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Abstract

:

Ischemic stroke leads to hypoxia-induced neuronal death and behavioral abnormity, and is a major cause of death in the modern society. However, the treatments of this disease are limited. Brilliant Blue FCF (BBF) is an edible pigment used in the food industry that with multiple aromatic rings and sulfonic acid groups in its structure. BBF and its derivatives were proved to cross the blood-brain barrier and have advantages on the therapy of neuropsychiatric diseases. In this study, BBF, but not its derivatives, significantly ameliorated chemical hypoxia-induced cell death in HT22 hippocampal neuronal cell line. Moreover, protective effects of BBF were attributed to the inhibition of the extracellular regulated protein kinase (ERK) and glycogen synthase kinase-3β (GSK3β) pathways as evidenced by Western blotting analysis and specific inhibitors. Furthermore, BBF significantly reduced neurological and behavioral abnormity, and decreased brain infarct volume and cerebral edema induced by middle cerebral artery occlusion/reperfusion (MCAO) in rats. MCAO-induced increase of p-ERK in ischemic penumbra was reduced by BBF in rats. These results suggested that BBF prevented chemical hypoxia-induced otoxicity and MCAO-induced behavioral abnormity via the inhibition of the ERK and GSK3β pathways, indicating the potential use of BBF for treating ischemic stroke
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1. Introduction


Stroke is the leading cause of death in the modern society, while ischemic stroke accounts for the most cases of stroke worldwide [1]. During ischemic stroke, the blood flow is reduced after cerebral thrombosis, which further causes cerebral ischemia and hypoxia, leading to the irreversible loss of functional neurons and motor and neurological impairments [2]. Currently, only recombinant tissue plasminogen activator (rtPA) was approved by US Food and Drug Administration to treat ischemic stroke in the acute stage. However, the therapeutic window of rtPA is quite narrow, and rtPA might damage blood–brain barrier, and produce side effects, such as the increase of risk of cerebral edema and cerebral hemorrhage, leading to poor prognostic outcomes for patients [3,4]. Therefore, it is urgent to discover novel treatments for ischemic stroke.



Middle cerebral artery is the most common site of cerebral hemorrhage in humans. The transient occlusion of middle cerebral artery leads to ischemic injure in rodents, and the surgery of middle cerebral artery occlusion/reperfusion (MCAO) is a golden standard operation to establish an animal model of ischemic stroke [5]. Iodoacetic acid (IAA) is a 3-phosphate glyceraldehyde dehydrogenase inhibitor, and leads to the inhibition of energy metabolism, the depletion of intracellular ATP depletion, and the production of reactive oxygen species (ROS) in cells [6]. IAA-induced chemical hypoxia in HT22 hippocampal cell line could mimic neuronal injury during ischemic stroke in animals and was applied as an in vitro screening model for anti-stroke neuroprotective drugs [7].



The abnormal activation of mitogen-activated protein kinases (MAPKs) plays an important role in hypoxia neuronal death within ischemic penumbra during stroke. The extracellular regulated protein kinase (ERK) and glycogen synthase kinase-3β (GSK3β) are the main MAPKs, and were reported to be regulated during ischemic injury [8]. ERK is normally localized in the cytoplasm and transfers to the nucleus to enhance transcription factor activity. Many stimulations from growth factors snd cytokines, as well as viruses, increase the activation of ERK, and modulate the functions of neurons [9]. Pathological activation of ERK was found in the brain of patients with neurodegenerative disorders and traumatic brain injury [10]. Moreover, ERK was reported to be activated and phosphorylated during ischemic process, leading to the overexpression of pro-inflammatory cytokines and neuronal injury. In addition, the inhibition of the ERK pathway prevented ischemic injury in MCAO animals [11]. GSK3β is a multifunctional serine/threonine kinase acting on biological processes, such as neuronal apoptosis and neurotoxicity [12]. The blockade of GSK3β has been shown to produce neuroprotective effects against ischemic stroke [13]. Therefore, it is possible to inhibit ERK and GSK3β, concurrently, to treat ischemic stroke.



Many pigments produce neuroprotective effects and were used in the clinical trials to treat neurological disorders. For example, anthocyanins produce anti-oxidative stress effects, and has potential benefits for cognition, anxiety and depression [14]. Curcumin has been used in clinical trials in the treatment of neurogenerative disorders [15]. Brilliant Blue FCF (BBF) is an edible pigment used in the food industry that with multiple aromatic rings and sulfonic acid groups in its structure. BBF and its derivatives, including Brilliant Blue R (BBR), Brilliant Blue G (BBG), and Fast Green FCF (FGF), could readily cross the blood-brain barrier and have advantages to treat neuropsychiatric diseases [16]. Moreover, some of BBF derivatives decrease lipopolysaccharide- and β-amyloid-induced neurotoxicity in vitro, suggesting the neuroprotective potentials of BBF derivatives [16,17]. A previous study suggested that BBF and its derivatives potently inhibited the activity of MAPKs [18]. However, it is still unknown whether these compounds were able to produce anti-ischemia stroke neuroprotective effects.



In this study, we screened the most potent BBF derivatives from BBF, BBR, BBG, and FGF with the purpose of producing anti-chemical hypoxia protective effects in vitro. We further investigated the underlying neuroprotective mechanisms of the selected compound, with the emphasis on the regulation of ERK and GSK3β cascades in MCAO rats.




