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Editorial on The Research Topic 
Assessing the Pharmacological Effects and Therapeutic Potential of Traditional Chinese Medicine in Neurological Disease Models: An Update

Neurological disorders affect the central and peripheral nervous systems by impairing the function of brain, spinal cord and peripheral nerves. As a wide spectrum of disorders, neurological diseases include epilepsy, stroke, multiple sclerosis, and neurodegenerative diseases, such as Parkinson’s disease (PD), Alzheimer disease (AD) and other dementias. Currently, these disorders have affected hundreds of millions of people worldwide especially in low- and middle-income countries. Traditional Chinese Medicine (TCM) is an ancient yet still widely used medicinal system in East Asia. TCM is an important source in the development of modern drugs. In the past decades, increasing number of studies have investigated the role of TCM-prepartions including medicinal plant extracts or single compounds in neurological disorder models. This Research Topic was launched to summarize the current advances in the application of TCM-originated materials in neurological disorder models and to make a contribution in development of new drugs for the treatment of neurological diseases. The Research Topic has gathered 17 articles consisting of 13 Original Research articles and 4 Reviews articles which have investigated and/or discussed the protective roles of TCM-originated materials in multiple neurological disorders including stroke, depression, multiple sclerosis, epilepsy, and neurodegenerative diseases including PD and AD.
Among the 13 Original Research articles, three have determined the mechanism of TCM effects on stroke. Luo et al. investigated the neuroprotective mechanisms of Danggui-Shaoyao-San (DSS), a famous TCM formula including Angelica sinensis (Oliv.) Diels (Umbelliferae), Paeonia. lactiflora Pall. (Paeoniaceae), Conioselinum anthriscoides “Chuanxiong” (syn. Ligusticum chuanxiong Hort.) (Umbelliferae), Wolfiporia . extensa (Peck) Ginns (syn. Poria cocos (Schwein.) (Polyporaceae), Atractylodes macrocephala Koidz. (Asteraceae),. and Alisma plantago-aquatica subsp. orientale (Sam.) Sam. (syn. Alisma orientalis (Sam.) Juzep. (Alismataceae), for the treatment of ischemic stroke (Luo et al.). By administrating ethanol extract of DSS into rats which were subjected to 2 h of MCAO (middle cerebral artery occlusion) plus 22 h reperfusion, they found that ethanol extract of DSS can reduce infarct sizes and improve neurological deficit scores in these rats. Mechanistically, they found that ethanol extract of DSS can inhibit the expression of p67phox, a subunit of NADPH. Meanwhile, DSS up-regulates SIRT1 expression in the cortex and striatum of MCAO ischemic brains which can be ablated by SIRT1 inhibitor EX527. Together, they demonstrated that DSS protects against cerebral ischemic-reperfusion injury through SIRT1-dependent manner. By using the similar MCAO model of stroke, Wang et al. found Taohong Siwu decoction (THSWD) containing Tao Ren (Prunus persica (L.) Batsch), Hong Hua (Carthamus tinctorius L.), Dang Gui (Angelica sinensis (Oliv.), Shu Di Huang (Rehmannia glutinosa (Gaertn.)), Chuan Xiong (Ligusticum chuanxiong Hort), and Bai Shao (Paeonia lactiflora Pall.) can improve the behavioral function and pathological damage of brain in MCAO rats (Wang et al.). They further demonstrated that THSWD could reduce the activity of NLRP3 inflammatory corpuscle by down-regulating the expression of inflammatory factors and inhibit pyroptosis pathway in MCAO rats. As a classical TCM, l-borneol has been used to treat stroke in China for thousands of years. Ma et al. investigated a novel mechanism of l-borneol’s effect on stroke (Ma et al.). They found that l-borneol improves the neurological deficits and pathological damage of cerebral ischemia in MCAO rats through promoting angiogenesis and neurogenesis. Mechanistically, they found that l-borneol can increase the number of CD34 positive cells and decrease the levels of ACE and Tie2 to promote angiogenesis, and can significantly enhance the expression of VEGF and BDNF while inhibit the expression of TGF-β1 and MMP9 to promote neurogenesis. They further verified the mechanism by using molecular docking assay showing a very high binding rate between l-borneol and the targets above.
Five of 13 Original Research articles have determined the mechanism of TCM effects on depression. Li et al. investigated the curative effect and mechanism of volatile oil from Aquilaria sinensis (Lour.) Gilg and Aucklandia costus Falc. (CMVO) in the treatment of depression (Li et al.). In chronic unpredictable mild stress (CUMS) rats, a depressive rat model, they found CMVO displayed an antidepressant effect based on the multiple animal behavior tests. They showed that inhalational administration of CMVO to CUMS rats decreased the level of adrenocorticotropic hormone in serum through down-regulating the expression of corticotropin-releasing hormone mRNA in hypothalamus, whereas CMVO restored the level of 5-hydroxytryptamine (5-HT) in the hippocampus through up-regulating the expression of 5-HT1A mRNA. Qu et al. reported on the role of Kai-Xin-San (KXS), a TCM formula composed of Ginseng Radix et Rhizoma, Polygalae, Acori Tatarinowii Rhizoma, and Poria, in the regulation of neuronal inflammation in mouse model of CUMS (Qu et al.). They confirmed the antidepressant effects of KXS in CUMS mice. In mechanism, they demonstrated that KXS inhibited the activation of microglia by reducing the expression of pro-inflammatory cytokines (IL-1β, IL-2 and TNG-α) in hippocampus of CUMS mice. Zhu et al. evaluated the antidepressant effect of Elaphuri Davidiani Cornu (EDC) in depression-like mouse model (Zhu et al.). They found that aqueous extracts of EDC can significantly improve depression-like behavior and enhance the expression of nerve growth factors and brain-derived neurotrophic factors in prefrontal cortex and hippocampus. In the primary cultures of astrocyte derived from these depression-like mice, they identified that the EDC aqueous extracts exerted the antidepressant effect through cAMP- and ERK-dependent pathways. By using an olfactory bulbectomized (OB) rat model of depression, Ji et al. investigated the antidepressant-like effects of Xiaoyao pills (XYW) composed of paeoniflorin, liquiritin, saikosaponin B2, and atractylenolide Ⅱ. and the underlying mechanism (Ji et al.). According to the results of multiple behavior tests in the OB rats treated with XYW, they found XYW significantly alleviated the depression-like behaviors. They further demonstrated that XYW played these protective roles by inhibiting oxidative stress and enhancing the activation of PIK3CA-AKT1-NF2EL2/BDNF signaling pathways. Zhao et al. determined the protective function of Jiedu Tongluo granules (JDTLG, which was composed of Panax ginseng C. A. Mey. (Ren Shen), Scutellaria baicalensis Georgi (Huang Qin), Ginkgo biloba L. (Yin Xing Ye), Hypericum perforatum L (GuanYe Lian Qiao), Gardenia jasminoides J. Ellis (Zhi Zi), Gastrodia elata Blume (Tian Ma), Conioselinum anthriscoides “Chuanxiong” (Chuan Xiong.) in post-stroke depression (PSD) rat model established by catotid artery embolization combined with chronic sleep deprivation (Zhao et al.). They found that the neurological deficit and depression symptoms of PSD rats can be significantly improved by oral treatment of JDTLG. By performing proteomic analysis of the brain tissue of PSD rats, they identified several processes including N-methyl-D-aspartate receptor (NMDAR) and brain-derived neurotrophic factor (BDNF) signal pathway involved in the regulation of JDTLG on PSD rats.
Three of 13 Original Research articles have determined the effects and mechanisms of TCM on neurodegenerative diseases including PD and AD. Chen et al. reported on the neuroprotective effect of corynoxine, an oxindole alkaloid isolated from the Chinese botanical drug Uncaria rhynchophylla (Gouteng in Chinese), on animal models of PD (Chen et al.). They demonstrated that corynoxine can improve motor dysfunction, prevent tyrosine hydroxylase (TH)-positive neuronal loss, and decrease α-synuclein aggregation in rotenone-induced rat and mouse models. These results will provide experimental basis for corynoxine in the treatment of PD. Huang et al. investigated the effects and potential mechanisms of berberine on NLRP3 inflammasome in PD (Huang et al.). By using in vivo models (MPTP-induced PD mice), the authors found that berberine enhanced autophagy and mitigated behavioral impairments, neurotoxicity and neuroinflammation. The in vitro data confirmed the inhibitory effect of berberine on NLRP3 inflammasome, including the expressions of NLRP3, cleaved caspase 1 (CASP1), and mature interleukin 1 beta (IL1B). In addition, treatment with the autophagy inhibitor 3-Methyladenine (3-MA) blocked the effect of berberine both in vivo and in vitro. These results supported the neuroprotective effect of berberine on PD, and provided the mechanism by which berberine inhibits NLRP3 inflammasome activation through enhancing autophagy. Iyaswamy et al. reported on the effect of Chinese medicine formula Yuan-Hu Zhi Tong (YZT), composed of Corydalis yanhusuo and Angelica Dahurica, on AD (Iyaswamy et al.). In P301S tau and 3XTg-AD mice, they found that YZT can reverse motor dysfunction and enhance learning and memory function, respectively. By using Microarray and the Connectivity Map analysis, the authors determined that YZT reduced tau aggregation by regulating ubiquitin proteasomal system. The study suggests YZT can be a potential drug for the treatment of AD.
Among the 13 Original Research articles, Sun et al. attempted to illuminate the mechanism of catalpol in the treatment of multiple sclerosis (Sun et al.). The authors established cuprizone-induced demyelination model and found that catalpol improved the motor functions and promoted myelination in the model. Both in vivo and in vitro data showed that catalpol promoted the differentiation of oligodendrocyte precursor cells (OPCs), which are critical for the formation of remyelination in multiple sclerosis. Mechanistically, they found that the effect of catapol on remyelination may be related to the inhibition of NOTCH1 pathway. This study provided a mechanistic rationale for catapol in the treatment of multiple sclerosis. Tian et al. reported on the mechanism of Chinese medicine Lvjiaobuxue granule, an immunomodulator, against acute leukopenia (Tian et al.). The results showed that Lvjiaobuxue granule improved the blood routine parameters and organ index (including spleen, thymus and liver) in cyclophosphamide-induced leucopenia model of 4T1 tumor-bearing mice. According to the analysis of metabolomics and network pharmacology, the regulation of branched-chain amino acids (BCAAs) degradation may play a pivotal role in mice with leukopenia after Lvjiaobuxue granule treatment. This study provided data and theoretical support for further research on its mechanism.
Among the 4 Review articles, two of them reviewed the neuroprotective effects of natural products on ischemic stroke. Xie et al. comprehensively summarized the pharmacological effects and the underlying mechanisms of natural products for cerebral ischemic injury in multiple preclinical models, and discussed their potential applications in neuroprotection (Xie et al.). They proposed the potential role of the structures of natural products in their biological activity in neuroprotection, which have not been determined currently. The other one contributed by Li et al. systematically reviewed the neuroprotective effects of borneol and the mechanisms of the actions in ischemic stroke at different stages including acute stage, subacute stage and late stage (Li et al.). By performing mata-analysis on key indicators in the experiments in vivo, they concluded that unlike many other drugs, borneol protects against neuronal injury in ischemic stroke via multiple mechanisms at different stages, hastens self-repair of the body by mobilizing endogenous nutritional factors, and enhances the therapeutic effects of other drugs by promoting them to pass through the blood-brain-barrier (BBB). Among the 4 Review articles, one of them is related to the treatment of epilepsy by natural medicine (He et al.). In this review article, He et al. reclassified the ingredients of certain natural medicines and discussed their antiepileptic mechanisms, which would provide benefits to drug development for epilepsy treatment. The last review article is contributed by (Long et al.). In this article, they reviewed the role of PI3K/AKT signal pathway in AD and PD, and summarized the natural products which are displayed preventive and therapeutic effects on these two diseases via PI3K/AKT pathway. The review article would provide guidance and reference for the development of novel drugs for the treatment of AD and PD in this field.
In summary, despite the research quality in these studies are improved by using advanced technologies and powerful tools of molecular biology, several issues remain unsolved currently. For instance, the particular molecular mechanisms by which the TCM-preparations exert protective effects against neurological disorders are still unclear. In the future, research can be benefited from applying the promising approaches including but not limited to using unbiased omics-based analysis to comprehensively decipher the mechanism; using transgenic animal models to significantly enhance the disease relevance; and systemically verifying the drug targets in multiple animal models.
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Alzheimer’s disease (AD) is characterized by memory dysfunction, Aβ plaques together with phosphorylated tau-associated neurofibrillary tangles. Unfortunately, the present existing drugs for AD only offer mild symptomatic cure and have more side effects. As such, developments of effective, nontoxic drugs are immediately required for AD therapy. Present study demonstrates a novel role of Chinese medicine prescription Yuan-Hu Zhi Tong (YZT) in treating AD, and it has substantiated the in vivo effectiveness of YZT in two different transgenic mice models of AD, namely P301S tau and 3XTg-AD mice. Oral treatment of YZT significantly ameliorates motor dysfunction as well as promotes the clearance of aggregated tau in P301S tau mice. YZT improves the cognitive function and reduces the insoluble tau aggregates in 3XTg-AD mice model. Furthermore, YZT decreases the insoluble AT8 positive neuron load in both P301S tau and 3XTg-AD mice. Using microarray and the “Connectivity Map” analysis, we determined the YZT-induced changes in expression of signaling molecules and revealed the potential mechanism of action of YZT. YZT might regulate ubiquitin proteasomal system for the degradation of tau aggregates. The research results show that YZT is a potential drug candidate for the therapy of tau pathogenesis and memory decline in AD.
Keywords: Alzheimer’s disease, P301S tau mice, neurofibrillary tangles, Chinese medicine, yuan-hu zhi tong, microarray, connectivity map
INTRODUCTION
Alzheimer disease (AD) is most vulnerable disease affecting the entire elderly population without curable methods. Therefore, there is a serious demand to develop novel and new drugs targeting the vulnerable neurodegenerative disease including AD. Accumulation of insoluble and toxic protein aggregates and phosphorylated tau species is very rarely researched which is the main cause for the neuron loss with cognitive damages in later AD. Even though AD is commonly believed to be a memory disorder, nearly all people identified with AD create neuropsychiatric symptoms (NPS), such as anxiety, motor impairment, hallucinations, and psychosis, at some stages of their disease (Dillon et al., 2013). Recent Aβ-based therapies do not prevent cognitive decline, neurofibrillary tangles (NFT) formation or neurodegeneration (Yoshiyama et al., 2013). Recent research have demonstrated a strong correlation between tau pathology, cognitive decline and NPS in the later part of AD (Geerts et al., 2013).
Presently drugs in market can only mitigate some symptoms but cannot alleviate the disease. The key hallmark features of AD are senile plaques (SP) formation in aggregation of amyloid β-peptide (Aβ) and NFTs formation due to tau-aggregation (Hardy, 2006; Wang and Mandelkow, 2016). Other critical early features of AD include an increase in neuroinflammation, decline in synapse number, dysfunction of axonal transport and loss of microtubule (MT) density and stability. In the present market, drug discovery based on reducing Aβ plaques has not shown robust clinical efficacy. In contrast, targeting NFTs seems more likely to be successful because NFTs, which comprises hyperphosphorylated, aggregated, misfolded tau protein, are well correlated with cognitive impairment (Bloom, 2014; Wang and Mandelkow, 2016). Thus, reduction of tau aggregation might be further efficient than Aβ-targeting remedies for AD treatment (Giacobini and Gold, 2013).
The failure of Aβ-based clinical trials challenges the belief that Aβ stimulates tau- arbitrated neurodegeneration. Braak and his associates demonstrated (Braak and Braak, 1995; Braak and Braak, 1996) that tau pathology develops separately from Aβ and tau pathology may possibly the crucial cause for the neurodegeneration in AD. Many studies had supported this hypothesis by finding evidences in AD disease models: Aβ immunotherapy demonstrated a decrease in extracellular SP and intracellular Aβ accumulation and did not mitigate phosphorylated tau pathology in 3XTg-AD (amyloid precursor protein (APP), Presenilin and tau) mice (Oddo et al., 2004). Hence, Aβ focused remedies might be protective in the very initial clinical phases of AD, however when cognitive decline commences with tau pathology, and subsequently tau mitigating drugs may possibly be essential for disease modification.
Traditional Chinese medicine (TCM), is an ancient drug treatment process yet still effective therapeutic approach extensively employed in East Asia, this method holds a greater success for the medication of many neurodegenerative diseases as well as AD for centuries (Geerts et al., 2013). TCM herbs, those showing clinical efficacies, are drawing extensive interest as a source for drug discovering for neurodegenerative diseases including AD. A TCM herbal formula i.e. “Yuan-hu Zhi Tong San” (YZT), is clinically used to treat pain and neuralgia (Yuan et al., 2004); Chinese Clinical Trail Registry (ChiCTR-TRC-10001155). YZT is a relatively simple TCM formula that consists of dried plant material of Corydalis yanhusuo (CY) (Y. H. Chou & Chun C. Hsu) W. T. Wang ex Z. Y. Su & C. Y. Wu [Papaveraceae] and Angelica dahurica (ADH) (Hoffm.) Benth. & Hook.f. ex Franch. & Sav [Apiaceae], mixed at a ratio of 2:1.
YZT is extensively used for the medication of gastralgia and neuralgia in China (Han and Jiang, 2011). In Australia, YZT capsules are legally allowed to be sold as a pain reliever through the Australian Register of Therapeutic Goods (ARTG-ID-14480). YZT has an array of experimentally proven activities involving anxiolytic, antinociceptive, spasmolytic, anti-inflammatory and vasorelaxant (Xu et al., 2013). Even though NFTs and SP are distinctive indicators of AD, AD may possibly be a multifactorial illness which originated from intricate genetic and environmental risk elements. In terms of how the two herbs interact, YZT extract have been shown to generate synergistic activities on the analgesic impact by enhancing plasma contents of dl-tetrahydropalmatine (Liao et al., 2010). However, the disease-modifying activity of YZT against AD on tauopathies have never been studied in previous studies.
In the present study, we probed whether YZT can improve cognitive memory function and boost the clearance of pathological aggregated insoluble tau in 3XTg-AD and P301S tau mice models. Additionally, we assessed motor function and tau degradative pathway in vivo and in vitro.
MATERIALS AND METHODS
Quality Analysis of Herbal Materials
Dried herbal materials of Corydalis yanhusuo (CY)and Angelica dahurica (ADH) were procured from Mr. & Mrs. Chan Hon Yin Chinese Medicine Specialty Clinic in the Hong Kong Baptist University (HKBU) and identified according to the Chinese Pharmacopeia specifications (2010 Edition). The voucher specimens were deposited at the School of Chinese Medicine, HKBU, Hong Kong, China. YZT extract was prepared by mixing dry materials of the plant’s CY and ADH in the ratio of 2:1 and were grinded into powder utilizing a waring mixer. Roughly 1 Kg of powder was immersed in 1 L of 80% alcohol and incubated overnight at room temperature and subsequently obtained extract were steeped. The same process was repeated two times for a complete extraction. Extracted solutions were put together, and around 3–4 L were combined and was condensed under vacuum by rotary evaporation at 50°C. The condensed extract was finally lyophilized (LABCONCO, Laboratory Construction Company, MO, United States) under vacuum of 105 × 10–3 µbar. The lyophilized powder from different batches were identified for their purity and then stored at 4°C. The chemical ingredients of every single batch of YZT, CY and ADH were tested for its purity using LC-TOF/MS. A detailed method has been described in our previous publications (Durairajan et al., 2017; Iyaswamy et al., 2020).
Animals and Drug Treatment
Animal experiments were approved by the Committee on the Use of Human and Animal Subjects in Teaching and Research (HASC approval # HASC/13-14/0165) in HKBU and the Committee on the Use of Live Animals for Teaching and Research (CULATR #3314), at the University of Hong Kong. Animal experiments performed in agreement with the applicable guidelines and procedures of HASC and CULATR. We utilized P301S and 3XTg-AD mice models for assessing the effectiveness of YZT in tau pathology. “Generation of P301S transgenic mice overexpressing the shortest human four-repeat tau isoform (0N4R) under the control of a neuron-specific Thy-1.2 promoter element” has been described previously (Allen et al., 2002). Homozygous P301S tau transgenic and age-matched wild type mice ranging from four to six of weeks age were included in the current study. There were three groups, with N = 14 mice per group in P301S study. In brief, P301S mice were treated every day via food admixture with YZT of 2 or 4 g per kg body weight or vehicle. The study protocol was approved by the HASC of HKBU. Triple transgenic mice (3XTg-AD), carrying three mutant transgenes, i.e., amyloid precursor protein (Swedish, K670M/N671L), presenilin-1 (M146V), and tau (P301L), were used as an AD mouse model (Oddo et al., 2003). 3XTg-AD and C57BL/6J were acquired from the Jackson Laboratory (Bar Harbor, ME, United States). Mice were housed in our laboratory animal unit under 12-h light/dark cycles with food and ad libitum. YZT oral administration was started at 6 months of age up to 18 months of age 3XTg-AD mice fed with YZT diet admixture every day with a low dose (1 g/kg/d), a middle dose (2 g/kg/d), a high dose (4 g/kg/d), or vehicle. The body weight and in-cage behavior were monitored throughout the study.
Rotarod Test
To evaluate motor function, mice were tested on the rotarod equipment (Harvard apparatus) as described previously (Monville et al., 2006). The rotarod test has been recognized widely and offers a simple evaluation of whole motor deficits in P301S tau mice and might provide a valuable quantitative test to assess the efficiency of therapeutic approaches (Rozas and Labandeira Garcia, 1997). In this study, we used a rotarod machine with system-controlled timer and sensors controlled in the software (Panlabs, Harvard Apparatus, MA, United States). Before the first training sessions, the mice were acclimated with a period of 3 min on the rotating drum. The fixed speed rotarod (FSRR) and accelerated rotarod (ARR) was described by (Dunham and Miya, 1957) to assess neurological deficits of motor function in mice. This process was reiterated every day for 3 min just prior to subsequent sessions for the training of the experimental animals. The rotation speed of the rod during the training period was increased every day with 4, 8, and 12 rpm during the test period. On the first day, the acceleration mode of rotarod was switched off, and the rotation was set in a fixed mode at a relatively low speed (4 rpm), to make the task easier for the animals as they learned. On the second and third day, the speed was increased to 8 and 12 rpm, respectively. Each mouse was subjected to three trials for everyday training and between each trial the trained mice were given 5 min gap with rest. In the final day, the trained mice were subject to evaluation in the rod that accelerated efficiently from 4 to 40 rpm over a period of 300 s. The latency of fall and the time taken for the latency of fall in the evaluation day was recorded automatically.
Open Field Test
The procedure for the experiment was described previously (Zhang et al., 2014). A square box made of plexiglass (25 cm × 25 cm) was used as the open field apparatus to test the exploratory and locomotor function. The experimental animals were placed in the novel environment of the box and recorded the activities of the animal through the tracking camera. Locomotor functions such as time spent in central/marginal areas, rearing and fecal bolus were evaluated through an automated animal tracking system (Ethovision XT software Version 3.0, Noldus Information Technology, Leesburg, VA, United States). the (Noldus, Wageningen, The Netherlands).
Morris Water Maze Test
MWM experiment was performed to evaluate the spatial memory, learning and recognition memory functions as described previously in our publications (Durairajan et al., 2017; Iyaswamy et al., 2020). The experimental animals were acclimatized in the behavior room, trained in visible platform, trained for six consecutive days in hidden platform, memory retention was evaluated in seventh day and monitored using the (Ethovision animal tracking software). All experimental animals in the study were included in the experimental training of visible platform for one day with four trials, continued with hidden platform training for 6 days, placing the platform in a constant location and the animals were placed in random spots of the tank for all trials for six consecutive days. In the seventh day the memory retention functions were evaluated in the probe trial using the animal tracking camera to analyze the time taken by the animal to probe the platform location and time spend in the platform quadrant by the experimental animal for the whole 60 min evaluation.
Tau Extraction
The soluble and insoluble phospho tau from the brain homogenate of P301S tau and 3XTg-AD mice were prepared by us as per the procedure explained in our previous publications (Myeku et al., 2016; Iyaswamy et al., 2020). Here we have explained briefly about the different fractions of tau extraction in the following steps, the extracted brain was homogenized in 10 volumes of radioimmunoprecipitation assay (RIPA) buffer mixed with phosphatase inhibitors and protease inhibitors (Roche). The brain homogenate was centrifuged at 20,000 x g for 20 min to divide proteins into soluble fraction (S1) and the supernatant was incubated and rotated in tubes with 1% sarkosyl for 1 h at room temperature. Further to collect the insoluble fraction a high-speed ultracentrifugation (100,000 x g) for 60 min was employed to collect the insoluble proteins in the pellet fraction. The pellet was resuspended in 20 µL of Tris-EDTA, pH 8.0 labeled P2 (sarkosyl-insoluble tau) and supernatant was designated as S2 fraction (sarkosyl-soluble tau).
Western Blot Analysis
The protein levels in the cell or brain homogenate was evaluated by the Western blot experiment as per the procedures explained in our previous publications (Durairajan et al., 2017; Iyaswamy et al., 2020). 5–10 µg of total protein in the brain or cell homogenate were separated on a SDS–PAGE gel as per the required percentage of gel depending on the target protein and blotted onto polyvinylidene difluoride (PVDF) membranes to detect the target protein namely PHF-1 (phospho-tau Ser396/Ser404), HT7 (total tau), AT8 (Phospho-tau Ser202/Thr205), CP13 (Phospho-tau Ser202), MC1 (a disease-specific conformational modification of tau), ALZ50 (misfolded tau) and β-actin (Table 1). The blot was blocked in milk (5%) and further probed with primary antibodies incubating overnight at 4°C in cold room with shaking. Next morning the blots were washed with tris-buffered saline, 0.1% Tween 20 (TBST) and incubated with target secondary antibodies for 2 h. The immunoblots were further enhanced with Supersignal -West Pico (Thermo Fisher Scientific, United States) and developed using X-ray film (Kodak).
TABLE 1 | Specifications of antibodies used in the present study.
[image: Table 1]Immunohistochemical Analysis
Immunohistochemical analysis was performed as per the procedure described by us in the previous publications (Durairajan et al., 2017; Iyaswamy et al., 2020). The experimental mice were anesthetized and perfused with 1X Phosphate buffered saline (PBS) and then brain was dissected. The extracted brains were fixed with 4% paraformaldehyde at 4°C for 2 days and then cleaned with 1XPBS for two times further soaked in 30% sucrose at 4°C till we finally embedded in optimal cutting temperature (OCT) medium. The cortico-hippocampal region were sectioned using Shandon Cryotome SME Cryostat (Ramsey, MN, United States) at 30 μm intervals and stored at 4°C with PBS, 0.1% Tween 20 (PBST); further blocked for 2 h at room temperature with 5% normal bovine serum albumin (BSA) in 1 X PBS and then incubated with target primary antibodies namely MC1, AT100 (Phospho-tau Thr212/Ser214) and AT8 for P301S mice and AT8, HT-7, PHF1 and 4G8 (Aβ17-24) for 3XTg mice (1:100 dilute in 2% BSA) overnight at 4°C. Next day the brain slices were washed in 1XPBS and then for fluorescent staining the brain slices were incubated with secondary fluorescent antibody green or red probes (Dilute as 1:500 blocking buffer) for 2 h. The floating brain slices were fixed in the coated slides, air-dried out and mounted with fluorescence mounting medium (Fluorsave, Sigma-Aldrich).
Cell Culture
SH-SY5Y cell line expressing tau P301L (SH-SY5Y-P301L) was generated using lentiviral gene transfer; this cell line was donated by Dr. Lars Itner (University of Sydney, Australia) (Ke et al., 2012). The SH-SY5Y-P301L cells cultured in DMEM-F12 (Thermo sceintific) containing 15% of heat inactivated fetal bovine serum (FBS) and 1X PSN (Invitrogen) with 3–5 μg/ml of blasticidin (IThermo sceintific), a nucleoside antibiotic used as a selection marker of tau P301L. Chinese hamster ovary (CHO) cell line expressing human APP751 with V717F mutation (7PA2) cells was gifted by Dr. Edward Koo, University of California, San Diego. 7PA2 cells secrete Aβ oligomers rapidly after Aβ peptide generation inside particular intracellular vesicles are successively secreted to the medium (Podlisny et al., 1995).
RNA Extraction, Microarray Processing, and Data Analysis
The SH-SY5Y-P301L cells were seeded 1.2 × 106 cells/dish and after incubating for 16–20 h, the SH-SY5Y-P301L cells were then treated by 0.1% dimethyl sulfoxide (DMSO) (vehicle control group) and YZT (100 μg/ml), respectively, for 6 h. Cells were harvested using Trizol (TRI Reagent Solution, Ambion) and then stored at -80°C overnight, followed by Phalanx array processing (Phalanx Biotech Group’s CytoOneArray) in the next day. The differentially expressed genes with 2-fold changes as compared to vehicle control were used to query Clue (https://clue.io/) (Subramanian et al., 2017), which is a gene expression profile-based bioinformatics database. These differentially expressed genes were used as query inputs to reveal the hubs in the network using Ingenuity Pathways Analysis (IPA) and search tool for interactions of chemicals (STITCH (https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/ and chemical- protein interaction networks, http://stitch.embl.de).
The Connectivity Map (CMap) project (Lamb et al., 2006) was established to accommodate a huge number of gene-expression profiles of various studies of bioactive small molecules to give design-matching algorithms to find these data. Briefly, a potent optimistic connectivity score (similarities) suggests that the profile in CMap displays the gene expression like the query. Many herbal medicines have performed microarray profiling and then executed the bioinformatics analysis via CMap to explore the mechanism of actions (Toyoshiba et al., 2009). By using Clue, which is a new CMap database (https://clue.io/) (Subramanian et al., 2017), we could obtain a list of small molecules, shRNA and overexpression constructs sharing similar gene expression patterns with YZT-treated cells for us to predict the mechanism of actions of YZT.
Statistical Analysis
All the raw data was processed as per the requirements of group comparison and number of animals per group are presented as mean ± SEM or SD. Most of the experiments of biochemical assays like immunoblot and immunohistochemistry were evaluated by “one-way ANOVA” assessment. However, Behavior study was evaluated by “2-way analysis of variance (ANOVA)” because at the same time between the groups and different timepoint were compared. “Pair-wise differences between groups were compared using either Bonferroni’s or Fisher’s least significant difference (FLSD)-post hoc multiple comparisons test”. Graphical demonstration and statistics were performed with “GraphPad Prism 6 (GraphPad Software, San Diego, CA, United States)”.
