGCG may also attenuate SE-induced CA1 neuronal damage through NF-κB inhibition. Similar to EGCG, N-acetylcysteine (NAC, an antioxidant and GSH precursor) inhibits NF-κB S536 phosphorylation [74] and increases GPx1 expression in CA1 neurons following SE [34]. Although NF-κB mediated the activation of DRP1-dependent mitochondrial fission [54,55], the present study revealed SE-induced aberrant mitochondrial elongation concomitant with enhanced NF-κB S536 phosphorylation. Therefore, our findings suggested that EGCG may also mitigate SE-induced CA1 neuronal degeneration by abrogating the ROS–GPx1–NF-κB signaling pathway, which would not be involved in DRP1-mediated mitochondrial dynamics.



EGCG is known as an activator of non-integrin 67 kDa laminin receptor (67LR) that mediates ROS generation via the activation of NADPH oxidase [31]. However, the neuronal 67LR expression level is undetectable in the rat brain under physiological and post-SE conditions. Furthermore, 67LR neutralization cannot influence the p-ERK1/2 level in CA1 neurons, but diminishes it in astrocytes [75]. Therefore, it is likely that the antioxidant and neuroprotective effects of EGCG may not be mediated by 67LR.



The limitations of the present study were that we could not investigate (1) the molecular basis of hypoxic hippocampal neuronal damage induced by SE and (2) the permeability of EGCG across the brain–blood barrier (BBB). Although we could not find that animals ceased air intake during convulsions during the experimental procedures, the possibility that hypoxia (without apnea) could cause hippocampal neuronal damage could not be excluded. This is because ischemic–hypoxic lesions occur in the hippocampus during SE [76], and hypoxia disrupts mitochondrial dynamics in neurons [77]. Considering that short hypoxic preconditioning preceding SE promotes long-lasting protective effects on neuron survival and spatial memory [78], it is, however, an interesting topic to elucidate the effects of EGCG on hypoxia-related events during SE in the near future.



On the other hand, we applied an intracerebroventricular administration of EGCG in the present study because EGCG is poorly permeable to the BBB in rats [79]. Much of orally ingested EGCG is hydrolyzed to epigallocatechin (EGC) and gallic acid. Among them, EGC is catalyzed to 5-(3′,5′-dihydroxyphenyl)-γ-valerolactone (EGC-M5) and its conjugated forms, which are permeable to the BBB in vitro [80]. However, the permeability of EGCG into the brain is very low in vivo [79]. Of interest, Pervin et al. [81] inferred that the ingestion of EGCG (20 mg/kg) every day reached a concentration of ~0.6 µM in plasma and ~0.03 µM in the brain, which improved the cognitive function in mice. In rats, EGCG (100 mg/day for 4 weeks, intragastrically) could not penetrate into the brain tissue of control young rats, but was permeable to the BBB in aging rats with cognitive impairments due to the increased permeability of the BBB [79]. With respect to these reports, it is likely that EGCG may be permeable to the BBB under some pathophysiological conditions evoking increased BBB permeability or BBB disruptions such as SAH [28] and SE [23].



Recently, it was reported that the overexpression of mitofusin 2 (Mfn2, a protein regulating mitochondrial fusion) in neurons inhibited the lipopolysaccharide (LPS)-induced release of IL-1β but not TNF-α in the brain without affecting peripheral inflammation [82]. Regarding that EGCG protects hippocampal neurons against SE by inhibiting the Toll-like receptor 4–NF-κB–interleukin-1β (IL-1β) axis [29], the possibility that the EGCG-mediated restoration of mitochondrial dynamics in CA1 neurons would affect IL-1β synthesis following SE cannot be excluded. Therefore, it is presumable that impaired mitochondrial dynamics in neurons may be one of the underlying mechanisms regulating neuroinflammation, which could be mitigated by EGCG. Further studies are needed to elucidate this hypothesis.




5. Conclusions


The present data showed that EGCG exerted GPx1 induction following SE, which attenuated CA1 neuronal death through the preservation of ERK1/2–DRP1-mediated mitochondrial fission, independent of JNK activity. EGCG also abolished the increment of NF-κB S536 phosphorylation in CA1 neurons following SE. These findings indicated that EGCG may protect CA1 neurons from SE insults through the ROS–GPx1–ERK1/2–DRP1 and ROS–GPx1–NF-κB signaling pathways. Therefore, our findings represent a future pharmacologic possibility that goes beyond the well-known antioxidative properties of EGCG (Figure 11).








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/antiox12040966/s1. Figure S1: Full-length gel images of Western blot data in Figure 3A. Figure S2: Full-length gel images of Western blot data in Figure 4A. Figure S3: Full-length gel images of Western blot data in Figure 6A. Figure S4: Full-length gel images of Western blot data in Figure 8A.





Author Contributions


T.-C.K. designed the experiments. J.-E.K., T.-H.K. and T.-C.K. performed the experiments described in the manuscript. J.-E.K. and T.-C.K. analyzed the data and wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by a grant from the National Research Foundation of Korea (NRF) (No. 2021R1A2B5B01001482).




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Animal Care and Use Committee of Hallym University (No. Hallym 2021-3; approval date, 17 May 2021).




Informed Consent Statement


Not applicable.




Data Availability Statement


The data are contained within the article and supplementary materials.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript or in the decision to publish the results.




