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Oxymatrine (OMT), a quinolizidine alkaloid extracted from traditional Chinese herb Sophora flavescens Ait, has drawn attention because of its beneficial bioactivities against hypoxic–ischemic brain damage (HIBD). However, the underlying molecular mechanism remains unclear. In this study, we determined the in vivo and in vitro effects of OMT on seven-day old Sprague–Dawley rats with HIBD and in a rat model of primary hippocampal neuron oxygen glucose deprivation reoxygenation (OGD/R). This study was aimed to evaluate whether OMT exerted neuroprotective effects mediated by the (phosphatidylinositol 3-kinase/protein kinase B/mammalian target of rapamycin) PI3K/Akt/mTOR pathway after HIBD. Experimental results showed that the alkaloid significantly improved the early neurofunctional development, brain water content, abnormal pathological changes, and necrosis of neurons after HIBD. Moreover, OMT enhanced the cell viability and stabilized the mitochondrial permeability transition pore in the primary hippocampal neurons after OGD/R. OMT significantly decreased the autophagosome generation, elevated the expression of PI3K, Akt, and mTOR, and simultaneously reversed the mRNA expression of microtubule-associated protein 1-light chain 3 (LC3), Beclin-1, and sequestosomel (P62) induced by hypoxia and ischemia. However, these protective effects against HIBD could be suppressed when rapamycin, a specific inhibitor of mTOR, was included. Hence, the OMT exerted neuroprotective effects against HIBD by attenuating excessive autophagy by mediating the PI3K/Akt/mTOR pathway.
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INTRODUCTION
Neonatal perinatal asphyxia usually results in hypoxic–ischemic brain damage (HIBD), which is characterized by cerebral hypoxia and decreased or suspended cerebral blood flows. This HIBD condition, is closely related to acute death and subsequent life-long neurological deficits in neonates and accounts for approximately 23% of the annual neonatal deaths (Lawn et al., 2005; Martin et al., 2019). Although antenatal and neonatal cares have been advanced in the past several decades, the incidence of HIBD is approximately 26 cases per 1,000 live births in developing countries (Yıldız et al., 2017; Li et al., 2019). Hypothermia is currently the only established treatment option that decreases the risk of death and neurodevelopmental impairment in infants with HIBD (Jacobs et al., 2013), such as cerebral palsy, hearing loss and other neuromotor disorders, from 60 to 45% (Martin et al., 2019). However, approximately 50% of infants are still at risk of neurological sequelae and even death with hypothermia treatment (Edwards et al., 2010; Wu and Gonzalez, 2015).
Potential injurious factors of neonatal HIBD are complex and involve mitochondrial damage, excitotoxicity, oxidative stress, inflammation, apoptosis and autophagy (Douglas-Escobar and Weiss, 2015). Autophagy is a programmed cell death pattern of self-degradation in aging, damaged organelles and long-lifespan proteins. Neuronal autophagy plays an important role in hypoxia–ischemia (HI)-induced neuronal loss. This process is also a double-edged sword, that is moderate autophagy can maintain the homeostasis and function of neurons. By contrast, excessive autophagy may destroy organelles and cytosol, leading to the destruction of cellular structures and functions. Reducing excessive autophagy and increasing neuronal survival can be effective therapeutic targets for neonatal HI brain injury. The kinase cascade including phosphoinositide 3 kinase (PI3K), protein kinase B (Akt), and the mammalian target of rapamycin (mTOR) (PI3K/Akt/mTOR) signaling pathway, is the central cascade involved in cell transcription, translation, migration, metabolism, proliferation, and survival (Koh and Lo, 2015). As the only protective pathway of autophagy, this cascade is closely related to the regulation of autophagy. Several studies have demonstrated that the PI3K/Akt/mTOR signaling pathway could attenuate autophagy when it is activated (Liu et al., 2019). The neuroprotective effect of the PI3K/Akt/mTOR pathway has been widely studied in cerebral ischemia. Previous studies have also shown that the inhibition of autophagy exert neuroprotective effects by regulating the PI3K/Akt/mTOR signaling pathway (Koh and Lo, 2015; Huang et al., 2018).