RESULTS
Quality Analysis of Yuan-Hu Zhi Tong, Corydalis yanhusuo and Angelica dahurica by LC- QTOF/MS
We first prepared YZT by mixing CY and ADH in the ratio of 2:1. Dried raw material of the herbs were pulverized into powder, steeped in 80% alcohol overnight, filtered, concentrated by rotary evaporation, and then finally subjected to lyophilized powder (Figure 1A) and analyzed YZT, CY and ADH by LC-QTOF/MS. The chromatograms of YZT, CY and ADH are shown in Figures 1B–D. The highly abundant 14 compounds among the 24 peaks were detected and verified (Figure 1E) by comparing to the internal standards with high-resolution MS and MS/MS fragmentation was presented.
[image: Figure 1]FIGURE 1 | Qualitative analysis and herbal preparation of YZT. (A) The herbal materials of YZT were powdered boiled in water; the extract was concentrated and lyophilized to prepare YZT extract powder. LC-ESI-Q/TOF chromatograms (TIC) of (B) YZT, (C) CY, and (D) ADH. (E) Peaks: 1. Protopine, 2. Tetrahydropalmatine, 3. α-Allocryptopine, 4. Byakangelicin, 5. Coptisine, 6. Tetrahydroberberine, 7. Corydaline, 8. Berberine, 9. Palmatine, 10. Coptisine, 11. Dehydrocorydaline, 12. Psolaren, 13. Imperatorin, and 14. Isoimperatorin.
Yuan-Hu Zhi Tong Treatment Reverses Motor Impairment in P301S Tau Mice and Ameliorates Learning and Memory Functions in 3XTg-AD Mice
We utilized 2-month old P301S tau (N = 14) mice, i.e before the onset of tau pathology, to evaluate the efficacy of YZT. The timeline indicates the period of drug administration and behavior tests plan in P301S tau mice model (Figure 2A). We found that chronic drug-feed administration of YZT (2 or 4 g/kg/d) for nearly 2.5 months until 4.5 months of age, YZT did not substantially alter animal body weight or affect any prominent harmful impacts in P301S tau mice model (Supplementary Figure S1A). YZT treatment significantly ameliorated motor impairment compared with control mice, as inferred from the tail hanging test (Figure 2B). Further we employed the rotarod experiment to assess the motor function and locomotor activities of vehicle group and YZT treatment group. Substantial changes were detected among the YZT (2 and 4 g/kg/d)-treated mice and vehicle group in the latency to fall (Figure 2C). These findings suggest that YZT improved motor function and enhanced locomotor activity.
[image: Figure 2]FIGURE 2 | YZT treatment improved motor function and enhances learning and memory function in P301S and 3XTg-AD mice models. (A) The timeline schedule of drug administration and behavior tests in P301S tau mice. (B) In tail hanging test, YZT improved the motor function of 4 months P301S tau mice when compared to vehicle. (C) In rotarod test, regular treatment of 2-month old P301S tau mice with YZT (2 or 4 g/kg) via food admixture for 2 months significantly ameliorated motor function. The average latency of mice (N = 14) fall was calculated. ####p < 0.01 (WT/Vehicle), ***p < 0.001(YZT 2 g/kg/d), and ****p < 0.0001 (YZT 4 g/kg/d) vs Tg-vehicle. (D) The timeline schedule of drug administration and behavior tests in 3XTg-AD mice. (E) After the visible platform training in Morris water maze test, the experimental mice were trained for 6 days with four trials per day to learn the place and location of hidden platform in the tank. The learning potential of the YZT treatment group improved with the time and days of learning when compared to the Tg-vehicle. Each point represents the mean length values of four trials per day, (N = 14). ^^^^p < 0.001 (WT-vehicle vs. Tg-vehicle); ###p < 0.001 (YZT -1 g/kg vs. Tg-vehicle), ∼∼∼∼ p < 0.0001 (YZT-2 g/kg vs. Tg-vehicle), **p < 0.01 (YZT-4 g/kg vs. Tg-vehicle). (F) on the seventh Day, the probe trial demonstrated that YZT treatment showed improved memory function in probing the platform in target quadrant when compared to the Tg-vehicle. (G) The displayed pictures illustrate YZT improved the memory retention in animal’s behavior during the probe trial in the animal tracking camera videos.
We tested the long-term effect of YZT in another AD mice model, 3XTg-AD, via food admixture. The timeline for drug administration and behavior tests plan in 3XTg-AD mice is displayed in Figure 2D. We found that YZT treatment did not affect the body weight of 3XTg-AD mice (Supplementary Figure S1B) during the whole study. Furthermore, in behavioral studies, we found that YZT administration for 6 months significantly reduced the distance traveled by 3XTg-AD mice to detect the platform during the training in the “Morris Water Maze test (MWM)” (Figure 2E), The transgenic 3XTg-AD vehicle group (Tg-vehicle) took a lengthier route to find the platform compared to vehicle-treated wild-type (WT) mice (Figure 2E). However, YZT treatment in 3XTg-AD mice clearly improved the learning ability, as evidenced by the shorter path on the fourth and sixth days of the learning test (Figure 2E). Tg-vehicle mice consistently traveled a longer path [F (5,15) = 13.22; p < 0.0001] when compared with the vehicle-treated WT mice during all six training sessions (post-hoc, p < 0.0001).
To assess memory function after the 6-days learning, we did a probe trial 24 h after the sixth hidden day. During the probe trial, the YZT-treated group spent more time in probing the platform compared to the Tg-vehicle group in the target quadrant (Figure 2F). “One-way ANOVA analysis” of the probe test, the search ratio in the target quadrant indicated a significant effect of YZT treatment of 3XTg-AD mice on memory retention compared to the Tg-vehicle [F (4, 64) = 3.637; p < 0.01]. Altogether, these findings reveal that spatial learning and memory functions of 3XTg-AD mice is improved by YZT administration.
The open field experiment was conducted to assess the exploratory and locomotor activity of Tg-vehicle group and YZT-treated group. There were no significant variations between the Tg-vehicle and YZT-treated group in total moving distance and total ambulatory movement duration, although YZT-treated groups performed slightly better than the Tg-vehicle group (Supplementary Figures S1C,D).
Yuan-Hu Zhi Tong Administration Relieves Tau Pathology and Lowers Phospho Tau Load in P301S Tau and 3XTg-AD Mice Brain
To evaluate the tau pathogenesis in the P301S tau mice model, AT8, AT100 and MC1 monoclonal antibodies were used. The AT8 epitope indicates the phosphorylation site of Thr212/Ser214 signifies internal repeats of “microtubule binding domains (RT-14)”. The epitope AT100 is also located outside the RT-14 and. The epitope MC1 is located in tau 5-15/312-322 all these epitopes imply the development of tau pathogenesis. AT8-positive immunostaining in the cortico-hippocampal brain region of P301S tau mice demonstrated that YZT treatment at doses of 2 and 4 g/kg/d decreased AT8 positive cell count in cortico-hippocampal region by 74% (p < 0.05) and 70%, respectively (Figures 3A,B). Immunostaining of AT100-positive neurons also revealed that YZT treatment at doses of 2 and 4 g/kg/d decreased AT100 positive cell count in cortico-hippocampal region by 68 and 74%, respectively (Figures 3A,B). Immunostaining of MC1-positive neurons also revealed that YZT treatment at doses of 2 and 4 g/kg/d decreased MC1 positive cell count in cortico-hippocampal region by 68% (p < 0.05) respectively (Figures 3A,B).
[image: Figure 3]FIGURE 3 | YZT treatment mitigates tau pathology in P301S and 3XTg-AD mice. (A) Chronic treatment of YZT reduced AT8, AT100 and MC1 in the cortico-hippocampal brain region of P301S tau mice. The displayed pictures are fluorescent images of brain slice taken in fluorescent detecting microscope. (B) The quantified results of AT8, AT100 and MC1 positive neurons in the cortico-hippocampal brain region of P301S tau mice was performed using Image J software N = 14, **p < 0.01; ***p < 0.001. (C) Chronic treatment of YZT reduced AT8-, PHF- and HT7-positive neurons in the CA2, CA3 hippocampal region of 3XTg-AD mice. (D) Quantification of AT8-, HT7- and PHF1 positive neurons in the CA2, CA3 hippocampal brain region of 3XTg-AD mice. The number of phospho and total tau-positive neurons were quantified using ImageJ software N = 4.
3XTg-AD mice brain slice was immune stained with AT8, PHF-1 and HT7 monoclonal antibodies. The epitope PHF-1 is also located outside the RT-14 and requires the phosphorylation of paired helical filaments pSer396/pSer404 and aberrant conformation of tau. The PHF1-positive neuron load in the brain slice of 3XTg-AD mice demonstrated that YZT treatment at doses of 1, 2, and 4 g/kg/d decreased PHF1 positive cell count dose dependent in CA2, CA3 hippocampal region by 44, 55, and 70%, respectively (p < 0.05) (Figures 3C,D). The AT8, HT7-positive neuron load in the brain slice of 3XTg-AD mice indicated that YZT treatment at doses of 1, 2, and 4 g/kg/d decreased AT8, HT7 positive cell count dose dependent in CA2, CA3 hippocampal region by 48, 58, and 74%, respectively (p < 0.05) (Figures 3C,D). Long-term YZT treatment did not significantly reduce 4G8 positive neurons in 3XTg-AD mice CA2, CA3 hippocampal brain region are shown in Supplementary Figures S2C,D. The quantification of plaque load was performed using ImageJ software.
Yuan-Hu Zhi Tong Decreases the Insoluble Tau Load in the Brain of P301S Tau and 3XTg-AD Mice
The above findings of decreased phospho-tau positive neurons were further corroborated by the differential separation of insoluble tau. The insoluble tau extraction in the brain homogenate of P301S Tau mice model is described previously (Myeku et al., 2016). The brain sample was first extracted with RIPA buffer. The resulting RIPA fraction was further extracted with 1% sarkosyl detergent and ultra-centrifuged (100,000 x g) at least 1 h. Resulting supernatant was marked as soluble tau and pellet was designated as insoluble tau fraction.
AT8, AT180, CP13, PHF-1 antibodies were used to detect the phosphorylated tau in both the fractions of soluble and insoluble toxic protein aggregates. Misfolded conformation tau and total tau were detected using Alz50 and HT7 antibodies. There were no significant differences in phosphorylated, misfolded and total tau in the soluble fraction of the three groups (Figure 4A). In contrast, phosphorylated, misfolded and total tau were significantly reduced in the sarkosyl-insoluble fraction (Figures 4A,B) of YZT-treated groups compared to that in the vehicle-treated group.
[image: Figure 4]FIGURE 4 | YZT reduces the pathological phospho tau in P301S and 3XTg-AD mice models. (A) Regular YZT treatment decreased the sarcosyl insoluble tau protein levels in the brain homogenates of P301S tau mice. There was no change in the soluble tau in the sarcosyl soluble brain homogenate fraction. (B) The quantified results of different tau epitopes protein levels in brain lysates of P301S tau mice was performed using Image J software. (C) Long term YZT treatment lowered the sarcosyl insoluble phospho tau protein levels in the brain homogenates of 3XTg-AD mice model. There was no change in the soluble tau in the sarcosyl soluble brain homogenate fraction. (D) The densitometric analysis of the various tau epitopes protein levels in the brain lysates of 3XTg-AD mice models was performed using Image J software. **p < 0.01; ***p < 0.001.
To further confirm, we investigated 6 months treatment of YZT in 3XTg-AD mice, treated mice were sacrificed and levels of soluble and insoluble tau in homogenates of their whole brain hemispheres were determined. YZT-treated groups showed significant reduction in levels of insoluble phospho tau when compared with vehicle-treated animals (Figures 4C,D). Notably, there were no significant differences in phosphorylated, misfolded and total tau in the soluble fraction of the three treatment groups (Figure 4C). In contrast, phosphorylated, misfolded and total tau was significantly reduced in the sarkosyl-insoluble fraction (Figures 4C,D) of YZT-treated groups but not in the vehicle-treated group of 3XTg-AD mice. Long-term YZT treatment did not significantly reduce APP, CTFs and its phosphorylated form in the SDS brain fraction of 3XTg-AD mice. Representative figures of APP, CTFs and its phosphorylated form in the SDS brain fraction of 3XTg-AD mice are shown in Supplementary Figures S2A,B.
Microarray and Connectivity Maps
In SH-SY5Y-P301L cells, when compared to vehicle control, the YZT treatment of 100 μg/ml in cells demonstrated a 2-fold upregulation of 13 genes with down-regulation 64 genes graphed in a heat map (Supplementary Figure S3). The up- and down-regulated genes were used to query Consensus Path Database (CPDB) (CPDB is an integrative interaction database that gathers molecular interaction data integrated from 32 different public repositories and provides a set of computational methods and visualization tools to explore these data), IPA (Ingenuity Pathway Analysis, QIAGEN), STITCH (search tool for interactions of chemicals), and Clue (This platform provides integrated access to datasets, results from the processing and analysis of these data, and software tools that the community can leverage to advance their research), respectively. From IPA analysis, treatment of YZT generated an upregulated network center on HMOX1 (heme oxygenase 1, an essential enzyme in heme catabolism, cleaves heme to form biliverdin), SQSTM1 (sequestosome 1 or p62) and TXNRD1 (thioredoxin reductase 1) (Figure 5, upper right label in red). Analysis from CPDB suggests that these three hub genes, HMOX1, SQSTM1, and TXNRD1, are involved in the Nuclear Receptors Meta-pathway and Nuclear factor (erythroid-derived 2)-like 2 (NRF2)-mediated oxidative stress response.
[image: Figure 5]FIGURE 5 | YZT-mediated network analysis reveals UPS as potential target. (A) Potential network involved in YZT-treated SHSY5Y-P301L cells. The gene expression profile of YZT-treated SHSY5Y-P301L cells were analyzed by using Ingenuity Pathway Analysis (IPA and STITCH (http://stitch.embl.de/). Red: up-regulation. Green: down-regulation.
Using the gene expression signature from YZT treatment as an input query, Clue analysis gave a connectivity score (or similarity) of 96.51 to upregulation of SQSTM1 and 96.17 to NF-kB pathway inhibitors (Figure 5). In fact, treatment with YZT resulted in the upregulation of SQSTM1, which can bind to ubiquitin (Lee and Weihl, 2017). Using STITCH dataset, an extended protein-protein interaction network (label in gray) was generated (Figure 5) and ubiquitination was highlighted from these 24 genes.
Yuan-Hu Zhi Tong Reduces Phospho- Tau via Ubiquitin Proteasomal System In Vitro and In Vivo
Further to evaluate whether tau-reducing activity of YZT is via ubiquitin proteasomal system (UPS), we carried out experiments in vitro. First to confirm the cytotoxicity of the ethanolic extract of YZT, different concentrations of extracts were added to SH-SY5Y P301L and 7PA2 cells for 48 h. The YZT did not show any adverse effect in the cell morphology and cell viability (Figure 6A) as demonstrated by MTT assay in SH-SY5Y-P301L and 7PA2 cells (Supplementary Figure S4A).
[image: Figure 6]FIGURE 6 | Involvement of UPS in YZT-mediated degradation of tau. (A) Viability test of YZT on SH-SY5Y-P301L cells. Cell viability was determined using the MTT assay. (B) Effect of YZT on the level of total phospho tau (tau 5) in SH-SY5Y-P301L cells. (C) YZT significantly decreased the levels of polyubiquitin in SH-SY5Y-P301L treated cells. (D) YZT significantly decreased the levels of ubiquitin K48 in SH-SY5Y-P301L treated cells. (E,F) YZT reduces the level of insoluble phosphorylated and misfolded tau via UPS mediated degradation pathway. YZT significantly reduced the levels of polyubiquitin in SH-SY5Y-P301L treated cells. The reduction of polyubiquitin was restored when the cells were pretreated with MG132 (proteasome inhibitor), thus clearly illustrating that involvement of UPS in YZT-mediated degradation of tau. (G,H) YZT- treated SH-SY5Y-P301L cells in the presence of autophagy inhibitors (CQ and wortmannin) the tau reducing effect of YZT was not blocked but in the presence of MG132 blocked the YZT’s tau reducing effect. All the results were represented as mean ± SEM of three independent experiments. N = 3, **p < 0.01; ***p < 0.001.
We further evaluated its tau-reducing activity in SH-SY5Y-P301L cells following YZT treatment with three different doses (25, 50, and 100 μg/ml final concentration) for 48 h. As expected, the treatment with YZT significantly and dose-dependently reduced the levels of total tau in SH-SY5Y tau-mutant P301L cells (Figure 6B) without influencing the viability of cells. The low concentration of YZT (25 μg/ml) insignificantly reduced the abnormal tau level by 12% in SH-SY5Y P301L cell lysates (Figure 6B). At 50 and 100 μg/ml, abnormal tau was reduced by 33% and by 79%, respectively, compared to the vehicle (0.1% DMSO) control (Figure 6B). These data indicate that YZT indeed reduces abnormal tau aggregation in the cell model of tau, and it does so at a concentration-dependent manner YZT treatment did not significantly reduce the level of APP, C-terminal fragments (CTFs), soluble APP (sAPP)α and sAPPβ in the cell lysate of 7PA2 cells (25, 50, and 100 μg/ml final concentration), for 48 h (Supplementary Figure S4B).
It is well known that the enzyme-determining step in the ubiquitin proteasome system is the ubiquitination of protein substrates and followed by digestion of all ubiquitinated proteins that bind to proteasome. We attempted to investigate whether YZT modulated the total and the K-48 specific ubiquitinylated conjugates in SHSY5Y-P301L-tau cells. The amount of both total (Figure 6C) and K-48 ubiquitinated proteins was dose-dependently lowered by the YZT treatment (Figure 6D), which is consistent with the microarray data. Because MG132 (proteasome inhibitor) stopped the effect of YZT on polyubiquitin degradation (Figures 6E,F) and YZT did not influence autophagy as evidenced by the level of light chain 3 (LC3)-II in a time dependent and dose dependent effect (Supplementary Figures S4C,D). Further to evaluate that YZT effect on tau degradation involving UPS and independent of autophagy, we used the inhibitors of Autophagy (chloroquine (CQ) and wortmanin) and UPS (MG132) with YZT treatment to identify the tau degradation pathway. We did not find any increase in the LC3-II levels in the presence of CQ and wortmanin with YZT treatment, which clearly illustrates tau degradation is independent of autophagy (Supplementary Figure S4E). In addition, in the presence of autophagy inhibitors (CQ and wortmanin) the YZT’s tau reducing effect was not blocked but MG132 blocked the YZT’s tau reducing effect (Figures 6G,H). Which clearly indicate that proteasomal degradation was exclusively responsible for YZT’s effects on ubiquitylated protein degradation of tau. Further illustrating the involvement of UPS in YZT-mediated degradation of tau. Further to correlate this finding with the in vivo study, we did the western blot experiment to elucidate the protein expression of UPS proteins in transgenic animal model brain homogenate. Surprisingly, the YZT-treated P301S (Figure 7A) and 3XTg-AD (Figure 7B) brain lysates illustrated a significant decrease in polyubiquitin proteins compared to the Tg-vehicle group, demonstrating YZT degrades the insoluble phospho tau via UPS both in vitro and in vivo. Further we also evaluated the other degradative pathway proteins in YZT-treated mice brain lysates compared to the Tg-vehicle group, we did not discover any substantial alterations in autophagy proteins and kinases (Supplementary Figures S5A,B) involved in tau degradation. The schematic representation depicts the involvement of UPS in YZT-mediated degradation of tau (Figure 7C).
[image: Figure 7]FIGURE 7 | Schematic representation of YZT-mediated UPS pathway in vivo. (A) YZT treatment significantly decreases the poly ubiquitin levels in P301S mice brain homogenate compared to the Tg-vehicle and its quantification. (B) Long term YZT treatment in 3XTg-AD mice significantly reduced the ploy ubiquitin protein levels when compared to Tg-vehicle. (C) Schematic diagram illustrating that involvement of ubiquitin proteasomal pathway in YZT-mediated degradation of tau.
DISCUSSION
YZT administration to the in vivo tau mice model demonstrated a strong tau reducing effect clearly illustrating the therapeutic efficiency of the Chinese herbal medicine. Until now, the actual medicinal value of YZT in curing AD pathology and cognitive deficits is not validated. The present study demonstrates that YZT administration in P301S and 3XTg-AD mice models reduced the tau deposition and improved both motor co-ordination and memory retention, respectively. The herbal composition of YZT is a combination of CY and ADH in a perfect ratio 2:1 and at this specified ratio YZT significantly decreased insoluble phospho tau including misfolded and total tau in brain fractions. Chronic YZT administration boosted the motor function as demonstrated by rotarod experiments and recovered the P301S tau mice hindlimb paralysis compared to the Tg-vehicle. Notably, YZT oral administration improved the motor and memory functions in addition to a substantial reduction in the insoluble tau burden.
Successive extraction of brain homogenates by RIPA and sarkosyl detergent is a method commonly used with different AD mouse models to assess the - total amount of homogenous tau and insoluble tau species in brains (Durairajan et al., 2012; Dillon et al., 2013). During this study, we observed that different doses of YZT significantly reduced sarkosyl-insoluble tau in the brains of P301S tau and 3XTg-AD mice. Overall, the YZT-induced reduction of insoluble tau (65–75%) in the brain hemispheres corresponds well with the decrease in the AT8-positive load (33%) reflecting the overall reduction of tau load in the whole brain. “Since a progressive shift of brain tau from soluble to insoluble pools plays a mechanistic role in the onset and/or progression of AD (Geerts et al., 2013)”, YZT mediated decrease in insoluble phospho tau clearly demonstrates its ability to delay the onset of tau pathogenesis in AD.
The TCM herbal formula, YZT is clinically used to treat pain and neuralgia (Yuan et al., 2004; Xu et al., 2013). Neuropharmacological studies of YZT and its components have only confirmed the anti-acetylcholine esterase and anti-depressive activities (Xu et al., 2013); for the first time we have found that YZT'|’s components show anti-tau activities. Although “AD is commonly considered a memory disorder, almost all people diagnosed with AD develop neuropsychiatric symptoms” (NPS: anxiety, motor impairment, hallucinations, and psychosis) at some stage during their disease (Podlisny et al., 1995). Recent Aβ-based therapies do not prevent cognitive decline, NFT formation or neurodegeneration (Dillon et al., 2013). Recent studies have also highlighted the strong correlation between tau pathology, cognitive decline and NPS (Yoshiyama et al., 2013).
Conventional AD drug discovery has taken a great approach in developing many clinical trials to halt the pathogenesis as an established target. Drug discovery for AD based on the cholinergic and β-amyloid hypothesis has not succeeded in that medications anticipated to treat acetylcholine deficiency and β-amyloid accumulation have not been effective (Yoshiyama et al., 2013). Based on these failures, and because NFTs are well correlated with cognitive impairment and NPS (anxiety, motor impairment, hallucinations, and psychosis) (Geerts et al., 2013), current disease-modifying approaches are taking a new approach, focusing on tau-based pathologies. In AD patients many microarray and genetic studies on tau-associated pathogenesis has elucidated the link of psychiatric disorders (markers of psychosis and mood disorders) (Altar et al., 2009).
Traditional Chinese medicine uses a broad way of pharmacological approach in curing neurodegenerative diseases by combining a few herbs with multifactorial disease modifying efficacy. Therefore, TCM typically uses this type of combinational, holistic approach in curing disease and YZT is the appropriate TCM candidate to tackle multifactorial symptoms of AD including tau aggregation. The disease-modifying activity of YZT against AD and other neurodegenerative disease in general or tauopathies have never been studied. We believe that YZT has the potential to be an effective therapeutic TCM that will both ameliorate the cognitive and psychiatric symptoms and address the underlying biochemical causes of AD.
In an experimental plan primarily designed to identify anti-Aβ and anti-tau activities of YZT in vitro AD models, 7PA2 and SH-SY5Y-P301L cells, we found that YZT did not regulate the protein levels of full length APP (Fl-APP) and CTFs. These results indicate that YZT neither influences APP processing nor degrades APP metabolites. Since AD has both Aβ and tau related abnormalities, we tested the effect of YZT on the levels of tau in SH-SY5Y-P301L cells. Our results show that YZT reduced the levels of total tau in SH-SY5Y-P301L lysates. To confirm the tau-reducing activity of YZT observed in in vitro studies, we used P301S tau mice and 3XTg-AD transgenic mice for short-term and long-term in vivo studies. The P301S tau mice and 3XTg-AD mice were orally administered YZT (1, 2, or 4 g/kg/day). When we convert the dose used in a mouse to a human dose based on surface area for humans (Tao et al., 2013), 2 g/kg/d of YZT in mouse is equivalent to 0.16 g/kg in human. According to the Chinese pharmacopeia, the daily recommended dose of YZT for human is 0.026 g/kg. The dose used in our animal study is relatively 6 times higher than the dose typically prescribed for human. We used these doses because our cell tests showed no toxicity at this and greater levels; we wished to achieve significant brain levels in order to be able to fully assess the effects of YZT. Indeed, a recent study done elsewhere used even higher doses such as 4 or 8 g/kg/d to assess the in vivo effect of YZT with no toxic effects, (Xu et al., 2013). Since YZT components permeates the blood brain barrier (BBB) in acceptable concentrations (Tao et al., 2013) and we wished to achieve therapeutic effects in the brain, we utilized 1–4 g/kg/d of YZT, which is the dose that had previously used in a pharmacokinetic study to observe the brain permeable components of YZT (Reagan-Shaw et al., 2008).
A possible mechanism by which YZT decreases tau aggregation is by decreasing the phosphorylation of tau. In our experiments, YZT treatment decreased phosphorylated tau, which is the stimulator of tau aggregation (Biernat et al., 1992; Lewis et al., 2000). Although our results evidently demonstrated the capability of YZT to inhibit the advancement of tau aggregation, the underlying mechanism of YZT in reducing tau aggregation is to be disclosed. The p62/SQSTM1-inducing activity of YZT represents an intriguing and interesting finding. Multifunctional role of p62 was observed in several neurodegenerative entities such as tau hyperphosphorylation, association with tau protein and facilitates selective p62 mediated autophagy (Caccamo et al., 2017). Besides, p62 increasing effect of YZT, other antioxidants proteins such as HMOX1 and TXRD1 were also upregulated by YZT probably through the Nrf2-ARE signaling pathway. Upregulation of SLC7A11 in neuronal cells consider as to be the resistance to oxidative stress (Lewerenz et al., 2012). Similarly, HMOX1 also shows the resistance to oxidative stress facilitated cell death (Chen et al., 2000). Higher expression of PBX1, TXNRD1 and bHLHE22 gene shows that, which support neuronal growth, cell differentiation and maturation (Soerensen et al., 2008; Sgado et al., 2012; Dennis et al., 2019). The pathway analysis identified the modulation of ubiquitinoylation by targeting deubiquitylating enzyme (DUB), USP21, and its substrates as one of the pathways significantly changed amongst differentially expressed genes in response to YZT treatment (Figure 5). USP21 is a deubiquitinase, which promote deubiquitination process in protein degradation, deubiquitinating enzymes regulates centrosome regulation, chromosomal stability (Urbe et al., 2012). The study on reversible ubiquitination is progressing rapidly. USP21 of USP sub family, prominently regulates several pathway signals to interact with MEK2 and deubiquitinate MEK2 directly, thus promoting the tumor growth in cells inducing stabilization of MEK2 by activating ERK1/2 pathway (Li et al., 2018). In spite, its actual performance in tau stabilization and other proteins involved in neurodegeneration are yet to be established. It is imperative to initiate further studies on this subject to elucidate its participatory role in eradicating neurodegenerative protein. One interesting finding is that the expression of genes nitric oxide synthase one adaptor protein (NOS1AP) also recognized as carboxyl-terminal PDZ ligand of neuronal nitric oxide synthase protein (CAPON); 2) Repressor element-1 binding transcription factor (REST) are involved in tau aggregation and cytoplasmic aggregates formation respectively, were strongly downregulated by YZT (Figure 5). CAPON has recently shown as a molecular linker that connects Aβ amyloidosis and tau pathology (Hashimoto et al., 2019). Increase of CAPON was observed in the APP mutant knock in (KI) mice brain. Overexpression of CAPON in APP KI mice increased tau phosphorylation in mice whereas the reduction of CAPON decreased tau pathology and neuronal loss in P301S tau transgenic mice. However, CAPON-induced cell death was shown to be only attributed to a Aβ-dependent mechanism but not tau (Hashimoto et al., 2019). Ubiquitin-based proteasomal degradation is induced by REST during the neuronal differentiation (Ballas et al., 2005). REST is dormant in mature neurons, however REST can be stimulated by the vulnerable hippocampal neurons in disease like ischemia (Calderone et al., 2003; Formisano et al., 2007) and epileptic seizures (Palm et al., 1998), and also found in Huntington disease (Zuccato et al., 2003; Zuccato et al., 2007).
This study also predicted YZT as an activator of SQSTM1, could be as an antioxidant, and if true, then microarray gene expression profiling could be combined with CMap (Clue) to reveal mechanisms of actions and to identify new health benefits of YZT. In addition, YZT also had connections with aromatase inhibitors (99.27), including exemestane and androsta-1,4-dien-3,17-dione, and FXR antagonist (97.46), including guggulsterone and 15-deoxy-delta(12,14)- prostaglandin J2 (Figure 5). These predictions warrant further characterization. Moreover, it has been shown that the key markers of YZT such as protopine, allocryptopine, tetrahydropalmatine, tetrahydroberberine, corydaline, palmatine, dehydrocorydaline and imperatorin are brain permeable (Tao et al., 2013) , which might explicate the tau-reducing effect of YZT in the central nerveous system of transgenic AD mice; key markers permeable in brain crossing the blood brain barrier namely. Although YZT components reach the brain, yet it is possible that YZT also exerts therapeutic effects in other areas of the body. Since YZT is encompassed of numerous small molecules, distinguishing the effective compounds and knowing their mechanism of action in disease modification will involve further work.
In conclusion, based on experimental results, we found that YZT had remarkable tau-reducing and cognitive-enhancing activities (Figure 8). Based on the tau-reducing activity, the motor- and memory- enhancing properties and anti-oxidative capacity of YZT, results suggest that YZT can be established as a health supplement or may possibly distributed as a raw material for prescriptions to prevent or cure AD. Present study establishes not only valuable evidence about the disease modifying function of YZT, but also provides a strategy to create TCM into the network pharmacology studies.