2. Results


2.1. BBF but Not BBF Derivatives Prevents Chemical Hypoxia-Induced Cell Death in HT22 Cells


We have previously established chemical hypoxia model induced by IAA in HT22 cells. In this study, the IC50 value of IAA to inhibit cell viability was about 10 μM (Figure 1A). Therefore, we chose 10 μM IAA for the following experiments. HT22 cells were pre-treated with various concentrations (2.5–20 μM) of BBF and its derivatives for 0.5 h, followed by 10 μM IAA for another 24 h. 3(4,5-dimethylthiazol-2-yl)-2.5-diphenyltetrazolium bromide (MTT) assay was used to measure cell viability. BBF (10–20 μM) significantly prevented IAA-induced reduction of cell viability (p < 0.05, one-way ANOVA and Tukey’s test, Figure 1B). However, BBR, BBG, and FGF did not exert protective effects in the same model.



The release of lactate dehydrogenase (LDH) was measured to evaluate the changes of cell membrane permeability. BBF (5–10 μM) significantly prevented the increase of LDH release induced by IAA (p < 0.05, one-way ANOVA and Tukey’s test, Figure 1C). Furthermore, BBF at 10 μM significantly prevented toxicity induced by IAA as illustrated by Fluorescein diacetate (FDA)/propidium iodide (PI) double staining (p < 0.01, one-way ANOVA and Tukey’s test, Figure 1D,E).



Furthermore, cells were examined by flow cytometry using Annexin V-FITC and PI staining. BBF largely prevented IAA-increased percentage of apoptotic cells and IAA-decreased percentage of live cells (Figure 1F). These results demonstrated that BBF produced anti-chemical hypoxia protective effects in HT22 hippocampal cell line.




2.2. BBF Produces Anti-Chemical Hypoxia Protective Effects via the Inhibition of ERK and GSK3β Concurrently in HT22 Cells


The ERK and GSK3β signaling pathways were involved in ischemic stroke. Western blotting analysis was used to explore whether these molecules were involved in the protective effects of BBF in vitro. As shown in Figure 2A,B, the expression of p-ERK in IAA group was significantly higher than that in the control group (p < 0.01, one-way ANOVA and Tukey’s test). Moreover, the expression of p-ERK was significantly decreased after the treatment with BBF (p < 0.01, one-way ANOVA and Tukey’s test, Figure 2B). Furthermore, the expression of pSer9-GSK3β in the IAA group was significantly lower than that in the control group (p < 0.01, one-way ANOVA and Tukey’s test, Figure 2C). Pre-treatment of BBF increased the expression of pSer9-GSK3β in IAA-treated HT22 cells (Figure 2C).



SB415286 is a specific inhibitor of GSK3β, and U0126 is a specific inhibitor of MEK. Both SB415286 and U0126 significantly attenuated the toxicity of IAA in HT22 cells, indicating that the activation of ERK and GSK3β might be involved in toxicity induced by chemical hypoxia in vitro (p < 0.05, one-way ANOVA and Tukey’s test, Figure 2D). LY294002 is a phosphatidylinositol 3-kinase (PI3-K) specific inhibitor and inhibits the activation of GSK3β. In our study, 10 μM LY294002 significantly reversed the protective effects of BBF, further demonstrating that BBF exerts protective activity by inhibiting GSK3β (p < 0.05, one-way ANOVA and Tukey’s test, Figure 2E).




2.3. BBF Prevents Neurological and Behavioral Abnormity, Brain Infarct and ERK Activation in MCAO Rats


MCAO induces behavioral abnormity and brain infarct in rats. Edaravone is an antioxidant clinically used for treating ischemic stroke and was used as a positive control in our study [19]. The neurological De Ryck’s behavioral and beam working scores were significantly different among various groups (for neurological scores, F(4, 25) = 11.82, p < 0.01; for De Ryck’s behavioral scores, F(4, 25) = 30.84, p < 0.01; for beam working behavioral scores, F(4, 25) = 11.07, p < 0.01, one-way ANOVA, Figure 3A–C). MCAO-treated rats exhibited certain degrees of neurological injury (p < 0.01, one-way ANOVA and Tukey’s test, Figure 3A) and behavioral ability (p < 0.01, one-way ANOVA and Tukey’s test, Figure 3B,C) when compared with rats in the sham group. The behavioral scores of BBF-injected rats were significantly increased when compared with MCAO rats (p < 0.05, one-way ANOVA and Tukey’s test, Figure 3B,C).



2,3,5-triphenyltetrazolium chloride (TTC) staining was used to analyze infarct volume. There are significant differences among various groups for brain infarct and total edema area (for brain infarct area, F(4, 25) = 10.81, p < 0.01; for total edema area, F(4, 25) = 14.68, p < 0.01, one-way ANOVA and Tukey’s test, Figure 3D–F). A significantly larger infarct volume was found in MCAO rats compared with sham-operated rats (p < 0.01 one-way ANOVA and Tukey’s test, Figure 3E). Moreover, compared with the surgery group, the infarct areas in the edaravone and BBF group was significantly decreased (p < 0.05, one-way ANOVA and Tukey’s test, Figure 3E). All these results suggested that BBF significantly prevented MCAO-induced brain infarct with similar efficacy as edaravone.



We explored whether ERK or GSK3β was involved in the neuroprotective effects of BBF in vivo. The expression of p-ERK in ischemic penumbra was significantly increased in the surgical group compared with the sham group, implying that MCAO might activate the ERK pathway in rats (p < 0.01, one-way ANOVA and Tukey’s test, Figure 3F,G). The expression of p-ERK was significantly decreased after BBF treatment (p < 0.05, one-way ANOVA and Tukey’s test, Figure 3H), indicating that BBF prevented the activation of ERK in MCAO rats. However, the expression of pSer9-GSK3β was not affected by BBF in MCAO rats (data not shown).