Chinese medicinal herbs have been widely used in clinical treatment because of their multiple targeting capacity and protective benefits in traditional Chinese medicine. Oxymatrine (OMT), a quinolizidine alkaloid extracted from traditional Chinese herb Sophora flavescens Ait (Funaya and Haginaka, 2012; Panthati et al., 2012) (Chinese name “Kushen”), has been proved to vast pharmacological actions, such as anti-inflammation, antioxidant, antiviral, immunomodulation, and neuroprotection activities (Cui et al., 2011; Dong et al., 2013; Wang and Jia, 2014; Zhao et al., 2015). We also showed in our previous study that this alkaloid could ameliorate brain injury in hypoxic-ischemic neonatal rats (Huang et al., 2018). However, the molecular mechanism of neuroprotection by OMT remains unclear. Based on a study that reported the involvement of PI3K/Akt/mTOR in the autophagy processes in HIBD, we hypothesized that PI3K/Akt/mTOR pathways could be a part of the therapeutic effects of OMT. Therefore, we performed in vivo and in vitro experiments to explore deeply the protective effect of OMT after HIBD and determine its relationship with the PI3K/Akt/mTOR signaling pathway in regulating autophagy.
MATERIALS AND METHODS
Animals and Establishment of the HIBD Model
Seven-day old Sprague–Dawley rats, 12–17 g weight (The ratio of male to female is 1:1) were provided by the Experimental Animal Center of Ningxia Medical University (animal license number: SCXK Ningxia 2015-0001). All surgeries and sample collection were carried out under diethyl ether anesthesia to minimize suffering and the number of animals used. The protocols were performed in accordance with the current guidance for the care of laboratory animals in Ningxia Medical University. All the researchers who performed testing were blinded.
A modified Rice-Vannucci model was established as previously described (Vannucci and Vannucci, 2005). Seven-day-old Postnatal 7 days (P7) neonatal Sprague–Dawley rats were narcotized by ether inhalation, the left common carotid artery was ligated with 6-0 silk and cut off within 5 min. After the surgery, the rats were allowed to return to their dam and recover for 1.5 h. Then, the pups were placed in a low-oxygen container (8% oxygen in nitrogen) maintained at 37°C and hypoxia for 2.5 h. All surviving pups were returned to their dam after 2.5 h of hypoxia. In the sham group, the left common carotid artery was only exposed. Our previous experiments showed that brain tissue suffers moderate damage at 48 h time point (Huang et al., 2018), we selected this time point for the following experiments.
Drug Administration
OMT (Beijing Zhongke quality inspection Biotechnology Co., Ltd., China, purity = 98.26%, Batch NO: Y-013-161216) was dissolved in normal saline (NS; 0.9% NaCl) before the experiment. Drugs were administered intraperitoneally at 0.1 ml/10 g body weight. To determine the neuroprotective effects on HIBD, unsexed pups were assigned randomly into 3 groups (n = 6 for each group) as follows: Group 1, control (sham surgery) with an equal volume by body weight of NS; Group 2, subjected to cerebral hypoxia-ischemia (HI) with an equal volume by body weight of NS; Group 3, HI with OMT (120 mg/kg). OMT was intraperitoneally (ip) injected at 12 h intervals for 2 days. To further assess between the neuroprotective of OMT and the PI3K/Akt/mTOR pathway, the mTOR inhibitor rapamycin (MCE, America) were dissolved in 2% carboxymethylcellulose sodium (CMC-Na) and administered via intraperitoneal (ip) injection 1 h before HI (Bodine et al., 2001).
Measurement of Neurobehavioral Development
According to previous published literature (Wu et al., 2017), the neurological reflexes including righting reflex, negative geotaxis reflex and cliff avoidance reflex was elicited at 48 h after HI. An outside environment was maintained at 37°C, each reflex assessed subsequently, and the pups were given 5 min of rest.
Determination of Infarct Volume
After 48 hours of HI, the brain infarct volume was measured according to the previously described (Wei et al., 2019). The infarct volumes were measured through image analysis software (Image-Pro Plus, United States). The brain infarction volume was calculated accurately as follows to exclude the influence of cerebral edema (Lin et al., 1993): The percentage of brain infarction (%) = (normal hemisphere volume − non-infarct volume of the infarct side)/normal hemisphere volume × 100.
Measurement of the Brain Water Content
The cerebral water content according to the wet-dry method as previously described (Wang et al., 2018). Briefly, brains were removed quickly and acquired the wet weight using an electronic analytic balance. Then, the samples were dried in a 100°C oven for 24 h and weighed again to obtain the dry weight. The following formula was used to determine the degree of brain water content: water content (%) = (wet weight − dry weight)/wet weight × 100% (Zhu et al., 2018).