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Elaphuri Davidiani Cornu Improves Depressive-Like Behavior in Mice and Increases Neurotrophic Factor Expression in Mouse Primary Astrocytes via cAMP and ERK-Dependent Pathways
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Elaphuri Davidiani Cornu (EDC) is the natural shedding horn of Elaphurus davidiauus Millne-Edwards that was used by people in ancient China for maintaining physical and mental health. We evaluated the antidepressant effect of EDC using depression-like animal models and explored possible mechanisms in mouse primary astrocyte cultures. We found that aqueous extracts of EDC significantly improved depression-like behavior in a mouse model of depression. The extracts enhanced expression of nerve growth factor and brain-derived neurotrophic factor neurotrophic factors in mouse prefrontal cortex and hippocampus tissues. In the mouse primary astrocyte cultures, the EDC aqueous extracts significantly increased the neurotrophic factor expression both at the transcriptional and protein levels. EDC extracts might exhibit these functions by regulating matrix metalloprotein-9 of the nerve growth factor and brain-derived neurotrophic factor metabolic pathways and might enhance expression of neurotrophic factors via the cAMP- and ERK-dependent pathways. We confirmed this possibility by showing the effects of related inhibitors, providing scientific evidence that supports the utility of EDC in the development of drugs to treat major depressive disorders.
Keywords: elaphuri davidiani cornu, depression, neurotrophic factor, astrocytes, animal medicine
INTRODUCTION
There are 6,008 Chinese medicinal materials recorded in Zhong Yao Da Ci Dian (Great Dictionary of Chinese Medicine) (Zhao et al., 2006). Among them, Elaphuri Davidiani Cornu (EDC) is definitely a special one with a unique fate. It is the natural shedding horn of the Père David’s deer, also known as elaphure or Milu (Elaphurus davidiauus Millne-Edwards). Elaphure is not only the endemic species in China but also a precious medicinal animal. The horn, fat, and meat of elaphure can all be used as medicinal materials; their application history stretches over at least a 1000 years. EDC is the most frequently used medicinal part of the elaphure and was first described by Tao Hong-jing in Ming Yi Bie Lu in 450 A.D. The first formula of EDC was recorded in Beiji Qianjin Yaofang by “Medical King” Sun Si-miao in 652 A.D. (Li, 1997). According to the historical records, the function of EDC has been summarized as “warming the kidney and strengthening yang, nourishing ying and supplementing the essence, strengthening bones and muscles, and activating blood circulation” (Song, 2002). However, as elaphure became extinct in China in the 1900s, the medicinal application of EDC ceased. Up to 1986, “the World Wide Fund for Nature (WWF)” donated 39 elaphures (13 males, 26 females) to the Chinese government that been kept in the Jiangsu Dafeng National Nature Reserve to restore elaphure wild populations in their native habitat. Through more than 30 years of efforts by the Chinese government and experts, the elaphure population has increased by nearly 70-fold and now consists of over 6,600 animals. Four wild-elaphure populations and other sporadic groups have formed. The restoration of the elaphure population has made it possible to restore the medical application of EDC.
EDC was used in ancient China to treat various diseases including hypo-immunity, osteoporosis, rheumatoid arthritis, and others. Various studies have been carried out in vivo or in vitro to validate the EDC function or reveal the mechanism of action. EDC has been reported to induce cellular and humoral immunity and macrophage function. It was also found to induce the transformation of bone marrow cells and the proliferation of hematopoietic progenitor cells in a cyclophosphamide-induced blood deficiency mouse model and increase the bone density, mineral content, and the AKP (alkaline phosphatase) level in the ovariectomized rat model. EDC also exerted an anti-aging effect on d-galactose-induced senescence in mice by increasing the SOD (superoxide dismutase) activity and decreasing the content of MDA (malondialdehyde) and monoamine oxidase in the liver and brain. These modern studies confirmed that EDC could indeed be a valuable medical material.
Based on the ancient medical literature, EDC could also be used to improve depressive mood, however, this function has never been studied and validated (Li, 1997). Therefore, we evaluated the effect of EDC on improving depression mood using in animal and cell models and explored the active substances involved and their mechanisms of action. Here we report the effect of water and ethanol EDC extracts on improving depressive mood using the tail-suspension and forced-swimming mouse models, and on mouse astrocyte primary culture in vitro to evaluate the regulation of neurotrophic factors. We separated the EDC extract by ultrafiltration into molecular-weight fractions and treated astrocytes to explore the presence of active substances. Our findings may indicate possible mechanisms of EDC activity in improving depressive mood and offer a scientific basis for EDC drug development.
MATERIALS AND METHODS
Preparation of Extracts
The natural shedding of EDC was collected from Jiangsu Dafeng Milu National Nature Preserves. The morphology of EDC and the voucher number can be found in Supplementary Fig.1 Water and ethanol extracts of EDC were prepared as follows. Pulverized EDC (15 g) was mixed with distilled water (500 ml) and refluxed for 2 h. The supernatant was removed and the residue was added to 500 ml distilled water for second reflux. The supernatants were combined and concentrated by lyophilization to produce solid material. The ethanol extract was prepared as above but using 85% ethanol. The extracts were characterized using HPLC-MS/MS as previously reported (Li et al., 2013). The representative chromatogram could be found in Supplementary Fig.2. The composition of the extracts is shown in Supplementary Table S1. This composition sets up the chemical standards of EDC extracts for further pharmacological and biological studies.
Animals and Housing Conditions
Male ICR mice (7–8 weeks old, 18–22 g) were purchased from Qinglong Mountain experimental Animal Culture Co. Ltd. ICR mice were raised in SPF surroundings in the animal center of Nanjing University of Chinese Medicine. All procedures for treating animals were following the Guide for the Care and Use of Laboratory Animals approved by the Institutional Animal Care and Use Committee. The experimental procedures also conformed to the guidelines of the “Principles of Laboratory Animal Care” (NIH publication No. 80-23, revised 1996).
Drug Treatment
The mice were divided into six treatment groups and contained eight individuals randomly assigned to each group. The control group animals were given saline intragastrically. The positive control group was given fluoxetine (4 mg/kg) (Zhu et al., 2017). The four test groups were given aqueous or ethanol extracts of EDC at dosages (expressed as the crude material) of 2 g/kg/day and 6 g/kg/day, respectively. Animals were treated for 7 days.
For determination of related signaling pathway on astrocyte cultures, PKI (protein kinase A inhibitor, 10 nM) and U0126 (ERK inhibitor, 2 μM) were treated on astrocytes for 3 h before exposures to EDC extract, forskolin (10 μM), and TPA (100 nM) (Cao et al., 2018).
Behavioral Tests
The depression-like behavior was evaluated using the tail-suspension tests (TST) and forced-swimming tests (FST). The tail-suspension test was carried out first, with the forced-swimming test performed 24 h later. The experimental details can be found in our previous publication (Cao et al., 2018). In details, individual mouse was suspended in an acoustically and visually isolated chamber. Animal activities were captured by a video camera. The total time of immobility during the last 4 min in a 6 min testing periods was analyzed by software. FST was carried out after 1 day of TST. Similarly, individual mouse was moved in an acoustically and visually isolated chamber and placed in a clear glass tank (40 cm high and 20 cm in diameter) filled with 30 cm of water (22–23°C) and allowed to swim for 6 min. The activities of tested mouse were also recorded by a video camera. The time of mouse floating in the water without struggling were calculated as immobile time and total immobile time during the last 4 min of the 6 min testing period were analyzed by ANY-maze software (Stoeling Co.Ltd., United States).
Astrocyte Primary Culture
Astrocyte primary culture was prepared from the cortex tissue of postnatal ICR mice at day 1. Cell-culture reagents for astrocytes were purchased from ThermoFisher Scientific (Waltham, MA). The cortex tissues were isolated and trypsinised. The cells were centrifuged and the supernatants were removed. The pellets were suspended and cultured. The cultures were further purified by shaking after 90% of confluence was reached. The cultures were shaken at the speed of 200 rpm/min for 8 h to remove oligodendrocytes and microglia as reported in our previous publication (Zhu et al., 2013).
ELISA Assays
The expression of nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF) were determined by ELISA assays. The tissues of the prefrontal cortex and the hippocampus were removed from the sacrificed mice and homogenized. After centrifugation, the supernatant was separated and analyzed by mouse NGF ELISA and mouse BDNF ELISA kits (Aviscera Bioscience, Santa Clara, CA). The protein content was expressed in ng/g wet-tissue weight as reported in our earlier publication (Zhu et al., 2017).
Western Blot Analysis
The kinase phosphorylation of signaling pathways was analyzed as follows. The total protein content was extracted from the astrocyte primary culture, separated by 8% polyacrylamide gels, and semi-quantified by SDS (sodium dodecyl sulfate) PAGE (polyacrylamide gel electrophoresis) as reported previously (Zhu et al., 2016a). Primary antibodies used were: rabbit polyclonal anti-Erk (extracellular signal-regulated kinase) (4,695, 1:2,000; Cell Signaling Technology), rabbit polyclonal anti-pErk (4,370, 1:2,000; Cell Signaling Technology), rabbit polyclonal anti-CREB (cAMP response element binding protein) (1:2,000; Cell Signaling Technology), rabbit polyclonal anti-pCREB (1:2,000; Cell Signaling Technology), and rabbit polyclonal anti-GAPDH (glyceraldehyde-3-phosphate dehydrogenase) antibody (1:2,000; Cell Signaling Technology). The secondary antibody used was anti-rabbit IgG antibody conjugated with horseradish peroxidase (1:5,000, Cell Signaling Technology). Immunoreactivity was visualized by ECL (electrochemiluminescence) reagent (Tianneng Co. Ltd., Shanghai, China), and blots were visualized and compared on the imaging system (ChemiDoc™ XRS+, Bio-Rad, Hercules, CA).
Real-Time Quantitative PCR Analysis
Transcriptional levels of kinases accounting for the synthesis and degradation of neurotrophic factors were determined by quantitative PCR analysis. The experimental details can be found in our earlier publications (Zhu et al., 2016b). Firstly, the total RNA from mice astrocyte cultures was extracted by Trizol reagent (Invitrogen, Carlsbad, CA). The concentrations and purity of RNA were determined by DS-11 Spectrophotometer (DeNovix, Wilmington, DE) and the quality of RNA was evaluated by the ratio of absorbance at 260–280 nm and ranged from 1.9 to 2.1. Total RNA samples were reverse-transcribed using the cDNA obtained using EasyScript One-Step gDNA Removal and cDNA Synthesis SuperMix kit (Transgen Biotech, Beijing, China). Real-time quantitative PCR analysis was carried out by using TransStart Top Green qPCR SuperMix kit (Transgen Biotech, Beijing, China) on Applied Biosystems 7,500 fast real-time PCR system (Thermal Fisher Inc., Foster City, CA). Transcript levels of target genes were quantified by using the ΔΔCt value method. The primers of genes are listed in Supplementary Table S2.
Data Analysis
The comparison of multiple groups was performed by using one-way or two-way ANOVA followed by a Bonferroni post hoc analysis if appropriate (version 13.0, SPSS, IBM Corp., Armonk, NY). Normal-distribution test of data was carried out before the ANOVA. All data are expressed as the mean ± SEM, where n = 8. Differences were statistically labeled as significant [*] for p < 0.05 or highly significant [**] for p < 0.01.
RESULTS
Extracts of Elaphuri Davidiani Cornu Exhibited an Antidepressant Effect on Mice
To evaluate the antidepressant effect and explore the active components of EDC, the aqueous and 70% ethanol extracts were prepared and intragastrically administered to the depression-model animals. TST and FST, two widely used behavioral tests for antidepressant screening, were used to measure the depression-related responses after treatment with EDC extracts for seven consecutive days. As displayed in Figure 1, both the aqueous and 70%-ethanol extracts of EDC decreased the immobile time of mice in the FST compared with the control group (p < 0.05). The aqueous extract of EDC at two dosages both decreased the immobile time of TST significantly compared with the control group while the ethanol extracts exhibited a positive effect only at the high dose. In the FST, the aqueous and ethanol extracts of EDC at two dosages all significantly decreased the immobile time compared with the control group mice. Therefore, the aqueous extract of EDC exhibited a higher antidepressant effect than the 70% ethanol extract.
[image: Figure 1]FIGURE 1 | Extracts of Elaphuri Davidiani Cornu (EDC) improved the depression-like behaviors of mice. After 7-days treatment with the EDC aqueous (EDC-WE) and ethanol extracts (EDC-EE), groups of mice were subjected to the tail-suspension (TST) and forced-swimming tests (FST). Fluoxetine was used as a positive control. Each EDC extract was administered at two doses of 2 and 6 g/kg of the converted to crude EDC material). Values are expressed in percentages of the control group (no-drug treatment group), as mean ± SEM (n = 8). *p < 0.05, **p < 0.01 (compared with the control group).
Extracts of EDC increased the expression of the neurotrophic factors in the prefrontal cortex and hippocampus tissues of mice.
After the behavioral tests were completed, the expression of NGF and BDNF was determined in the prefrontal cortex and hippocampus of sacrificed mice using ELISA. Treatment with a higher dose of aqueous or 70%-ethanol EDC extracts significantly increased the expressions of NGF and BDNF in the prefrontal cortex and hippocampus compared with the no-drug-treatment control group (p < 0.01) (Figures 2A). This increase was consistent with the results of the behavioral tests. The aqueous extract of EDC at the higher dose increased up to five-fold the expressions of both NGF and BDNF at a level superior to fluxeotine. The effects of EDC extracts at higher dosages were all higher than at the lower dosage. The aqueous extract exhibited a better effect than the ethanol extract. Similar effects were found in the hippocampus tissue (Figures 2B). Taken together, EDC significantly increased the expressions of NGF and BDNF in the prefrontal cortex and hippocampus of mice.
[image: Figure 2]FIGURE 2 | Extracts of Elaphuri Davidiani Cornu (EDC) increased the expressions of neurotrophic factors in the prefrontal cortex and hippocampus tissues of mice. (A): Mice were given aqueous (EDC-WE) and ethanol extracts (EDC-EE) of EDC by intragastric administration at the stated doses—for 7 days. The amounts of nerve growth factor and brain-derived neurotrophic factor were determined in the tissues of the prefrontal cortex of the sacrificed mice. Fluoxetine was used as a positive control (4 mg/kg/day). (B): The samples were the same as in (A) and the amounts of nerve growth factor and brain-derived neurotrophic factor were determined in the tissues of the hippocampus of the sacrificed mice. Values are expressed as the percentage of the control group (no drug treatment group), as mean ± SEM (n = 8). *p < 0.05, **p < 0.01 (compared with the control group).
Extracts of EDC increased the expressions of neurotrophic factors in mouse astrocytes.
The mechanism of the EDC effect to increase the expressions of NGF and BDNF was examined further using the astrocyte primary-culture cell model. Though NGF and BDNF can be secreted from neurons and glial cells in brain, EDC aqueous exracts are mainly water-soluble peptides and cannot cross blood brain barrier and affect neurons directly. More realistically, the peptides might be absorbed into blood and act on astrocytes that make up the blood brain barrier. Therefore, we selected astrocytes as the cell model and treated EDC aqueous extract on astrocyte cultures. The EDC aqueous extract was selected for two reasons. Firstly, compared with the EDC ethanol extract, the aqueous extract showed a stronger effect on promoting the expression of NGF and BDNF in mice. Secondly, the aqueous extract is the major clinical application form of EDC in traditional Chinese medicine.
Astrocyte primary cultures that reached 90% confluence were treated with the ECD aqueous extract at 0.1–10 μg/ml concentration for 48 h and the transcriptional levels of NGF and BDNF were determined. As displayed in Figures 3A, the aqueous extract increased the transcriptional levels of NGF and BDNF by more than three-fold compared with no-drug treatment group (p < 0.01). The expression of NGF and BDNF was confirmed by the protein levels using ELISA. As displayed in Figures 3B, the expression of NGF and BDNF proteins increased up to three-fold after treatment with the EDC aqueous extract. The EDC aqueous extract promoted the expressions of NGF and BDNF in a dose-dependent manner.
[image: Figure 3]FIGURE 3 | The aqueous extracts of Elaphuri Davidiani Cornu (EDC) increased the neurotrophic factor expression in mouse astrocyte primary cultures. (A): The primary mouse astrocyte cultures were treated with the aqueous extract (EDC-WE) at 0.1–10 μg/ml concentrations for 24 h. The mRNA expression levels of nerve growth factor and brain-derived neurotrophic factor were determined by qPCR analysis. (B): The drug treatment with EDC-WE was the same as in (A) and the expression of nerve growth factor and brain-derived neurotrophic factor was determined by ELISA. Forskolin (10 μM) was used to treat the positive-control group. Data are expressed as a fold-change relative to the positive control group (no-drug treatment) as mean ± SEM, where n = 5. *p < 0.05, **p < 0.01 (compared with no-treatment control group).
The aqueous extract of EDC promotes the expression of neurotrophic factors in mouse astrocyte primary culture via the cAMP- and ERK-dependent pathways.
We explored the possible signaling pathways involved in the effect of the EDC aqueous extract in promoting the expressions of NGF and BDNF in the mouse astrocyte culture. It is well known that both the cAMP- and Erk-dependent signaling pathways are involved in the production of NGF and BDNF. We co-treated astrocytes with the EDC aqueous extract and the inhibitors of cAMP- or Erk-dependent signaling pathway to observe possible changes in the NGF and BDNF expressions and evaluated the extent of phosphorylation of the critical kinases on the two pathways.
As displayed in Figures 4A, the treatment with forskolin, an agonist of the cAMP-dependent pathway, significantly increased the expression of NGF and BDNF compared with the no-drug treatment group (p < 0.01). PKA (Protein kinase A) inhibitor significantly reversed the increase induced by forskolin. EDC aqueous extract also significantly induced the expressions of NGF and BDNF. Treatment with PKI weakened the increase of NGF and BDNF expressions in astrocytes treated with the aqueous EDC extract. As shown in Figures 4B, application of TPA, or the aqueous EDC extract significantly increased the expressions of NGF and BDNF while the U0126 inhibitor of Erk reversed the increasing trend.
[image: Figure 4]FIGURE 4 | Aqueous extracts of Elaphuri Davidiani Cornu (EDC) increased the expression of nerve growth factor and brain-derived neurotrophic factor in mouse astrocyte primary cultures via the cAMP- and ERK-dependent pathways. (A): The mouse astrocyte primary cultures were pre-treated with PKI (10 nM) for 3 h and then treated with forskolin (10 μM) and EDC-WE (3 μg/ml) for 24 h. The expression of nerve growth factor and brain-derived neurotrophic factor were determined by ELISA. (B): The mouse astrocyte primary cultures were pre-treated with U0126 (2 μM) for 3 h and then treated with TPA (100 nM) and EDC-WE (3 μg/ml) for 24 h. The expression of neurotrophic factors was determined by ELISA. Data are expressed as a fold-change relative to the control group (no-drug treatment) in mean ± SEM, where n = 5. *p < 0.05, **p < 0.01.
To validate the roles of the signaling pathways, the phosphorylation of CREB and Erk were examined. As displayed in Figure 5, forskolin and TPA both significantly increased phosphorylations of CREB and Erk. The antagonist PKI and U0126 significantly inhibited phosphorylations of CREB and Erk. The aqueous EDC extract inhibited the phosphorylation of both CREB and Erk. These data suggest that both cAMP- and Erk-dependent pathways play pivotal roles in the increase by the aqueous EDC extract in the expression of NGF and BDNF in mouse astrocytes.
[image: Figure 5]FIGURE 5 | The effect of the aqueous extract of Elaphuri Davidiani Cornu (EDC) on the phosphorylation of kinases of the cAMP- and Erk-dependent pathways in the mouse astrocyte primary cultures. (A): Mouse astrocyte primary cultures were pre-treated with PKI (10 nM) for 3 h and then treated with forskolin (10 μM) and the aqueous extracts (EDC-WE) (3 μg/ml) for 24 h. Protein-expression levels of p-CREB and CREB in astrocyte primary cultures were determined by western blot analysis. Data are expressed as a fold-change relative to the control group (no-drug treatment) in the ratio of p-CREB to CRRB as mean ± SEM, where n = 5. (B): Mouse astrocyte primary cultures were pre-treated with U0126 (2 μM) for 3 h and then treated with TPA (100 nM) and the EDC aqueous extract (EDC-WE) (3 μg/ml) for 24 h. Protein-expression levels of p-Erk and Erk in astrocyte primary cultures were determined by western blot analysis. Data are expressed as a fold-change relative to the control group (no-drug treatment) in the ratio of p-Erk to Erk as mean ± SEM, where n = 5. *p < 0.05, **p < 0.01.
The aqueous extracts of EDC increase the expression of a neurotrophic factor in mouse astrocyte cultures via regulating MMP-9.
We explored further the possible active targets of the EDC aqueous extract in increasing the expressions of NGF and BDNF. The EDC aqueous extract significantly increased the expression of neurotrophic factors in mouse astrocyte cultures after treatment at 3 μg/ml concentration for 24 h. The transcriptional levels of the critical enzymes related to the neurotrophic-factor metabolism were determined. As shown in Figures 6A, the EDC aqueous extract exhibited no observable effect on the expressions of synthesizing enzymes such as tissue plasminogen activator (tPA), plasminogen, and neuroserpin. However, the EDC aqueous extract significantly downregulated the transcriptional levels of matrix metallopeptidase 9 (MMP-9) over two-fold while showing no effect on the level of the tissue inhibitor of metalloproteinase 1 (TIMP-1).
[image: Figure 6]FIGURE 6 | The aqueous extract of Elaphuri Davidiani Cornu (EDC) increased neurotrophic factor expressions via the regulation of the metabolic pathway of neurotrophic factors in mouse astrocyte primary cultures.(A): The transcriptional levels of proteases accounting for neurotrophic factor metabolism were determined by qPCR analysis in mouse astrocyte primary cultures treated with the aqueous extract (EDC-WE) (3 μg/ml) for 24 h (B): Mouse astrocytes were pre-treated with JNJ0966 (MMP-9 inhibitor, 0.4 μM) for 24 h and then treated with the EDC aqueous extract (EDC-WE) (3 μg/ml) for 24 h. The transcriptional levels of neurotrophic factors were determined by qPCR analysis. Data are expressed as a fold-change relative to the control group (no-drug treatment) as mean ± SEM, where n = 5. *p < 0.05, **p < 0.01.
Following up on the results obtained for mRNA levels, we used JNJ0966 (the blocker of MMP-9) to determine whether the EDC aqueous extract regulated the metabolism of neurotrophic factors via MMP-9. As shown in Figures 6B, the increased expressions of NGF and BDNF in mouse astrocytes were significantly downregulated by the treatment with JNJ0966, implying that the EDC aqueous extract might regulate the neurotrophic factor metabolism by modulating MMP-9.
DISCUSSION
Studies reported here aimed to re-evaluate and excavate the possible scientific values of EDC using modern technologies. Using several depression-like animal models, we found that EDC exerted antidepressant effect via regulating neurotrophic factors such as NGF and BDNF. In particular, the EDC water extract showed a better effect in increasing neurotrophic factor expression compared with the ethanol extract. The data implied that EDC may exhibit neuronal activities.
Neurotrophic factors are important substances in the maintenance of the physiological function of the brain and the pathological process of neurodegenerative diseases and mood disorders. Neurotrophic factors maintain the survival, differentiation, and synaptic formation of neurons. Neurotrophic factors also play an important role in memory formation and emotion maintenance. NGF maintains the survival of cholinergic neurons, and cholinergic neurons are well-known neurons for the formation and maintenance of memory. BDNF enhances neurogenesis, dendritogenesis, and maintains the synapse stability. It also regulates glutamatergic and GABAergic signaling that play an essential role in long-term memory. In Alzheimer’s disease, abnormal regulation and insufficient supply of NGF have been regarded as a crucial pathological process. In major depression disorders, serum BDNF level has been used as a diagnostic parameter and low levels of BDNF were found in the serum of depression patients (Molendijk et al., 2014). Low levels of NGF are also found in the serum of depression patients (Mössner et al., 2007). However, neurotrophic factors are proteins that are easily digested in the gastrointestinal tract and the transcranial administration is not practical in clinically. Therefore, increasing the endocrine supply of neurotrophic factors has become a target for drug development to treat major depressive disorders and Alzheimer’s disease (Iulita and Claudio, 2014).
While the available antidepressants such as fluoxetine and venlafaxine are known to elevate the levels of NGF and BDNF both in the serum of depression patients and in depression-like animal models (Mondal and Fatima, 2019), the long-term use of these antidepressants can cause many side effects. The representative tricyclic antidepressants imipramine can cause anticholinergic adverse reactions such as xerostomia and constipation, central nervous system toxicity such as tremor, dyskinesia and epilepsy, and cardiovascular toxicity such as postural hypotension, tachycardia, conduction block, arrhythmia, and cardiac arrest. Compared with TCAs, serotonin reuptake inhibitors (SSRIs) have relatively fewer side effects and toxicity. However, common adverse reactions of SSRIs include insomnia, nausea, irritability, headache, exercise anxiety, mental tension, and tremor. A long-term medication of SSRIs often leads to loss of appetite or loss of sexual function. More seriously, fluoxetine increases the suicide risk in non-adult depression patients. Therefore, the development of antidepressants from natural medicines and with relatively few side effects has become the focus of attention (Cipriani et al., 2018).
Some natural medicines such as Crocus sativus, Curcuma longa, Cuscuta spp., Hypericum perforatum, Lavandula spp., Panax ginseng, and so on (Sarris, 2018) have been shown to have significant antidepressant effects. The types of compounds involved are flavonoid, alkaloid, saponins, monoterpene, and polysaccharide, and others. However, there are very few reports on the antidepressant effects of ingredients from animal medicine (Bahramsoltani et al., 2015). We have found that the powder of EDC significantly improves the depressive behavior in animal models. To study the material basis of the EDC antidepressant activity, we prepared aqueous and alcohol extracts of EDC. We have shown that in animal models, the antidepressant effect of EDC water extract was stronger than that of the alcohol extract. In astrocytes, the main donor of neurotrophic factors in the brain, the enhancing effect of EDC water extract on the expression of neurotrophic factors was significantly higher than that of the alcohol extract. In the current study, we have found that the EDC aqueous extract promotes the expression of neurotrophic factors mainly by inhibiting MMP-9; this differs from the effect of some plant extracts that we have previously found to enhance the expression of neurotrophic factors by promoting the expression of synthase (Zhu et al., 2017). However, MMP-9 plays different role in processing of neurotrophic factors. It degrades mature NGF while converts pro-BDNF to mature BDNF (Mizoguchi et al., 2011). The biological character of pro-neurotrophin is totally different from processed mature neurotrophin. The pro-neurotrophins bind to p75NTR (p75 neurotrophin receptor) to initiate neuronal apoptosis while the mature neutotrophins bind to Trk (tyrosine kinase) receptor to nourish the neurons (Lu et al., 2005). In our studies, EDC down-regulated the expression of MMP-9, which might inhibit degradation of mature NGF and lead to the increase of mature NGF. However, the expressions of mature BDNF was also increased, which was not affected by the down-regulation of MMP-9. For this contradictory phenomenon, we cannot find a reasonable explanation now. We find that most of the studies on metabolic pathway of neurotrophins are carried out on neuron cultures instead of astrocytes, which implies that the conversion of pro-neurotrophins to its mature form in astrocytes may be different from neurons (Lee et al., 2001; Gärtner and Staiger, 2002; Hwang et al., 2005). In neurons and neuroendocrine cells, people have found that NGF is mainly trafficked through the constitutive secretory pathway, while BDNF is selectively trafficked through the regulated secretory pathway (Griesbeck et al., 1999; Mowla et al., 1999). However, the process and secretory pathway of NGF and BDNF in astrocytes are rarely reported and the possible differences are worth studying in the future. Besides, as a member of the metzincin family of extracellularly operating proteases, MMP-9 has been found to participates in brain physiology and pathology and contributes to a large variety of brain disorders, including epilepsy, schizophrenia, stroke, neurodegeneration, depression, brain tumors, etc. Therefore, the relationship between antidepressant effect of EDC and MMP-9 regulation will be further studied in the future.
According to the ancient records of traditional Chinese medicine, EDC plays a significant role in “warming kidney yang, tonifying essence, and filling marrow.” These statements are supported by modern research. It has been reported that EDC aqueous extracts can correct the dysfunction of the hypothalamus-pituitary-target axis (adrenal cortical axis, thyroid axis, gonadal axis) in the hydrocortisone-induced kidney yang-deficiency rat model (Jiang et al., 2014). In parallel, EDC aqueous extracts also enhanced learning and memory abilities in the mouse d-galactose-induced aging model and inhibited the activity of monoamine oxidase in brain tissues (Qin et al., 2009). These discoveries suggest that the aqueous extract is an important form of EDC to exert anti-aging, memory promoting, and mood-regulating effects. Previous studies found that EDC aqueous extracts contained a large number of water-soluble peptides exhibiting significant biological activities that could be important active components of EDC (Zhai et al., 2017). Therefore, we plan to study extensively the antidepressant effects of water-soluble proteins and peptides present in EDC to provide a more scientific basis for the utilization of this valuable medicine of animal origin. Besides, compared with abundant antidepressant reports of herbal medicine, there are rare reports on animal medicine. We hope that this study will help to compensate for the lack of research in this area.
CONCLUSION
EDC exerted antidepressant effect by improving depression-like behavior in animal models. The effect was linked to the increase in the level of neurotrophic factors in the hippocampus; astrocytes might be the key type of contributing active cells. The aqueous EDC extract was superior to the ethanol extract in promoting the expression of neurotrophic factors. These findings suggest that the aqueous extract of EDC can be used as an adjuvant treatment for patients with depression.
DATA AVAILABILITY STATEMENT
All datasets presented in this study are included in the article/Supplementary Material.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Nanjing University of Chinese Medicine.
AUTHOR CONTRIBUTIONS
YZ and MZ designed the experiments. ML, CC, SQ, XM, CW, and QL performed the experiments including behavioral tests and biochemical analyses. DQ and YD contributed to the preparation of EDC extracts and chemical standardization. ZH and JD contributed to the writing of introduction and discussion. YZ and ML wrote the main manuscript text. YZ and SQ revised the manuscript. All authors have read and approved the submitted manuscript.