3. Discussion


In this study, BBF, but not its derivatives, concentration-dependently prevented chemical hypoxia-induced cell death in vitro, and inhibited ischemia stroke-induced behavioral abnormity in rats. The neuroprotective effects of BBF might be related to the inhibition of ERK and GSK3β (Figure 4).



A variety of food colorants have been reported to produce neuroprotective effects in neurological diseases. For example, erythrosine B inhibited the formation of amyloid fibrils, and reduce β-amyloid-induced toxicity [20]. Carotenoids and curcumin counteracted the neurological deficits via the inhibition of the excessive production of ROS [21]. BBF was reported to prevent the neurotoxicity induced by β-amyloid [22,23]. Moreover, BBF did not produce carcinogenic or toxic effects at very high concentrations [24,25]. Interestingly, BBF increased the longevity of drosophila, indicating the anti-aging effects of BBF in animals [26]. In this study, BBF was the only compound among its derivatives to prevent chemical hypoxia-induced cell death in HT22 cells, suggesting that this compound may be used in the treatment of hypoxia-related disorders.



The ERK and GSK pathways regulate hypoxia and ischemic stroke-induced neuronal injury both in vitro and in vivo. BBF significantly reduced the expression of p-ERK, and U0126 prevented IAA-induced cell death, demonstrating that BBF might produce protective effects at least partially via the inhibition of the ERK pathway. GSK-3β participates in a variety of neurophysiological activities, such as neuronal plasticity and neuronal apoptosis [27]. Many potential anti-stroke candidates, such as OCT4B-190 and Apelin 13, produced neuroprotective effects against ischemic stroke via inhibiting GSK-3β [28,29]. pSer9-GSK3β is an inactive form of GSK3β. In this study, BBF increased the expression of pSer9-GSK3β in IAA-treated HT22 cells. In addition, GSK3β inhibitor counteracted IAA-induced hypoxia injury in vitro. A PI3-K inhibitor abolished the protective activity of BBF in HT22 cells. All these results suggested that the protective effect of BBF might be related to the inhibition of GSK3β.



The neuroprotective effects of BBF against ischemia stroke were further investigated in vivo. Our findings that BBF prevented MCAO-induced motor dysfunction and infarct area, demonstrated that BBF produced neuroprotection against ischemia stroke. In this model, edaravone also prevented ischemia stroke-induced behavioral and neurological impairments, which is consistent to a previous study [30]. To further investigate the molecular mechanisms underlying the neuroprotective effects of BBF in vivo, the expression of p-ERK was evaluated in the ischemic penumbra. BBF decreased the expression of p-ERK in MCAO mice, suggesting that the ERK cascade was involved in the neuroprotective effects of BBF in vivo.



What is the upstream molecule of the ERK and the GSK3β cascades acted by BBF? P2X7 receptor, a subtype of P2X receptors, was reported to play an important role in ischemic stroke [31]. The over-expression of P2X7 receptor was discovered around the infarct core in the brain, activating the downstream ERK and GSK3β pathways, and leading to secondary neuronal injury. Moreover, P2X7 receptor was expressed in hippocampal neurons, and the activation of P2X7 receptor was reported to induce neuronal death in HT22 cells [32]. BBF derivatives were reported to directly inhibit the activation of P2X7 receptor [33]. Therefore, we speculated that BBF might prevent ischemic injury via the inhibition of P2X7 receptor (Figure 4). However, the confirmation of this speculation requires further experiments.



This study still has some limitations. The ERK-independent mechanisms were not explored with the regard of the neuroprotective effects of BBF. BBF was reported to inhibit the expression of Cx43 and reduce the ratio of Bax/Bcl-2 to produce anti-Parkinson’s neuroprotective effects [34]. Whether BBF prevented ischemic stroke-induced neuronal injury via acting on Cx43 is largely not known. In addition, BBF was proved to prevent MCAO-induced behavioral changes in rats, it is still not known whether post-ischemic stroke treatment of BBF on rats attenuated MCAO-induced neurological and behavioral impairments.




4. Materials and Methods


4.1. HT22 Cells Culture and Treatments


HT22 cells were obtained from Chinese Academy of Sciences (Shanghai, China), and cultured in high glucose modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and penicillin (100 U/mL)/streptomycin (100 μg/mL). HT22 cells were cultured in an incubator at 37 °C and 5% CO2. The medium was replaced once every three days. All experiments were carried out 24 h after the seeding of cells. Before the experiments, the medium was changed to DMEM without fetal bovine serum or penicillin/streptomycin.




4.2. Measurement of Cell Viability


Cell viability was measured by the MTT assay. Briefly, after drug treatment for 24 h, 5 mg/mL MTT solution (10 μL) was added to each well. After incubating at 37 °C for 4 h, 100 μL solvating solution (0.01 N HCl, 10% SDS) was added, and incubated for 20 h. The absorbance of the samples was measured at a wavelength of 570 nm with 655 nm as a reference wavelength.




4.3. Measurement of LDH Release


The release of LDH was evaluated 24 h after drug treating. Cells were incubated with 2% (v/v) Triton X-100 in culture medium for 30 min to achieve maximum LDH release. Extracellular release of LDH was determined in the conditioned media collected from the culture dishes by using LDH assay kit (Roche Diagnostics, Indianapolis, IN, USA) according to manufacturer’s instructions. Briefly, 50 μL supernatants was added into 50 μL reaction buffer. After mixing at room temperature for 30 min, the release of LDH was measured at a wavelength of 490 nm with 655 nm as a reference wavelength.