Hematoxylin and Eosin (HE) Staining
After 48 h of HI, rats were anesthetized and perfused with ice NS followed by 4% cold paraformaldehyde. Then, the brains removed immediately and submerged in 4% paraformaldehyde for overnight. Every tissue specimen was dehydrated and embedded in paraffin, and then successive brain coronal sections (5 μm) made with a microtome (Leica, Germany). The sections were dried at 80°C for 30 min, deparaffinized, rehydrated and stained with hematoxylin and eosin. The histopathological changes in cerebral hippocampus CA1, hippocampus CA3 and cortex were observed with light microscopy (Olympus BX-51, Japan) at a magnification of 200× and 400×.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling (TUNEL) Staining
The slices were deparaffinized, rehydrated and then permeated with proteinase K to increase cell membrane permeability. The DNA fragmentation of apoptotic or necrotic cells bound to the terminal deoxynucleotidyl transferase (TdT) enzyme in a reaction buffer. After rinsing with PBS thoroughly, slides were mounted with 4′, 6-diamidino-2-phenylindole (DAPI) for at room temperature for nuclear staining. Ultimately, the TUNEL-positive neurons in 6 cortical fields of each group were photographed randomly with an Olympus fluorescence microscope (Olympus FV1000, Japan) at a magnification of 400×. The following formula was used to calculate the rate of apoptosis: apoptotic neurons amount/total neurons amount × 100%.
Measurement of Transmission Electron Microscopy (TEM)
The cerebral tissues were prefixed with ice fixative solution for 2 h, and cut into 1 mm × 1 mm × 1 mm blocks. They were collected and fixed for 2 h with 2% cold glutaraldehyde. Then, the blocks were post-fixed with 2% ice osmium tetroxide, dehydrated, and embedded in epon. Ultrathin sections (75 nm-thick) were cut, placed onto colloid-coated copper grids and stained with 0.4% uranyl acetate and 2% lead acetate. Finally, Samples were observed by TEM (Hitachi, Tokyo, Japan).
Primary Hippocampal Neurons Culture and Oxygen Glucose Deprivation/Reoxygenation (OGD/R) Model
The primary hippocampal neurons were prepared from brains (within 24 hours of born) of SD rats. Briefly, the hippocampus from newborn rats were separated carefully and placed in D-Hanks' balanced salt solution. After trituration and digestion with trypsase (containing EDTA) for 15 min at 37°C, the cell suspensions were seeded at a density of 1 × 106/L in 96-well plates or culture dishes in DMEM supplemented with 2% HEPES-buffered salt solution and 10% FBS. Afterward, DMEM culture medium was discarded and changed to neurobasal medium containing 2% B27. After that, change the culture medium every 2°days.
The primary cultured hippocampal neurons were subjected to OGD insult for 2 h and reperfusion for 24 h on day 7. Specifically, the culture medium was changed to glucose-free EBSS, a mixed gas (95% N2 and 5% CO2) was continuously pumped into the incubator for 2 h at 37°C. After the OGD, the culture medium was replaced with regular medium and put back into a normoxic incubator at normal conditions and OMT (5 μg/ml) with or without Rapamycin was added for 24 h. Rapamycin was dissolved in DMSO and the final concentration was 0.2 μg/ml. In the control group, the neurons were cultured under normal conditions without oxygen or glucose deprivation.
MTT Assay Cell Viability
To determine whether OMT could ameliorate OGD/R-induced neuronal death, Methyl-thiazolyl-diphenyl-tetrazolium bromide (C0009, Beyotime, China) assays were used to evaluate the neuronal viability according to the manufacturer's instructions. Briefly, primary hippocampal neurons were plated in 96-well plates. After reoxygenation for 24 h, 20 μL of MTT solution was added and incubated at 37°C for 4 h. After incubation, the medium was replaced, and the neurons were suspended in dimethyl sulfoxide (DMSO). The optical density (OD) was detected at 490 nm by a microplate reader and the results are expressed as the percentages of cell viability compared to the control group.
Determination of Mitochondrial Permeablity Transition Pore (mPTP)
Primary hippocampal neurons were underwent OGD/R 24 h later, the determination of mPTP according to the operation of mPTP detection kit. Diluting the dye solution to the desired concentration, and then added 1 ml of staining working fluid to each dish. The neurons were incubated with staining working fluid at 37°C for 15 min. After washing three times with PBS and then imaged with an Olympus fluorescence microscope (Olympus FV1000, Japan) at excitation wavelengths of 488 nm and emission wavelengths of 520 ± 10 nm, respectively.
Monodansylcadaverine (MDC) Staining
After 24 h of OGD/R, neurons were centrifuged at 800 g for 5 minutes and collected after cleaning with 1 × Wash buffer (300 μL). Afterward, the supernatant was sucked out and suspended with equal volume 1 × Wash buffer, the concentration of neuron was adjusted to 106/ml. The 90 μL cell suspension and 10 μL MDC dye solution was mixed evenly and stained at room temperature for 35 minutes. After centrifugation, the neurons were washed again with 300 μL 1×Wash buffer. Subsequently, Collection buffer was added to collect suspended neurons, which added to the slides and observed under an Olympus fluorescence microscope (Olympus FV1000, Japan) at a magnification of 600×.