FUNDING
This research was supported by the National Key R&D Program of China “Study on four development modes of new sources of rare and endangered traditional Chinese Medicine resources” (2018YFC1706100), the National Natural Science Foundation of China (81673720, 81973591), the Open Project Program of Jiangsu Key Laboratory for High Technology Research of TCM Formulae and Jiangsu Collaborative Innovation Center of Chinese Medicinal Resources Industrialization (No. FJGJS-2015–10), and the fifth phase of the 333 high-level personnel training project of Jiangsu Province (BRA2017463) to YZ.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.593993/full#supplementary-material
REFERENCES
 Bahramsoltani, R., Farzaei, M. H., Farahani, M. S., and Rahimi, R. (2015). Phytochemical constituents as future antidepressants: a comprehensive review. Rev. Neurosci. 26, 699–719. doi:10.1515/revneuro-2015-0009
 Cao, C., Xiao, J., Liu, M., Ge, Z., Huang, R., Qi, M., et al. (2018). Active components, derived from Kai-xin-san, a herbal formula, increase the expressions of neurotrophic factor NGF and BDNF on mouse astrocyte primary cultures via cAMP-dependent signaling pathway. J. Ethnopharmacol. 224, 554–562. doi:10.1016/j.jep.2018.06.007 
 Cipriani, A., Furukawa, T. A., Salanti, G., Chaimani, A., Atkinson, L. Z., Ogawa, Y., et al. (2018). Comparative efficacy and acceptability of 21 antidepressant drugs for the acute treatment of adults with major depressive disorder: a systematic review and network meta-analysis. Lancet 391, 1357–1366. doi:10.1016/S0140-6736(17)32802-7
 Gärtner, A., and Staiger, V. (2002). Neurotrophin secretion from hippocampal neurons evoked by long-term-potentiation-inducing electrical stimulation patterns. Proc. Natl. Acad. Sci. U. S. A. 99, 6386–6391. doi:10.1073/pnas.092129699
 Griesbeck, O., Canossa, M., Campana, G., Gärtner, A., Hoener, M. C., Nawa, H., et al. (1999). Are there differences between the secretion characteristics of NGF and BDNF? Implications for the modulatory role of neurotrophins in activity-dependent neuronal plasticity. Microsc. Res. Tech. 45 (4-5), 262–275. doi:10.1002/(SICI)1097-0029(19990515/01)45:4/5<262::AID-JEMT10>3.0.CO;2-K
 Hwang, J. J., Park, M. H., Choi, S. Y., and Koh, J. Y. (2005). Activation of the Trk signaling pathway by extracellular zinc. Role of metalloproteinases. J. Biol. Chem. 280, 11995–12001. doi:10.1074/jbc.M403172200
 Iulita, M. F., and Claudio, A. C. (2014). Nerve growth factor metabolic dysfunction in Alzheimer's disease and Down syndrome. Trends Pharmacol. Sci. 35, 338–348. doi:10.1016/j.tips.2014.04.010. 338
 Jiang, Q., Li, F., Qian, D., Peng, Y., Guo, J., Ouyang, Z., et al. (2014). Effects of different parts of Elaphuri Davidiani Cornu on rats with kidney-yang deficiency syndrome. Pharmacology and Clinics of Chinese Materia Medica 30, 84–86. doi:10.13412/j.cnki.zyy1.2014.06.026
 Lee, R., Kermani, P., Teng, K. K., and Hempstead, B. L. (2001). Regulation of cell survival by secreted proneurotrophins. Science 294, 1945–1948. doi:10.1126/science.1065057
 Li, F., Duan, J. A., Qian, D., Guo, S., Ding, Y., Liu, X., et al. (2013). Comparative analysis of nucleosides and nucleobases from different sections of Elaphuri Davidiani Cornu and cervi Cornu by UHPLC-MS/MS. J. Pharm. Biomed. Anal. 83, 10–18. doi:10.1016/j.jpba.2013.04.022
 Li, J. (1997). Beiji Qianjin Yaofang . (Beijing, China: People's Medical Publishing House)
 Lu, B., Pang, P. T., and Woo, N. H. (2005). The yin and yang of neurotrophin action. Nat. Rev. Neurosci. 6, 603–614. doi:10.1038/nrn1726
 Mizoguchi, H., Yamada, K., and Nabeshima, T. (2011). Matrix metalloproteinases contribute to neuronal dysfunction in animal models of drug dependence, Alzheimer's disease, and epilepsy. Biochem. Res. Int. 2011, 681385. doi:10.1155/2011/681385
 Molendijk, M. L., Spinhoven, P., Polak, M., Bus, B. A., Penninx, B. W., and Elzinga, B. M. (2014). Serum BDNF concentrations as peripheral manifestations of depression: evidence from a systematic review and meta-analyses on 179 associations (N=9484). Mol. Psychiatr. 19, 791–800. doi:10.1038/mp.2013.105
 Mondal, A. C., and Fatima, M. (2019). Direct and indirect evidences of BDNF and NGF as key modulators in depression: role of antidepressants treatment. Int. J. Neurosci. 129, 283–296. doi:10.1080/00207454.2018.1527328
 Mössner, R., Mikova, O., Koutsilieri, E., Saoud, M., Ehlis, A. C., Müller, N., et al. (2007). Consensus paper of the WFSBP task force on biological markers: biological markers in depression. World J. Biol. Psychiatry 8, 141–174. doi:10.1080/15622970701263303
 Mowla, S. J., Pareek, S., Farhadi, H. F., Petrecca, K., Fawcett, J. P., Seidah, N. G., et al. (1999). Differential sorting of nerve growth factor and brain-derived neurotrophic factor in hippocampal neurons. J. Neurosci. 19, 2069–2080. doi:10.1523/JNEUROSCI.19-06-02069
 Qin, H., Yang, Z., Cheng, H., and Zhu, Q. (2009). Elk antlers ethanolic fluid extract on improvement of cognitive decline in experimental aging model mice. Chin. J. New Drugs Clin. Remedies 28, 505–508
 Sarris, J. (2018). Herbal medicines in the treatment of psychiatric disorders: 10-year updated review. Phytother. Res. 32, 1147–1162. doi:10.1002/ptr.6055
 Song, L. (2002). Chinese materia medica . (Shanghai, China: Shanghai Scientific&Technical Publishers)
 Zhai, Y., Zhu, Z., Zhu, Y., Qian, D., Liu, R., Peng, Y., et al. (2017). Characterization of collagen peptides in Elaphuri Davidiani Cornu aqueous extract with proliferative activity on osteoblasts using nano-liquid chromatography in tandem with orbitrap mass spectrometry. Molecules 22 (1), 166. doi:10.3390/molecules22010166
 Zhao, G., Dai, S., and Chen, R. (2006). The dictionary of Chinese herbal medicine . (Shanghai, China: Shanghai Scientific&Technical Publishers)
 Zhu, K. Y., Xu, S. L., Choi, R. C., Yan, A. L., Dong, T. T., and Tsim, K. W. (2013). Kai-xin-san, a Chinese herbal decoction containing ginseng radix et rhizoma, polygalae radix, acori tatarinowii rhizoma, and poria, stimulates the expression and secretion of neurotrophic factors in cultured astrocytes. Evid. Based Complement. Alternat. Med. 2013, 731385. doi:10.1155/2013/731385
 Zhu, Y., Chao, C., Duan, X., Cheng, X., Liu, P., Su, S., et al. (2017). Kai-Xin-San series formulae alleviate depressive-like behaviors on chronic mild stressed mice via regulating neurotrophic factor system on hippocampus. Sci Rep 7, 1467. doi:10.1038/s41598-017-01561-2
 Zhu, Y., Duan, X., Cheng, X., Cheng, X., Li, X., Zhang, L., et al. (2016a). Kai-Xin-San, a standardized traditional Chinese medicine formula, up-regulates the expressions of synaptic proteins on hippocampus of chronic mild stress induced depressive rats and primary cultured rat hippocampal neuron. J. Ethnopharmacol. 193, 423–432. doi:10.1016/j.jep.2016.09.037
 Zhu, Y., Duan, X., Huang, F., Cheng, X., Zhang, L., Liu, P., et al. (2016b). Kai-Xin-San, a traditional Chinese medicine formula, induces neuronal differentiation of cultured PC12 cells: modulating neurotransmitter regulation enzymes and potentiating NGF inducing neurite outgrowth. J. Ethnopharmacol. 193, 272–282. doi:10.1016/j.jep.2016.08.013
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2020 Zhu, Liu, Cao, Qu, Wei, Meng, Lou, Qian, Duan, Ding, Han and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 08 December 2020
doi: 10.3389/fphar.2020.590453


[image: image2]
Taohong Siwu Decoction Ameliorates Ischemic Stroke Injury Via Suppressing Pyroptosis
Mengmeng Wang1,2†, Zhuqing Liu1,2†, Shoushan Hu1,2, Xianchun Duan1, Yanyan Zhang3, Can Peng1,2, Daiyin Peng1,24 and Lan Han1,2*
1Anhui University of Chinese Medicine, Hefei, China
2Anhui Province Key Laboratory of Chinese Medicinal Formula, Hefei, China
3Anhui Medicine College, Hefei, China
4Key Laboratory of Xin’an Medicine, Ministry of Education, Hefei, China
Edited by:
Jiahong Lu, University of Macau, China
Reviewed by:
Chun Yang, Nanjing Medical University, China
Wenda Xue, Nanjing University of Chinese Medicine, China
* Correspondence: Lan Han, hanlan56@ahtcm.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Ethnopharmacology, a section of the journal Frontiers in Pharmacology
Received: 01 August 2020
Accepted: 28 October 2020
Published: 08 December 2020
Citation: Wang M, Liu Z, Hu S, Duan X, Zhang Y, Peng C, Peng D and Han L (2020) Taohong Siwu Decoction Ameliorates Ischemic Stroke Injury Via Suppressing Pyroptosis. Front. Pharmacol. 11:590453. doi: 10.3389/fphar.2020.590453

Objective: Taohong Siwu decoction (THSWD) is one of the classic prescriptions for promoting blood circulation and removing blood stasis, and it has a good therapeutic effect on ischemic stroke. We sought to explore the therapeutic effects of THSWD on pyroptosis in rats with middle cerebral artery occlusion-reperfusion (MCAO/R).
Methods: MCAO/R model of rats were established by suture-occluded method. MCAO/R rats were randomly divided into five groups, which were model group, nimodipine group, THSWD high, medium and low dose group (18, 9, and 4.5 g/kg, respectively), rats of sham group without thread embolus. All rats were treated by intragastric administration for 7 days. We detected the level of inflammatory factors. NLRP3 and Caspase-1 were detected by immunofluorescence. Western blot was used to detect NLRP3, Caspase-1, ASC, and GSDMD in penumbra. Also, the expression of TXNIP, HMGB1, toll-like receptors (TLR4), NF-κB, and MAPK were detected.
Results: THSWD treatment improved the behavioral function and brain pathological damage. These results showed that the levels of TNF-α, TGF-β, IL-2, IL-6, IL-1β, and IL-18 were significantly reduced in THSWD treatment groups. THSWD could significantly decrease the expression levels of NLRP3, Caspase-1, Caspase-1 p10, ASC, TXNIP, GSDMD, HMGB1, TLR4/NFκB, p38 MAPK, and JNK in penumbra.
Conclusion: Our results showed that THSWD could reduce the activation level of NLRP3 inflammatory corpuscle, down-regulate GSDMD, and inhibit pyroptosis in MCAO/R rats. These may be affected by inhibiting HMGB1/TLR4/NFκB, MAPK signaling pathways.
Keywords: MAPK, HMGB1/toll-like receptors/NFκB, pyroptosis, ischemic stroke, Taohong Siwu decoction
INTRODUCTION
In 2016, The Lancet reported that about 90.7% of strokes were related to 10 risk factors, including hypertension, smoking, dyslipidemia, alcohol intake, unhealthy diet, etc (O’Donnell et al., 2016). Although the mortality rate of stroke has shown a downward trend in China (Wang et al., 2017). However, stroke was an important cause of death and disability at present. The prevalence rate continues to increased, and the affected population has shown a younger trend (Fu et al., 2020). Therefore, the prevention and treatment of stroke was a very serious problem in China.
Mitochondrial dysfunction triggers cascade reactions after ischemia stroke, such as the generation of large amounts of endogenous ROS, inflammation, and autophagy. Inflammatory corpuscle and pyroptosis are important in stroke (Fann et al., 2013; Barrington et al., 2017; Dong et al., 2018). The activated NF-κB pathway up-regulates the gene expression of NLRP3, pro-IL-1β, and pro-IL-18 (Bauernfeind et al., 2009). The production of endogenous ROS and cathepsin B could stimulate self-assembly of NLRP3 inflammatory corpuscle (Chen and Sun, 2013; Latz et al., 2013). NLRP3, ASC, and pro-Caspase-1 have been assembled to form a protein complex, which promoted cleavage to produce activated Caspase-1. GSDMD is cleaved by mature Caspase-1. GSDMD N-terminal domain assembles membrane pores to induce pyroptosis (Shi et al., 2015; Mulvihill et al., 2018). Mature IL-1β and IL-18 are released extracellularly through GSDMD membrane pores (He et al., 2015). At the same time, the contents such as HMGB1 are released to the outside of the cell. HMGB1 binds to the transmembrane receptors RAGE and toll-like receptors (TLR4), and further activates the nuclear transcription factor NF-κB, which further enhances the inflammatory response (Paudel et al., 2019).
Ischemic stroke is considered to be the cerebrovascular disease (Rutten-Jacobs and Rost, 2019). Traditional Chinese medicine has been widely used to treat vascular diseases for nearly 2000 years. Taohong Siwu decoction (THSWD) originated from the traditional Chinese medicine book Yizong Jinjian of the Qing Dynasty, which is composed of Prunus persica (L.) Batsch, Carthamus tinctorius L, Angelica sinensis (Oliv.) Diels, Rehmannia glutinosa (Gaertn.) DC., Ligusticum chuanxiong Hort, Paeonia lactiflora Pall. (Table 1). THSWD has been widely used clinically to treat vascular diseases in the past. Our research showed that THSWD could reduce oxidative stress injury, improve learning and memory function, and promote angiogenesis in ischemic stroke (Han et al., 2015; Chen et al., 2020; Wang M. et al., 2020). It is well known that inflammation and pyroptosis are involved in ischemic stroke injury (Barrington et al., 2017; Dong et al., 2018). There is no reported about the effect of THSWD on pyroptosis. The mechanisms whereby THSWD is of value has not been fully elucidated in the treatment of ischemic stroke. Therefore, we hypothesized that THSWD could reduce pyroptosis in ischemic stroke.
TABLE 1 | Contents of TaoHong SiWu decoction (THSWD).
[image: Table 1]In present study, we studied the effect of THSWD on inflammatory factors in rats with middle cerebral artery occlusion-reperfusion (MCAO/R). More importantly, we further explored the effect of THSWD on pyroptosis. This is more conducive to the research and development of THSWD as a candidate drug for the treatment of stroke.
MATERIALS AND METHODS
Materials
Tao Ren (Prunus persica (L.) Batsch, 1702181), Hong Hua (Carthamus tinctorius L., 17072135.), Dang Gui (Angelica sinensis (Oliv.) Diels, 1611085), Shu Di Huang (Rehmannia glutinosa (Gaertn.) DC., 1705312), Chuan Xiong (Ligusticum chuanxiong Hort, 17010335), Bai Shao (Paeonia lactiflora Pall., 17110114) were purchased from Bozhou Yonggang Pieces Factory Co., Ltd. (Bozhou, China). They were verified by Qingshan Yang (Anhui University of Chinese Medicine, Hefei, China). Nimodipine (State Food and Drug Administration approval number: H14022821) was purchased from Yabao Pharmaceutical Group CO., Ltd. (Yuncheng, China).
Anti-body (GSDMD:ab219800, Caspase-1:ab1872, Caspase-1 p10:ab179515, HMGB1:ab77302, JNK:ab124956, p38:ab45381, TLR4:ab217274) were purchased from Abcam (Cambridge, MA, United States). Anti-body (ASC:sc-514414, TXNIP:sc-271238) were bought from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Anti-NLRP3 (NBP2-12446) was bought from Novus (Colorado, United States). Anti-NF-κB (bs-0465R) was bought from Bioss (Beijing, China). Anti-GAPDH (19AF0406) was purchased from ZSGB-BIO (Beijing, China). Rat TNF-α, IL-6, IL-1β, and IL-18 Elisa kits (201903) were purchased from Meimian (Jiangsu, China), rat IL-2, and TGF-β Elisa kits (GR2019-03) were purchased from JYM (Wuhan China).
Preparation of Taohong Siwu Decoction
These THSWD were mixed of six herbs in the proportion of Table 1, soaked in 10 times (v/w) 75% ethanol for 2 h, boiled and refluxed for 2 h. Then the filtrate was collected, and the residue was refluxed with 8 times the amount of 75% ethanol for 2 h. The two filtrates were mixed and concentrate to 1.8 g/ml by rotary evaporation. According to the published standard experimental procedure, UPLC was used to ensure the quality and stability of the THSWD (Han et al., 2017; Chen et al., 2020). The assay chromatogram of THSWD of the same batch number and preparation has been published (Chen et al., 2020).
Animals and Middle Cerebral Artery Occlusion Surgery
Healthy male Sprague–Dawley rats weighing 270 ± 20 g were provided by the Experimental Animal Center of Anhui Medical University (Hefei, China). All rats were housed in a polypropylene cage (25 ± 5°C, 50–60% relative humidity) under controlled lighting (12 h light/dark cycle), and allowed free access to food and water.
All experimental rats were anesthetized by pentobarbital (50 mg/kg, i.p.). The common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) were carefully separated from the middle cervical incision of the rat neck. To ensure the middle cerebral artery (MCA) was occluded, an incision was made in the CCA, and the nylon suture was inserted to about 18–20 mm through the ICA. The nylon suture was a polylysine coated monofilament nylon with a diameter of 0.285 mm. After 2 h of surgery, the nylon suture was withdrawn from MCA and reperfused. After 2 h of surgery, the nylon suture was withdrawn to allow reperfused. The sham rats only performed the same process of separating blood vessels. The temperature was kept at 37°C in the experimental process.
After 24 h of ischemia-reperfusion, the behavioral scores were performed according to the method of Zea Longa, and rats were randomly divided into six groups: Sham, MCAO, THSWD (18, 9 and 4.5 g/kg, respectively, equivalent to the dry weight of the raw materials), nimodipine (20 mg/kg) groups, and treated (i.g.) for 7 days.
Functional Outcome Assessment
On the 7th day after the rats were given treatment, all rats completed the Bederson scores. 0, no observable deficit. 1, forelimb flexion when suspended by the tail. 2, decreased resistance to push. 3, counterclockwise circling. 4, unconsciousness, including death within 24 h.
Measurement of Infarct Volume
After killing the rats, brains were isolated and sectioned into five coronal slices in 2 mm thickness. Which were stained with 2,3,5-Triphenyltetrazolium chloride (TTC, 2%, T8170, Solarbio, Beijing, China) for 30 min under dark conditions of 37°C. The coronal slices were taken pictures through digital camera and analyze the infarct volume by Image J (NIH, Bethesda, MD, United States).
Histomorphological Analysis
The brains were fixed in 4% paraformaldehyde, and paraffin sections were prepared for HE staining (BA-4041, BA-4024, BASO, Zhuhai China). After sealed with neutral resin, and images were captured using an optical microscope (SYZX6061, Nikon, Tokyo, Japan). The histomorphological analysis was evaluated by two examiners blinded to the treatment groups.
ELISA
Rat penumbra tissues were separated and homogenized with 10 times PBS (v/w) on ice. The homogenates were centrifuged at 4,000 rpm for 10 min at 4°C, and supernatants were collected, then stored in −80°C until future use. The secretion levels of inflammatory cytokines (TNF-α, IL-2, IL-6, TGF-β, IL-1β, IL-18) were analyzed by ELISA. According to the manufacturer’s protocol above in the ELISA kit instructions, the optical density (OD) at 450 nm was measured by enzyme-labeled instrument (Multiskan GO, Thermo, Waltham, MA, United States).
Immunofluorescence Staining
The brain tissues were quickly removed and frozen, and frozen sections were made. The sections were reacted with a primary antibody and subsequently reacted with a fluorescently labeled secondary antibody. Then, which were sealed with a sealer containing a quencher. Two examiners blinded to the treatment groups were observed and photographed using a fluorescence microscope (ECLIPSE TI-SR, Nikon, Tokyo, Japan), and analyzed by ImageJ.
Western Blotting
Rat penumbra tissues were separated and homogenized with 10 times ice-cold lysis buffer containing protein inhibitor. The homogenates were centrifuged at 12,000 rpm for 10 min at 4°C, and supernatants were collected. The protein concentration of supernatants were measured by BCA kit (PICPI23223, Thermo, Waltham, MA, United States). In order to denature the protein, the protein samples were added to buffer and boiled for 10 min at 100°C. Equal amounts of proteins were separated by electrophoresis, transferred to NC membranes at low temperatures. After blocking with 5% skimmed milk powder for 2 h, membranes were incubated overnight at 4°C with primary antibodies (anti-NLRP3, anti-ASC, anti-Caspase-1, anti-TXNIP, anti-Caspase-1 p10, anti-GAPDH). The NC membranes were then incubated with the secondary antibody (HRP-conjugated anti-rabbit and anti-mouse secondary antibody, A21010, Abbkine, Wuhan China), and developed with enhanced chemiluminescence (ECL, 32109, Thermo, Waltham, MA, United States).
Statistical Analysis
The data were analyzed with SPSS 23.0 software and expressed as the mean ± SD. Statistical analyses were performed using one-way ANOVA, followed by LSD tests for the significance of the difference between groups. p < 0.05 was considered statistically significant.
RESULTS
Effects of Taohong Siwu Decoction on the Neurological Defect Scores and Infarction Volume in Middle Cerebral Artery Occlusion-Reperfusion Model
As shown in Figure 1B, after 7 days of treatment with THSWD and nimodipine, the behavioral function were significantly improved of MCAO/R rats. Compared with model group, the Berderson scores of THSWD and nimodipine groups were significantly reduced (p < 0.05, p < 0.01). Sham group rats had no behavioral function impairment. TTC staining was used to calculate the infarct volume of rats. The brain of sham group rats had no infarction volume. Compared with model group, the infarct volume were significantly reduced of THSWD and the nimodipine treatment group (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Taohong Siwu decoction (THSWD) alleviated middle cerebral artery occlusion-reperfusion (MCAO/R) induced brain damage. (A) The flow diagram of the experiment. (B) Neurological deficits scores. (C) 2,3,5-Triphenyltetrazolium chloride staining of representative sections. (D) Quantification of infarction volume rates. The results were presented as the mean ± SD (n = 6). Compared with sham group, #p < 0.05, ##p < 0.01. Compared with model group, *p < 0.05, **p < 0.01.
Effect of Taohong Siwu Decoction on the Level of Pathological Damage in Brain of Middle Cerebral Artery Occlusion-Reperfusion Rats
The pathological damage of brain tissue was observed by HE staining. The specific results showed in Figure 2. The positive cells were intact and abundant, and no infiltration of inflammatory cells in sham group. The model group showed that the number of positive cells nuclei were significantly reduced, most cells exhibited visible disorder. There were phenomena, such as nuclear shrinkage, nuclear rupture, and inflammatory cells infiltrated. Advantageously, THSWD treatment group significantly alleviated the abnormal phenomena caused by MCAO/R.
[image: Figure 2]FIGURE 2 | Effect of Taohong Siwu decoction (THSWD) on the level of pathological damage in middle cerebral artery occlusion-reperfusion (MCAO/R) rats (×200, n = 3).
Effect of Taohong Siwu Decoction on Inflammatory Factors in Middle Cerebral Artery Occlusion-Reperfusion Rats
Pro-inflammatory factors increased after a stroke. Besides, plenty of inflammatory factors were detrimental to the function of tissues and cells. We detected the levels of inflammatory factors in penumbra by ELISA. Compared with sham group, the levels of TNF-α, IL-2, IL-6, TGF-β, IL-1β, and IL-18 were significantly increased in model group (p < 0.05, p < 0.01). Compared with model group, THSWD and nimodipine treatment groups significantly reduced the level of inflammatory factors (p < 0.05, p < 0.01). These showed that THSWD could attenuate inflammatory response of MCAO/R rats (Figure 3). During the occurrence of pyroptosis, IL-1β and IL-18 were secreted to enhance the inflammatory response. Therefore, we further investigated the effect of THSWD on pyroptosis in MCAO/R rats.
[image: Figure 3]FIGURE 3 | Taohong Siwu decoction (THSWD) reduced the levels of inflammatory factors in middle cerebral artery occlusion-reperfusion (MCAO/R) rats. (A) TNF-α, (B) TGF-β, (C) IL-2, (D) IL-6, (E) IL-1β, (F) IL-18. The results were presented as the mean ± SD (n = 6). Compared with sham group, #p < 0.05, ##p < 0.01. Compared with model group, *p < 0.05, **p < 0.01.
Effect of Taohong Siwu Decoction on Pyroptosis in Middle Cerebral Artery Occlusion-Reperfusion Rats
Immunofluorescence was used to detect the expression of NLRP3 and Caspase-1 in brain. We observed the picture qualitatively and draw the following preliminary results. As shown in Figure 4, compared with sham group, the fluorescence intensity of NLRP3 and Caspase-1 increased significantly in model group. Compared with model group, the fluorescence intensity of NLRP3 and Caspase-1 decreased in THSWD (18 g/kg) treatment groups. We also advanced quantitative analysis of NLRP3 and Caspase-1 by western blot.
[image: Figure 4]FIGURE 4 | Taohong Siwu decoction (THSWD) inhibited NLRP3 and Caspase-1 expression (×400). (A) NLRP3, (B) Caspase-1. The nuclei were stained blue by DAPI, and NLRP3 and Caspase-1 were red. (C,D) Fluorescence intensity analysis of NLRP3 and Caspase-1 staining (n = 3).
We detected the expression levels of NLRP3 inflammatory corpuscle constituent protein and pyroptosis executive protein in penumbra. As shown in Figure 5, these results showed that compared with sham group, the levels of NLRP3, Caspase-1, Caspase-1 p10, ASC, and GSDMD were significantly increased (p < 0.01) in model group. Compared with model group, the levels of NLRP3, Caspase-1, Caspase-1 p10, ASC, and GSDMD were significantly reduced (p < 0.05, p < 0.01) of THSWD and nimodipine treatment groups in penumbra. Our results indicated that THSWD could inhibit the activation of NLRP3 inflammatory corpuscle and inhibit pyroptosis in MCAO/R rats.
[image: Figure 5]FIGURE 5 | Effect of Taohong Siwu decoction (THSWD) on the characteristic protein of pyroptosis in middle cerebral artery occlusion-reperfusion (MCAO/R) rats. (A) Photographs of western blots, (B) NLRP3, (C) Caspase-1, (D) Caspase-1 p10, (E) ASC, (F) GSDMD. a: Sham, b: Model, c: THSWD (18 g/kg), d: THSWD (9 g/kg), e: THSWD (4.5 g/kg), f: nimodipine. The results were presented as the mean ± SD (n = 3). Compared with sham group, #p < 0.05, ##p < 0.01. Compared with model group, *p < 0.05, **p < 0.01.
Taohong Siwu Decoction Inhibited the Activity of HMGB1-Toll-Like Receptors-NFκB and MAPK Signaling Pathways
To explore how THSWD inhibits pyroptosis, western blot was used to detect the signaling pathway in penumbra of the brain. These results showed that compared with sham group, the levels of TXNIP, HMGB1, TLR4 and NF-κB p65 were significantly increased (p < 0.01) in model group. Compared with model group, the levels of TXNIP, HMGB1, TLR4, and NF-κB p65 were significantly reduced (p < 0.05, p < 0.01) in THSWD and nimodipine treatment groups (Figures 6B–D). This indicated that THSWD inhibited pyroptosis through down-regulating the HMGB1-TLR4-NFκB pathway.
[image: Figure 6]FIGURE 6 | Effect of Taohong Siwu decoction (THSWD) on the pathways of regulation of pyroptosis in middle cerebral artery occlusion-reperfusion (MCAO/R) rats. (A) Photographs of western blots, (B) TXNIP, (C) HMGB-1, (D) toll-like receptors-NFκB, (E) MAPK. a: Sham, b: Model, c: THSWD (18 g/kg), d: THSWD (9 g/kg), e: THSWD (4.5 g/kg), f: nimodipine. The results were presented as the mean ± SD (n = 3). Compared with sham group, #p < 0.05, ##p < 0.01. Compared with model group, *p < 0.05, **p < 0.01.
In order to study the effect of THSWD on the MAPK pathway of MCAO/R rats, the expression of JNK and p38 MAPK were detected in penumbra. These results showed compared with sham group, the levels of JNK and p38 MAPK were significantly increased (p < 0.01) in MCAO/R rats. Compared with model group, the levels of JNK and p38 MAPK were significantly reduced (p < 0.05, p < 0.01) in THSWD and nimodipine treatment groups (Figure 6E). This indicated that THSWD inhibited pyroptosis through down-regulating the MAPK pathway.
DISCUSSION
The inflammatory response is activated due to vascular occlusion in ischemic stroke. Leukocytes are recruited into endothelial cells, which damages the blood-brain barrier (BBB) and a large number of inflammatory mediators are released (Anrather and Iadecola, 2016; De Meyer et al., 2016). Intravascular inflammation is the basis of BBB breakdown and leukocyte invasion. At the same time, the inflammatory cascade process started in brain parenchyma. Microglia are recruited near damaged blood vessels and they are activated quickly (Szalay et al., 2016). Inflammatory factors are released such as IL-1β and TNF-α and fed back into the inflammatory cascade through other immune cells (Anrather and Iadecola, 2016; Szalay et al., 2016). Our previous research has proved that THSWD has a good therapeutic effect on MCAO/R. This study also confirms previous conclusions. In this study, the results showed that THSWD could reduce the levels of inflammatory factors in MCAO/R rats. This provides a positive signal for exploring the role of THSWD in pyroptosis.