4.4. FDA/PI Double Staining Assay


Briefly, after incubating with 10 μg/mL FDA and 5 μg/mL PI, cells were imaged by UV light microscopy and phase contrast microscopy. To quantitatively evaluate cell viability, the number of FDA-positive and PI-positive cells was counted, respectively, and the photos were taken from five random fields of each well. % of FDA-positive cells = [number of FDA-positive cells/(number of PI-positive cells + number of FDA-positive cells)] × 100%.




4.5. Western Blotting Analysis


Western blotting analysis was performed as previously described [35]. Protein lysates were separated on SDS-polyacrylamide gels and transferred onto polyvinyldifluoride membranes. Primary antibodies were used to detected proteins after membrane blocking (p-GSK3β, Cat No 5558; GSK3β, Cat No 12456; p-ERK, Cat No 4370 and ERK, Cat No 4695, Cell Signaling Technology, Danvers, MA, USA; β-actin, Cat No AF7018, Affinity Biosciences, Cincinnati, OH, USA). Signals were obtained after binding to HRP-conjugated secondary antibodies (Cat No sc-2357, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Blots were developed using the enhanced chemiluminescence plus kit (Advansta, San Jose, CA, USA).




4.6. Animals and Surgery


Animal experiments were conducted following National Institutes of Health (NIH) Guide for Care and Use of Laboratory Animals (NIH Publications No. 80-23, revised 1996) and were approved by the Animal Ethics and Welfare Committee of Ningbo University (SYXK-2019-0005). Male Sprague Dawley (SD) rats weighing 250–300 g were purchased from Zhejiang academy of medical sciences (Hangzhou, Zhejiang, China). Rats were divided into five groups (six animals each group) randomly. Sham group: rats were subjected to sham surgery without MCAO and treated with vehicle. Surgical group: rats were subjected to MCAO and treated with vehicle. Surgery + 30 and 50 mg/kg BBF groups: rats were intraperitoneally injected with 30 and 50 mg/kg BBF, respectively, 30 min before, during and 30 min after MCAO surgery. Surgery + edaravone (positive control) group: rats were intraperitoneally injected with 6 mg/kg edaravone 30 min before, during and 30 min after MCAO surgery [36]. Intraperitoneally injection was used because BBF is poorly absorbed from the gastrointestinal tract and mainly excreted unchanged [37]. In addition, the timing for the treatment of ischemic stroke was limited, normally at the first several hours after the onset of the disease [38]. Therefore, rats were injected with drugs 30 min before, during and 30 min after MCAO surgery. The allowable daily intake dose of BBF was 10 mg/kg body weight/day. According to human effective dose (HED) formula, the dose of BBF at 61 mg/kg is equivalent to 10 mg/kg in human as a recommend ADI. Therefore, we selected the doses of 30 and 50 mg/kg, which were slightly lower than 61 mg/kg of BBF to treat rats. In the clinical study, edaravone was used at 1 mg/kg body weight/day with a good safety profile with no adverse effect. According to the HED formula, 6 mg/kg edaravone in rats is equivalent to 1 mg/kg edaravone in human. Therefore, edaravone at 6 mg/kg was selected to treat animals. The surgery of MCAO was performed as described previously [39]. For analgesic treatment, the rats were anesthetized with 2% pentobarbital (i.p. injection, 0.5 mL/250 g) before the surgery. If the rats showed signs of awakening, 2% pentobarbital (i.p. injection, 0.1 mL/250 g) was further added. And this analgesic procedure was normally used by many studies [40,41,42]. For body temperature control, the body temperature of animals was maintained at 37 ± 0.5 °C using a heating pad during MCAO surgery, which was commonly used by many studies [43,44,45]. Surgical incision of the rat neck was conducted to expose the neck vessels. The right common carotid artery and the right external carotid artery were ligated, and the right internal carotid artery was isolated. A 3-0 uncoated monofilament nylon suture with a rounded tip was inserted from the internal carotid artery to the right middle cerebral artery. The blood flow to the middle cerebral artery was blocked. After 1 h, reperfusion was performed by withdrawing the suture. Rats in Sham group were subjected to the same surgical procedures except that the monofilament nylon suture was not inserted into the internal carotid artery.




4.7. Neurological Tests


Longa’s neurological tests were used to measure the neurological deficits of rats 24 h after MCAO surgery. 0—no obvious neurological impairment; 1—could not entirely stretch contralateral forelimbs; 2—contralateral circling while walking; 3—contralateral fall over while walking; 4—cannot walk and reduce consciousness.




4.8. Behavioral Tests


De Ryck’s behavioral and beam walking tests were used to evaluate motor deficits in rats. De Ryck’s behavioral test is a sensitive test which has been widely applied in functional evaluation in stroke rat models. It is a 16-point scale with eight sub-tests, each of which had a score from 0 (maximum deficit) to 2 (no deficit). Among the eight tests, six tests were designed to examine the forelimb’s functions, while the other two were designed to evaluate the placing of the hind paw. Beam-walking test is a six-point scoring system: 0—unable to put the affected hind paw on the horizontal surface; 1—place the hind paw on the horizontal surface and maintain balance for at least 5 sec; 2—traverse the beam with dragging the affected hind paw; 3—traverse the beam and at least once put the affected hind paw on the horizontal surface; 4—cross the beam with over half steps slipped; 5—use the affected hind paw more than half its steps; 6—traverse the beam with below three foot slips.




4.9. TTC Staining


After behavioral tests, the animals were sacrificed. The whole brain was removed and brain slices were placed in 2% TTC solution and covered with tin foil in a 37 °C incubator for 30 min. The slices were photographed 24 h later.