References


	



Trinka, E.; Cock, H.; Hesdorffer, D.; Rossetti, A.O.; Scheffer, I.E.; Shinnar, S.; Shorvon, S.; Lowenstein, D.H. A definition and classification of status epilepticus--Report of the ILAE Task Force on Classification of Status Epilepticus. Epilepsia 2015, 56, 1515–1523. [Google Scholar] [CrossRef] [PubMed]

	



Neligan, A.; Noyce, A.J.; Gosavi, T.D.; Shorvon, S.D.; Köhler, S.; Walker, M.C. Change in Mortality of Generalized Convulsive Status Epilepticus in High-Income Countries Over Time: A Systematic Review and Meta-analysis. JAMA Neurol. 2019, 76, 897–905. [Google Scholar] [CrossRef]

	



Kim, J.E.; Ryu, H.J.; Kim, M.J.; Kang, T.C. LIM kinase-2 induces programmed necrotic neuronal death via dysfunction of DRP1-mediated mitochondrial fission. Cell Death Differ. 2014, 21, 1036–1049. [Google Scholar] [CrossRef] [PubMed]

	



Fujikawa, D.G. Programmed mechanisms of status epilepticus-induced neuronal necrosis. Epilepsia Open 2022. [Google Scholar] [CrossRef] [PubMed]

	



Youle, R.J.; van der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062–1065. [Google Scholar] [CrossRef]

	



Pickles, S.; Vigie, P.; Youle, R.J. Mitophagy and quality control mechanisms in mitochondrial maintenance. Curr. Biol. 2018, 28, R170–R185. [Google Scholar] [CrossRef]

	



Otera, H.; Ishihara, N.; Mihara, K. New insights into the function and regulation of mitochondrial fission. Biochim. Biophys. Acta 2013, 1833, 1256–1268. [Google Scholar] [CrossRef]

	



Campello, S.; Scorrano, L. Mitochondrial shape changes: Orchestrating cell pathophysiology. EMBO Rep. 2010, 11, 678–684. [Google Scholar] [CrossRef]

	



Parone, P.A.; Da Cruz, S.; Tondera, D.; Mattenberger, Y.; James, D.I.; Maechler, P.; Barja, F.; Martinou, J.C. Preventing mitochondrial fission impairs mitochondrial function and leads to loss of mitochondrial DNA. PLoS ONE 2008, 3, e3257. [Google Scholar] [CrossRef]

	



DuBoff, B.; Götz, J.; Feany, M.B. Tau promotes neurodegeneration via DRP1 mislocalization in vivo. Neuron 2012, 75, 618–632. [Google Scholar] [CrossRef]

	



Kageyama, Y.; Zhang, Z.; Roda, R.; Fukaya, M.; Wakabayashi, J.; Wakabayashi, N.; Kensler, T.W.; Reddy, P.H.; Iijima, M.; Sesaki, H. Mitochondrial division ensures the survival of postmitotic neurons by suppressing oxidative damage. J. Cell Biol. 2012, 197, 535–551. [Google Scholar] [CrossRef]

	



Kang, T.C. Nuclear Factor-Erythroid 2-Related Factor 2 (Nrf2) and Mitochondrial Dynamics/Mitophagy in Neurological Diseases. Antioxidants 2020, 9, 617. [Google Scholar] [CrossRef]

	



Fahrner, J.A.; Liu, R.; Perry, M.S.; Klein, J.; Chan, D.C. A novel de novo dominant negative mutation in DNM1L impairs mitochondrial fission and presents as childhood epileptic encephalopathy. Am. J. Med. Genet. A 2016, 170, 2002–2011. [Google Scholar] [CrossRef]

	



Schmid, S.J.; Wagner, M.; Goetz, C.; Makowski, C.; Freisinger, P.; Berweck, S.; Mall, V.; Burdach, S.; Juenger, H. A De Novo Dominant Negative Mutation in DNM1L Causes Sudden Onset Status Epilepticus with Subsequent Epileptic Encephalopathy. Neuropediatrics 2019, 50, 197–201. [Google Scholar] [CrossRef] [PubMed]

	



Waterham, H.R.; Koster, J.; van Roermund, C.W.; Mooyer, P.A.; Wanders, R.J.; Leonard, J.V. A lethal defect of mitochondrial and peroxisomal fission. N. Engl. J. Med. 2007, 356, 1736–1741. [Google Scholar] [CrossRef] [PubMed]

	



Vanstone, J.R.; Smith, A.M.; McBride, S.; Naas, T.; Holcik, M.; Antoun, G.; Harper, M.E.; Michaud, J.; Sell, E.; Chakraborty, P.; et al. DNM1L-related mitochondrial fission defect presenting as refractory epilepsy. Eur. J. Hum. Genet. 2016, 24, 1084–1088. [Google Scholar] [CrossRef]

	



Shahni, R.; Cale, C.M.; Anderson, G.; Osellame, L.D.; Hambleton, S.; Jacques, T.S.; Wedatilake, Y.; Taanman, J.W.; Chan, E.; Qasim, W.; et al. Signal transducer and activator of transcription 2 deficiency is a novel disorder of mitochondrial fission. Brain 2015, 138, 2834–2846. [Google Scholar] [CrossRef] [PubMed]

	



Córdova-Dávalos, L.; Carrera-Calvo, D.; Solís-Navarrete, J.; Mercado-Gómez, O.F.; Arriaga-Ávila, V.; Agredano-Moreno, L.T.; Jiménez-García, L.F.; Guevara-Guzmán, R. Status epilepticus triggers early mitochondrial fusion in the rat hippocampus in a lithium-pilocarpine model. Epilepsy Res. 2016, 123, 11–19. [Google Scholar] [CrossRef]

	