Pyroptosis is widely involved in central nervous system diseases. Unlike apoptosis, pyroptosis occurred faster and accompanied by the release of a large number of inflammatory factors. Many studies have shown that almost all N-terminal domains of Gasdermin family proteins could induce pyroptosis. GSDMD is the common substrate for activated Caspase-1 and Caspase-4/5/11 (Wang K. et al., 2020). The domain of GSDMD between N-terminal domain and C-terminal domain is cleaved by activated Caspase. GSDMD N-terminal domain specifically is bound to cardiolipin and phosphoinositide, recruited oligomerization on the plasma membrane to form a membrane pore. GSDMD C-terminal domain could inhibit GSDMD N-terminal domain to maintain GSDMD inhibition state (Liu et al., 2018). NLRP3 inflammatory corpuscle is the most widely studied all inflammatory corpuscles. A large number of studies have shown that NLRP3 is expressed among neurons, endothelial cells, and microglia. TXNIP is an endogenous inhibitor of TRX. After cells are stimulated by inflammatory corpuscle activators (ROS), the oxidized TRX causes TXNIP/TRX decomposition. TXNIP is shuttled to cytoplasmic mitochondria in the ROS-dependent manner, which bound to NLRP3, and activates NLRP3 inflammatory corpuscle (Zhou et al., 2011; Nasoohi et al., 2018). Our direct observation of immunofluorescence results showed that compared with sham group, the expression levels of NLRP3 and Caspase-1 increased in MCAO/R group. Compared with MCAO/R group, the expression of NLRP3 and Caspase-1 decreased in the THSWD (18 g/kg) treatment group. Further research confirmed that THSWD could significantly decrease the expression levels of NLRP3, Caspase-1, GSDMD, TXNIP, ASC. These results proved that pyroptosis is activated by MCAO/R. THSWD could reduce the activation of NLRP3 inflammatory corpuscle and inhibit pyroptosis.
HMGB1 is transferred from the nucleus to the cytoplasm, which is secreted extracellularly by activating inflammatory corpuscles (Vande Walle et al., 2011). Outside the cell, HMGB1 bound to its receptor (TLR2, TLR4, TLR9, RAGE), mediated the production of downstream inflammatory factors and expanded the inflammatory response. Studies have shown that HMGB1 could induce the formation of NLRP3 inflammatory corpuscle through TLRs (Song et al., 2017; Yu et al., 2019). The pro-inflammatory HMGB1-TLR4-NLRP3-GSDMD signal axis could induce Caspase-1 mediated pyroptosis (Dong et al., 2019). Signaling molecules downstream of TLR4/MyD88 pathway include NF-κB, JNK, p38 MAPK, and ERK1/2. JNK and p38 MAPK are mainly activated by various cellular stress signals and pro-inflammatory cytokines (Kim and Choi, 2015). In ischemic stroke, MAPK and NF-κB signaling pathways are key links in the expression and activation of NLRP1 and NLRP3 inflammatory corpuscles (Fann et al., 2018). Their involvement is widely recognized in activating inflammatory corpuscles. In this study, we have demonstrated that HMGB1/TLR4/NFκB and MAPK were activated in the MCAO/R rats. THSWD could inhibit the activation of HMGB1/TLR4/NFκB and MAPK.
Our team conducted the THSWD fingerprint study by UPLC. A total of fifteen compounds were identified. The six compounds were initially compared by standard product, including hydroxysafflor yellow a, 5-hydroxymethyl furfuraldehyde, ferulic acid, ligustilide, amygdalin and paeoniflorin (Han et al., 2017). The assay chromatogram of THSWD of the same batch number and preparation has been published (Chen et al., 2020). Their respective contents of hydroxysafflor yellow A, amygdalin, paeoniflorin, ferulic acid, verbascoside, and ligustilide in THSWD were identified as 0.198, 0.45, 0.602, 0.031, 0.014, and 0.256 mg ml−1 (Chen et al., 2020). Also, our previous report has investigated the major constituents of THSWD by UPLC-Q-TOF-MS. A total of 95 components have been identified, including aromatic acids, flavonoids, polysaccharides, volatile oils, monoterpene glycosides, aromatic cyanoglycosides (Duan et al., 2019). Many published articles have confirmed that they are the basis of THSWD inhibitors of pyroptosis (Liu et al., 2017; Ye et al., 2020; Yin et al., 2020).
In summary, the findings showed that THSWD could significantly reduce the level of inflammatory factors. Additionally, this study demonstrated that pyroptosis is involved in MCAO/R rats. THSWD exerts significant effects on ischemic brain injury through a mechanism closely related to reduce the activation of NLRP3 inflammatory corpuscle and inhibit pyroptosis. These may be achieved by down-regulating the HMGB1-TLR4-NFκB and MAPK pathways. This study is of great significance to verify the main efficacy of traditional Chinese medicine THSWD, as it confirms the mechanism of action of the THSWD on pyroptosis. This work is conducive to the research and development of the stroke candidate drugs of THSWD.
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The NLR family pyrin domain containing 3 (NLRP3) inflammasome was reported to be regulated by autophagy and activated during inflammatory procession of Parkinson’s disease (PD). Berberine (BBR) is well-studied to play an important role in promoting anti-inflammatory response to mediate the autophagy activity. However, the effect of Berberine on NLRP3 inflammasome in PD and its potential mechanisms remain unclear. Hence, in this study, we investigated the effects of BBR on 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD mice, by evaluating their behavioral changes, dopaminergic (DA) neurons loss, neuroinflammation, NLRP3 inflammasome and autophagic activity. BBR was also applied in BV2 cells treated with 1-methyl-4-pehnyl-pyridine (MPP+). The autophagy inhibitor 3-Methyladenine (3-MA) was administrated to block autophagy activity both in vivo and in vitro. In our in vivo studies, compared to MPTP group, mice in MPTP + BBR group showed significant amelioration of behavioral disorders, mitigation of neurotoxicity and NLRP3-associated neuroinflammation, enhancement of the autophagic process in substantia nigra (SN). In vitro, compared to MPP+ group, BBR significantly decreased the level of NLRP3 inflammasome including the expressions of NLRP3, PYD and CARD domain containing (PYCARD), cleaved caspase 1 (CASP1), and mature interleukin 1 beta (IL1B), via enhancing autophagic activity. Furthermore, BBR treatment increased the formation of autophagosomes in MPP+-treated BV2 cells. Taken together, our data indicated that BBR prevents NLRP3 inflammasome activation and restores autophagic activity to protect DA neurons against degeneration in vivo and in vitro, suggesting that BBR may be a potential therapeutic to treat PD.
Keywords: Parkinson’s disease, NLRP3, neuroinflammation, autophagy, berberine
INTRODUCTION
Parkinson’s disease (PD) is characterized by loss of dopaminergic (DA) neurons and formation of Lewy bodies in substantia nigra (SN), afflicting approximately 1% of the population aged 60 years and older worldwide (Ascherio and Schwarzschild, 2016). At present, there is no radical therapy for PD (Ryan et al., 2019), and it is necessary to elucidate the underlying mechanism of PD to develop novel therapeutic methods. Numerous studies have demonstrated that NLR family pyrin domain containing 3 (NLRP3) inflammasome plays a vital role in the pathogenesis of PD (Haque et al., 2020). The activation of NLRP3 inflammasome triggered by toxins leads to the cleavage of caspase 1 (CASP1) into cleaved CASP1, which results in the secretion of interleukin 1 beta (IL1B) and interleukin 18 (IL18) to induce neuroinflammation and neuron death (Heneka et al., 2018).
NLRP3 inflammasome accumulates in microglia of 1-methyl-4-phenyl-1,2,3,6- tetrahydropyridine (MPTP)-induced mice and leads to DA neurons loss (Lee et al., 2019). 1-methyl-4-pehnyl-pyridine (MPP+), a toxic metabolite of MPTP, has been used as a stimulant to mimic PD pathophysiology in vitro. Recent studies have also reported that MPP+ can activate NLRP3 inflammasome in microglia (Yao et al., 2019; Zeng et al., 2019; Cheng et al., 2020). Therefore, inhibition of NLRP3 inflammasome activation may be a critical strategy to alleviate PD neuroinflammation.
Autophagy is an evolutionary homeostatic cellular process to degrade damaged organelles and harmful proteins. The multi-step process of autophagy initiated and mediated by a series of autophagy related (Atg) genes such as beclin 1 (BECN1) and microtubule associated protein 1 light chain 3 beta (MAP1LC3B) (Lu et al., 2019; Pohl and Dikic, 2019). Studies have shown that autophagy activation could ameliorate the detrimental effects of neuroinflammation, and thereby protect against chronic inflammatory in PD (Menzies et al., 2017; Ali et al., 2020). Although multiple evidences revealed that autophagy regulates NLRP3 inflammasome thus mitigating inflammatory response (Han et al., 2019; Houtman et al., 2019; Mehto et al., 2019; Fei et al., 2020), although the underlying mechanism of how autophagy affects the activation of NLRP3 inflammasome in PD is not completely understood. Hence, the inhibition of NLRP3 inflammasome via autophagic enhancement may be a potential benefit of PD therapy. Berberine (BBR), an organic isoquinoline alkaloid, has been clinically used in the treatment of various diseases such as cancer, bacterial diarrhea, type 2 diabetes, hypercholesterolemia, inflammation, and cardiac diseases (Neag et al., 2018; Belwal et al., 2020; Song et al., 2020). However, the neuroprotective efficacy and underlying mechanism of BBR in PD remains elusive. Therefore, we implemented MPTP-induced PD in-vivo model and MPP+-induced in-vitro model, to investigate the neuroprotective and anti-neuroinflammatory effects of BBR in ameliorating PD-like symptoms and to elucidate the role of autophagy in ameliorating neuroinflammation in PD.
MATERIALS AND METHODS
Animals
Eight-weeks-old C57BL/6J male mice (24–31 g) were ordered from Guangdong Medical Experimental Animal Center and housed in a controlled environment in terms of temperature, humidity, and a 12/12-h light/dark cycle, along with food and water ad libitum. All the procedures were performed in compliance with the Institute’s guidelines and the Guide for the Care and Use of Laboratory Animals. The study was approved by the institutional animal care committee of Guangzhou Medical University.
In-vivo Experimental Design and Drug Treatments
Mice were randomly divided into five groups as control, control + BBR, MPTP, MPTP + BBR, and MPTP + BBR + 3-Methyladenine (3-MA) group, respectively (N = 12 per group). BBR, MPTP, and 3-MA were purchased from Sigma-Aldrich Ltd. (Sigma, United States, PHR1502, M0896, M9281, respectively) and dissolved in 0.9% saline. The certified purity of BBR was 88.4%. Prior to MPTP injection for 7 days, 50 mg/kg BBR was intragastrically administrated to mice in control + BBR, MPTP + BBR, and MPTP + BBR + 3-MA groups once daily for 21 days, and the same volume of 0.9% saline was intragastrically administered to the control and MPTP groups. For the mice from MPTP, MPTP + BBR, and MPTP + BBR + 3-MA groups, after one week’s 0.9% saline or BBR treatment, 30 mg/kg MPTP was subcutaneously injected once a day for 5 consecutive days to establish the MPTP-induced subacute PD model, and the same volume of 0.9% saline were subcutaneously administered to the control and control + BBR groups. In addition, 5 mg/kg 3-MA was intraperitoneally administered in MPTP + BBR + 3-MA group once a day for 21 days. Simultaneously, the same volume of 0.9% saline was intraperitoneally administered to the control, control + BBR, MPTP, and MPTP + BBR groups. BBR and 3-MA were administrated in the same day whereas BBR and 3-MA were injected at 8:00 am and 4:00 pm, respectively. The animal behavioral tests including pole, hanging, and swimming tests were performed one day before MPTP injection and the last day after BBR and/or 3-MA treatment separately. All behavioral tests on each mouse were conducted three times at 10-min intervals, and the observer was blinded to all animals. Besides, the body weight of mice was recorded once every 4 days. The timeline of the experimental procedure was shown in Figure 1A.
[image: Figure 1]FIGURE 1 | The flowchart of the experimental procedure and neurobehavioral tests in MPTP-induced mice. (A) The flowchart of the experimental procedure. (B) Time spent in climbing of the pole test. (C) Time spent in hanging on the line of the hanging test. (D) Swimming scores in the swimming test. (E) Body-weight changes at different time points. Data were expressed as the mean ± SD (n = 12). *p < 0.05 compared with control group, #p < 0.05 compared with MPTP group, +p < 0.05 compared with MPTP + BBR group.
Pole Test
A pole of 50 cm in length and 1 cm in diameter was set upright and a wooden ball wrapped with gauze was adhered to the top of the pole. Mice were placed on the top of the wooden ball and the time until they reached the bottom of the pole was recorded. The average time of three trials was recorded.
Hanging Test
A horizontal wire of 1.5 mm in diameter was suspended 30 cm above a foam carpet. Each mouse was forced to grip the wire with its forelimbs and its hanging time was recorded until the mouse fell onto the foam carpet. The average time of three trials was recorded.
Swimming Test
A container of water (dimensions, 20×30 × 20 cm) was used for swimming test. The depth of the water was 10 cm and the temperature was 22–25 °C. Each mouse was forced to swim for one minute and the swimming scores were determined according to a previous study (Donnan et al., 1987). Briefly, scoring was based on the following: continuous swimming movements = 3; occasional floating = 2.5; floating > 50% of the time = 2.0; occasional swimming only = 1.5; occasional swimming using hind limbs while floating on side = 1.0; and no use of limbs = 0. The average time of three trials was recorded.
Tissue Preparation
Following the completion of the last behavioral tests, mice were anesthetized, and then transcardially perfused with 4% paraformaldehyde in 0.1 M of phosphate-buffered saline (PBS). The brains were post-fixed in 4% paraformaldehyde overnight at 4 °C, then gradually transferred to 10%, 20%, and 30% (w/v) sucrose solutions for cryoprotection. Coronal tissue blocks were cut into 10 µm thickness of sections (Leica CM1950, Heidelberg). The spanning blocks of tissue region were in 0.74 to 0.26 mm from bregma for striatum and −2.92 to −3.64 mm from bregma for SN. Sections were thaw-mounted to adhesive microscope slides and stored at −80 °C.
Immunohistochemistry
For immunohistochemical analysis, brain sections were incubated with 3% H2O2 for 20 min to block the activity of endogenous peroxidases. After incubating with primary anti-tyrosine hydroxylase (TH) (1:500; Santa Cruz, sc-25269), anti-PYD and CARD domain containing (PYCARD) (1:200; Immunoway, T0365), anti-IL1B (1:200; ABclonal, A13268), and anti-MAP1LC3B (1:1,000; ABclonal, A11282) antibodies overnight at 4 °C, sections were incubated with the Two-step Plus Poly-horseradish peroxidase (HRP) Anti-Mouse/Rabbit IgG Detection System (Dako, United States). Finally the tissue sections were treated with 3,3′-diaminobenzidine and hematoxylin. The optical densities (OD) of TH in striatum was calculated by the ImageJ software. The positive cells of TH, MAP1LC3B, PYCARD, and IL1B in SN were manually counted by researchers blinded to the treatment groups.
The immunofluorescence without block of endogenous peroxidases was examined with incubation of primary anti-TH (1:500; Santa Cruz, sc-25269), anti-allograft inflammatory factor 1 (AIF1) (1:200; Abcam, ab178874), anti-glial fibrillary acidic protein (GFAP) (1:200; Abcam, ab7260), anti-NLRP3 (1:200; AdipoGen, AG-20B-0014-C100), anti-PYCARD (1:200; Immunoway, T0365), anti-CASP1 (1:200; ABclonal, A0964) and anti-MAP1LC3B (1:1,000; ABclonal, A11282) antibodies overnight at 4 °C. Sections were incubated with Alexa Fluor 568-conjugated goat anti-rabbit IgG (1:1,000; Abcam, ab175471) and Alexa Fluor 488-conjugated goat anti-mouse IgG (1:1,000; Invitrogen, A32723) for 1 h at room temperature. After washing with 0.01 M PBS, sections were stained with 4′,6-Diamidino-2′-phenylindole (DAPI) (Sigma, United States) for nuclear staining, and visualized under fluorescent microscope. GFAP and AIF1 positive cells in SN were manually counted by researchers blinded to the treatment groups. The mean fluorescence intensity (MFI) of NLRP3, PYCARD, and CASP1 were calculated by the ImageJ software. The MAP1LC3B puncta were manually counted by researchers blinded to the treatment groups.
Nissl Staining
Nissl staining was performed according to the manufacturer’s instructions of nissl staining solution (Beyotime, Shanghai, China). The positive cells were viewed under a microscope. The number of neurons in SN was manually counted by researchers blinded to the treatment groups.
Transmission Electron Microscopy
For analysis of autophagosome by transmission electron microscopy, mouse SN tissues were cut into a size of 0.5–1.0 mm3 and post-fixed with 2.5% glutaraldehyde overnight at 4 °C. These blocks were washed three times with 0.1 M PBS, and post-fixed in 1% osmium tetroxide for 2 h at 4 °C. The blocks were microdissected to ultrathin sections (60–70 nm), post-stained with uranyl acetate and lead citrate, then examined under an electron microscope (Philips, Amsterdam, Netherlands).
Quantitative Polymerase Chain Reaction
Total RNA was extracted by using Trizol reagent (Invitrogen, United States) following the manufacturer’s instructions. cDNA was synthesized using PrimeScipt RT Master Mix (Takara, Japan). qPCR was performed on a Bio-rad Cx96 Detection System (Bio-rad, United States) by using a SYBR green PCR kit (Applied Biosystems, United States). The primers for the targeted genes were shown in Table 1. Reaction conditions were 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min mRNA quantification was normalized to ACTB as an internal standard.
TABLE 1 | Primer sequences used for the qPCR analysis.
[image: Table 1]Western Blotting Analysis
For western blotting analysis, total proteins were collected from striatum, SN, and BV2 cells and stored at −80 °C. 40 ug of total protein lysate was loaded onto a 12% sodium-dodecyl-sulfate polyacrylamide gel in each lane, then transferred onto a polyvinylidene-difluoride membrane (Millipore, United Ststes). The primary antibodies were incubated overnight at 4 °C included anti-TH (1:500; Santa Cruz, sc-25269), anti-solute carrier family 6 member 3 (SLC6A3) (1:1,000; ABclonal, A152360), anti-dopamine receptor D2 (DRD2) (1:1,000; ABclonal, A12930), anti-AIF1 (1:1,000; Santa Cruz, sc-32725), anti-GFAP (1:1,000; ABclonal, A14673), anti-NLRP3 (1:200; AdipoGen, AG-20B-0014-C100), anti-PYCARD (1:1,000; Immunoway, T0365), anti-CASP1 (1:1,000; ABclonal, A0964), anti-IL1B (1:1,000; ABclonal, A12688), anti-MAP1LC3B (1:1,000; ABclonal, A11282), anti-BECN1 (1:1,000; Cell Signaling Technology, 3738S) and anti-ACTB (1:3,000; ABclonal, AC026). HRP-conjugated anti-Rabbit antibody (1:5,000; ABclonal, AS014) or anti-Mouse antibody (1:5,000; ABclonal, AS003) was used as secondary antibody. ImageJ software was used to quantify the target bands and ACTB as an internal control.
In-vitro Experiments
BV2 cells were cultured in Dulbecco’s modified eagle medium (HyClone) supplemented with 10% fetal bovine serum (Gibco) and 100 U/ml penicillin (Invitrogen) at 37 °C in a humidified atmosphere with 5% CO2. Cells were treated with MPP+ at 0, 10, 50, 100, 200, and 400 μM concentrations for 24 hours to detect the cells cytotoxicity. Cells treated with BBR at 0, 12.5, 25, 50, 100, and 200 μM concentrations for 24 h were conducted for CCK8 assays. Based on the two batches results, for MPP+ group, cells were treated with MPP+ at 200 μM for 24 h. For MPP+ + BBR groups, cells were incubated with BBR at 0, 12.5, 25, 50 μM concentrations for 3 h respectively, prior to be treated with MPP+ at 200 μM for 24 h. For MPP+ + BBR + 3-MA group, cells were pre-treated with BBR at 25 μM and 3-MA at 10 mM for 3 h, then were treated with 200 μM MPP+ for 24 h. For control group, cells were treated with the same volume of culture medium. All groups of cells, then were collected to examine the activation of NLRP3 inflammasome and autophagic activity.
Enzyme-Linked Immunosorbent Assays
BV2 cells were treated with MPP+ at 0, 10, 50, 100, 200, and 400 μM concentrations for 24 h. The culture supernatants were collected and measured for IL1B via ELISA kits (Invitrogen, United States, BMS6002) according to the manufacturer’s instructions. Briefly, supernatants were added in the coated wells with IL1B antibody of 96-well plates and incubated for 2 h at room temperature, then washed five times and incubated with an HRP-linked streptavidin solution for 30 min at room temperature. All samples were tested by duplication, and absorbance at 450 nm was measured by a microplate spectrophotometer (Thermo Scientific, United Ststes).
Monodansylcadaverine (MDC) Staining
MDC, a fluorescent marker of autophagic vacuoles, was used to detect the autophagic activity. BV2 cells were pre-treated with 25 μM BBR with or without 10 mM 3-MA for 3 h, this was followed by addition of 200 μM MPP+ for 24 h. At the end of the incubation period, 50 mM MDC (Sigma, United States, D4008) was added to the cells for 15 min at 37 °C in dark. After washing twice with 0.01 M PBS, cells were examined under a fluorescent microscope (Leica, Solms, Germany). The number of autophagic vacuoles was manually counted by researchers blinded to the treatment groups.
Statistical Analysis
Data were presented as means ± standard deviations (SDs) and analyzed via SPSS 21.0 software. The differences among groups were compared using one-way analyses of variance (ANOVAs) followed by Tukey’s tests for post-hoc comparisons. The differences were established to be statistically significant at p < 0.05.
RESULTS
BBR Ameliorates Behavioral Impairments in MPTP-Induced Mice
Compared to the control group, MPTP-induced mice spent significantly longer time in the pole test (p < 0.05, Figure 1B), shorter time in the hanging test (p < 0.05, Figure 1C), and achieved lower scores in the swimming test (p < 0.05, Figure 1D). MPTP + BBR-treated mice showed significantly better performance in behavioral tests including pole test (p < 0.05, Figure 1B), hanging test (p < 0.05, Figure 1C) and swimming test (p < 0.05, Figure 1D) when comparing to MPTP group. While comparing to MPTP + BBR group, mice in MPTP + BBR + 3-MA group showed significantly inferior performance in pole test (p < 0.05, Figure 1B) and hanging test (p < 0.05, Figure 1C). Compared to the control group, mice in the other four groups all showed no significant difference in body weight at all time points (p > 0.05, Figure 1E).
BBR Mitigates Neurotoxicity in MPTP-Induced Mice
Compared to the control group, MPTP-induced mice showed significant loss of TH in striatum (p < 0.05, Figures 2A–D) and SN (p < 0.05, Figures 2E–H). Compared to the MPTP group, MPTP + BBR-treated mice showed significant increase of TH in striatum (p < 0.05, Figures 2A–D) and SN (p < 0.05, Figures 2E–H). Additionally, mice in MPTP + BBR + 3-MA group showed significant loss of TH both in striatum and SN when compared to those in MPTP + BBR group (p < 0.05, Figures 2A–H). As shown in Figures 2I,J, the number of DA neurons in SN in MPTP and MPTP + BBR + 3-MA groups were decreased by nissl staining (p < 0.05), whereas the number of DA neurons in MPTP + BBR group were increased (p < 0.05). Additionally, compared to control group, MPTP-induced mice showed lower expression of SLC6A3 and DRD2 in striatum (both p < 0.05, Figures 2K,L). MPTP + BBR-treated mice showed significant increase of SLC6A3 and DRD2 expressions in striatum when comparing to MPTP group (both p < 0.05, Figures 2K,L). However, mice in MPTP + BBR + 3-MA group showed significant reduction of SLC6A3 and DRD2 expression in striatum when compared with MPTP + BBR group (both p < 0.05, Figures 2K,L).
[image: Figure 2]FIGURE 2 | BBR ameliorates dopaminergic neurons degeneration in MPTP-induced mice. (A) The representative immunohistochemical staining of TH in striatum. (B) The OD of TH staining in striatum. Representative western blot bands (C) and the statistical graph (D) of TH in striatum. (E) The representative immunohistochemical staining of TH in SN. (F) The number of TH positive neurons in SN. Representative western blot bands (G) and the statistical graph (H) of TH in SN. (I) Nissl staining for neurons in SN. (J) The number of neurons in SN. Representative western blot bands (K) and the statistical graph (L) of SLC6A3 and DRD2 in striatum. Data were expressed as the mean ± SD (n = 6). *p < 0.05 compared with control group, #p < 0.05 compared with MPTP group, +p < 0.05 compared with MPTP + BBR group. TH, tyrosine hydroxylase; OD, optical densities; SN, substantia nigra; SLC6A3, solute carrier family 6 member 3; DRD2, dopamine receptor D2.
BBR Ameliorates NLRP3-Associated Neuroinflammation in SN of MPTP-Induced Mice
As shown in Figures 3A–C, the representative images and statistical graphs of immunofluorescent staining showed that the expressions of AIF1 and GFAP were increased in MPTP and MPTP + BBR + 3-MA groups but not in control, control + BBR and MPTP + BBR groups (both p < 0.05), which indicated the infiltration of microglia and astrocytes in SN of mice from MPTP and MPTP + BBR + 3-MA groups. In accordance, compared to the control group, mice in MPTP + BBR group exhibited a significant reduction in the expression of AIF1 and GFAP in SN (both p < 0.05, Figures 3D,E). Compared to the MPTP group, MPTP + BBR-treated mice exhibited significantly lower expression of AIF1 and GFAP in SN (both p < 0.05, Figures 3D,E), whereas mice in MPTP + BBR + 3-MA group significantly increased the expression of AIF1 and GFAP when compared to those in MPTP + BBR group (both p < 0.05, Figures 3D,E).
[image: Figure 3]FIGURE 3 | BBR inhibits MPTP-induced neuroinflammation in mice. (A) The representative double-immunofluorescent staining of GFAP (red) /TH (green) and AIF1 (red) /TH (green) in SN. The number of GFAP (B) and AIF1 (C) positive cells in SN. Representative western blot bands (D) and the statistical graph (E) of GFAP and AIF1 in SN. Data were expressed as the mean ± SD (n = 6). *p < 0.05 compared with control group, #p < 0.05 compared with MPTP group, +p < 0.05 compared with MPTP + BBR group. GFAP, glial fibrillary acidic protein; TH, tyrosine hydroxylase; AIF1, allograft inflammatory factor 1; SN, substantia nigra.
As shown in Figure 4A, co-immunostaining revealed NLRP3 and AIF1 were almost overlapping, indicating NLRP3 mainly expressed in microglia of MPTP-induced mice. Statistical graphs of immunofluorescent staining showed that the expressions of NLRP3 were increased in MPTP and MPTP + BBR + 3-MA groups but not in control, control + BBR and MPTP + BBR groups (p < 0.05, Figure 4B). Compared to control group, MPTP-induced mice showed significantly higher expression of NLRP3 in SN (p < 0.05, Figure 4C). Compared to MPTP group, MPTP + BBR-treated mice showed significantly lower expression of NLRP3 (p < 0.05, Figure 4C). Additionally, mice in MPTP + BBR + 3-MA group significantly increased the expression of NLRP3 when compared to those in MPTP + BBR group (p < 0.05, Figure 4C). The representative images statistical graphs of immumohistochemical staining showed the increase in positive cells of PYCARD and IL1B in SN of mice from MPTP and MPTP + BBR + 3-MA groups but not in control, control + BBR and MPTP + BBR groups (both p < 0.05, Figures 4D–G). Furthermore, compared to control group, MPTP-induced mice exhibited significant increase in the expressions of NLRP3 inflammasome components including PYCARD, cleaved CASP1, and mature IL1B (all p < 0.05, Figures 4H,I). Compared to MPTP group, MPTP + BBR-treated mice showed significant decrease in the expressions of PYCARD, cleaved CASP1, and mature IL1B (all p < 0.05, Figures 4H,I), whereas mice in MPTP + BBR + 3-MA group significantly increased the expressions of PYCARD, cleaved CASP1, and mature IL1B when compared to MPTP + BBR group (all p < 0.05, Figures 4H,I).
[image: Figure 4]FIGURE 4 | BBR suppresses NLRP3 inflammasome activation in MPTP-induced mice. (A) The representative double-immunofluorescent staining of NLRP3 (red) and AIF1 (green) in SN. (B) The MFI of NLRP3 in SN. (C) Representative western blot bands and the statistical graph of NLRP3 in SN. The representative immunohistochemical staining for PYCARD (D) and IL1B (E) in SN. The number of PYCARD (F) and IL1B (G) positive cells in SN. Representative western blot bands (H) and the statistical graph (I) of PYCARD, cleaved CASP1, and mature IL1B in SN. Data were expressed as the mean ± SD (n = 4 for Figure 4B; n = 6 for Figures 4C,F,G,I). *p < 0.05 compared with control group, #p < 0.05 compared with MPTP group, +p < 0.05 compared with MPTP + BBR group. NLRP3, NLR family pyrin domain containing 3; AIF1, allograft inflammatory factor 1; SN, substantia nigra; MFI, mean fluorescence intensity; PYCARD, PYD, and CARD domain containing; IL1B, interleukin 1 beta; CASP1, caspase 1.
BBR Mitigates Autophagic Impairment in SN of MPTP-Induced Mice
As shown in Figures 5A,B, the representative images and statistical graphs of immunohistochemical staining results showed the decrease in MAP1LC3B positive cells in SN of mice from MPTP and MPTP + BBR + 3-MA groups but not from control, control + BBR and MPTP + BBR groups (p < 0.05). In accordance, compared to control group, MPTP-induced mice showed a significant decrease in the expression of BECN1 and MAP1LC3B-II (both p < 0.05, Figures 5C,D). Compared to MPTP group, MPTP + BBR-treated mice showed a significant increase in the expression of BECN1 and MAP1LC3B-II (both p < 0.05, Figures 5C,D), whereas mice in MPTP + BBR + 3-MA group significantly reduced the expression of BECN1 and MAP1LC3B-II when compared to MPTP + BBR group (both p < 0.05, Figures 5C,D). The representative images of transmission electron microscopy showed the formation of autophagosome in SN of mice from control, control + BBR, and MPTP + BBR groups but not from MPTP and MPTP + BBR + 3-MA groups (Figure 5E).
[image: Figure 5]FIGURE 5 | BBR mitigates autophagic impairment in MPTP-induced mice. (A) The representative immunohistochemical staining for MAP1LC3B in SN. (B) The number of MAP1LC3B positive cells in SN. Representative western blot bands (C) and the statistical graph (D) of MAP1LC3B and BECN1 in SN. (E) Transmission electron microscopy shown with autophagosomes (yellow arrows) in the SN. Data were expressed as the mean ± SD (n = 6). *p < 0.05 compared with control group, #p < 0.05 compared with MPTP group, +p < 0.05 compared with MPTP + BBR group. MAP1LC3B, microtubule associated protein 1 light chain 3 beta; SN, substantia nigra; BECN1, beclin 1.