4.10. Statistical Analysis


Results are expressed as mean ± SEM. Statistical analysis was performed using one-way ANOVA and post hoc Tukey’s test. p < 0.05 was considered as statistically significant.





5. Conclusions


In conclusion, BBF prevented IAA-induced toxicity in HT22 cells and MCAO-induced neurological and behavioral abnormity in rats, possibly via the inhibition of the ERK and GSK3β pathways, indicating the potential use of BBF for treating ischemic stroke.







Author Contributions


J.L. and W.C. conceived and designed the experiments and wrote the manuscript. J.L., X.X., D.Z., Y.F., Z.W., Y.M. and C.M. conducted the experiments. Y.X., X.C., H.L. and W.C. analyzed the data and contributed to the materials reagents and analysis tools. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (81870853), Natural Science Foundation of Zhejiang Province (LY21H090002), Applied Research Project on Non-profit Technology of Ningbo (20211JCGY020160), Major program of Ningbo Science and Technology Innovation 2025 (2019B10067), Ningbo Municipal Innovation Team of Life Science and Health (2015C110026), LiDakSum Marine Biopharmaceutical Development Fund, and the K. C. Wong Magna Fund in Ningbo University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


We would like to express our gratitude to all members of the College Student Innovation Team in Cui Wei’s Lab. We sincerely appreciate the technical supports by the Core Facilities, Ningbo University School of Medicine.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kim, J.S.; Caplan, L.R. Clinical Stroke Syndromes. Front. Neurol. Neurosci. 2016, 40, 72–92. [Google Scholar] [CrossRef] [PubMed]

	



Shanan, N.; GhasemiGharagoz, A.; Abdel-Kader, R.; Breitinger, H.G. The effect of Pyrroloquinoline quinone and Resveratrol on the Survival and Regeneration of Cerebellar Granular Neurons. Neurosci. Lett. 2019, 694, 192–197. [Google Scholar] [CrossRef] [PubMed]

	



Ren, W.; Huang, C.; Chu, H.; Tang, Y.; Yang, X. Peptide5 Attenuates rtPA Related Brain Microvascular Endothelial Cells Reperfusion Injury via the Wnt/β-Catenin Signalling Pathway. Curr. Neurovasc. Res. 2021, 18, 219–226. [Google Scholar] [CrossRef] [PubMed]

	



Kenna, J.E.; Anderton, R.S.; Knuckey, N.W.; Meloni, B.P. Assessment of recombinant tissue plasminogen activator (rtPA) toxicity in cultured neural cells and subsequent treatment with poly-arginine peptide R18D. Neurochem. Res. 2020, 45, 1215–1229. [Google Scholar] [CrossRef]

	



Kumar, M.; Singh, G.; Kushwah, A.S.; Surampalli, G.; Singh, T.G.; Gupta, S. Arbutin protects brain against middle cerebral artery occlusion-reperfusion (MCAo/R) injury. Biochem. Biophys. Res. Commun. 2021, 577, 52–57. [Google Scholar] [CrossRef]

	



Yang, L.; You, J.; Li, J.; Wang, Y.; Chan, Z. Melatonin promotes Arabidopsis primary root growth in an IAA-dependent manner. J. Exp. Bot. 2021, 72, 5599–5611. [Google Scholar] [CrossRef]

	



Yang, M.; Feng, Y.; Yan, S.; Wu, Z.; Xiao, X.; Sang, J.; Ye, S.; Liu, F.; Cui, W. Evans Blue Might Produce Pathologically Activated Neuroprotective Effects via the Inhibition of the P2X4R/p38 Signaling Pathway. Cell. Mol. Neurobiol. 2021, 41, 293–307. [Google Scholar] [CrossRef]

	



Jiang, T.; Cheng, H.; Su, J.; Wang, X.; Wang, Q.; Chu, J.; Li, Q. Gastrodin protects against glutamate-induced ferroptosis in HT-22 cells through Nrf2/HO-1 signaling pathway. Toxicol. Vitr. Int. J. Publ. Assoc. BIBRA 2020, 62, 104715. [Google Scholar] [CrossRef]

	



Jurcau, A.; Ardelean, A.I. Oxidative Stress in Ischemia/Reperfusion Injuries following Acute Ischemic Stroke. Biomedicines 2022, 10, 574. [Google Scholar] [CrossRef]

	



Zhang, D.; Han, S.; Wang, S.; Luo, Y.; Zhao, L.; Li, J. cPKCγ-mediated down-regulation of UCHL1 alleviates ischaemic neuronal injuries by decreasing autophagy via ERK-mTOR pathway. J. Cell. Mol. Med. 2017, 21, 3641–3657. [Google Scholar] [CrossRef]

	



Duan, J.; Cui, J.; Yang, Z.; Guo, C.; Cao, J.; Xi, M.; Weng, Y.; Yin, Y.; Wang, Y.; Wei, G.; et al. Neuroprotective effect of Apelin 13 on ischemic stroke by activating AMPK/GSK-3β/Nrf2 signaling. J. Neuroinflamm. 2019, 16, 24. [Google Scholar] [CrossRef]

	



Shin, M.; Franks, C.E.; Hsu, K.L. Isoform-selective activity-based profiling of ERK signaling. Chem. Sci. 2018, 9, 2419–2431. [Google Scholar] [CrossRef]

	



Lin, L.; Jadoon, S.S.; Liu, S.Z.; Zhang, R.Y.; Li, F.; Zhang, M.Y.; Ai-Hua, T.; You, Q.Y.; Wang, P. Tanshinone IIA Ameliorates Spatial Learning and Memory Deficits by Inhibiting the Activity of ERK and GSK-3β. J. Geriatr. Psychiatry Neurol. 2019, 32, 152–163. [Google Scholar] [CrossRef]