Immunofluorescence Analysis
For the immunofluorescence analyses, hippocampal neurons were washed with PBS three times and incubated with 4% paraformaldehyde for 15 min. Afterward, the cells were incubated in goat serum for 60 min at room temperature to block unrelated antigens. The primary anti-p-mTOR antibody (1:100, Cell signaling technology, 5536S) was applied to the cells at 4°C overnight and followed by incubation with Rhodamine (TRITC)–conjugated secondary antibody at 37°C for 1 h in the dark. Ultimately, the nuclei were stained with DAPI for 5 min and images were acquired with a fluorescence microscope (Olympus BX-51, Japan) and the fluorescence intensity was analyzed with the ImageJ software.
Western Blot Analysis
The rats were euthanized by anesthesia with inhaling ether 48 h after HIBD, and the ischemic hemisphere were removed rapidly in ice and stored at −80°C. Primary hippocampal neurons were collected from the culture dishes 24 h after OGD/R. The ischemic hemisphere and primary hippocampal neurons were homogenized in ice-cold lysis buffer in glass homogenizers (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) or epoxide tubes. The homogenate was centrifugated at 12,000 g for 10 min at 4°C to obtain the total protein. The protein concentration of the samples was analyzed by BCA method according to manufacturer’s instruction (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Equal amount of protein lysate (50 μg) in each simple were separated by 10% or 6% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto polyvinylidene fluoride (PVDF) membranes (200 mA, 2 h). Membranes was subsequently blocking with 5% skim milk powder for 2 h at room temperature and incubated with the primary antibodies overnight at 4°C (Table 1). After washing with PBST three times (containing 20% Tween-20), the PVDF membranes were incubated with the secondary antibodies (1:2000, SA00001-2; Proteintech) for 2 h at room temperature. The protein bands were observed by a Western blot detection system (Bio-Rad Laboratories, United States). Finally, the gray values of the bands were analyzed by Quantity One software.
TABLE1 | The primary antibodies in the experiment.
[image: T1]Quantitative Real-Time Polymerase Chain Reaction (Q-PCR)
At 24 h after OGD/R, total RNA of primary hippocampal neurons was extracted in accordance with the previous description (Zhao et al., 2018). Total RNA was then reverse transcribed, amplified and real-time Q-PCR analysis. Ultimately, the PCR products were analyzed quantitatively by using the melting curve. The fold induction (2-△△Ct) was represented as the calculated results. Nucleotide sequences of primers utilized are as follows: Beclin1 (forward 5′-AGGAGTTGCCGTTGTACTGTTCTG-3′/reverse 5′-TGC​CTC​CAG​TGT​CTT​CAA​TCT​TGC-3′; 183 bp, 61.2°C), LC3 (forward 5′-AGC​TCT​GAA​GGC​AAC​AGC​AAC-3′/reverse 5′-GCT​CCA​TGC​AGG​TAG​CAG​GAA-3′; 101 bp, 59.8°C), P62 (forward 5′-GGT​GTC​TGT​GAG​AGG​ACG​AGG​AG-3′/reverse 5′-TCT​GGT​GAT​GGA​GCC​TCT​TAC​TGG-3′; 101 bp, 60.7°C) and β-actin (forward 5′-CCC​ATC​TAT​GAG​GGT​TAC​GC-3′/reverse5′-TCTGGTGATGGAGCCTCTTACTGG-3′; 174 bp, 60.0°C).
Data Analysis
The apoptosis ratio was analyzed by nonparametric test. The other values were expressed as mean ± SEM, and the statistical analysis of the results was evaluated by one-way ANOVA followed by Dunett’s test. p < 0.05 was considered statistically significant.
RESULTS
OMT Improved HIBD-Induced Neurological Dysfunction
Compared with the Sham group, the rats that were subjected to HI exhibited a prolonged latent period in righting reflex, negative geotaxis and cliff avoidance reflex (p < 0.01, Figures 1A–C). However, the increased time for above reflexes was reduced significantly (p < 0.01, Figures 1A–C) in the HI + OMT group than that in HI group.
[image: Figure 1]FIGURE 1 | Changes in the early neurological reflex performances, infarct volume and water volumes in neonatal rats at 48 h after hypoxia-ischemia brain damage (HIBD). (A) The latency of righting reflex. (B) The latency of negative geotaxis reflex and (C) The latency of n Cliff avoidance reflex. D Representative photographs of the infarct volume identified with 2,3,5-triphenyltetrazoliuM chloride (TTC) staining. (E) Measured infarct volumes. (F) Assessments of brain water content. The results are expressed as means ± SEM (n = 6 per group). ##p < 0.01 vs. the sham group; *p < 0.05, **p < 0.01 vs. the HI group; and ++p < 0.01 vs. the oxymatrine (OMT) group.