BBR Decreases NLRP3 Inflammasome in MPP+-Treated BV2 Cells
The representative images and statistical graphs of immunofluorescent staining showed that MPP+ at 200 μM increased the positive cells of NLRP3 in BV2 cells (p < 0.05), which was decreased by BBR at the concentrations of 12.5, 25, and 50 μM (all p < 0.05, Figures 6A,B). In accordance, compared to untreated group, MPP+ at 200 μM significantly increased the expression of NLRP3 in BV2 cells (p < 0.05), whereas the expression was decreased by BBR in a dose-dependent manner 12.5, 25, and 50 μM (all p < 0.05, Figures 6C,D). In addition, MPP+ at 200 μM significantly increased the positive cells of PYCARD (p < 0.05, Figures 6E,F) and CASP1 (p < 0.05, Figures 6G,H) in BV2 cells, which was reduced by BBR at 25 μM (both p < 0.05, Figures 6E–H). Furthermore, compared to untreated group, MPP+ at 200 μM significantly elevated the expressions of PYCARD, cleaved CASP1, and mature IL1B in BV2 cells (all p < 0.05, Figures 6I,J), whereas were reduced by BBR dose-dependently (all p < 0.05, Figures 6I,J). The concentrations of drugs used in BV2 cells were according to the cell survival data as shown in Supplementary Figure S1.
[image: Figure 6]FIGURE 6 | BBR inhibits NLRP3 inflammasome in MPP+-treated BV2 cells. The representative double-immunofluorescent staining (A) and MFI (B) of NLRP3 (red) and AIF1 (green) in BV2 cell treated with MPP+ at 200 μM and BBR at the concentration of 0, 12.5, 25, and 50 μM. Representative western blot bands (C) and the statistical graph (D) of NLRP3 in BV2 cells treated with MPP+ at 200 μM and BBR at the concentration of 0, 12.5, 25, and 50 μM. The representative double-immunofluorescent staining (E) and MFI (F) of PYCARD in BV2 cells treated with MPP+ at 200 μM and BBR at 25 μM. The representative double-immunofluorescent staining (G) and MFI (H) of CASP1 in BV2 cells treated with MPP+ at 200 μM and BBR at 25 μM. Representative western blot bands (I) and the statistical graph (J) of PYCARD, cleaved CASP1 and mature IL1B in BV2 cell treated with MPP+ at 200 μM and BBR at the concentration of 12.5, 25, and 50 μM. Data were expressed as the mean ± SD (n =3). *p < 0.05 compared with untreated group, #p < 0.05 compared with MPP+ group. NLRP3, NLR family pyrin domain containing 3; MFI, mean fluorescence intensity; AIF1, allograft inflammatory factor 1; PYCARD, PYD and CARD domain containing; CASP1, caspase 1; IL1B, interleukin 1 beta.
BBR Enhances Autophagic Activity in MPP+-Treated BV2 Cells
The representative immunofluorescent images and statistical graphs of MAP1LC3B showed that MPP+ at 200 μM significantly decreased the positive cells and puncta of MAP1LC3B in BV2 cells (p < 0.05), which was increased by BBR at the concentrations of 12.5, 25, and 50 μM (all p < 0.05, Figures 7A,B). Compared to untreated group, MPP+ at 200 μM significantly impaired autophagic activity with a decrease in the expression of BECN1 and MAP1LC3B-II in BV2 cells (both p < 0.05, Figures 7C,D), which were significantly increased by BBR at the concentration of 12.5, 25, and 50 μM (all p < 0.05, Figures 7C,D).
[image: Figure 7]FIGURE 7 | BBR enhances autophagic activity in MPP+-treated BV2 cells. The representative immunofluorescent staining (A) and puncta (B) of MAP1LC3B in BV2 cells treated with MPP+ at 200 μM and BBR at the concentration of 12.5, 25, and 50 μM (20 cells were analyzed per group for MAP1LC3B puncta counting). Representative western blots (C) and the statistical graph (D) of MAP1LC3B and BECN1 in BV2 cells treated with MPP+ at 200 μM and BBR at the concentration of 12.5, 25, and 50 μM. The representative double-immunofluorescent staining (E) and puncta (E) of MAP1LC3B in BV2 cells treated with MPP+ at 200 μM, BBR at 25 μM and 3-MA at 10 mM (20 cells were analyzed per group for MAP1LC3B puncta counting). The representative monodansylcadaverine staining (G) and statistical graph (H) of autophagic vesicles in BV2 cells treated with MPP+ at 200 μM, BBR at 25 μM and 3-MA at 10 mM. Representative western blot bands (I) and the statistical graph (J) of MAP1LC3B and BECN1 in BV2 cells treated with MPP+ at 200 μM, BBR at 25 μM and 3-MA at 10 mM. Data were expressed as the mean ± SD (n = 3). *p < 0.05 compared with untreated group, #p < 0.05 compared with MPP+ group, +p < 0.05 compared with MPP+ + BBR group. MAP1LC3B, microtubule associated protein 1 light chain 3 beta; BECN1, beclin 1.
Additionally, immunofluorescence staining results showed that 3-MA could reduce the positive cells and puncta of MAP1LC3B in BV2 cells when treated with MPP+ at 200 μM plus BBR at 25 μM (p < 0.05, Figures 7E,F). Compared to untreated group, MPP+ at 200 μM reduced the formation of autophagic vesicles in BV2 cells (p < 0.05), which was increased by BBR at 25 μM (p < 0.05, Figures 7G,H). While 3-MA decreased the formation of autophagic vesicles when BV2 cells were co-treated with MPP+ (200 μM) and BBR (25 μM) (p < 0.05, Figures 7G,H). We further observed that, 3-MA significantly blocked autophagic activity with a decrease in the expression of BECN1 and MAP1LC3B-II in BV2 cells when treated with MPP+ (200 μM) and BBR (25 μM) (both p < 0.05, Figures 7I,J). Besides, 3-MA could also reverse the expressions of NLRP3, PYCARD, cleaved CASP1, and mature IL1B upon co-treated with MPP+ and BBR as shown in Supplementary Figure S2.
DISCUSSION
As a housekeeping pathway and mediator of cellular homeostasis, autophagy plays an essential role in regulating the activation of NLRP3 inflammasome (Liu et al., 2020a). Studies have shown that autophagy process is impaired during neuroinflammation (Du et al., 2017; Wang et al., 2017; Ali et al., 2020). Reversing autophagic dysfunction which can block NLRP3 inflammasome may provide a novel therapy against PD (Haque et al., 2020). It was reported that BBR prevents DA neuron from death in SN of MPTP-induced mice (Friedemann et al., 2016), but the underlying mechanism remains unclear. Here our data revealed that BBR ameliorated MPTP/MPP+-induced neurotoxicity by enhancing autophagy activity and inhibiting the activation of NLRP3 inflammasome. Besides, inhibition of autophagy with 3-MA antagonized the neuroprotective effects of BBR on MPTP/MPP+-induced neurotoxicity by activating NLRP3 inflammasome. Taken together, our data revealed that BBR could inhibit the activation of NLRP3 inflammasome by enhancing autophagic functions in PD models.
The NLRP3 inflammasome is a multi-protein complex consisting of NLRP3, PYCARD adaptor and CASP1 (Swanson et al., 2019). Chronic activation of microglia is a characteristic of neuroinflammation in PD (Panicker et al., 2019), which closely relates to the activation of NLRP3 inflammasome (Nizami et al., 2019). Environmental toxins such as MPTP, rotenone, 6-hydroxydopamine (6-OHDA) or lipopolysaccharide (LPS) were reported to activate NLRP3 inflammasome in microglia and cause DA neuronal death (Zhou et al., 2016; Mao et al., 2017; Haque et al., 2020). In this study, we found that MPTP induced the activation of NLRP3 inflammasome in microglia which led to DA neuron degeneration and behavior dysfunction in mice. Additionally, in line with previous studies (Yao et al., 2019; Zhang et al., 2020), we observed that MPP+ significantly activated NLRP3 inflammasome by increasing the levels of NLRP3, PYCARD, cleaved CASP1, and mature IL1B. The mechanism of MPP+ activating NLRP3 inflammasome may be explained by that MPP+ stimulates superabundant generation of reactive oxygen species (ROS), which considers as the primary mechanism to activate NLRP3 inflammasome (Groß et al., 2016). Overproduction of ROS dissociates thioredoxin interacting protein (TXNIP), and this dissociation of TXNIP activates NLRP3 inflammasome by directly binding to NLRP3 (Kim et al., 2014; Heo et al., 2019). As a result, the activation of NLRP3 inflammasome releases cleaved CASP1 and also cleaves pro-IL1B and pro-IL18 into mature IL1B and mature IL18, triggering inflammatory cascades (Wang et al., 2019) and causing synuclein alpha (SNCA) aggregation in PD (Wang et al., 2016).
Autophagy eliminates damaged organelles, misfolded proteins and stress-related products to maintain cellular homeostasis (Peker and Gozuacik, 2020). During the process of autophagy, MAP1LC3B-I can be conjugated to phosphatidylethanolamine by cysteine proteases and converted into MAP1LC3B-II (Galluzzi et al., 2017; Ruan et al., 2020). The expression of MAP1LC3B-II is widely used to estimate the autophagic activity (Kim et al., 2017; Yuan at al., 2017). BECN1, known as ATG6 or VPS30, regulates lipid kinase vps34 to promote the formation of BECN1-vps34-vps15 complex and initiates the formation of autophagosome (Levine and Kroemer, 2008; Kang et al., 2011). As a crucial molecule, BECN1 is usually used to monitor autophagic activity (Sun et al., 2018b). It was reported that autophagy activity was impaired in both MPTP-induced mice and MPP+-treated cells (Sun et al., 2018a; Chen et al., 2019; Lin et al., 2020). Consistently, we found that MPTP or MPP+ impaired autophagic activity by decreasing MAP1LC3B-II and BECN1 expression, along with reducing the formation of autophagosomes. Previous studies have confirmed that autophagic activity is tightly linked to the activation of NLRP3 inflammasome (Han et al., 2019; Houtman et al., 2019). Enhancing autophagic activity could inhibit NLRP3 inflammasome activation by removal of damaged mitochondria and prevention of ROS release into cytoplasm (Iida et al., 2018; Liu, 2019). On the contrary, inhibition of autophagy and/or lysosome functions may lead to the activation of NLRP3 inflammasome. One recent study reported that autophagy inhibitor 3-MA and lysosome inhibitor chloroquine (CQ) could enhance the activation of the NLRP3 inflammasome in a rat model of chronic cerebral hypoperfusion (Su et al., 2019). Moreover, 3-MA was recently reported to activate NLRP3 inflammasome in influenza virus-infected macrophages (Liu et al., 2020b). CQ could abrogate the inhibitory effect of metformin on NLRP3 expression in a mouse model of acute myocardial infarction (Fei et al., 2020). Thus, induction of autophagy to suppress the activation of NLRP3 inflammasome is important to against NLRP3-associated disorders (Wang et al., 2020). In this study, we found that NLRP3 inflammasome was activated in both MPTP-induced mice and MPP+-treated BV2 cells which accompanied by the impaired autophagy, indicating the activation of NLRP3 inflammasome may ascribe to the autophagy impairment. Additionally, the autophagic flux is the complete process of autophagy, in which the autophagosomes are lysed by lysosomes. It has been found that BBR could activate the autophagic flux process under several pathological conditions such as cholesterol-overloaded liver (Sun et al., 2018), and induced autophagy flux in myocardial tissue in hypoxia/reoxygenation injury (Zhu et al., 2020). Hence, we speculate that BBR may influence the autophagic flux in PD development according to our present results and literature reports, with which further study needs to be verified.
BBR exhibits several protective effects on neural cells (Song et al., 2020), but little to know of its potential mechanisms in PD. In our data, BBR suppressed NLRP3 inflammasome and enhanced autophagic activity in both MPTP-induced mice and MPP+-treated BV2 cells, indicating that NLRP3 inflammasome may be a target of BBR on inhibiting neuroinflammation. It was reported that BBR displays multiple pharmacological effects on modifying autophagy (Song et al., 2020). Zhang et al. demonstrated that BBR enhanced autophagic activity by promoting autophagosome formation and increasing the expression of BECN1 and MAP1LC3B-II (Zhang et al., 2016). In APP/tau/PS1 mouse, BBR promoted autophagic clearance of amyloid β (Aβ) by enhancing autophagic activity through the class-III phosphoinositide 3-kinase (PI3K)/BECN1 pathway (Huang et al., 2017). Zhou et al. reported a novel mechanism of BBR in protecting insulin resistance by enhancing autophagy to inhibit the activation of NLRP3 inflammasome (Zhou et al., 2017). In our experiments, BBR significantly suppressed the activation of NLRP3 inflammasome and enhanced autophagic activity in PD models. Furthermore, we used the common autophagy inhibitor 3-MA to inhibit autophagy to identify whether the inhibition of autophagy causes the activation of NLRP3 inflammasome in PD. As an autophagic inhibitor, 3-MA inhibits autophagy at the early stage of autophagosome formation by inhibiting class-III PI3K (Zeng et al., 2012). Studies reported that 3-MA inhibited autophagy, reduced the expression of MAP1LC3B-II and caused neuronal death (Zhong et al., 2019; Guo et al., 2020). In the present study, we found that the pharmacological effects of BBR were abolished by 3-MA co-treatment, indicating the mechanism of BBR on inhibiting NLRP3 inflammasome may ascribe to the enhancement of autophagy. Moreover, study has been reported that BBR displayed weak effect on the pro-IL1B processing in lipopolysaccharide plus palmitate induced bone marrow derived macrophages (Zhou et al., 2017). Enhancing autophagy could promote NLRP3 autophagic degradation to inhibit NLRP3 inflammasome (Han et al., 2019), indicating BBR may inhibit NLRP3 inflammasome by increasing NLRP3 autophagic degradation.
CONCLUSIONS
In this study, we revealed that BBR could ameliorate PD-like pathophysiology by enhancing autophagy process and inhibit the activation of NLRP3 inflammasome, which provides a novel neuroprotective mechanism of BBR and to be a potential therapeutic agent for PD.
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Promoting the differentiation of oligodendrocyte precursor cells (OPCs) is important for fostering remyelination in multiple sclerosis. Catalpol has the potential to promote remyelination and exert neuroprotective effects, but its specific mechanism is still unclear. Recent studies have shown that the NOTCH1 signaling pathway is involved in mediating OPC proliferation and differentiation. In this study, we elucidated that catalpol promoted OPC differentiation in vivo and vitro and explored the regulatory role of catalpol in specific biomolecular processes. Following catalpol administration, better and faster recovery of body weight and motor balance was observed in mice with cuprizone (CPZ)-induced demyelination. Luxol fast blue staining (LFB) and transmission electron microscopy (TEM) showed that catalpol increased the myelinated area and improved myelin ultrastructure in the corpus callosum in demyelinated mice. In addition, catalpol enhanced the expression of CNPase and MBP, indicating that it increased OPC differentiation. Additionally, catalpol downregulated the expression of NOTCH1 signaling pathway-related molecules, such as JAGGED1, NOTCH1, NICD1, RBPJ, HES5, and HES1. We further demonstrated that in vitro, catalpol enhanced the differentiation of OPCs into OLs and inhibited NOTCH1 signaling pathway activity. Our data suggested that catalpol may promote OPC differentiation and remyelination through modulation of the NOTCH1 pathway. This study provides new insight into the mechanism of action of catalpol in the treatment of multiple sclerosis.
Keywords: catalpol, multiple sclerosis, remyelination, oligodendrocytes, cuprizone, Notch1 signaling pathway
INTRODUCTION
Multiple sclerosis (MS), a demyelinating disease, affects the central nervous system (CNS), especially the white matter, and is characterized by immune cell infiltration, demyelination, oligodendrocyte (OL) loss and axonal destruction (McQualter and Bernard, 2007; Jurasic et al., 2019). Demyelination caused by immune inflammation results in severe neurological dysfunction in patients with MS (Stanojlovic et al., 2016). Promoting remyelination is important for the restoration of neurological function in MS. During the development of MS, lesions contain enough oligodendrocyte precursor cells (OPCs), which differentiate into myelinating OLs, to form a new myelin sheath around the injured axon. However, this process fails due to interference by various factors. A previous study revealed that activation of the NOTCH1 signaling pathway is one of these factors. The NOTCH1 signaling pathway affects the development and progression of the disease in the CNS by regulating the proliferation, differentiation and apoptosis of stem cells. NOTCH1 binds to the ligand JAGGED1to activate downstream signaling pathways and then directly converts extracellular information into changes in nuclear gene expression (Zhang et al., 2009; Paganin and Ferrando, 2011), which may hinder OPC differentiation and remyelination.
Doctors often use glucocorticoids and plasma exchange to alleviate symptoms, shorten the course of the disease, reduce the degree of disability and prevent complications in the acute phase of MS. In the remission phase, teriflunomide, interferon, fingolimod and other disease-modifying therapies (DMTs) are used to control disease progression and reduce recurrence. However, these therapies cannot prevent CNS neurodegeneration (Faissner et al., 2019). Currently, there are no safe and effective strategies to promote remyelination to improve nerve function (Plemel et al., 2017; Katsara and Apostolopoulos, 2018).
Catalpol, also known as catalpinoside, is the main active ingredient of the traditional Chinese herbal medicine Rehmannia glutinosa (Gaertn.) DC.. Catalpol has anti-inflammatory and antioxidant properties and exerts neuroprotective effects, improving neurocognitive function (Xia et al., 2017). Administration of 10 mg/kg or 20 mg/kg catalpol for 14 days produces significant antidepressant effects in a mouse model of depression through the serotonin pathway (Wang et al., 2014). The antidepressant effects of catalpol may be related to repair of the hypothalamic-pituitary-adrenal (HPA) axis and increased expression of brain-derived neurotrophic factor (BDNF) (Wang et al., 2015). Catalpol can also protect forebrain neurons from neurodegeneration and enhance memory by increasing BDNF expression (Liu et al., 2006; Wang et al., 2009; Wan et al., 2013). In an experimental model of Parkinson’s disease, catalpol increases the concentration of striatal dopamine and the level of glial cell-derived neurotrophic factor (GDNF) (Xu et al., 2010), thereby exerting its neuroprotective functions.
We have found that catalpol can promote remyelination in experimental autoimmune encephalomyelitis (EAE) mice by upregulating the expression of the transcription factors OLIG1 and OLIG2, as well as increasing the proliferation, migration and differentiation of OPCs in vitro (Yuan et al., 2015; Yang et al., 2017). However, the mechanism is unclear. Therefore, in this study, we will use a mouse model of demyelination induced by cuprizone (CPZ) and OPCs in vitro to explore whether catalpol promotes remyelination by regulating the NOTCH1 signaling pathway.
MATERIALS AND METHODS
Animals
Female specific pathogen-free (SPF) C57BL/6J mice (aged 6–8 weeks) were provided by Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. [SCXK (Beijing) 2016-0006]. The mice were housed in an SPF laboratory at the Experimental Animal Center of Capital Medical University [SYXK (Beijing) 2018-0003] at a stable temperature and humidity and provided solid rodent food and water. Animal experiments were approved by the Animal Experiments and Experimental Animal Welfare Committee of Capital Medical University (AEEI-2015-185).
Drugs
Special feed containing 0.2% CPZ (Sigma, United States) produced by Beijing Keao Xieli Feed Co., Ltd. [Beijing Feed Certification (2014) 06054] was used for this experiment after disinfection by cobalt-60 irradiation. For in vivo studies, catalpol was purchased from Nanjing Dilge Pharmaceutical Technology Co., Ltd. and used in doses of 20 mg/kg, 40 mg/kg and 80 mg/kg, and its purity was ≥85%. For in vitro studies, the standard substance of catalpol was provided by Target Molecule Corp (T2780) and used in the concentrations of 0–100 μM, and its purity was ≥ 99%.
Establishment and Treatment of the CPZ-Induced Demyelination Mouse Model
Sixty mice were randomly divided into five groups: the normal control (NC) group (n = 15), the model (MO) group (n = 15), and the 20 mg/kg, 40 mg/kg and 80 mg/kg catalpol groups (n = 10/group). The mice in the NC group were given normal feed, and the mice in the other five groups were given feed containing 0.2% CPZ. After 5 weeks, the levels of relevant indicators were assessed in five mice from each of the NC group and the MO group. From the 6th week, the remaining mice were provided normal feed. The catalpol groups were administered the corresponding dose of catalpol daily by gavage, whereas the NC and MO groups were given the same volume of normal saline. Biological materials were collected after 8 weeks (Figure 1).
[image: Figure 1]FIGURE 1 | The design scheme of experimental protocol. At the end of the fifth week, five mice in the NC group and MO group were randomly selected and sacrificed; The remaining mice continued to be raised. Black represents a normal diet, red represents a diet containing 0.2% CPZ, blue means a normal diet plus gavage of normal saline, and green represents a normal diet plus gavage of catalpol.
Body Weight Measurement and the Rotarod Test
From the start of modeling, the body weight of each mouse was measured twice a week. For three days before modeling, the mice were subjected to balance training on a rotating device twice a day. After the mice had been adapted to the device, their motor abilities were tested twice a week. The rotation speed was slowly increased from 5 rpm to 40 rpm over 3 min. When a mouse fell off or held onto the rotating rod and for two or more rotations, the experiment was ended. The time spent on the rod by the mice was recorded to monitor changes in coordination and balance (Fan et al., 2018).
Luxol Fast Blue Staining
The mice were anesthetized with 4% chloral hydrate and perfused with 40 g/L paraformaldehyde for 30 min, and their tissues were embedded with paraffin. Five-micron -thick coronal slices of the brain located in the corpus callosum were prepared. After being washed with phosphate-buffered saline (PBS), the brain slices were baked at 60°C for 2 h, placed in 1:1 ethanol and chloroform for 4 h, and then transferred to 95% ethanol. After dehydration, the sections were placed in LFB solution overnight, rinsed, and then subjected to color development with 0.05% lithium carbonate and 70% alcohol. After being rinsed, the sections were counterstained with cresyl violet for 5 min, rinsed with water, dehydrated, removed, and sealed for observation.
Primary OPC Culture
Newborn Sprague-Dawley (SD) rats were provided by Beijing Weitong Lihua Experimental Animal Technology Co., Ltd. [SCXK (Beijing) 2016-0006]. OPCs were isolated and purified by a method involving B104-conditioned medium. Mixed glial cells were isolated from the cortices of newborn rats. After being cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) for 3 days, the mixed glial cells were cultured with modified OPC growth medium (mOGM) containing 15% B104-conditioned medium. The OPCs were isolated and purified by a chemical-based separation procedure when they had proliferated enough.
Cell Counting Kit (CCK)-8 Assay
One hundred microliters of a single-cell suspension containing OPCs (1.5 × 104) was seeded in PPL-coated 96-well plates for 24 h and then treated with catalpol (0, 1, 2.5, 5, 10, 20, 40, 80, or 100 μM) for 24 h, 48 h or 72 h. Then, cell viability was assessed by a CCK-8 kit according to the manufacturer’s instructions. The optical density (OD) values at 450 nm were measured with a microplate reader and normalized to those of the control groups.
Transmission Electron Microscopy
After perfusion, the corpus callosum tissues of the mice were separated on ice, cut into approximately 1 × 1 × 3 mm3 pieces, placed in 2.5% glutaraldehyde for 2 h, and then rinsed with 0.1 M PB three times. Then the corpus callosum tissues were fixed with 1% osmium acid, dehydrated in alcohol, soaked for 20 min, embedded in embedding agent, subjected to melt impregnation and treated with pure embedding agent. The embedded samples were sliced with an ultrathin microtome and then stained and coverslipped. The ultrastructure of the myelin sheath was observed with an electron microscope (JEM-2100, JEOL, Tokyo, Japan). We randomly selected at least 80 axons from each group, used professional image analysis software (Image-Pro Plus, IPP) to measure the diameter of the myelin sheath and axon in each field of view, and calculated the G-ratio (axon/axon diameter + myelin sheath diameter) to evaluate demyelination.
Immunofluorescence
The mouse brain slices were dewaxed, hydrated, incubated in citric acid for 20 min for antigen repair, cooled to room temperature (RT), and blocked with 10% goat serum at 37°C for 60 min. Goat anti-OLIG2 (1:100; R&D, MN, United States), mouse anti-CNPase (1:200, Abcam, Cambridge, United Kingdom), rabbit anti-MBP (1: 200, Abcam, Cambridge, United Kingdom), and rabbit anti-GFAP (1:400, Abcam, Cambridge, United Kingdom) primary antibodies were added dropwise, and the slices were incubated at 4°C for 48 h. After the slices were rewarmed at 37°C for 60 min, they were incubated with corresponding fluorescently labeled IgG antibodies (Alexa Fluor 488-conjugated donkey anti-rabbit or mouse IgG [1: 200], Cy3-labeled donkey anti-goat IgG [1: 200], or Alexa Fluor 488-conjugated goat anti-rabbit IgG [1: 200]). Then, the slices were sealed with DAPI solution. Representative images were obtained with the Pannoramic SCAN digital slice scanner and analysis software (3DHISTECH, Hungary), and ImageJ was used to determine the expression of the abovementioned proteins in the selected area for further data analysis.
A total of 500 μl of a single-cell suspension containing OPCs (4.5 × 104) was plated in 24-well plates with coated glass coverslips and incubated for 12 h. Then, catalpol (0, 1, 2.5, 5, 10, 20, 40, 80, or 100 μM) was added. After 24 h, 48 h or 72 , the OPCs on coverslips were fixed with 4% paraformaldehyde for 30 min at RT and treated with 0.5% Triton for 10 min. After being rinsed with PBS, the coverslips were blocked with 5% bovine serum albumin (BSA) for 1 h and then incubated with a rabbit anti-MBP antibody (1:200, Abcam, Cambridge, United Kingdom) at 4°C overnight. Then, the cells were washed with PBS and incubated with Alexa Fluor 488-conjugated donkey anti-rabbit IgG (1:200) at RT for 1 h. The cell nuclei were stained with DAPI for 5 min. Immunoreactivity was observed using a fluorescence microscope. All images were analyzed with ImageJ software.
Western Blot Analysis
OPCs (9 × 105 cells/well in 6-well plates, treated with 40 μM catalpol according to the method used for immunofluorescence) and mouse brain tissues (containing the corpus callosum, cortex and hippocampus, 30–50 µg) were lysed with RIPA lysis buffer. The protein concentrations were measured using the Bicinchoninic Acid (BCA) Protein Assay Kit and normalized. The proteins were separated by SDS-PAGE and transferred onto PVDF membranes. After being blocked with 5% skim milk for 1 h, the membranes were incubated with the following primary antibodies overnight at 4°C: rabbit anti-JAGGED1 (1:1,000, CST, 2620), rat anti-NOTCH1 (1:1,000, CST, MA, United States), rabbit anti-NICD1 (1:1,000, CST, MA, United States), rabbit anti-RBPJ (1:1,000, CST, MA, United States), rabbit anti-HES1 (1:1,000, CST, MA, United States), rabbit anti-HES5 (1:1,000, CST, MA, United States), mouse anti-ACTB (1:20,000, Gene Tex, CA, United States), and mouse anti-TUBB (1:20,000, Proteintech, Chicago, United States). After being washed, the membranes were incubated with corresponding IgG antibodies (1:10,000) at RT for 1 h. The proteins were exposed by a gel chemiluminescence imaging analysis system using enhanced chemiluminescence (ECL) reagent. ImageJ software was used to process the images, determine the grayscale values of the bands, and semiquantitatively analyze the relative expression of each protein.
Quantitative RT-PCR
Total RNA was extracted from 50 μg samples with the One-Step qRT-PCR kit (Toyobo, Osaka, Japan), and then the concentration was measured. RT-PCR mixtures were prepared, and qRT-PCR was performed by the CFX96 TM Real-Time PCR instrument to confirm the mRNA expression levels of the target genes. Actb was used as an internal reference for RNA. mRNA expression levels were quantified using the Bio-Rad CFX Real-Time system and analyzed using CFX management software v2.0 (Bio-Rad, Hercules, CA) and the 2-△△Ct method.
The sequences of the primers used in this study were as follows: Notch1: FWD-GTCCCCTGGGTTTCTCTG and REV-GCAGCGGCACTTGTACTC;Jag1: FWD- GACCGTAATCGCATCGTAC  andREV-CCTGAGTGAGAAGCCTTTTC;RBPJ: FWD-AAGCGGATAAAGGTCATCTC and REV-AAATGCTCCCCACTGTTG; Hes1:FWD-AAGCTAGAGAAGGCAGACATTC and REV-GTAGGTCATGGCGTTGATC; Hes5: FWD-GGTACAGTTCCTGACCCTGC and REV-AGCAGCAGCAGCCTTAGC; and Actb: FWD-TGCGTGACATCAAAGAGAAG and REV-AGAAGGAAGGCTGGAAAAG.
Statistical Analysis
All data are presented as the mean ± SEM. Statistical analyses were performed by one-way analysis of variance and Tukey’s HSD multiple comparison test using GraphPad Prism 7.0 software. For all statistical tests, p-values < 0.05 were considered statistically significant.
RESULTS
Successful Establishment of the CPZ-Induced Demyelination Model
The body weights of the mice in the NC group increased over time. The weights of the mice in the MO (5 weeks) group gradually decreased to the lowest by the end of the second week and then slowly increased. There was a statistically significant difference in body weight between the NC and MO (5 weeks) groups (p < 0.05, Figure 2A). The results of the rotarod test showed that the time spent on the rod by the mice in the NC group remained basically the same over time. However, from the 3rd week, the time spent on the rod by the mice in the MO (5 weeks) group decreased significantly (p < 0.05, Figure 2B).
[image: Figure 2]FIGURE 2 | The model of CPZ-induced demyelination. (A) Changes in body weight (n = 15/each group), (B) rotating rod experiment in mice (n = 13/each group), (C) changes in demyelination of the corpus callosum in mice: FLB × 200 times and statistical results of myelinated area (n = 3/each group), (D) changes in myelin ultrastructure (TEM×12,000 times) and myelin sheath G-ratio (n = 3, 80 myelin sheaths randomly selected from each group). The data are expressed as mean ± SEM, compared with the NC group, *p < 0.05.