	



Ting, L.L.; Lu, H.T.; Yen, S.F.; Ngo, T.H.; Tu, F.Y.; Tsai, I.S.; Tsai, Y.H.; Chang, F.Y.; Li, X.J.; Li, S.; et al. Expression of AHI1 Rescues Amyloidogenic Pathology in Alzheimer’s Disease Model Cells. Mol. Neurobiol. 2019, 56, 7572–7582. [Google Scholar] [CrossRef]

	



Fusar-Poli, L.; Vozza, L.; Gabbiadini, A.; Vanella, A.; Concas, I.; Tinacci, S.; Petralia, A.; Signorelli, M.S.; Aguglia, E. Curcumin for depression: A meta-analysis. Crit. Rev. Food Sci. Nutr. 2020, 60, 2643–2653. [Google Scholar] [CrossRef]

	



Khlghatyan, J.; Evstratova, A.; Bozoyan, L.; Chamberland, S.; Chatterjee, D.; Marakhovskaia, A.; Soares Silva, T.; Toth, K.; Mongrain, V.; Beaulieu, J.M. Fxr1 regulates sleep and synaptic homeostasis. EMBO J. 2020, 39, e103864. [Google Scholar] [CrossRef]

	



Zhao, Y.; Wei, Z.Z.; Zhang, J.Y.; Zhang, Y.; Won, S.; Sun, J.; Yu, S.P.; Li, J.; Wei, L. GSK-3β Inhibition Induced Neuroprotection, Regeneration, and Functional Recovery After Intracerebral Hemorrhagic Stroke. Cell Transplant. 2017, 26, 395–407. [Google Scholar] [CrossRef]

	



Crocetti, L.; Guerrini, G.; Giovannoni, M.P.; Melani, F.; Lamanna, S.; Di Cesare Mannelli, L.; Lucarini, E.; Ghelardini, C.; Wang, J.; Dahl, G. New Panx-1 Blockers: Synthesis, Biological Evaluation and Molecular Dynamic Studies. Int. J. Mol. Sci. 2022, 23, 4827. [Google Scholar] [CrossRef]

	



Shakkour, Z.; Issa, H.; Ismail, H.; Ashekyan, O.; Habashy, K.J.; Nasrallah, L.; Jourdi, H.; Hamade, E.; Mondello, S.; Sabra, M.; et al. Drug Repurposing: Promises of Edaravone Target Drug in Traumatic Brain Injury. Curr. Med. Chem. 2021, 28, 2369–2391. [Google Scholar] [CrossRef]

	



Jana, M.K.; Cappai, R.; Ciccotosto, G.D. Oligomeric Amyloid-β Toxicity Can Be Inhibited by Blocking Its Cellular Binding in Cortical Neuronal Cultures with Addition of the Triphenylmethane Dye Brilliant Blue G. ACS Chem. Neurosci. 2016, 7, 1141–1147. [Google Scholar] [CrossRef]

	



Yu, J.; Zheng, J.; Lin, J.; Jin, L.; Yu, R.; Mak, S.; Hu, S.; Sun, H.; Wu, X.; Zhang, Z.; et al. Indirubin-3-Oxime Prevents H2O2-Induced Neuronal Apoptosis via Concurrently Inhibiting GSK3β and the ERK Pathway. Cell. Mol. Neurobiol. 2017, 37, 655–664. [Google Scholar] [CrossRef]

	



Xu, J.; Wang, Y.; Wang, A.; Gao, Z.; Gao, X.; Chen, H.; Zhou, J.; Zhao, X.; Wang, Y. Safety and efficacy of Edaravone Dexborneol versus edaravone for patients with acute ischaemic stroke: A phase II, multicentre, randomised, double-blind, multiple-dose, active-controlled clinical trial. Stroke Vasc. Neurol. 2019, 4, 109–114. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Liu, F.; Huang, C.; Shentu, J.; Wang, M.; Sun, C.; Chen, L.; Yan, S.; Fang, F.; Wang, Y.; et al. 5-Hydroxycyclopenicillone Inhibits β-Amyloid Oligomerization and Produces Anti-β-Amyloid Neuroprotective Effects In Vitro. Molecules 2017, 22, 1651. [Google Scholar] [CrossRef]

	



Lin, J.; Huang, L.; Yu, J.; Xiang, S.; Wang, J.; Zhang, J.; Yan, X.; Cui, W.; He, S.; Wang, Q. Fucoxanthin, a Marine Carotenoid, Reverses Scopolamine-Induced Cognitive Impairments in Mice and Inhibits Acetylcholinesterase in Vitro. Mar. Drugs 2016, 14, 67. [Google Scholar] [CrossRef]

	



Zhang, D.; Xiao, Y.; Lv, P.; Teng, Z.; Dong, Y.; Qi, Q.; Liu, Z. Edaravone attenuates oxidative stress induced by chronic cerebral hypoperfusion injury: Role of ERK/Nrf2/HO-1 signaling pathway. Neurol. Res. 2018, 40, 1–10. [Google Scholar] [CrossRef]

	



Wang, W.; Huang, F.; Jiang, W.; Wang, W.; Xiang, J. Brilliant blue G attenuates neuro-inflammation via regulating MAPKs and NF-κB signaling pathways in lipopolysaccharide-induced BV2 microglia cells. Exp. Ther. Med. 2020, 20, 116. [Google Scholar] [CrossRef]

	