OMT Ameliorated HIBD-Induced Cerebral Infarction
2,3,5-Triphenyltetrazolium chloride (TTC) staining is a recognized indicator for evaluating the volume of cerebral infarction. As shown in the images of the TTC staining in Figure 1D, the infarct volume was not observed and stained uniformly red in the sham group. The total infarct volume was significantly reduced from 40.32 ± 6.15%–11.60 ± 3.54% (p < 0.01) in the HI + OMT group compared with that in the HI group (Figure 1E, p < 0.01). Rapamycin (RAPA) treatment markedly increased the cerebral infarct volume (p < 0.01) compared with the HI + OMT group.
OMT Decreased HIBD-Induced Cerebral Edema
Brain water content was assessed to evaluate the brain edema (Figure 1F). Compared with the sham group, the brain water content increased significantly after cerebral ischemia and hypoxia (p < 0.01). However, post-administration with OMT attenuated the brain water content from 59.90 ± 3.20%–52.60 ± 6.61% compared with the HI group (p < 0.05).
OMT Attenuated HIBD-Induced Neuron Pathological Changes and Apoptosis
As shown in Figure 2A, neurons were abundant, arranged neatly and stained evenly in the cerebral hippocampus CA1, hippocampus CA3, and cortex in the sham group. Compared with the sham group, the number of cells decreased, the cells became arranged disorderedly, vacuolization, and karyopyknosis were observed in the HI group. After posttreatment with OMT, the expansion of neuronal injury was reversed to a certain extent in the cerebral hippocampus CA1, hippocampus CA3, and cortex (Figure 2A). The protective effect of OMT was further determined by TUNEL staining from the ischemic cortex. Virtually rare TUNEL-positive neurons were found in the sham group. By contrast, numerous TUNEL-positive neurons were detected in the HI group. However, compared with the HI group, the neuronal apoptosis was reduced substantially in the posttreatment with OMT (Figures 2B,C; p < 0.01).
[image: Figure 2]FIGURE 2 | Representative photographs of the hematoxylin and eosin (HE) and terminal deoxynucleotidyl transferase-mediated dUTP Nick End Labeling (TUNEL) staining in the hippocampus and cortex for the damaged neurons in the neonatal rats at 48 h after hypoxia-ischemia brain damage (HIBD). (A) Representative photographs of the morphological changes identified by HE staining: (A) cortex, (B) hippocampus CA3, and (C) hippocampus CA1. (B) Representative photographs of the neuronal apoptosis identified by TUNEL staining. (C) Quantitative representation of the expression of apoptotic neurons in the cortex. The results are expressed as mean ± SEM (n = 6 per group). ##p < 0.01 vs. the sham group; and **p < 0.01 vs. the hypoxia-ischemia (HI) group.
OMT Inhibited OGD/R-Induced Cell Death, the Openess of mPTP in Cultured Hippocampal Neurons
The results of the MTT assay for cell viability observed for 24 h after oxygen glucose deprivation reoxygenation (OGD/R) are shown in Figure 3A. Cell viability was significantly reduced in the OGD/R group compared with the control group (p < 0.01). Posttreatment with OMT (5 μg/ml) significantly enhanced the cell viability (p < 0.01) compared with that in the OGD/R group. The fluorescence intensity of the mPTP was consistent with that of cell viability. Interestingly, RAPA treatment reversed these effects of OMT (Figures 3A,C, p < 0.05, p < 0.01).
[image: Figure 3]FIGURE 3 | Assessments of neuronal death and level of intracellular mitochondrial permeability transition pore (mPTP) in the primary hippocampal neurons at 24 h after oxygen-glucose deprivation reperfusion (OGD/R). (A) Cell viability assay. (B) Fluorescence micrographs of mPTP. (C) mPTP assay. The results are expressed as mean ± SEM (n = 6 per group). ##p < 0.01 vs. the sham group; **p < 0.01 vs. the HI group; and +p < 0.05, ++p < 0.01 vs. the oxymatrine (OMT) group.
OMT Reduced the Level of Autophagosome After HIBD and OGD/R
We evaluated the level of autophagy formation in the brain tissue in vivo and in vitro by tissue ultrastructure and MDC staining, respectively (Figures 4A,B). As demonstrated in Figure 4, autophagosomes were identified in the HI group but not in the OMT treatment group and sham group. MDC positive staining increased in the primary hippocampal neurons after OGD/R compared with that in the control group. MDC positive staining decreased with post-administration with OMT. By contrast, posttreatment with RAPA increased the MDC positive staining.