LFB staining indicated that in the mice in the NC group, the myelin sheaths were tight and properly arranged and that there was a large amount of staining; however, in the MO (5 weeks) group, myelin staining in the corpus callosum was notably reduced and sparse, or even absent (p < 0.05, Figure 2C). According to the results of TEM, in the NC group, the myelin sheaths were clear and dense and no demyelination or axonal atrophy was observed, whereas loose myelin sheaths with lamellar separation, a decreased ring density, axonal atrophy and significantly higher G-ratios were observed in the MO (5 weeks) group (Figure 2D, p < 0.05). Based on the above indicators, the mouse model of CPZ-induced demyelination was successfully established.
Catalpol Increased the Body Weights and Improved the Motor Functions of Demyelinated Mice
After the mice were given normal feed beginning in the 6th week, the body weights of the mice in the NC group continued to increased, and those of the mice in the MO group recovered slightly (p < 0.05). The body weights of the mice in the 40 mg/kg and 80 mg/kg catalpol groups recovered quickly. From the 7th week, there were significant differences in body weight between the catalpol groups and the MO group (p < 0.05, Figure 3A). The rotarod test results showed from the 6th week, the time spent on the rod by the mice in the NC group remained relatively stable, whereas that spent by the mice in the MO group improved but was still significantly shorter than that spent by the mice in the NC group (p < 0.05). The time spent on the rod by the mice in the 20 mg/kg catalpol group was significantly longer than that spent by the mice in the MO group from the 7th week (p < 0.05), while the time spent on the rod by the mice in the 40 mg/kg and 80 mg/kg catalpol groups was significantly longer than that spent by the mice in the MO group beginning at six and a half weeks (p < 0.05, Figure 3B).
[image: Figure 3]FIGURE 3 | Different concentrations of catalpol improved the body weight and exercise ability of CPZ-induced demyelinated mice. (A) Changes in body weight of mice in each group (n = 10), (B) changes in the time of turning rods of mice in each group (n = 8). The data are expressed as mean ± SEM, compared with the NC group, *p < 0.05; compared with MO group, #p < 0.05.
The Effect of Different Concentrations of Catalpol in Reducing Myelination in CPZ-Induced Demyelination Mice
At the 8th week, partial remyelination was observed in the corpus callosum in mice in the MO group. The loss of LFB staining of myelin and myelin lamination was slightly delayed in the MO group, but a significant difference compared with the NC group (p < 0.001) was still observed. The stained myelin sheaths were significantly denser and better arranged (Figure 4A), the demyelinated area was significantly smaller (Figure 4B) in the catalpol administration groups than in the MO group (p < 0.05). The three catalpol groups exhibited loosening of the lamellar structure of myelin to varying degrees and decreases in ring density. However, these changes were less severe in the three catalpol groups than in the MO group (Figure 4C). The G-ratios were significantly lower in the catalpol groups than in the MO group (p < 0.05, p < 0.001), with the 40 mg/kg and 80 mg/kg catalpol groups exhibiting more significant changes (p < 0.05, p < 0.001, Figure 4D).
[image: Figure 4]FIGURE 4 | Catalpol at different concentrations significantly promoted myelination in demyelinated mice. (A) Changes in demyelination of the corpus callosum in mice (FLB × 200 times,n = 3/each group), (B) statistical results of myelinated area of the corpus callosum in each group (n = 3), (C) changes in the ultrastructure of myelin sheath (TEM×12,000 times, n = 3/each group), (D) changes in G-ratio of myelin sheath in each group (n = 3, randomly selecting 80 myelin sheaths each group for statistics). The data are expressed as mean ± SEM. Compared with NC group, ***p < 0.001; compared with MO group, #p < 0.05, ##p < 0.01, ###p < 0.001; compared with 20 mg/kg catalpol group, △p < 0.05, △△△p < 0.001.
Catalpol Upregulated the Expression of CNPase and MBP in the Corpus Callosum in Demyelinated Mice
CNPase and MBP are markers of OL differentiation and maturity, respectively. OLIG2, which is essential for cell fate choices, is a transcription factor in OLs (Gouvea-Junqueira et al., 2020). The expression levels of CNPase/OLIG2 and MBP/OLIG2 in the brains of mice in each group were detected by immunofluorescence to evaluate the differentiation and maturation of OPCs. The experimental results indicated that there was no difference in the expression of OLIG2 in the corpus callosum between groups (Figure 5B). This finding further indicates that insufficient differentiation of OPCs, not a lack of OPCs, causes the failure of remyelination in MS. Furthermore, the expression levels of CNPase/OLIG2 in the mice in the MO group were decreased compared to those in the NC group (Figure 5A, p < 0.001); CNPase/OLIG2 levels in the catalpol treatment groups were increased to a certain extent. Catalpol had more robust effects at 40 mg/kg and 80 m/kg than at 20 mg/kg (p < 0.01). The expression of CNPase protein was also measured by WB analysis (Figure 5D), and similar results were obtained. The MBP measurement results were basically consistent with those of CNPase. There was no difference in the expression of OLIG2 between groups (Figure 6B), but there were obviously fewer MBP+/OLIG2+ cells in the MO group than in the NC group and the catalpol groups (Figure 6A, p < 0.001). Analysis of MBP protein expression in the brain further confirmed the effect of catalpol on promoting the differentiation of OPCs (Figure 6D).
[image: Figure 5]FIGURE 5 | Catalpol at different concentrations up-regulated CNPase in the corpus callosum of demyelinated mice. (A) Immunofluorescence localization of CNPase and OLIG2 in the brain. CNPase (green) and OLIG2 (red) were labeled with fluorescent secondary antibodies, and the nuclei were labeled with DAPI. (B) Quantitative analysis of the fluorescent expression of OLIG2, (C) quantitative analysis of fluorescent expression of CNPase, (D) changes of CNPase protein in the brains. The data are expressed as mean ± SEM (n = 3/each group), compared with NC group, ***p < 0.001; compared with MO group, #p < 0.05, ##p < 0.01, ###p < 0.001.
[image: Figure 6]FIGURE 6 | Catalpol at different concentrations up-regulated MBP in the corpus callosum of demyelinated mice. (A) Immunofluorescence localization of MBP and OLIG2 in the brain. MBP (green) and OLIG2 (red) were labeled with fluorescent secondary antibodies, and the nuclei were labeled with DAPI. (B) Quantitative analysis of the fluorescent expression of OLIG2, (C) quantitative analysis of fluorescent expression of MBP, (D) changes of CNPase protein in the brains. The data are expressed as mean ± SEM (n = 3/each group), compared with NC group, *p < 0.05, ***p < 0.001; compared with MO group, #p < 0.05, ##p < 0.01, ###p < 0.001.
Catalpol Downregulated the Expression of GFAP in the Brains of Demyelinated Mice
GFAP is a marker of astrocytes. Studies have found that astrocytes participate in the first line of defense against the early stages of immune inflammation in MS (Farina et al., 2007; Brosnan and Raine, 2013; Ponath et al., 2017) and have neuroprotective effects (Colombo and Farina, 2016). However, the activation of astrocytes during the remyelination stage is harmful (Mayo et al., 2012). Reactive astrocytes form an astroglial scar with recruited chondroitin sulfate proteoglycans, hyaluronic acid and other molecules, the levels of which are upregulated, affecting remyelination (Liddelow et al., 2017). On the other hand, a large number of astrocytes produce platelet-derived growth factor α and fibroblast growth factor 2, which inhibit the differentiation of OPCs. In this study, we found that the expression of GFAP was elevated in the MO group compared with the NC group (p < 0.001). At the three tested doses, of catalpol decreased GFAP expression in the brain to varying degrees (p < 0.01, Figure 7).
[image: Figure 7]FIGURE 7 | Catalpol at different concentrations down-regulated GFAP in the corpus callosum of demyelinated mice. (A) Immunofluorescence localization of GFAP in the brain. GFAP (green) was labeled with fluorescent secondary antibodies, and the nuclei were labeled with DAPI. (B) Quantitative analysis of the fluorescent expression of GFAP, (C) changes of GFAP protein in the brains. The data are expressed as mean ± SEM (n = 3/each group), compared with NC group, ***p < 0.001; compared with MO group, #p < 0.05, ###p < 0.001.
Effects of Catalpol on NOTCH1 Signaling Pathway-Related Proteins and Genes in the Brains of Demyelinated Mice
The NOTCH1 signaling pathway is active in the nervous system throughout life and plays a role in maintaining the steady state of stem or progenitor cells in the developing CNS (Chitnis et al., 1995; Wettstein et al., 1997). NOTCH1 signaling alters the proliferation and differentiation of differentiated cells through cell-to-cell communication. The activation of NOTCH1 ligands and downstream target genes of the Hes family blocks the differentiation of OPCs, causing the failure of myelination by OLs. These findings indicate that the NOTCH1 pathway may be primarily responsible for the failure of remyelination in MS (Mathieu et al., 2019). Therefore, in this experiment, we mainly assessed the levels of several indicators related to the NOTCH1 signaling pathway: the ligand JAGGED1; the transmembrane receptor NOTCH1 (Fortini, 2009; Kovall et al., 2017); Notch intracellular domain (NICD), which is released by γ-secretase; recombination signal binding protein for immunoglobulin kappa J region (RBPJ), and the downstream transcription factors HES1 and HES5 (Tamura et al., 1995).
We observed that the protein and gene levels of NOTCH1(Notch1), JAGGED1 (Jag1), NICD1, RBPJ (Rbpj), HES1(Hes1), and HES5 (Hes5) were significantly increased in mice in the MO group compared with mice in the NC group (p < 0.01). Since NICD1 is a digested fragment of the NOTCH1 protein, it cannot be regulated at the gene level. Thus, PCR analysis of this gene was not performed. However, after treatment with different concentrations of catalpol, the levels of the abovementioned markers decreased to varying degrees. The protein and gene expression of JAGGED1 (Jag1) was decreased in all three treatment groups compared to the MO group (p < 0.05, p < 0.001, Figure 8A); 40 mg/kg and 80 mg/kg catalpol reduced the expression of NOTCH1(Notch1), with 80 mg/kg catalpol having the strongest effect (p < 0.05, Figure 8B); the expression of NICD1 was lower in the brains of mice treated with 40 mg/kg or 80 mg/kg catalpol than those of mice in the MO group (p < 0.05, p < 0.01, Figure 8C); all doses of catalpol downregulated the expression of RBPJ (Rbpj) to a certain extent, with 80 mg/kg catalpol having the most significant effect (p < 0.05, Figure 8D); the protein and gene levels of HES1 (Hes1) in the brain were obviously decreased in the three catalpol treatment groups compared to the MO group, with 80 mg/kg catalpol having the most significant effect (p < 0.05, Figure 8E); and the downward trend in HES5 (Hes5) expression was similar to that of HES1 (Hes1) (Figure 8F).
[image: Figure 8]FIGURE 8 | Catalpol at different concentrations down-regulated the expression of NOTCH1 signaling pathway-related proteins and genes in demyelinated mice. (A) The expression of JAGGED1 protein and Jag1 gene in the brains, (B) the expression of NOTCH1 protein and Notch1 gene in the brain, (C) the expression of NICD1 protein in the brain, (D) the expression of RBPJ protein and Rbpj gene in the brain, (E) the expression of HES1 protein and Hes1 gene in the brain, (F) the expression of HES5 protein and Hes5 gene. The relative expression of gene content was calculated by using 2−△△Ct method. The data are expressed as mean ± SEM (n = 3/each group). Compared with NC group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with MO group, #p < 0.05, ##p < 0.01, ###p < 0.001; compared with 20 mg/kg catalpol group, △p < 0.05.
Cultivation of OPCs and OLs
We successfully isolated OPCs from the brains of suckling rats and cultured them in vitro. We used PDGFRα, a marker of OPCs, to identify the cultured cells. Next, OPCs were cultured in differentiation medium, and the cells at different stages from OPCs to OLs were labeled with markers at different stages to prove that the cultured OPCs had strong differentiation ability (Figure 9).
[image: Figure 9]FIGURE 9 | Immunofluorescence localization of PDGFRα, CNPase and MBP in the OPCs and OLs in vitro. PDGFRα, CNPase and MBP (green)were labeled with fluorescent secondary antibodies, and the nuclei were labeled with DAPI.
Catalpol Increased the Viability of Primary OPCs
To study the effect of catalpol on the activity of OPCs, cells were treated with catalpol (1, 2.5, 5, 10, 20, 40, 80, or 100 μM) for 24, 48 or 72 , and cell viability was measured by the CCK-8 assay. Catalpol increased the viability of OPCs to different extents (Figure 10A).
[image: Figure 10]FIGURE 10 | Catalpol promoted the proliferation and differentiation of OPCs in vitro. (A) OPCs were treated with catalpol (0, 1, 2.5, 5, 10, 20, 40, 80, 100 μM) for 24, 48 and 72 h. Cell viability was analyzed by CCK-8 assay. (B) Immunofluorescence localization of MBP. MBP (green) was labeled with fluorescent secondary antibodies, and the nuclei were labeled with DAPI. (C) The ratio of quantitative analysis of the fluorescent expression of MBP in each group to the untreated (Catalpol, 0 μM) group. The data are expressed as the mean ± SEM of three independent experiments, compared with catalpol 0 μM for 24 h group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with catalpol 0 μM for 48 h group, #p < 0.05, ##p < 0.01, ###p < 0.001; compared with catalpol 0 μM for 72 h group, △p < 0.05, △△p < 0.001.
Catalpol Promoted the Formation of Mature OLs In Vitro
MBP is a marker of mature OLs. Catalpol significantly increased the number of MBP+ cells. The results revealed that treatment with 0–100 μM catalpol for 24–72 h promoted the differentiation of OPCs into OLs (Figure 10B).
According to the findings related to the viability of and MBP expression in OPCs, catalpol had the best effect at a concentration of 40 μM for 48 h (Figure 10C). Therefore, we chose treatment with 40 μM catalpol for 48 h for further experiments in vitro.
Catalpol Promoted the Differentiation of OPCs In Vitro via the NOTCH1 Signaling Pathway
To investigate whether the NOTCH1 signaling pathway can influence the differentiation of OPCs, OPCs were seeded in 6-well plates and treated with 40 μM catalpol in the absence or presence of the NOTCH1 signaling pathway agonist JAGGED1 polypeptide for 48 h. Treatment with 5 μM JAGGED1 for 24 h blocked the formation of MBP+ OLs, and the addition of catalpol reversed this effect (Figure 11F). The protein levels of NICD1, RBPJ, HES1 and HES5 effectively increased in OPCs in the JAGGED1 group (JAG1). The expression of the above indicators was significantly lower in cells treated with catalpol in the presence of JAGGED1 than in cells in JAG1 group (Figures 11A–E). Taken together, our findings indicate that the stimulation of OL formation by catalpol is in part due to the suppression of the NOTCH1 signaling pathway.
[image: Figure 11]FIGURE 11 | Catalpol promoted the differentiation of OPCs in vitro by inhibiting NOTCH1 signaling pathway (A) The expression of NOTCH1 protein in OPCs in vitro, (B) the expression of NICD1 protein in OPCs, (C) the expression of RBPJ protein in OPCs, (D) the expression of HES5 protein in OPCs, (E) the expression of HES1 protein in OPCs, (F) the expression of MBP protein in OPCs. The data are expressed as mean ± SEM of three independent experiments. Compared with NC group, *p < 0.05, **p < 0.01, ***p < 0.001; compared with JAG1 group, ##p < 0.01, ###p < 0.001.
DISCUSSION
Establishment of the CPZ-Induced Demyelination Model
CPZ is a copper ion-chelating agent that targets many metalloenzymes (such as ceruloplasmin), impairs the activity of copper-dependent cytochrome oxidase, and reduces oxidative phosphorylation, leading to degenerative changes in OLs (Cammer, 1999). These changes result in the apoptosis of mature OLS, causing extensive demyelination of the corpus callosum, internal capsule, thalamus and other white matter bundles (Blakemore, 1972; Clarner et al., 2015). However, after CPZ administration is stopped, the myelin protein is re-expressed. Therefore, although pathological changes in autoimmunity observed in MS can be stimulated by the EAE model, the demyelination model induced by the addition of CPZ to the diet, which also mimics the important histological features of demyelinating diseases (van der Star et al., 2012), is the ideal model for researching myelination in MS (Gudi et al., 2014). The exact dosage of CPZ has been determined by several studies. The most common protocol involves feeding 6-to 8-week-old mice with 0.2% CPZ for 5–6 weeks (Vega-Riquer et al., 2019). When 0.2%–0.6% CPZ is mixed with standard rodent food, a significant decrease in myelin protein is observed (Carlton, 1967). Studies have shown that increasing the dose of CPZ from 0.2% to 0.3% can significantly increase the degree of demyelination (Lindner et al., 2008) but increases the mortality rate of mice by more than 5%–10% (Torkildsen et al., 2008). Therefore, 0.2% CPZ is the most suitable concentration because it can cause extensive demyelination and fewer side effects (Liñares et al., 2006; Hesse et al., 2010; Skripuletz et al., 2011).
This experiment mainly studied the effect of catalpol on promoting myelination and neuroprotection, so the CPZ-induced demyelination model was selected. The results showed that after mice were fed a special diet containing 0.2% CPZ for 5 weeks, the mice exhibited a substantial decrease in weight, deficits in motor ability, and a reduction in LFB staining of myelin in the corpus callosum. The lamellar structure of the myelin sheath was obviously loose and separated, and the G-ratio value was increased. We found that after the demyelinated mice were fed a normal diet for 3 weeks beginning during the 6th week, the weights and motor abilities of the mice slowly recovered, LFB staining of myelin in the corpus callosum increased, and the loosening of the myelin layers decreased, indicating that some myelin sheaths had regenerated.
Neuroprotective Effects of Catalpol
When demyelinating injury occurs in MS, the damaged myelin fragments activate the immune inflammatory response and recruit a large amount of infiltrating immune inflammatory cells. Excessive inflammatory responses cause neuronal damage and severe neurological dysfunction in MS patients (Paganin and Ferrando, 2011). Catalpol exerts a strong neuroprotective effect and improves neurocognitive function (Xia et al., 2017) by reducing the level of proinflammatory cytokines and reducing oxidative stress in the nervous system, thereby slowing chronic inflammation and neurodegeneration (Wang et al., 2019). Previous studies have found that catalpol decreases immune inflammation and improves nerve damage in EAE mice (Yang et al., 2017). The results of this experiment revealed that at different doses, catalpol slowed the loss of myelin and the loosening of the myelin structure in the corpus callosum in mice, improved the body weight of the mice and increased the time spent on the rod by the mice in the rotarod test, showing that catalpol exerts good neuroprotective effects in mice with CPZ-induced demyelination. Catalpol had a better effect at 40 mg/kg and 80 mg/kg than at 20 mg/kg.
Catalpol Promoted Remyelination
When demyelination occurs, axonal conduction is blocked (Waxman, 1977), and this effect is closely related to the functional defects observed after inflammatory demyelination in MS patients (Smith and McDonald, 1999; Jenkins et al., 2010). Therefore, prevention of demyelination and promotion of remyelination are the basic neuroprotective strategies for MS (Plemel et al., 2017; Villoslada and Steinman, 2020). In the mouse model of CPZ-induced demyelination, the regeneration of myelin in the injured area is closely related to functional recovery (Mozafari et al., 2010), which is extensive and rapid. The proliferation and recruitment of OPCs after injury to the mature CNS is very effective. Neural stem cells or progenitor cells from the subependymal zone rapidly produce OPCs that contribute to myelination (Xing et al., 2014), and OLs newly formed by OPCs undergo remyelination (Crawford et al., 2016). Studies have shown that the change between the average density of OPCs in chronically damaged sites in MS and normal sites is not obvious, which indicates that the number of OPCs may not be the limiting factor for remyelination in chronic injury, proving the importance of the differentiation of OPCs during remyelination (Hughes et al., 2013).
During the process of myelination in MS, OLIG2 acts as a cell transcription factor throughout the differentiation of OL lineage cells and can simultaneously label OPCs and OLs. The experimental results showed that the expression of OLIG2 in the corpus callosum increased slightly in all demyelinated mice, but there was no significant difference between the groups, indicating that OPCs in the demyelinated area were not lacking. CNPase is expressed in the middle stage of differentiation, while MBP is a marker of mature OLs. Early in vitro studies have found that catalpol increases the expression of OLIG1 in isolated OPCs and promotes the differentiation and maturation of OPCs (Yuan et al., 2015). This experiment revealed that catalpol increased the number of CNPase+/OLIG2+ and MBP+/OLIG2+ cells in the demyelination site and that 40 μM catalpol promoted the differentiation of OPCs in vitro. The results provide an objective basis for catalpol to promote myelination.
Catalpol Promoted Remyelination by Regulating the NOTCH1 Signaling Pathway
In MS, remyelination is always insufficient. The failure of myelination appears to be the result of a variety of pathological processes that interfere with the maturation of OPCs. The activation of the NOTCH1 signaling pathway is one of these processes (Mathieu et al., 2019). It has been reported that the NOTCH1 signaling axis is activated in response to TGF-β in the brains of MS patients and in cocultured astrocytes and OPCs in vitro. As in normal development, JAGGED1 is expressed in astrocytes and neurons in chronic demyelinating lesions, and the receptor NOTCH1 on OPCs combines with activated JAGGED1 and undergoes a conformational change. Subsequently, ADAM metalloprotease mediates the first protein cleavage, producing an intermediate protein hydrolysate called Notch EXtracellular Truncation (NEXT). NEXT is the substrate for the γ-secretase complex, which releases NICD. NICD passes through the cytoplasm from the inner membrane of the plasma membrane to the nucleus. In the cell nucleus, after NICD combines with RBPJ, RBPJ is converted into a transcription activator that recruits acetyltransferase p300 and activates the downstream transcription factors HES1 and HES5 (Tamura et al., 1995). The transcription factors HES1 and HES5 inhibit the maturation of OPCs and maintain their differentiation status. Therefore, blocking NOTCH1 signaling may enhance remyelination.
In EAE mice, the γ-secretase inhibitor MW167 can effectively inhibit the NOTCH1 pathway and promote remyelination (Jurynczyk et al., 2008). In mice with focal demyelination caused by injection of lysophosphatidylcholine, specific knockout of NOTCH1 in OPCs can significantly improve myelin repair (Zhang et al., 2009). NOTCH1 siRNA can obviously promote OPC differentiation and promote remyelination to improve the symptoms of nerve injury in CPZ mice (Fan et al., 2018). The above studies revealed that inhibiting the NOTCH1 signaling pathway can improve the disease pathology of MS in animal models and enhance the regeneration of the myelin sheath. Other studies have found that when the expression of jagged1 in astrocytes is induced by TGFbeta1, OL differentiation increases (Zhang et al., 2010). Adding 10 µM DAPT (a γ-secretase inhibitor) to an OPC and astrocyte coculture system for 6 h can significantly inhibit the expression of NICD and promote cell differentiation (Wang et al., 2017). This study showed that in vivo, catalpol significantly promoted remyelination in CPZ-treated mice and decreased the expression of the NOTCH1 signaling pathway proteins JAGGED1, NOTCH1, NICD1, and RBPJ and the downstream target genes Hes1 and Hes5 and 80 mg/kg catalpol had the best therapeutic effect. Multiple studies have proven that inhibition of the NOTCH1 signaling pathway can promote the differentiation and maturation of OPCs in vivo and in vitro and promote the remyelination of demyelinated mice. Furthermore, this study revealed that the NOTCH1 pathway is strongly activated in OPCs upon treatment with 5 μM JAGGED1 polypeptide for 24 h. The number of MBP+ cells as also significantly reduced. Treatment with 40 μM catalpol for 48 h greatly reversed this effect. Catalpol (40 μM) downregulated the expression of NOTCH1 pathway-related proteins, such as NOTCH1, NICD1, RBPJ, HES1, and HES5, and promoted the differentiation of OPCs. Therefore, our results clearly indicated that the effect of catalpol in promoting remyelination may be related to downregulation of the expression of NOTCH1 signaling pathway-related indicators.
In conclusion, catalpol exerts obvious neuroprotective effects in mice with CPZ-induced demyelination, promoting remyelination. Its mechanism may involve regulation of the NOTCH1 signaling pathway. However, further in-depth exploration of the mechanism is required.
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The Aquilaria sinensis (Lour.) Gilg (CX)–Aucklandia costus Falc. (MX) herbal pair is frequently used in traditional Chinese medicine prescriptions for treating depression. The volatile oil from CX and MX has been shown to have good pharmacological activities on the central nervous system, but its curative effect and mechanism in the treatment of depression are unclear. Therefore, the antidepressant effect of the volatile oil from CX–MX (CMVO) was studied in chronic unpredictable mild stress (CUMS) rats. The suppressive effects of CMVO (25, 50, 100 μL/kg) against CUMS-induced depression-like behavior were evaluated using the forced swimming test (FST), open field test (OFT) and sucrose preference test (SPT). The results showed that CMVO exhibited an antidepressant effect, reversed the decreased sugar preference in the SPT and prolongation of immobility time in the FST induced by CUMS, increased the average speed, time to enter the central area, total moving distance, and enhanced the willingness of rats to explore the environment in the OFT. Inhalational administration of CMVO decreased levels of adrenocorticotropic hormone and corticosterone in serum and the expression of corticotropin-releasing hormone mRNA in the hypothalamus, which indicated regulation of over-activation of the hypothalamic–pituitary–adrenal (HPA) axis. In addition, CMVO restored levels of 5-hydroxytryptamine (5-HT), dopamine, norepinephrine and acetylcholine in the hippocampus. The RT-PCR and immunohistochemistry results showed that CMVO up-regulated the expression of 5-HT1A mRNA. This study demonstrated the antidepressant effect of CMVO in CUMS rats, which was possibly mediated via modulation of monoamine and cholinergic neurotransmitters and regulation of the HPA axis.
Keywords: Aquilaria sinensis (Lour.) Gilg, Aucklandia costus Falc., volatile oil, depression, chronic unpredictable mild stress, monoamine neurotransmitter, hypothalamic-pituitary- adrenal axis, cholinergic neurotransmitter
INTRODUCTION
Depression is an emotional rhythm disorder that has significant and lasting depressed mood as the main symptom (Difrancesco et al., 2019). It may be accompanied by insomnia, addiction, neurodegenerative diseases and other complications (Chen et al., 2019), and it seriously affects the physical and mental health of patients. The incidence of depression is increasing year by year. Currently, about 15% of people in the world are suffering from depression (Global Burden of Disease Study 2013, Collaborators, 2015). The World Health Organization predicted that it will become the second leading cause of disability after heart disease by 2020 (Holden, 2000). Based on the monoamine neurotransmitter deficiency hypothesis, the commonly used antidepressants are mainly chemical medicines such as selective serotonin reuptake inhibitors or norepinephrine reuptake inhibitors. However, these medicines have shortcomings that include poor curative effect, long duration of treatment and recurrence after drug withdrawal, and adverse reactions such as sexual dysfunction, nausea, tremor and insomnia (Zhuo et al., 2020). Studies (Antunes et al., 2015; Li et al., 2020b) have shown that one-third of patients do not respond to initial treatment, and almost half have only a secondary response. Therefore, it is very meaningful to look for natural medicines with better curative effects and suitability. Many studies have shown that volatile oils from aromatic herbs are potential natural medicines for the treatment of depression.
Aromatic herbs mainly contain volatile components, which are considered by traditional Chinese medicine (TCM) to relieve anxiety and other complications such as insomnia caused by depression. Fragrant traditional Chinese herbs have historically been used to regulate emotion and relieve depressive symptoms (Chen et al., 2019; Li et al., 2020a). Recent studies have shown that the volatile oils of clove (Mehta et al., 2013), fennel (Perveen et al., 2017), Cang-ai compound (Chen et al., 2019) and other aromatic traditional Chinese herbs can exert antidepressant effects by regulating the levels of monoamine neurotransmitters and activity of the hypothalamic-pituitary-adrenal (HPA) axis, or by improving immune function. Similarly, aromatherapy is also widely used in Western countries, exemplified by the use of lavender volatile oil to treat depression (López et al., 2017). Compared with other chemical components, volatile components more easily pass through the blood–brain barrier, which is advantageous in the treatment of central nervous system diseases (Zheng et al., 2018). Aromatherapy is not only effective, but also provides a pleasant treatment experience. It has unique advantages and broad development prospects for depression and other emotion-related chronic diseases.
Depression has complex etiologies and complications, so drug combinations are often used for treatment to exploit synergistic effects, improve efficacy or reduce adverse reactions, such as the combination of fluoxetine and olanzapine (Brunner et al., 2014). There is a similar mode of drug use in TCM, the herbal pair, which is the simplest form of compatibility in traditional Chinese herbal medicine (Wang et al., 2019b). Aquilaria sinensis (Lour.) Gilg (Chen-Xiang, CX) and Aucklandia costus Falc. (Mu-Xiang, MX), an ancient and classic herbal pair, has been commonly used to treat Yu-syndrome (Depression and Anxiety) in many traditional prescriptions, such as Er-xiang Powder recorded in “Jiyang Compendium.” Traditional Chinese medicine believes that the main causes of depression are stagnation of liver qi and dysfunction of spleen in transportation. Clinically, herbs with the effects of invigorating the spleen and soothing the liver qi are mainly used to treat depression. CX has the effects of activating qi and relieving pain, warming the stomach and relieving vomiting. It has a long history of clinical application, and is often used as a sedative, analgesic and digestive aid (Tan et al., 2019) in TCM. MX has the effects of invigorating qi and relieving pain, invigorating the spleen and eliminating food. These two herbs relieve depression, indigestion and other symptoms by soothing the liver, regulating qi and recuperating the spleen. Many proprietary Chinese medicines that relieve anxiety and irritability and reduce appetite contain both CX and MX, such as Chen xiang shu yu tablets, Chen xiang shu qi pills and Chen xiang hua qi tablets. Studies have shown that the volatile oil is one of the main active components in these two herbs. It has been demonstrated that the volatile oil from CX exerts antidepressant effects, possibly by inhibition of corticotropin-releasing hormone (CRH) and hyperactivity of the HPA axis (Wang et al., 2018). Other studies have suggested that the volatile oil of MX has potential neuroprotective activities, due to the regulation of apoptotic pathways (Zhao et al., 2016). Its main active ingredient, dehydrocostus lactone, elicited protective effects against hippocampal oxygen-glucose deprivation/reoxygenation injury by inhibiting apoptosis (Zhao et al., 2018). Besides, MX volatile oil and its main components have been proved to have immunosuppressive (Na et al., 2013), gastrointestinal regulation (Dong et al., 2018), anti-inflammatory (Woo et al., 2019) and other pharmacological effects, while CX volatile oil has a variety of pharmacological activities, such as antioxidation (Wang et al., 2018a), sedation (Wang et al., 2017), and anti-inflammation (Gao et al., 2019). However, the mechanism of CMVO in the treatment of depression is still unclear. Thus, it is of great significance to unravel its fundamental mechanisms, which may provide a novel and effective medicine and therapeutic method for depression.