Lee, D.S.; Kim, J.E. PDI-mediated S-nitrosylation of DRP1 facilitates DRP1-S616 phosphorylation and mitochondrial fission in CA1 neurons. Cell Death Dis. 2018, 9, 869. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Park, H.; Choi, S.H.; Kong, M.J.; Kang, T.C. CDDO-Me Selectively Attenuates CA1 Neuronal Death Induced by Status Epilepticus via Facilitating Mitochondrial Fission Independent of LONP1. Cells 2019, 8, 833. [Google Scholar] [CrossRef]

	



Kim, J.E.; Kang, T.C. p47Phox/CDK5/DRP1-Mediated Mitochondrial Fission Evokes PV Cell Degeneration in the Rat Dentate Gyrus Following Status Epilepticus. Front. Cell. Neurosci. 2017, 11, 267. [Google Scholar] [CrossRef]

	



Gundimeda, U.; McNeill, T.H.; Fan, T.K.; Deng, R.; Rayudu, D.; Chen, Z.; Cadenas, E.; Gopalakrishna, R. Green tea catechins potentiate the neuritogenic action of brain-derived neurotrophic factor: Role of 67-kDa laminin receptor and hydrogen peroxide. Biochem. Biophys. Res. Commun. 2014, 445, 218–224. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Park, H.; Jeong, M.J.; Kang, T.C. Epigallocatechin-3-Gallate and PEDF 335 Peptide, 67LR Activators, Attenuate Vasogenic Edema, and Astroglial Degeneration Following Status Epilepticus. Antioxidants 2020, 9, 854. [Google Scholar] [CrossRef] [PubMed]

	



Nanjo, F.; Mori, M.; Goto, K.; Hara, Y. Radical scavenging activity of tea catechins and their related compounds. Biosci. Biotechnol. Biochem. 1999, 63, 1621–1623. [Google Scholar] [CrossRef]

	



Sarkar, J.; Chakraborti, T.; Chowdhury, A.; Bhuyan, R.; Chakraborti, S. Protective role of epigallocatechin-3-gallate in NADPH oxidase-MMP2-Spm-Cer-S1P signalling axis mediated ET-1 induced pulmonary artery smooth muscle cell proliferation. J. Cell Commun. Signal. 2019, 13, 473–489. [Google Scholar] [CrossRef] [PubMed]

	



Cos, P.; Ying, L.; Calomme, M.; Hu, J.P.; Cimanga, K.; van Poel, B.; Pieters, L.; Vlietinck, A.J.; Vanden Berghe, D. Structure-activity relationship and classification of flavonoids as inhibitors of xanthine oxidase and superoxide scavengers. J. Nat. Prod. 1998, 61, 71–76. [Google Scholar] [CrossRef]

	



Yousefian, M.; Shakour, N.; Hosseinzadeh, H.; Hayes, A.W.; Hadizadeh, F.; Karimi, G. The natural phenolic compounds as modulators of NADPH oxidases in hypertension. Phytomedicine 2019, 55, 200–213. [Google Scholar] [CrossRef]

	



Chen, Y.; Chen, J.; Sun, X.; Shi, X.; Wang, L.; Huang, L.; Zhou, W. Evaluation of the neuroprotective effect of EGCG: A potential mechanism of mitochondrial dysfunction and mitochondrial dynamics after subarachnoid hemorrhage. Food Funct. 2018, 9, 6349–6359. [Google Scholar] [CrossRef]

	



Qu, Z.; Jia, L.; Xie, T.; Zhen, J.; Si, P.; Cui, Z.; Xue, Y.; Sun, C.; Wang, W. (-)-Epigallocatechin-3-Gallate Protects Against Lithium-Pilocarpine-Induced Epilepsy by Inhibiting the Toll-Like Receptor 4 (TLR4)/Nuclear Factor-κB (NF-κB) Signaling Pathway. Med. Sci. Monit. 2019, 25, 1749–1758. [Google Scholar] [CrossRef]

	



Machova Urdzikova, L.; Ruzicka, J.; Karova, K.; Kloudova, A.; Svobodova, B.; Amin, A.; Dubisova, J.; Schmidt, M.; Kubinova, S.; Jhanwar-Uniyal, M.; et al. A green tea polyphenol epigallocatechin-3-gallate enhances neuroregeneration after spinal cord injury by altering levels of inflammatory cytokines. Neuropharmacology 2017, 126, 213–223. [Google Scholar] [CrossRef]

	



Gundimeda, U.; McNeill, T.H.; Elhiani, A.A.; Schiffman, J.E.; Hinton, D.R.; Gopalakrishna, R. Green tea polyphenols precondition against cell death induced by oxygen-glucose deprivation via stimulation of laminin receptor, generation of reactive oxygen species, and activation of protein kinase Cε. J. Biol. Chem. 2012, 287, 34694–34708. [Google Scholar] [CrossRef] [PubMed]

	



Marinho, H.S.; Antunes, F.; Pinto, R.E. Role of glutathione peroxidase and phospholipid hydroperoxide glutathione peroxidase in the reduction of lysophospholipid hydroperoxides. Free Radic. Biol. Med. 1997, 22, 871–883. [Google Scholar] [CrossRef]

	



de Haan, J.B.; Bladier, C.; Griffiths, P.; Kelner, M.; O’Shea, R.D.; Cheung, N.S.; Bronson, R.T.; Silvestro, M.J.; Wild, S.; Zheng, S.S.; et al. Mice with a homozygous null mutation for the most abundant glutathione peroxidase, Gpx1, show increased susceptibility to the oxidative stress-inducing agents paraquat and hydrogen peroxide. J. Biol. Chem. 1998, 273, 22528–22536. [Google Scholar] [CrossRef] [PubMed]

	



Kim, J.E.; Lee, D.S.; Kim, T.H.; Kang, T.C. Glutathione Regulates GPx1 Expression during CA1 Neuronal Death and Clasmatodendrosis in the Rat Hippocampus following Status Epilepticus. Antioxidants 2022, 11, 756. [Google Scholar] [CrossRef] [PubMed]