Spadaro, A.; Rao, M.; Lorenti, M.; Romano, M.R.; Augello, A.; Eandi, C.M.; Platania, C.B.M.; Drago, F.; Bucolo, C. New Brilliant Blue G Derivative as Pharmacological Tool in Retinal Surgery. Front. Pharmacol. 2020, 11, 708. [Google Scholar] [CrossRef]

	



Zhao, H.; Han, L.; Jian, Y.; Ma, Y.; Yan, W.; Chen, X.; Xu, H.; Li, L. Resveratrol induces apoptosis in human melanoma cell through negatively regulating Erk/PKM2/Bcl-2 axis. OncoTargets Ther. 2018, 11, 8995–9006. [Google Scholar] [CrossRef]

	



Akter, R.; Zhyvoloup, A.; Zheng, B.; Bhatia, S.R.; Raleigh, D.P. The triphenylmethane dye brilliant blue G is only moderately effective at inhibiting amyloid formation by human amylin or at disaggregating amylin amyloid fibrils, but interferes with amyloid assays; Implications for inhibitor design. PLoS ONE 2019, 14, e0219130. [Google Scholar] [CrossRef]

	



Park, J.H.; Kim, S.W.; Cha, M.J.; Yoon, N.; Lee, C.Y.; Lee, J.; Seo, H.H.; Shin, S.; Choi, J.W.; Lee, S.; et al. TAK-733 inhibits inflammatory neointimal formation by suppressing proliferation, migration, and inflammation in vitro and in vivo. Exp. Mol. Med. 2018, 50, 1–12. [Google Scholar] [CrossRef]

	



Kuo, C.T.; Chen, Y.L.; Hsu, W.T.; How, S.C.; Cheng, Y.H.; Hsueh, S.S.; Liu, H.S.; Lin, T.H.; Wu, J.W.; Wang, S.S. Investigating the effects of erythrosine B on amyloid fibril formation derived from lysozyme. Int. J. Biol. Macromol. 2017, 98, 159–168. [Google Scholar] [CrossRef] [PubMed]

	



Jing, G.; Wang, H.; Nan, F.; Liu, Y.; Zhang, M. Naofucong Ameliorates High Glucose Induced Hippocampal Neuron Injury Through Suppressing P2X7/NLRP1/Caspase-1 Pathway. Front. Pharmacol. 2021, 12, 647116. [Google Scholar] [CrossRef]

	



Zhao, H.; Huang, X.; Tong, Z. Formaldehyde-Crosslinked Nontoxic Aβ Monomers to Form Toxic Aβ Dimers and Aggregates: Pathogenicity and Therapeutic Perspectives. ChemMedChem 2021, 16, 3376–3390. [Google Scholar] [CrossRef]

	



Merinas-Amo, R.; Martínez-Jurado, M.; Jurado-Güeto, S.; Alonso-Moraga, Á.; Merinas-Amo, T. Biological Effects of Food Coloring in In Vivo and In Vitro Model Systems. Foods 2019, 8, 176. [Google Scholar] [CrossRef] [PubMed]

	



Song, P.; Hu, J.; Liu, X.; Deng, X. Increased expression of the P2X7 receptor in temporal lobe epilepsy: Animal models and clinical evidence. Mol. Med. Rep. 2019, 19, 5433–5439. [Google Scholar] [CrossRef]

	



Nair, A.B.; Jacob, S. A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 2016, 7, 27–31. [Google Scholar] [CrossRef]

	



Amchova, P.; Kotolova, H.; Ruda-Kucerova, J. Health safety issues of synthetic food colorants. Regul. Toxicol. Pharm. 2015, 73, 914–922. [Google Scholar] [CrossRef]

	



Paul, S.; Candelario-Jalil, E. Emerging neuroprotective strategies for the treatment of ischemic stroke: An overview of clinical and preclinical studies. Exp. Neurol. 2021, 335, 113518. [Google Scholar] [CrossRef]

	



Ye, J.; Shang, H.; Du, H.; Cao, Y.; Hua, L.; Zhu, F.; Liu, W.; Wang, Y.; Chen, S.; Qiu, Z.; et al. An Optimal Animal Model of Ischemic Stroke Established by Digital Subtraction Angiography-Guided Autologous Thrombi in Cynomolgus Monkeys. Front. Neurol. 2022, 13, 864954. [Google Scholar] [CrossRef]

	



Tanioka, M.; Park, W.K.; Park, J.; Lee, J.E.; Lee, B.H. Lipid Emulsion Improves Functional Recovery in an Animal Model of Stroke. Int. J. Mol. Sci. 2020, 21, 7373. [Google Scholar] [CrossRef]

	



Liu, H.; Zhao, M.-J.; Wang, Z.-Y.; Han, Q.-Q.; Wu, H.-Y.; Mao, X.-F.; Wang, Y.-X. Involvement of d-amino acid oxidase in cerebral ischaemia induced by transient occlusion of the middle cerebral artery in mice. Br. J. Pharm. 2019, 176, 3336–3349. [Google Scholar] [CrossRef]

	



Feustel, P.J.; Ingvar, M.C.; Severinghaus, J.W. Cerebral oxygen availability and blood flow during middle cerebral artery occlusion: Effects of pentobarbital. Stroke 1981, 12, 858–863. [Google Scholar] [CrossRef]

	



Belinga, V.F.; Wu, G.-J.; Yan, F.-L.; Limbenga, E.A. Splenectomy following MCAO inhibits the TLR4-NF-κB signaling pathway and protects the brain from neurodegeneration in rats. J. Neuroimmunol. 2016, 293, 105–113. [Google Scholar] [CrossRef]