[image: Figure 4]FIGURE 4 | Assessments of the level of autophagy in vivo and in vitro. (A) Transmission electron micrographs of the autophagosomes in the neonatal rats at 48 h after hypoxia-ischemia brain damage (HIBD). The arrows represent organelles and autophagosome: N, nucleus; NM, nucleus membrane; M, mitochondrion; ER, endoplasmic reticulum; L, lysosomes; and AP, autophagosome. (B) Autophagic vacuoles from each group measured by monodansylcadaverine (MDC) staining. (C–E) Levels of microtubule-associated protein 1-light chain 3 (LC3), Beclin-1 and sequestosomel (P62) mRNA in the primary hippocampal neurons measured at 24 h after oxygen-glucose deprivation reperfusion (OGD/R). The results are expressed as means ± SEM (n = 6 per group). ##p < 0.01 vs. the sham group; *p < 0.05, **p < 0.01 vs. the HI group; and +p < 0.05 vs. the oxymatrine (OMT) group.
OMT Regulated the Expression of Autophagy-Related Protein and MRNA Induced HIBD and OGD/R
We further tested the effects of OMT on the mRNA expression of autophagy-related factors, such as Beclin-1, LC3, and P62 protein. As shown in Figures 4C–E, the mRNA expression of Beclin-1 and LC3 was significantly increased in the OGD/R group than that in the control group (p < 0.01). Post-administration of OMT induced a substantial decrease in the mRNA expression of Beclin-1 and LC3 (p < 0.01, p < 0.05). The expression of P62 mRNA significantly decreased compared with that in the control group (p < 0.01), but, OMT treatment could upregulate markedly its expression (p < 0.01). In addition, the expression of the above autophagy-related factors in the OMT could be partially eliminated by RAPA (p < 0.05). Interesting, the result of the expression of autophagy-related factor proteins in vivo were consistent with those of mRNA expression (Figures 5D–F). The results showed that the LC3 and Beclin-1 protein expression levels in the ischemic hemisphere brain were significantly higher (p < 0.01, Figures 5D,E), whereas the protein expression of P62 was significantly lower in the ischemic hemisphere brain than in the sham group (p < 0.01, Figure 5F). 120 mg/kg OMT posttreatment can reverse the above protein expression.
[image: Figure 5]FIGURE 5 | Assessment of the protein expression levels of phosphatidylinositol 3-kinase (PI3K), protein kinase B (Akt), mammalian target of rapamycin (mTOR), LC3, Beclin-1 and P62 in the ischemic hemisphere in the neonatal rats at 48 h after hypoxia-ischemia brain damage (HIBD). Representative Western blots and quantitative analyses of the protein expression of (A) PI3K, (B) Akt, (C) mTOR, (D) LC3, (E) Beclin-1 (F) and P62. The results are expressed as means ± SEM (n = 6 per group). ##p < 0.01 vs. the sham group; and **p < 0.01 vs. the HI group.
OMT Inhibited Autophagy by Activating PI3K/Akt/mTOR Pathway
These above experiments result preliminarily suggested that OMT could improve HIBD in neonatal rats via regulating autophagy-related protein. To further examine the relationship between the regulative effects of OMT on neuronal autophagy and the PI3K/Akt/mTOR pathway in HIBD, we detected the expression of PI3K, p-PI3K, Akt, p-Akt, and p-mTOR by Western blot and immunofluorescence analyses (Figures 5, 6). The expression of PI3K, Akt, and mTOR were significantly reduced in the HI group than that in the sham group. Post-administration with OMT could reverse the expression of these kinases (p < 0.01). The expression of p-PI3K and p- Akt remained a basal expression under normal condition. OMT significantly enhanced the levels of p-PI3K and p-Akt relative to those in the OGD/R group (p < 0.01) but no statistically significant difference was observed in the expression of t-PI3K and t-Akt in the above groups (p > 0.05, Figure 6). Such rise in levels was inhibited by RAPA in the OMT + RAPA group relative to that in the OMT group (p < 0.01, p < 0.05 and p < 0.05, Figures 6A,C).
[image: Figure 6]FIGURE 6 | Assessment of the expression levels of (p)-PI3K (p)-Akt, and p-mTOR in the ischemic hemisphere in the neonatal rats at 24 h after oxygen-glucose deprivation reperfusion (OGD/R). (A) Representative Western blots and quantitative analyses show the protein expression of (A, B) PI3K and p-PI3K, and (C, D) Akt and p-Akt. (B) Immunofluorescent-stained p-mTOR in the primary hippocampal neurons at 24 h after OGD/R. (C) Analysis of fluorescence intensity of p-mTOR. The results are expressed as mean ± SEM (n = 6 per group). ##p < 0.01 vs. the sham group; *p < 0.05, **p < 0.01 vs. the HI group; and +p < 0.05 vs. the oxymatrine (OMT) group.