	



Tao, L.; Park, J.Y.; Lambert, J.D. Differential prooxidative effects of the green tea polyphenol, (-)-epigallocatechin-3-gallate, in normal and oral cancer cells are related to differences in sirtuin 3 signaling. Mol. Nutr. Food Res. 2015, 59, 203–211. [Google Scholar] [CrossRef]

	



Ayyalasomayajula, N.; Bandaru, L.J.M.; Chetty, C.S.; Dixit, P.K.; Challa, S. Mitochondria-Mediated Moderation of Apoptosis by EGCG in Cytotoxic Neuronal Cells Induced by Lead (Pb) and Amyloid Peptides. Biol. Trace Elem. Res. 2022, 200, 3582–3593. [Google Scholar] [CrossRef]

	



Aras-López, R.; Almeida, L.; Andreu-Fernández, V.; Tovar, J.; Martínez, L. Anti-oxidants correct disturbance of redox enzymes in the hearts of rat fetuses with congenital diaphragmatic hernia. Pediatr. Surg. Int. 2018, 34, 307–313. [Google Scholar] [CrossRef]

	



Akhtar, M.W.; Sunico, C.R.; Nakamura, T.; Lipton, S.A. Redox Regulation of Protein Function via Cysteine S-Nitrosylation and Its Relevance to Neurodegenerative Diseases. Int. J. Cell Biol. 2012, 2012, 463756. [Google Scholar] [CrossRef]

	



Haun, F.; Nakamura, T.; Lipton, S.A. Dysfunctional Mitochondrial Dynamics in the Pathophysiology of Neurodegenerative Diseases. J. Cell Death 2013, 6, 27–35. [Google Scholar] [CrossRef]

	



Wu, M.; Gu, X.; Ma, Z. Mitochondrial Quality Control in Cerebral Ischemia-Reperfusion Injury. Mol. Neurobiol. 2021, 58, 5253–5271. [Google Scholar] [CrossRef]

	



Yan, J.; Feng, Z.; Liu, J.; Shen, W.; Wang, Y.; Wertz, K.; Weber, P.; Long, J.; Liu, J. Enhanced autophagy plays a cardinal role in mitochondrial dysfunction in type 2 diabetic Goto-Kakizaki (GK) rats: Ameliorating effects of (-)-epigallocatechin-3-gallate. J. Nutr. Biochem. 2012, 23, 716–724. [Google Scholar] [CrossRef] [PubMed]

	



Casanova, E.; Baselga-Escudero, L.; Ribas-Latre, A.; Arola-Arnal, A.; Bladé, C.; Arola, L.; Salvadó, M.J. Epigallocatechin gallate counteracts oxidative stress in docosahexaenoxic acid-treated myocytes. Biochim. Biophys. Acta 2014, 1837, 783–791. [Google Scholar] [CrossRef]

	



Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 3rd ed.; Academic Press: San Diego, CA, USA, 1997. [Google Scholar]

	



Weise, J.; Engelhorn, T.; Dörfler, A.; Aker, S.; Bähr, M.; Hufnagel, A. Expression time course and spatial distribution of activated caspase-3 after experimental status epilepticus: Contribution of delayed neuronal cell death to seizure-induced neuronal injury. Neurobiol. Dis. 2005, 18, 582–590. [Google Scholar] [CrossRef]

	



Scholl, E.A.; Dudek, F.E.; Ekstrand, J.J. Neuronal degeneration is observed in multiple regions outside the hippocampus after lithium pilocarpine-induced status epilepticus in the immature rat. Neuroscience 2013, 252, 45–59. [Google Scholar] [CrossRef] [PubMed]

	



Ekstrand, J.J.; Pouliot, W.; Scheerlinck, P.; Dudek, F.E. Lithium pilocarpine-induced status epilepticus in postnatal day 20 rats results in greater neuronal injury in ventral versus dorsal hippocampus. Neuroscience 2011, 192, 699–707. [Google Scholar] [CrossRef] [PubMed]

	



Cribbs, J.T.; Strack, S. Functional characterization of phosphorylation sites in dynamin-related protein 1. Methods Enzymol. 2009, 457, 231–253. [Google Scholar]

	



Merrill, R.A.; Dagda, R.K.; Dickey, A.S.; Cribbs, J.T.; Green, S.H.; Usachev, Y.M.; Strack, S. Mechanism of neuroprotective mitochondrial remodeling by PKA/AKAP1. PLoS Biol. 2011, 9, e1000612. [Google Scholar] [CrossRef]

	



Schroeder, E.K.; Kelsey, N.A.; Doyle, J.; Breed, E.; Bouchard, R.J.; Loucks, F.A.; Harbison, R.A.; Linseman, D.A. Green tea epigallocatechin 3-gallate accumulates in mitochondria and displays a selective antiapoptotic effect against inducers of mitochondrial oxidative stress in neurons. Antioxid. Redox Signal. 2009, 11, 469–480. [Google Scholar] [CrossRef]

	



Prieto, J.; León, M.; Ponsoda, X.; Sendra, R.; Bort, R.; Ferrer-Lorente, R.; Raya, A.; López-García, C.; Torres, J. Early ERK1/2 activation promotes DRP1-dependent mitochondrial fission necessary for cell reprogramming. Nat. Commun. 2016, 7, 11124. [Google Scholar] [CrossRef]

	



Wang, H.; Zhao, X.; Ni, C.; Dai, Y.; Guo, Y. Zearalenone regulates endometrial stromal cell apoptosis and migration via the promotion of mitochondrial fission by activation of the JNK/Drp1 pathway. Mol. Med. Rep. 2018, 17, 7797–7806. [Google Scholar] [CrossRef]