	



Zhang, Z.; Qin, P.; Deng, Y.; Ma, Z.; Guo, H.; Guo, H.; Hou, Y.; Wang, S.; Zou, W.; Sun, Y.; et al. The novel estrogenic receptor GPR30 alleviates ischemic injury by inhibiting TLR4-mediated microglial inflammation. J. Neuroinflamm. 2018, 15, 206. [Google Scholar] [CrossRef]

	



Tang, H.; Gamdzyk, M.; Huang, L.; Gao, L.; Lenahan, C.; Kang, R.; Tang, J.; Xia, Y.; Zhang, J.H. Delayed recanalization after MCAO ameliorates ischemic stroke by inhibiting apoptosis via HGF/c-Met/STAT3/Bcl-2 pathway in rats. Exp. Neurol. 2020, 330, 113359. [Google Scholar] [CrossRef]








[image: Pharmaceuticals 15 01018 g001 550] 





Figure 1. BBF but not its derivatives prevent chemical hypoxia-induced cell death in HT22 hippocampal cell line. (A) HT22 cells were exposed to various concentrations of IAA as indicated. Cell viability was measured by the MTT assay at 24 h after IAA exposure. (B) HT22 cells were pre-treated with BBF, BBR, BBG, or FGF at the indicated concentrations for 0.5 h, and then exposed to 10 μM IAA. Cell viability was measured by the MTT assay at 24 h after IAA exposure. (C–E) HT22 cells were pre-treated with BBF for 0.5 h, then exposed to 10 μM IAA. (C) The LDH release and (D) FDA/PI double staining was performed at 24 h after IAA exposure. (E) The percentage of FDA-positive cells was analyzed from representative photos. (F) HT22 cells was analyzed by flow cytometry at 24 h after IAA exposure, and the percentage of cells with live (Q4), early apoptosis (Q3), late apoptosis (Q2), and necrosis (Q1) conditions were pointed. Data represent the mean ± SEM; * p < 0.05 and ** p < 0.01 vs. the control group in (A); ## p < 0.01 vs. the control group; * p < 0.05 and ** p < 0.01 vs. IAA group in (B,C) and (E), (one-way ANOVA and Tukey’s test). Con: control; BBF: Brilliant Blue FCF; BBR: Brilliant Blue R; BBG: Brilliant Blue G; FGF: Fast Green FCF; IAA: Iodoacetic acid; LDH: Lactate dehydrogenase; FDA, Fluorescein diacetate; PI, Propidium iodide. 
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Figure 2. BBF produces anti-chemical hypoxia protective effects via the inhibition of ERK and GSK3β concurrently in HT22 cells. (A–C) HT22 cells were pre-treated with 10 and 20 μM BBF or vehicle control for 0.5 h, and then exposed to 10 μM IAA. Western blotting analysis was performed at 0.5 h after IAA exposure. (A) The representative blots were shown. The relative units of (B) p-ERK and (C) pSer9-GSK3β were demonstrated. (D) HT22 cells were pre-treated with SB415286, an inhibitor of GSK3β, or U0126, an inhibitor of MEK, at the indicated concentrations for 0.5 h, and then exposed to 10 μM IAA. Cell viability was measured by the MTT assay 24 h after IAA challenge. (E) HT22 cells were pre-treated with 10 μM LY294002 for 0.5 h, and then supplemented with 10 μM BBF for 0.5 h before the exposure to 10 μM IAA. Cell viability was then measured by the MTT assay at 24 h after IAA challenge. Data represent the mean ± SEM; ## p < 0.01 vs. the control group, * p < 0.05 and ** p < 0.01 vs. IAA group, $ p < 0.05 vs. BBF + IAA group (one-way ANOVA and Tukey’s test). ERK: extracellular regulated protein kinase; GSK3β: glycogen synthase kinase-3β; Con: control; BBF: Brilliant Blue FCF; IAA: Iodoacetic acid; LY: LY294002; SB: SB415286. 
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Figure 3. BBF prevents neurological and behavioral abnormity, brain infarct and ERK activation in MCAO rats. (A–C) Rats were injected with various drugs as indicated 30 min before, during and 30 min after MCAO surgery. The neurological and behavioral tests were measured 24 h after MCAO. (A) Neurological scores, (B) De Ryck’s behavioral scores, and (C) beam working scores were demonstrated. (D–F) Animals were sacrificed at 24 h after MCAO surgery. (D) The representative TTC staining images were demonstrated. Quantitative analysis for (E) infarct volume and (F) edema extent of each group was shown. (G) The representative blots were shown. (H) The relative units of p-ERK were demonstrated. Data represent the mean ± SEM (n = 6 in (A–F) and n = 3 in (H)); ## p < 0.01 vs. the Sham group, * p < 0.05 and ** p < 0.01 vs. MCAO group (one-way ANOVA and Tukey’s test). MCAO: middle cerebral artery occlusion/reperfusion; ERK: extracellular regulated protein kinase; TTC: 2,3,5-triphenyltetrazolium chloride; BBF: Brilliant Blue FCF. 
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Figure 4. BBF prevents neuronal death and behavioral abnormity caused by chemical hypoxia and ischemic stroke. Chemical hypoxia and ischemic stroke activate P2X7 receptor, leading to activation of the GSK3β and ERK pathways, causing neuronal death and behavioral abnormity. BBF might produce neuroprotective effects via acting on ERK and GSK3β, possibly through the inhibition of P2X7 receptor. ERK: extracellular regulated protein kinase; GSK3β: glycogen synthase kinase-3β; BBF: Brilliant Blue FCF. 
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