DISCUSSION
OMT protected against brain injury in a neonatal rat model of HIBD by improving the early neurologic impairments, infarct volume, brain water volume, and neuronal damage and degeneration. OMT also exhibited also neuroprotective effects and reduced OGD/R-mediated cell death and the increase of mPTP in the primary hippocampal neurons. OMT decreased the formation of autophagosome and reversed the levels of autophagy-related factor expression induced by HIBD and OGD/R. OMT promoted the activation of PI3K and Akt and increased the fluorescence intensity of p-mTOR under HI. RAPA, an mTOR inhibitor, inhibited the mTOR expression and partially counteracted the neuroprotective effects of OMT. These findings suggest that OMT played a neuroprotective role in treating HIBD, and the underlying mechanisms may have partly involved the activation of the PI3K/AKT/mTOR signaling pathway.
HIBD is the most common clinical disease of newborn that seriously threatens the physical and mental health of fetus and newborn. Animal model is of great significance to study the pathological mechanism of disease and evaluate the effect of therapeutic intervention. In the present study, we utilized a modified Rice-Vannucci model because the degree of development of the brain tissues of 7-day-old newborn rats is approximately equivalent to that of human fetuses or newborns because both species are in the synapse formation (Dobbing and Sands, 1979; McDonald and Johnston, 1990). In addition, the secondary pathological changes induced by HI in the rat model are similar to those of asphyxiated newborns. The latter is widely used to study neonatal cerebral ischemia–hypoxia injury. Cerebral neurons are extremely vulnerable to HI, because the metabolism of the immature brain is relatively vigorous, and their oxygen consumption accounts for approximately 50% of the total oxygen consumption. These neurons lack the necessary enzyme for effective glycolysis (Li et al., 2017). Once the oxygen and blood in the brain are blocked, which lead to a sharp lack of energy, depolarization of cell membranes occurs, followed by neuronal death. Eventually, a series of lesions, such as edema and infarction, are presented.
It has been reported in the literature that HIBD is accompanied by short-term neurological dysfunction. As expected, we observed that the latencies of the righting reflex, negative geotaxis reflex and cliff avoidance reflex remarkably prolonged subjected to HI in current study. Administering OMT improved these reflexes, revealing that OMT can improve early neurological dysfunction induced by HI in neonatal rats.
Brain edema is a common pathological state of brain tissue under HI. Current studies tend to focus on the cytotoxic brain edema and vasculogenic brain edema (Igor, 1987), which have many similarities in the mechanism of HIBD. Therefore, brain edema can be used as an indirect index to evaluate brain injury. In the present study, 120 mg/kg OMT could significantly ameliorate cerebral water content, which suggested that OMT protected against HIBD by mitigating cerebral water volume. In addition, the HE and TUNEL staining can provide further evidence of the protective effect of OMT.
HI can cause neuronal damage and death. The hippocampus and cortex are the most sensitive regions reflecting HI (Cheng et al., 2012), so we choose these areas to observe neuronal damage and morphological changes. The HE staining results showed that the cell density significantly decreased, became arranged loosely, and were stained unevenly. In addition, a number of vacuoles appeared in cerebral cortex, hippocampal CA3, and CA1 in the HI group compared with the sham group. After intervention with OMT, these symptoms were alleviated. In addition, TUNEL staining results showed that a large number of TUNEL-positive neurons in the ischemic cortex, while OMT treatment promoted the recovery of the injured neurons. These results indicated that OMT alleviated the pathological damage and death of neurons induced by HI.
We also established the OGD/R model in vivo to evaluate the cell viability and damage using the MTT method and mitochondrial permeability transition pore (mPTP) assays. The increase in ROS and calcium overload caused by HI could lead to the opening of the mPTP, the disorder of mitochondrial membrane potential, decoupling of respiratory chain, and blockage of ATP synthesis. These processes eventually lead to the swelling, rupture, and death of the mitochondria. Therefore, the degree of neuronal injury is related to the opening of mPTP (Halestrap, 2009). In our current research, OMT attenuated OGD/R-induced neuronal death and inhibited the increase of intracellular mPTP. These results indicate that OMT had a protective effect on the OGD/R-induced hippocampal neuronal damage. Brain infract volume is generally considered as a standard indicator for evaluating the effects of drugs on brain ischemic. RAPA intervention could reverse the remission effect of OMT on the cerebral infarction and neuronal damage induced by HIBD. These results suggest that the protective effect of OMT on HIBD in neonatal rats may be related to the mTOR pathway.