	



Ryu, H.J.; Kim, J.E.; Yeo, S.I.; Kim, M.J.; Jo, S.M.; Kang, T.C. ReLA/P65-serine 536 nuclear factor-kappa B phosphorylation is related to vulnerability to status epilepticus in the rat hippocampus. Neuroscience 2011, 187, 93–102. [Google Scholar] [CrossRef]

	



Kim, J.E.; Kim, D.S.; Ryu, H.J.; Kim, W.I.; Kim, M.J.; Kim, D.W.; Choi, S.Y.; Kang, T.C. The effect of P2X7 receptor activation on nuclear factor-κB phosphorylation induced by status epilepticus in the rat hippocampus. Hippocampus 2013, 23, 500–514. [Google Scholar] [CrossRef]

	



Zhang, X.; Huang, W.; Shao, Q.; Yang, Y.; Xu, Z.; Chen, J.; Zhang, X.; Ge, X. Drp1, a potential therapeutic target for Parkinson’s disease, is involved in olfactory bulb pathological alteration in the Rotenone-induced rat model. Toxicol. Lett. 2020, 325, 1–13. [Google Scholar] [CrossRef]

	



Battaglia, C.R.; Cursano, S.; Calzia, E.; Catanese, A.; Boeckers, T.M. Corticotropin-releasing hormone (CRH) alters mitochondrial morphology and function by activating the NF-kB-DRP1 axis in hippocampal neurons. Cell Death Dis. 2020, 11, 1004. [Google Scholar] [CrossRef]

	



Crack, P.J.; Taylor, J.M.; Ali, U.; Mansell, A.; Hertzog, P.J. Potential contribution of NF-kappaB in neuronal cell death in the glutathione peroxidase-1 knockout mouse in response to ischemia-reperfusion injury. Stroke 2006, 37, 1533–1538. [Google Scholar] [CrossRef]

	



Wang, X.; Han, Y.; Chen, F.; Wang, M.; Xiao, Y.; Wang, H.; Xu, L.; Liu, W. Glutathione Peroxidase 1 Protects Against Peroxynitrite-Induced Spiral Ganglion Neuron Damage Through Attenuating NF-κB Pathway Activation. Front. Cell. Neurosci. 2022, 16, 841731. [Google Scholar] [CrossRef]

	



Levites, Y.; Amit, T.; Youdim, M.B.; Mandel, S. Involvement of protein kinase C activation and cell survival/ cell cycle genes in green tea polyphenol (-)-epigallocatechin 3-gallate neuroprotective action. J. Biol. Chem. 2002, 277, 30574–30580. [Google Scholar] [CrossRef]

	



Liu, M.; Chen, F.; Sha, L.; Wang, S.; Tao, L.; Yao, L.; He, M.; Yao, Z.; Liu, H.; Zhu, Z.; et al. (-)-Epigallocatechin-3-gallate ameliorates learning and memory deficits by adjusting the balance of TrkA/p75NTR signaling in APP/PS1 transgenic mice. Mol. Neurobiol. 2014, 49, 1350–1363. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Liu, F.; Jin, H.; Li, R.; Wang, Y.; Zhang, W.; Wang, H.; Chen, W. Involvement of PKCα and ERK1/2 signaling pathways in EGCG’s protection against stress-induced neural injuries in Wistar rats. Neuroscience 2017, 346, 226–237. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Li, R.; Jin, H.; Jin, H.; Wang, Y.; Zhang, W.; Wang, H.; Chen, W. Epigallocatechin-3-gallate confers protection against corticosterone-induced neuron injuries via restoring extracellular signal-regulated kinase 1/2 and phosphatidylinositol-3 kinase/protein kinase B signaling pathways. PLoS ONE 2018, 13, e0192083. [Google Scholar] [CrossRef] [PubMed]

	



Tran, T.V.; Shin, E.J.; Nguyen, L.T.T.; Lee, Y.; Kim, D.J.; Jeong, J.H.; Jang, C.G.; Nah, S.Y.; Toriumi, K.; Nabeshima, T.; et al. Protein Kinase Cδ Gene Depletion Protects Against Methamphetamine-Induced Impairments in Recognition Memory and ERK1/2 Signaling via Upregulation of Glutathione Peroxidase-1 Gene. Mol. Neurobiol. 2018, 55, 4136–4159. [Google Scholar] [CrossRef] [PubMed]

	



Mai, H.N.; Pham, D.T.; Chung, Y.H.; Sharma, N.; Cheong, J.H.; Yun, J.; Nah, S.Y.; Jeong, J.H.; Gen Lei, X.; Shin, E.J.; et al. Glutathione peroxidase-1 knockout potentiates behavioral sensitization induced by cocaine in mice via σ-1 receptor-mediated ERK signaling: A comparison with the case of glutathione peroxidase-1 overexpressing transgenic mice. Brain Res. Bull. 2020, 164, 107–120. [Google Scholar] [CrossRef]

	



Shin, E.J.; Chung, Y.H.; Sharma, N.; Nguyen, B.T.; Lee, S.H.; Kang, S.W.; Nah, S.Y.; Wie, M.B.; Nabeshima, T.; Jeong, J.H.; et al. Glutathione Peroxidase-1 Knockout Facilitates Memory Impairment Induced by β-Amyloid (1-42) in Mice via Inhibition of PKC βII-Mediated ERK Signaling; Application with Glutathione Peroxidase-1 Gene-Encoded Adenovirus Vector. Neurochem. Res. 2020, 45, 2991–3002. [Google Scholar] [CrossRef] [PubMed]

	



Chen, C.; Li, B.; Chen, H.; Qin, Y.; Cheng, J.; He, B.; Wan, Y.; Zhu, D.; Gao, F. Epigallocatechin-3-Gallate Ameliorated Iron Accumulation and Apoptosis and Promoted Neuronal Regeneration and Memory/Cognitive Functions in the Hippocampus Induced by Exposure to a Chronic High-Altitude Hypoxia Environment. Neurochem. Res. 2022, 47, 2254–2262. [Google Scholar] [CrossRef] [PubMed]

	



Dragicevic, N.; Smith, A.; Lin, X.; Yuan, F.; Copes, N.; Delic, V.; Tan, J.; Cao, C.; Shytle, R.D.; Bradshaw, P.C. Green tea epigallocatechin-3-gallate (EGCG) and other flavonoids reduce Alzheimer’s amyloid-induced mitochondrial dysfunction. J. Alzheimer’s Dis. 2011, 26, 507–521. [Google Scholar] [CrossRef]

	



Lee, J.H.; Moon, J.H.; Kim, S.W.; Jeong, J.K.; Nazim, U.M.; Lee, Y.J.; Seol, J.W.; Park, S.Y. EGCG-mediated autophagy flux has a neuroprotection effect via a class III histone deacetylase in primary neuron cells. Oncotarget 2015, 6, 9701–9717. [Google Scholar] [CrossRef]

	



Castellano-González, G.; Pichaud, N.; Ballard, J.W.; Bessede, A.; Marcal, H.; Guillemin, G.J. Epigallocatechin-3-gallate induces oxidative phosphorylation by activating cytochrome c oxidase in human cultured neurons and astrocytes. Oncotarget 2016, 7, 7426–7440. [Google Scholar] [CrossRef]

	



Kamalden, T.A.; Ji, D.; Osborne, N.N. Rotenone-induced death of RGC-5 cells is caspase independent, involves the JNK and p38 pathways and is attenuated by specific green tea flavonoids. Neurochem. Res. 2012, 37, 1091–1101. [Google Scholar] [CrossRef]

	



He, Q.; Bao, L.; Zimering, J.; Zan, K.; Zhang, Z.; Shi, H.; Zu, J.; Yang, X.; Hua, F.; Ye, X.; et al. The protective role of (-)-epigallocatechin-3-gallate in thrombin-induced neuronal cell apoptosis and JNK-MAPK activation. Neuroreport 2015, 26, 416–423. [Google Scholar] [CrossRef]

	



Perkins, N.D. Integrating cell-signalling pathways with NF-kappaB and IKK function. Nat. Rev. Mol. Cell Biol. 2007, 8, 49–62. [Google Scholar] [CrossRef]

	



Madrid, L.V.; Mayo, M.W.; Reuther, J.Y.; Baldwin, A.S., Jr. Akt stimulates the transactivation potential of the RelA/p65 Subunit of NF-kappa B through utilization of the Ikappa B kinase and activation of the mitogen-activated protein kinase p38. J. Biol. Chem. 2001, 276, 18934–18940. [Google Scholar] [CrossRef] [PubMed]

	



Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenerative Disease. Antioxidants 2020, 9, 743. [Google Scholar] [CrossRef] [PubMed]

	



Schubert, S.Y.; Neeman, I.; Resnick, N. A novel mechanism for the inhibition of NF-kappaB activation in vascular endothelial cells by natural antioxidants. FASEB J. 2002, 16, 1931–1933. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.; Kang, T.C. The Regional Specific Alterations in BBB Permeability are Relevant to the Differential Responses of 67-kDa LR Expression in Endothelial Cells and Astrocytes Following Status Epilepticus. Int. J. Mol. Sci. 2019, 20, 6025. [Google Scholar] [CrossRef] [PubMed]

	



Lucchi, C.; Vinet, J.; Meletti, S.; Biagini, G. Ischemic-hypoxic mechanisms leading to hippocampal dysfunction as a consequence of status epilepticus. Epilepsy Behav. 2015, 49, 47–54. [Google Scholar] [CrossRef]

	



Sanderson, T.H.; Raghunayakula, S.; Kumar, R. Neuronal hypoxia disrupts mitochondrial fusion. Neuroscience 2015, 301, 71–78. [Google Scholar] [CrossRef]

	



Do Val-da Silva, R.A.; Peixoto-Santos, J.E.; Scandiuzzi, R.C.; Balista, P.A.; Bassi, M.; Glass, M.L.; Romcy-Pereira, R.N.; Galvis-Alonso, O.Y.; Leite, J.P. Decreased neuron loss and memory dysfunction in pilocarpine-treated rats pre-exposed to hypoxia. Neuroscience 2016, 332, 88–100. [Google Scholar] [CrossRef]

	



Wei, B.B.; Liu, M.Y.; Zhong, X.; Yao, W.F.; Wei, M.J. Increased BBB permeability contributes to EGCG-caused cognitive function improvement in natural aging rats: Pharmacokinetic and distribution analyses. Acta Pharmacol. Sin. 2019, 40, 1490–1500. [Google Scholar] [CrossRef]

	



Unno, K.; Pervin, M.; Nakagawa, A.; Iguchi, K.; Hara, A.; Takagaki, A.; Nanjo, F.; Minami, A.; Nakamura, Y. Blood-Brain Barrier Permeability of Green Tea Catechin Metabolites and their Neuritogenic Activity in Human Neuroblastoma SH-SY5Y Cells. Mol. Nutr. Food Res. 2017, 61, 1700294. [Google Scholar] [CrossRef]

	