HI cause three types of cell death, namely, apoptosis, necrosis, and autophagy. Autophagy is a precise and orderly process that allows the degradation and recycling of cellular organelles and misfolded proteins under physiological conditions. Several studies have indicated that autophagy plays a significant role in HIBD (Northington et al., 2011), that is, an overactivated autophagy leads to rapid neuronal death (Levine and Yuan, 2005; Koike et al., 2008). Electron microscopy is currently considered to be a gold marker for the formation of autophagosome in tissues, and monodansylcadaverine (MDC) is an eosinophilic fluorescent stain, usually used to detect specific markers for the formation of autophagosome in cells. The results showed that after OMT treatment, the formation level of the autophagosome decreased significantly, and the regulatory effect of OMT on autophagosome formation was partially blocked by the administration of RAPA. The results further suggest that OMT played an antiexcessive autophagy role through the mTOR signaling pathway and participated in maintaining the stability of neurons and the recovery of injury. This process also suggested that regulating the level of autophagy may be one of the roles of OMT in protecting HIBD.
The PI3K/Akt/mTOR pathway is an intracellular signaling pathway involved in regulating cell survival and death. Moreover, as the only autophagic protective pathway, it plays an important role in HIBD (Yu et al., 2018). The mTOR, which belongs to the PI3K protein kinase family, is sensitive to RAPA and participates in regulating cell growth, apoptosis and autophagy (Hu et al., 2015). PI3K/Akt is one of the key upstream regulators of mTOR and plays an important role in regulating mTOR (Gunn and Hailes, 2008). Subsequently, when activated by PI3K, Akt could phosphorylate TSC2, dissociate the TSC1/TSC2 complex and activate mTOR (Pankiv et al., 2007). Finally, mTOR regulated the expression of downstream autophagy-related proteins Beclin1, LC3 and P62 and participated in the regulation of autophagy. LC3 is located on the autophagosome membrane and plays an important role in the formation of complete autophagosome. Beclin-1 plays an important role in lysosome fusion and autophagy formation in autophagy, and is another important autophagy marker. As an index of autophagic flow, some studies have shown that the level of P62 increases and the level of LC3 decreases, indicating that the autophagic flow is complete (Bockaert and Marin, 2015). Some reports have also demonstrated that promoting mTOR activation can play a neuroprotective role in HIBD (Chen et al., 2012). To further explore the potential protective mechanism of OMT in neonatal rats and primary hippocampal neurons after HI, we verified the expression of PI3K, p-PI3K, Akt, p-Akt, p-mTOR and autophagy-related factors. Consistent with a previous study, the present results showed that the expression of PI3K, Akt, mTOR and P62 in the brain tissue was significantly decreased after HI, while protein expression of LC3 and Beclin-1increased. After the intervention with OMT, the protein expression was significantly reversed. These results suggest that OMT can alleviate the damage of HIBD neurons by up-regulating the expression of PI3K, Akt, mTOR and P62, and down-regulating the expression of LC3 and Beclin-1. At the cellular level, the expression of p-PI3K, p-Akt, p-mTOR, and P62 significantly decreased, and the expression of LC3 and Beclin-1 significantly increased compared with that of the control group. OMT could significantly reverse the activity of pathway-related factors, reduce the expression of Beclin1 and LC3, increase the expression of P62 and improve the HIBD in neonatal rats. However, in the mTOR inhibitor treatment group, RAPA partially eliminated the effects of OMT on the expression levels of p-PI3K, p-Akt, p-mTOR, LC3, Beclin-1 and P62. These findings confirm that the neuroprotective effect of OMT on HIBD may be related to the regulation of the PI3K/Akt/mTOR signaling pathway and the inhibition of excessive autophagy. However, besides the PI3K/Akt/mTOR pathway, other factors may be involved in the neuroprotective effect induced by OMT, and related factors need further study.
In conclusion, by performing in vivo and in vitro experiments, we demonstrated that posttreatment with OMT efficaciously exerted neuroprotective effect against HIBD in the neonatal rats. The underlying mechanisms may include the regulation of the PI3K/Akt/mTOR signaling pathway and inhibition of excessive autophagy of neurons. However, our study had some limitations. First, we did not explore different times to evaluate the optimal therapeutic window of OMT for the neonatal HIBD. Second, accruing studies have shown sex-specific differences in the HIBD model. Further studies are required to explore the differences in the effects of OMT on the HIBD in female and male neonatal rats.
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