Pervin, M.; Unno, K.; Nakagawa, A.; Takahashi, Y.; Iguchi, K.; Yamamoto, H.; Hoshino, M.; Hara, A.; Takagaki, A.; Nanjo, F.; et al. Blood brain barrier permeability of (-)-epigallocatechin gallate, its proliferation-enhancing activity of human neuroblastoma SH-SY5Y cells, and its preventive effect on age-related cognitive dysfunction in mice. Biochem. Biophys. Rep. 2017, 9, 180–186. [Google Scholar] [CrossRef]

	



Harland, M.; Torres, S.; Liu, J.; Wang, X. Neuronal Mitochondria Modulation of LPS-Induced Neuroinflammation. J. Neurosci. 2020, 40, 1756–1765. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 12 00966 g001 550] 





Figure 1. Scheme of the biochemical and molecular basis of mitochondrial functions in neuronal degeneration and EGCG-related changes in mitochondrial dynamics based on previous reports [12,13,14,15,16,17,18,19,20,23,24,25,26,27,28]. DRP1: dynamin-related protein 1; EGCG: epigallocatechin-3-gallate; ROS: reactive oxygen species; SAH: subarachnoid hemorrhage; SE: statue epilepticus; ↑: increase; ↓: decrease. 
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Figure 2. Effects of EGCG on SE-induced CA1 neuronal damage. EGCG diminished the number of FJB-positive-degenerating CA1 neurons in SE group. (A) Representative FJB-positive-degenerating CA1 neurons following SE. (B) Quantification of the number of FJB-positive neurons (* p < 0.05 vs. vehicle-treated animals; n = 7 rats, respectively). 
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Figure 3. Effects of EGCG on GPx1 expression following SE. Western blot data showed that GPx1 expression decreased in SE group, compared with control animals. In control animals, EGCG did not affect GPx1 expression. EGCG attenuated the reduced GPx1 expression in SE group (A–C). Immunofluorescent study also revealed that GPx1 expression was reduced in CA1 neurons of SE group, compared with control animals. In control animals, EGCG did not affect GPx1 expression in CA1 neurons. EGCG attenuated the decreased GPx1 expression in the CA1 neurons of SE group (D). (A) Representative Western blot of GPx1 in the whole hippocampus. (B) Quantification of GPx1 protein level based on Western blot data (* and # p < 0.05 vs. control and vehicle-treated rats; n = 7 rats, respectively). (C) Quantification of GPx1 intensity in CA1 neurons (* and # p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). (D) Representative photos of GPx1 expression and its intensity. 
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Figure 4. Effects of EGCG on mitochondrial dynamics in CA1 neurons following SE. Compared with control animals, mitochondria showed swollen, elongated and complex shapes in SE group. Mitochondria were also transformed into a reticular network or an aggregation of interconnected mitochondria in the CA1 neurons in SE group. In control animals, EGCG did not affect mitochondrial shapes in CA1 neurons, compared with vehicle-treated animals. However, EGCG attenuated SE-induced morphological changes in mitochondria. (A) Representative photos of mitochondria and CA1 neurons (NeuN, a neuronal marker). Rectangle indicates the high-magnification photos in rectangles on merge panel. (B) Quantification of mitochondrial elongation index in CA1 neurons (* and # p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). (C) Quantification of mitochondrial network aggregation in CA1 neurons (* and # p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). 
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Figure 5. Effects of EGCG on DRP1 and its S616 phosphorylation following SE. Western blot data showed that DRP1 expression and its S616 phosphorylation decreased in SE group, compared with control animals. In control animals, EGCG did not affect DRP1 expression and its S616 phosphorylation level. EGCG attenuated a decrease in DRP1 expression and its S616 phosphorylation in SE group (A–C). Immunofluorescent study also revealed that DRP1 expression was reduced in CA1 neurons of SE group, compared with control animals. In control animals, EGCG did not affect DRP1 expression in CA1 neurons. EGCG attenuated a decrease in DRP1 expression in CA1 neurons of SE group (D,E). (A) Representative Western blot of DRP1 and its S616 phosphorylation in the whole hippocampus. (B) Quantification of DRP1 protein level based on Western blot data (* and # p < 0.05 vs. control and vehicle-treated rats; n = 7 rats, respectively). (C) Quantification of DRP1 S616 level based on Western blot data (* and # p < 0.05 vs. control and vehicle-treated rats; n = 7 rats, respectively). (D) Representative photos of DRP1 expression and its intensity. (E) Quantification of DRP1 intensity in CA1 neurons (* and # p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). 
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Figure 6. Effects of EGCG on ERK1/2 and JNK activities following SE. Western blot data showed that ERK1/2 and JNK phosphorylation decreased in SE group without affecting their total protein levels. In control animals, EGCG did not affect ERK1/2 and JNK phosphorylation. EGCG attenuated decreased ERK1/2 but not JNK phosphorylation in SE group (A–C). Immunofluorescent study revealed that ERK1/2 phosphorylation was reduced in CA1 neurons of SE group, compared with control animals. In control animals, EGCG did not affect ERK1/2 phosphorylation in CA1 neurons. EGCG attenuated a decrease in ERK1/2 phosphorylation in the CA1 neurons (D,E) of SE group. (A) Representative Western blot of ERK1/2, JNK and their phosphorylation in the whole hippocampus. (B) Quantification of ERK phosphorylation level based on Western blot data (* and # p < 0.05 vs. control and vehicle-treated rats; n = 7 rats, respectively). (C) Quantification of JNK phosphorylation level based on Western blot data (* p < 0.05 vs. control rats; n = 7 rats, respectively). (D) Representative photos of phospho (p)-ERK1/2 level and its intensity. (E) Quantification of p-ERK1/2 intensity in CA1 neurons (* and # p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). 
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Figure 7. Effects of EGCG on NF-κB S536 phosphorylation in CA1 neurons following SE. Compared with control animals, NF-κB S536 phosphorylation was augmented in CA1 neurons of SE group. In control animals, EGCG did not affect NF-κB S536 phosphorylation level. EGCG attenuated NF-κB S536 phosphorylation in CA1 neurons of SE group. (A) Representative photos of NF-κB S536 phosphorylation level and its intensity. (B) Quantification of NF-κB S536 intensity in CA1 neurons (* and # p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). 
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Figure 8. Effects of ERK1/2 inhibition by U0126 co-treatment on SE-induced neuronal damage in CA1 neurons of EGCG-treated rats. Compared with the vehicle, U0126 co-treatment abolished the protective effect of EGCG on SE-induced neuronal degeneration. (A) Representative FJB-positive-degenerating CA1 neurons following SE. (B) Quantification of the number of FJB-positive neurons (* p < 0.05 vs. vehicle co-treatment; n = 7 rats, respectively). 
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Figure 9. Effects of ERK1/2 inhibition by U0126 co-treatment on mitochondrial dynamics in CA1 neurons of EGCG-treated rats following SE. Compared with the vehicle, U0126 co-treatment increased the mitochondrial length and the formation of mitochondrial network aggregation in CA1 neurons. (A) Representative photos of mitochondria and CA1 neurons (NeuN, a neuronal marker). Rectangle indicates the high-magnification photos in rectangles on merge panel. (B) Quantification of mitochondrial elongation index in CA1 neurons (* p < 0.05 vs. vehicle co-treatment; n = 35 cells in 7 rats, respectively). (C) Quantification of mitochondrial network aggregation in CA1 neurons (* p < 0.05 vs. vehicle co-treatment; n = 35 cells in 7 rats, respectively). 






Figure 9. Effects of ERK1/2 inhibition by U0126 co-treatment on mitochondrial dynamics in CA1 neurons of EGCG-treated rats following SE. Compared with the vehicle, U0126 co-treatment increased the mitochondrial length and the formation of mitochondrial network aggregation in CA1 neurons. (A) Representative photos of mitochondria and CA1 neurons (NeuN, a neuronal marker). Rectangle indicates the high-magnification photos in rectangles on merge panel. (B) Quantification of mitochondrial elongation index in CA1 neurons (* p < 0.05 vs. vehicle co-treatment; n = 35 cells in 7 rats, respectively). (C) Quantification of mitochondrial network aggregation in CA1 neurons (* p < 0.05 vs. vehicle co-treatment; n = 35 cells in 7 rats, respectively).



[image: Antioxidants 12 00966 g009]







[image: Antioxidants 12 00966 g010 550] 





Figure 10. Effects of U0126 co-treatment on DRP1 S616, GPx1 and NF-κB S536 levels in EGCG-treated rats following SE. Western blot data showed that U0126 co-treatment diminished DRP1 S616 phosphorylation without affecting GPx1 expression and NF-κB S536 phosphorylation level in EGCG-treated rats following SE (A–E). Immunofluorescent study revealed that U0126 co-treatment did not affect NF-κB S536 phosphorylation level in EGCG-treated rats following SE, compared with vehicle. (A) Representative Western blot of DRP1, DRP1 S616 and GPx1 in the whole hippocampus. (B–D) Quantification of DRP1, DRP1 S616 and GPx1 levels based on Western blot data (* p < 0.05 vs. vehicle co-treatment; n = 7 rats, respectively). (E) Quantification of NF-κB S536 intensity in CA1 neurons (* p < 0.05 vs. control and vehicle-treated animals; n = 35 cells in 7 rats, respectively). (F) Representative photos of NF-κB S536 phosphorylation level and its intensity. 
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Figure 11. Scheme of the underlying mechanisms of the neuroprotective effects of EGCG against SE. EGCG abrogated SE-induced ROS generation, leading to GPx1 downregulation, which restored ERK1/2–DRP1-mediated mitochondrial fission and inhibited NF-κB S536 phosphorylation. These findings indicate that EGCG may protect CA1 neurons from SE insults through GPx1–ERK1/2–DRP1 and GPx1–NF-κB signaling pathways. 
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Table 1. Primary antibodies used in the present study.
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	Antigen
	Hose
	Manufacturer

(Catalog Number)
	Dilution





	DRP1
	Rabbit
	Thermo (PA1-16987)
	1:500 (IH)

1:1000 (WB)



	ERK1/2
	Rabbit
	Biorbyt (Orb160960)
	1:2000 (WB)



	GPx1
	Sheep
	Biosensis (S-072-100)
	1:2000 (IH)

1:10,000 (WB)



	JNK
	Rabbit
	Proteintech (10023-1-AP)
	1:1000 (WB)



	Mitochondrial marker

(Mitochondrial complex IV subunit 1, MTCO1)
	Mouse
	Abcam (#ab14705)
	1:500 (IH)



	NeuN
	Guinea pig
	Millipore (#ABN90P)
	1:1000 (IH)



	NF-κB S536
	Rabbit
	Abcam (#ab28856)
	1:100 (IH)



	p-DRP1 S616
	Rabbit
	Cell Signaling (#4494)
	1:1000 (WB)



	p-ERK1/2
	Rabbit
	Millipore (#05-797R)
	1:100 (IH)

1:1000 (WB)



	p-JNK
	Rabbit
	Millipore (#07-175)
	1:1000 (WB)



	β-actin
	Mouse
	Sigma (A5316)
	1:5000 (WB)







WB: Western blot; IH: immunohistochemistry.
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