The antidepressant effect of CMVO in vivo was therefore investigated in this study. The CUMS depression model is recognized as reliable and practical, and is widely used to study the mechanism of depression (Willner, 1997; Zhuo et al., 2020). Accordingly, body weight assessment, sucrose preference test (SPT), forced swimming test (FST) and open field test (OFT) were executed in CUMS-induced rats to analyze the antidepressant effects of CMVO after inhalational administration. Previously, it was shown that CX volatile oil exerts an antidepressant effect by regulating hyperactivity of the HPA axis (Wang et al., 2018b), while the main active component of MX volatile oil exerts a neuroprotective effect on the hippocampus (Zhao et al., 2018). In addition, abnormal function of the HPA axis and deficiency of hippocampal monoamine neurotransmitters have been implicated in the pathogenesis of depression (Chen et al., 2019; Xing et al., 2019). Therefore, the possible effects of CMVO inhalational administration on depression were studied from the perspective of regulation of the HPA axis and neurotransmitters levels. The technical strategy of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | A schematic diagram of the research.
MATERIALS AND METHODS
Animals
All experimental procedures were approved by the Animal Ethics Committee of Jiangxi University of TCM. All efforts were made to minimize suffering and the number of animals used to produce reliable data.
Male Sprague Dawley rats weighing 180–220 g were supplied by Hunan Shrek Jingda Experimental Animal Co., Ltd. (Animal license No.: SCXK (Xiang) 2019-0004). The rats were housed at a constant temperature (23 ± 2°C), maintained on a 12 h light/dark cycle (lights on 8:00–20:00) and had free access to food and water. All rats were acclimatized for 7 days before the experiment.
Materials and Reagents
The volatile oil of CX was obtained from Guangzhou Aroma Master Chenxiang Technology Co., Ltd. (Guangzhou, China) and the volatile oil of MX was obtained from Changshengyuan Medicinal Materials Development Co., Ltd. (Mianyang, China). Fluoxetine hydrochloride (FH) was purchased from Lilly Suzhou Pharmaceutical Co., Ltd. (Suzhou, China). The commercial enzyme-linked immunosorbent assay (ELISA) kits for adrenocorticotropic hormone (ACTH), corticosterone (CORT), 5-hydroxytryptamine (5-HT), dopamine (DA), norepinephrine (NE) and acetylcholine (Ach) were purchased from Jiangsu Enzymatic Immunity Industry Co., Ltd. (Yancheng, China). β-Actin and 5-HT1A antibodies were purchased from Abcam (Cambridge, UK). The reagents (i.e., ethanol, chloroform, isopropanol, H2O2 and xylene) were of analytical reagent grade and were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Horseradish peroxidase (HRP)-conjugated secondary antibodies were obtained from Biyuntian Biotechnology Co., Ltd. (Shanghai, China). The SYBR Green PCR kit was purchased from Thermo Fisher Scientific (China) Co., Ltd. Neutral gum and phosphate buffered saline (PBS) solution were obtained from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China).
Quality Analysis of ChenXiang-MuXiang Volatile Oil
Gas chromatography-mass spectrometry (GC-MS) was used to control the quality of CMVO. The gas chromatographic conditions were as follows: an Agilent HP-5MS (30 m × 250 µm × 0.25 µm) capillary column was used, the carrier gas was high purity He (99.999%), the sample volume was l µL, the shunt ratio was 10:1, and the flow rate was 1 mL/min. The temperature program was as follows: an initial temperature of 70°C, increased by 15°C/min up to 110°C, increased by 7°C/min up to 154°C (held for 5 min), increased by 1°C/min up to 155°C (held for 5 min), increased by 1°C/min up to 157°C (held for 5 min), increased by 2°C/min up to 165°C, and then increased by 10°C/min up to 300°C (held for 5 min). The mass spectrometry conditions were as follows: an EI ion source, the electron energy was 70 eV, the ion source temperature was 230°C, the MS quadrupole temperature was 150°C, the interface temperature was 250°C, the solvent delay was 3.0 min, the quality scan pattern was full scan, and the scan range was 30–650 amu. The chemical components were identified using the NIST 17.0 mass spectrometry database. The retention index (relative to C7-C40 n-alkanes, under the same gas chromatographic conditions) of each compound was calculated and compared with literature values to verify each compound identity.
Chronic Unpredictable Mild Stress Procedure
The CUMS procedure was conducted as previously described (Willner, 1997; Dong et al., 2014) with minor modification. The rats in the control group were housed without interference, and were given food and water normally, except that water was withheld for 24 h before the SPT. The CUMS-induced rats were isolated in individual cages and randomly exposed to various stressors: restraint stress for 45 min, 1.5 min of tail nip (0.5–1 cm from the end of the tail), swimming in cold (4°C) water for 5 min, swimming in hot (40°C) water for 5 min, strange object stimulation, inversion of light/dark cycle for 24 h, food deprivation for 24 h, water deprivation for 24 h, level shaking for 5 min (1 time/s), wet bedding for 24 h (200 mL of water per individual cage to make the bedding wet), odor stimulation (ammonia or acetic acid) or cage tilting for 8 h (45°). The 12 types of stimulation (1 type per day) were applied randomly. Each stimulus appeared discontinuously, and the animals could not predict the occurrence of the stimulation, which lasted for 28 days.
Drug Administration and Treatment
Before the modeling, the body weight and sucrose preference of each rat were tested. According to the results, the rats were divided into 6 groups and ensured that there was no significant difference in body weight and sucrose preference among all groups. The six groups are as follows: control group, CUMS model group, FH group (10 mg/kg), CMVO low, middle and high dose groups (25, 50, 100 μL/kg), with eight rats in each group. The main body of the aromatherapy inhalational administration device consists of a large transparent plexiglass box (measures 80 × 80 × 65 cm, covered) and four small transparent plexiglass boxes (measuring 30 × 30 × 30 cm). The small boxes were evenly placed at the bottom of the large box, and the aromatherapy atomizer that holds the volatile oil was placed in the middle of the large box. The CMVO was diluted into 10 ml of distilled water and was released into the glass box in the form of spray through an atomizer.
All rats were subjected to CUMS for 1 week (except the blank group), and then the CMVO groups were given aromatherapy for 1 h every day for 3 weeks with the continued CUMS procedure. The control and CUMS groups were given 0.9% saline every day, and the FH group received intragastric administration of FH at a dose of 10 mg/kg, for 3 weeks. The experimental procedure is shown in Figure 2A and the aromatherapy box used for administration is shown in Figure 2B.
[image: Figure 2]FIGURE 2 | (A) Schematic representation of the experimental procedure. (B) The aromatherapy box used for inhaling administration.
Behavioral Tests
Depression-like behavior in rats was determined using the body weight (BW) test, OFT, SPT and FST.
Sucrose Preference Test and Body Weight
The SPT was carried out with reference to the previous literature (Daodee et al., 2019). The rats were trained to adapt to sucrose solution (1%, w/v) before the test. Two bottles of 1% sugar water were placed in each cage, and one of them was replaced with pure water 24 h later. After adaption, the rats were deprived of water and food for 24 h. Animals were then kept in separate cages with free access to two bottles, one filled with 200 mL sucrose solution (1%, w/v) and the other with 200 mL water. The positions of the bottles were balanced, and the two bottles were interchanged after 30 min to avoid side preference. The test was finished 1 h later and the sucrose preference was calculated by the following formula: sucrose preference (%) = sucrose consumption/(water consumption + sucrose consumption). All rats were weighed before and after treatment, and the BW change was assessed from the week-4 weight minus week-0 weight.
Open Field Test
The OFT was carried out with reference to the previous literature (Yi et al., 2013) with slight modification. The experiment was carried out in a square open black box. The laboratory was kept quiet, with constant light, a room temperature of 24 ± 1°C and humidity of 60–70%. A camera was installed directly above the central area of the black box. The rats were placed in the middle of the open field to explore freely, and the video analysis system was immediately activated to capture video automatically. The measuring time was 5 min for each rat, and the environment in the box was cleared after the end of measurement. The single-subject tracking mode of the system was used to measure average speed (V.mean), rest time (Res.T), number of times to enter the central area (N.Ent), total moving distance (Total dist) and Dist in the marginal zone of each rat.
Forced Swimming Test
The FST was carried out with reference to the previous literature (Wang et al., 2019a). The rats were placed in a cylinder with a height of 46 cm, a diameter of 45 cm, a depth of 41 cm, and a water temperature of 24 ± 1°C. The rats were exposed to a pre-test for 15 min, and the next day underwent the FST. The immobility time of the rats was observed for 5 min. The immobility time refers to the time it takes for the rats to float in the water without struggling, but only to keep their heads above the surface.
Tissue Preparation
After 28 days of administration, the rats were killed and serum and brain tissue were collected. Blood was collected from the femoral artery, and the serum was separated by centrifugation after 30 min (3500 r/min centrifugation for 10 min at 4°C), and then stored in a refrigerator at −80°C. The hippocampus and hypothalamus of each rat were removed onto ice and stored in a refrigerator at −80°C after freezing with liquid nitrogen.
Quantification of 5-Hydroxytryptamine, Dopamine, Norepinephrine, Acetylcholine in Hippocampus, and Adrenocorticotropic Hormone and Corticosterone in Serum by Enzyme-Linked Immunosorbent Assay
The rat hippocampi were used to determine the levels of neurotransmitters associated with CUMS-induced depression-like behavior. The serum was used to evaluate activity of the HPA axis associated with CUMS-induced depression-like behavior. The levels of 5-HT, DA, NE and ACh in hippocampus and the levels of ACTH and CORT in serum of rats were measured using ELISA kits. The operation was strictly in accordance with the corresponding instructions, and the concentration was normalized according to the standard curve.
Detection of 5-HT1A Content in Hippocampus by Western Blot
The total protein was extracted from fresh hippocampal tissue. A sample (20 µg) was separated by electrophoresis and transferred onto polyvinylidene difluoride membranes. After blocking with 5% skimmed milk powder at room temperature for 1 h, the membrane was incubated with primary antibody (5-HT1A, 1:1,000) at 4°C overnight, rinsed three times with tris-buffered saline/Tween 20 (TBST) for 5 min, and incubated with HRP-conjugated secondary antibody (1:1,000) for 1 h at 37°C. The membrane was rinsed with TBST for 5 min three times, and then analyzed using a chemiluminescence imaging system. Relative expression of protein = grayscale of target protein band/grayscale of β-actin band. The mean value of the intensity was obtained from three independent experiments.
Detection of 5-HT1A mRNA in Hippocampus and Corticotropin-Releasing Hormone mRNA in Hypothalamus by Reverse Transcription-Polymerase Chain Reaction
The RT-PCR reaction was conducted according to the SYBR Green PCR kit instructions. The expression levels of 5-HT1A mRNA in hippocampus and CRH mRNA in hypothalamus were determined. The sequences of the primers used for real-time PCR are shown in Table 1. The set amplification procedure was as follows: 95°C, 10 min (95°C, 15 s; 55°C, 45 s) × 40; 95°C, 15 s; 60°C, 1 min; 95°C, 15 s; 60°C, 15 s. The data were analyzed by ABI Prism 7300 SDS software and the expression levels of 5-HT1A and CRH mRNA were determined.
TABLE 1 | Primer information for the RT-PCR experiment.
[image: Table 1]Immunohistochemical Detection of 5-HT1A in Hippocampus
The tissues were embedded, fixed and made into sections. Sections were deparaffinized and then hydrated with different concentrations of alcohol in double distilled water. The antigen was retrieved in 0.01 M trisodium citrate buffer and washed with 0.02 M PBS. The sections were incubated with 3% H2O2 for 10 min. Non-immune and normal goat serum were added to block non-specific antigen, followed by incubation in a wet box for 30 min at 37°C. The primary antibody was added and incubated overnight at 4°C. The sections were then incubated with HRP-conjugated secondary antibody (goat-anti rabbit) for 1 h at 37°C and visualized with 3,3′-diaminobenzidine. After washing, the sections were counterstained with hematoxylin, differentiated with 0.1% hydrochloric acid-alcohol and observed under a microscope to control the degree of staining. Finally, the sections were dehydrated in alcohol solution at different concentrations, cleared with xylene and sealed with neutral gum. A DM2500B microscope (Leica Corp., Wetzlar, Germany) was used to capture images and analyze the samples.
Statistical Analysis
The experimental data were expressed as mean ± standard error of the mean (SEM) (x ± s). The experimental data were statistically analyzed and plotted with SPSS 21.0 (SPSS Inc., Chicago, IL, United States) and GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, United States). One-way analysis of variance (ANOVA) was used for comparison between groups, LSD method was used for homogeneity of variance, Games-Howell method was used for heterogeneity of variance, where p < 0.05 indicated a significant difference and p < 0.01 indicated a very significant difference.
RESULTS
Composition Analysis of ChenXiang-MuXiang Volatile Oil
The components of CMVO were determined by GC-MS. Finally, 32 chemical constituents were identified. The GC-MS chromatogram and the 32 components are shown in Table 2 and Figure 3. The highest content of which is Aplotaxene (peak21, 13.3124%), followed by Dehydrocostus lactone (peak31, 8.5016%), β-Agarofuran (peak10, 5.4282%), Costol (peak26, 5.1089%), (-)-α-Costol (peak27, 3.2934%), etc. The GC-MS detection results of CMVO were compared with the previous studies, and it was found that Dehydrocostus lactone (peak31), Aplotaxene (peak21), Terpinen-4-ol (peak1), trans-a-Bergamotene (peak7) were the main characteristic components of the MX volatile oil (Yan et al., 2020), while Benzylacetone (peak2) (Miyoshi et al., 2013), β-Agarofuran (peak10), Agarospirol (peak19) were the unique components of CX volatile oil (Monggoot et al., 2018).
TABLE 2 | The components of CMVO.
[image: Table 2][image: Figure 3]FIGURE 3 | The GC-MS chromatogram of CMVO. S1-S3 represents three GC-MS chromatograms of CMVO samples, and three times GC-MS analysis were carried out to show the repeatability. The 32 components identified are numbered in the figure, which matches the serial numbers of each component in Table 2.
Effects of Inhaling ChenXiang-MuXiang Volatile Oil on Depression-like Behavior Induced by Chronic Unpredictable Mild Stress in Rats
The depression-like behavior in CUMS rats was assessed to examine the antidepressant effects of CMVO using the OFT, FST and SPT. The body weights of all rats before and after modeling were measured.
Effects of ChenXiang-MuXiang Volatile Oil on Body Weight and Sucrose Preference Test
Before the CUMS modeling process, there were no significant differences in the baseline BW, as shown in Figure 4. After treatment for 4 weeks, differences in BW showed statistical significance among the groups (F5,42 = 23.617, p < 0.01). Compared with the control group, the BW of the model group increased slowly and decreased significantly after modeling (p < 0.01), which suggests that CUMS may cause gastrointestinal dysfunction in rats, resulting in loss of appetite and individual growth retardation. Compared with the model group, the weights in the CMVO-L, CMVO-M and CMVO-H groups significantly increased (p < 0.05 or p < 0.01).
[image: Figure 4]FIGURE 4 | The BW in each group at weeks 0 and 4 (Mean ± SD, n = 8). The BW was recorded at weeks 0 and 4, and the increased weight is expressed as the BW at week 4 minus the BW at week 0. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS group.
Before the modeling process, there were no significant differences in the baseline sucrose preference, as shown in Figure 5A. In the SPT (Figure 5B), the results showed that there were significant differences in sucrose preference among different groups (F5,42 = 2.777, p < 0.05). Compared with the control group, the sucrose preference rate in the model group decreased significantly (p < 0.01). Compared with the model group, the sucrose preference rate of other groups increased, and there were significant differences in the fluoxetine hydrochloride (FH), CMVO-M and CMVO-H groups (p < 0.05).
[image: Figure 5]FIGURE 5 | Effects of CUMS and CMVO treatment (25, 50, 100 μL/kg) on baseline sucrose preference (A), SPT (B) and FST (C). Values are expressed as (Mean ± SD, n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS group.
Effects of ChenXiang-MuXiang Volatile Oil on the Immobility Time in Forced Swimming Test
The effect of CMVO on FST in CUMS rats is shown in Figure 5C. There were significant differences in immobility time among the groups (F5,42 = 3.281, p < 0.05). The immobility time during forced swimming in the model group was significantly increased compared with that in the control group (p < 0.01). In the FST, lower immobility time was observed in FH- and CMVO-treated CUMS rats, and there were significant differences in the FH, CMVO-L and CMVO-H groups (p < 0.01), and in the CMVO-M group (p < 0.05).
Effects of ChenXiang-MuXiang Volatile Oil on Open Field Test
Figures 6A–E show the effects of CMVO on the OFT in CUMS rats. The results of one-way ANOVA showed that there were significant differences in V.mean, Dist, Res.T, N.Ent and Dist in the marginal zone among the groups (F5,42 = 5.289, p < 0.01; F5,42 = 5.314, p < 0.01; F5,42 = 6.295, p < 0.01; F5,42 = 7.006, p < 0.01; F5,42 = 5.314, p < 0.01). Compared with the control group, V.mean, Total Dist, Dist in the marginal zone and N.Ent decreased significantly (p < 0.05 or p < 0.01), and Res.T increased significantly (p < 0.001), which indicated that the activity and curiosity about the novel environment of the model group rats were decreased (Cao et al., 2019b). Compared with the model group, V.mean and Dist in the FH group and all CMVO dose groups increased significantly (p < 0.01), while Res.T in all CMVO dose groups decreased significantly (p < 0.01) and N.Ent in CMVO‐M and CMVO‐H groups increased significantly (p < 0.05 or p < 0.01). This showed that the willingness of rats in the treatment groups to explore the environment was enhanced, indicating that CMVO exerted an antidepressant effect. Figures 6F (1–6) show heat maps of the rat’s movement trajectory for 5 min in the open field.
[image: Figure 6]FIGURE 6 | The V.mean, Res.T, Total dist, N.Ent in central zone and Dist in the marginal zone of rats on OFT (A,B,C,D,E) and the heat map (F1‐F6) of the rat’s movement trajectory for 5 min in the open field (f1-f6). Values are expressed as (Mean ± SD, n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS group.
Effect on Hypothalamic–Pituitary–Adrenal Axis Activity in Rats
In order to observe the regulatory effect of CMVO on the HPA axis in CUMS rats, the levels of ACTH and CORT in serum were determined by ELISA and the expression level of CRH mRNA in hypothalamus was measured by RT-PCR. Significant differences among the groups were observed on ACTH and CORT levels in serum, and CRH mRNA expression level in hypothalamus (F5,42 = 4.715, p < 0.01; F5,42 = 2.572, p < 0.05; F5,12 = 21.467, p < 0.01).
The serum levels of ACTH and CORT in the CUMS group were significantly higher than those in the control group (p < 0.01). Compared with the model group, treatment with FH and CMVO remarkably decreased ACTH levels. There were significant differences in the FH group (p < 0.01) and CMVO-L group (p < 0.05). In addition, FH or CMVO treatment also reversed the increase of serum CORT induced by CUMS. There were significant differences in the FH and all CMVO dose groups (p < 0.01 or p < 0.05). The RT-PCR results showed that CUMS significantly increased hypothalamus expression of CRH mRNA in the model group (p < 0.001). The expression of CRH mRNA decreased significantly after treatment with FH, CMVO-L, CMVO-M and CMVO-H compared with the model group (p < 0.001). The results are shown in Figures 7A–C. These results suggest that CUMS can lead to overexcitation of the HPA axis, increasing expression of ACTH, CORT and CRH mRNA in rats. The overexcitation of the HPA axis was regulated by inhalation of CMVO, which may be a mechanism for the action of CMVO in the treatment of depression.
[image: Figure 7]FIGURE 7 | Effects of CMVO treatment on ACTH (A) and CORT (B) levels (n = 8) and CRH mRNA expression (C) (n = 3). The levels of ACTH and CORT in the hippocampus of rats were tested by ELISA, and the CRH mRNA in the hypothalamus was tested by RT-PCR. Values are expressed as (Mean ± SD). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS group.
Effects on the Levels of Neurotransmitters (5-Hydroxytryptamine, Norepinephrine, Acetylcholine and Dopamine)
The levels of neurotransmitters in the hippocampus were assessed to reveal the role of CMVO in treatment of depression. Significant effects were observed on 5-HT, NE, ACh and DA in the hippocampus (F5,42 = 2.449, p < 0.05; F5,42 = 2.636, p < 0.05; F5,42 = 2.781, p < 0.05; F5,42 = 2.855, p < 0.05). The levels of 5-HT, NE, ACh and DA in the hippocampus of CUMS-induced rats were significantly decreased compared with the control group (p < 0.01 or p < 0.05) (Figures 8A–D and Table 3). Treatment with CMVO reversed the decrease of neurotransmitters induced by the CUMS procedure. Compared with the model group, the levels of 5-HT in the FH, CMVO-L, CMVO-M and CMVO-H groups were significantly increased (p < 0.01 or p < 0.05). The levels of NE in each group were also increased by varying degrees, with significant differences in the FH, CMVO-L and CMVO-M groups (p < 0.05) and the CMVO-H group (p < 0.01). After treatment with FH and CMVO, the levels of ACh significantly increased compared with the model group, with significant differences in all CMVO dose groups (p < 0.01 or p < 0.05). Compared with the model group, the DA levels increased significantly in the FH group (p < 0.05) and CMVO-H group (p < 0.01).
TABLE 3 | Contents of 5-HT,Ach,DA, NE in the hippocampus (x ± s, n = 8).
[image: Table 3][image: Figure 8]FIGURE 8 | Effects of CMVO treatment on 5-HT, NE, Ach and DA levels in hippocampus (A,B,C,D). The levels of 5-HT, NE, Ach and DA in the hippocampus of rats were tested by ELISA. Values are expressed as (Mean ± SD, n = 8). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS group.
Effect of ChenXiang-MuXiang Volatile Oil on the Level of 5-HT1A Protein in the Hippocampus
The expression level of 5-HT1A in hippocampus of rats was semi-quantitatively analyzed by calculating the ratio of the gray value of 5-HT1A bands to β-actin bands. The results showed that 5-HT1A gene transcription in hippocampus was significantly decreased in the CUMS group compared with the control group (F5,12 = 3.953, p < 0.01) (Figures 9A,B). The expression of 5-HT1A was significantly increased in the FH and CMVO-M groups (p < 0.01), CMVO-L and CMVO-H groups (p < 0.05) compared with the CUMS group.
[image: Figure 9]FIGURE 9 | (A,B) Effects of CMVO on the level of 5-HT1A protein in the hippocampus (Mean ± SD, n = 3). The results of Western blot are shown in Figures 9A,B (1:control group, 2:CUMS group, 3:FH group, 4:CMVO-L group, 5:CMVO-M group, 6: CMVO-H group). (C) Effects of CMVO on the level of 5-HT1A mRNA in the hippocampus (Mean ± SD, n = 3). The results of the RT-PCR are shown in Figure 9C. (Mean ± SD, n = 3). (D) Effect of CMVO on the expression of 5-HT1A in the hippocampus by immunohistochemistry (Mean ± SD, n = 3). The results of immunohistochemical staining are shown in Figure 9D (OD: optical density). Values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. CUMS group.
Effect of ChenXiang-MuXiang Volatile Oil on the Expression of 5-HT1A mRNA in the Hippocampus
Similarly, RT-PCR analysis showed that expression of 5-HT1A mRNA in the hippocampus of the model group was significantly decreased compared with the control group (p < 0.001), while the expression of 5-HT1A mRNA in the CMVO treatment groups was significantly reversed (p < 0.001) (Figure 9C).
Effect of ChenXiang-MuXiang Volatile Oil on the Expression of 5-HT1A in the Hippocampus
5-HT1A positive cells in the hippocampus of each group were examined by immunohistochemistry (Figures 9D, 10A,10B). The OD value of the 5-HT1A positive cells in the hippocampus was analyzed (Figure 9D). Compared with the control group, the expression of 5-HT1A positive cells in the CUMS group was significantly reduced (p < 0.01). Compared with the CUMS group, the expression of 5-HT1A-positive cells was significantly increased in the FH (p < 0.01) and CMVO groups (p < 0.05 or p < 0.001).
[image: Figure 10]FIGURE 10 | Effect of CMVO on the expression of 5-HT1A in the hippocampus. The immunohistochemical staining pictures taken by microscope are shown in Figure 10A (Magnification:×200) and Figure 10B (Magnification:×400).
DISCUSSION
In the CUMS model, the state of reduced interest and lack of pleasure shown by animals is similar to the clinical symptoms of depression. Lack of pleasure is an important manifestation of depression and the SPT is widely used to evaluate the degree of pleasure deficiency in depressed animals (Xu et al., 2011). In this study, the sucrose preference index in the CUMS group decreased significantly, indicating that the response of animals to reward decreased and that the depression model was established successfully. The treatment with CMVO increased the sucrose preference index and showed an antidepressant effect. The efficacy of antidepressants is widely evaluated using FST, in which the immobility time reflects the degree of despair in the rats (Porsolt et al., 1978; Xing et al., 2015). Consistent with previous studies, CUMS significantly prolonged the immobility time in the FST, while CMVO administration shortened the immobility time. The OFT is based on the phenomenon that rats are afraid to enter the open or bright field to reflect their emotions, and depressive behavior is evaluated by the desire of the rats to explore in the open field (Xing et al., 2015). The desire to explore in the open field decreased in the model group, total moving distance and the number of times to enter the central area decreased, immobility time was prolonged and movement was slower. After administration of CMVO, these indexes were reversed. Analysis of BW, and OFT, FST and SPT results showed that the rats in the model group exhibited obvious depressive behavior, indicating successful establishment of the model. Treatment with different doses of CMVO reversed these depressive behaviors and showed an obvious antidepressant effect. Although there was an obvious antidepressant effect in the FH group according to the behavioral experiments (OFT, FST, SPT), the body weights of rats decreased slightly compared with the model group, which was not consistent with some experimental results reported previously (Xing et al., 2019; Li et al., 2020c). On the one hand, according to the literature (Willner, 1997), although the commonly used chronic antidepressant drugs can normalize sucrose intake, they may not reverse CUMS-induced weight loss (Willner et al., 1987). In the CUMS model, there is no obvious positive correlation between sucrose preference index and body weight, which is consistent with the report of the founder of the model (Willner, 1997; Zhang et al., 2018). On the other hand, the results showed that FH did not improve the appetite or digestive function of depressed rats in the short term, but that CMVO significantly improved the body weight of the rats, suggesting that CMVO may have a better effect on anorexia caused by depression.
Depression is a disease involving a variety of neurotransmitters and brain regions, and its pathogenesis has not been fully elucidated. However, it is generally recognized that chronic stress plays an important role in the development of depression. Long-term chronic stress can lead to dysfunction of the HPA axis and increased secretion of corticosteroids, both of which are considered to be closely involved in the pathogenesis of human depression (Jozuka et al., 2003; Xing et al., 2015). The HPA axis is one of the complex neurobiological mechanisms contributing to the occurrence and development of depression (Xing et al., 2015). During the stress process, CRH is released from the paraventricular nucleus of the hypothalamus and promotes the release of ACTH from the pituitary. This results in the release of glucocorticoids from the adrenal cortex, providing feedback to the HPA axis through the glucocorticoid receptor (Zhang et al., 2019). In patients suffering from depression, the activity of the HPA axis is abnormally increased. The concentrations of cortisol are generally increased, which eventually destroys the negative feedback regulation of the HPA axis. Therefore, the concentrations of ACTH and CORT in serum and the expression of CRH mRNA in the hypothalamus were measured after the CUMS procedure. It was found that ACTH and CORT levels and the expression of CRH mRNA were increased significantly in CUMS rats, which was consistent with published literature (Song et al., 2003; Li et al., 2020b) that chronic stress can activate the HPA axis. The administration of CMVO significantly decreased the levels of ACTH and CORT in the serum of CUMS rats. These results suggest that the inhibition of hyperfunction of the HPA axis and restoration of the negative feedback loop may be an important mechanism of the CMVO antidepressant effect.
Moreover, there is a close relationship between the HPA axis and neurotransmitters. Overexcitation of the HPA axis may damage monoaminergic neurons in the hippocampus, resulting in decreased release of monoamine neurotransmitters (Zhang et al., 2019). Studies proved that the disruption of negative feedback regulation of the HPA axis will further impair the function of the hippocampus, which is closely involved in memory and emotion, and eventually lead to lower levels of neurotransmitters and aggravate depression (Mahar et al., 2014; Cao, 2019a). Through inhaled administration, volatile compounds can bind to olfactory receptors, trigger electrophysiological responses, stimulate the brain and alleviate depression-like behavior (Park et al., 2015; Zhang et al., 2019). In addition, it may prevent excessive activation of the HPA axis and stimulate the brain to achieve antidepressant effects by increasing concentrations of neurotransmitters (Watanabe et al., 2011; Lv et al., 2013; Zhang et al., 2019).
The hippocampus plays an important role in emotional regulation and is an important region that mediates the stress response (Peng et al., 2015; Sheline et al., 2019). The causes of depression are thought to be associated with the serotonergic system, norepinephrine, and dopamine (Li et al., 2020c). The monoamine hypothesis is the first neurobiochemical theory of depression, which holds that deficiency of NE, 5-HT or DA in the synaptic space in vivo is the main cause of depression (Duffey et al., 2013). In fact, most of the commonly used antidepressants are 5-HT reuptake inhibitors. Anhedonia, the core clinical feature of depression, is most likely linked to abnormality of the DA-reward pathway (Chen et al., 2019). The imbalance between acetylcholine and adrenergic neurons may lead to depression (Janowsky et al., 1972), and studies have shown that ACh-NE signals can mediate behaviors related to anxiety and depression through the interaction between β2nAChRs and α2-norepinephrine receptors (Mineur et al., 2018; Meng et al., 2020). Therefore, we determined the levels of monoamine neurotransmitters (5-HT, NE and DA) and cholinergic neurotransmitter (ACh) in the hippocampus of rats. In the CUMS group, the levels of 5-HT, NE, DA and ACh were significantly decreased. Their levels were significantly increased after intervention with FH and CMVO, indicating that CMVO may exert an antidepressant effect by regulating the levels of neurotransmitters. The levels of ACh and NE in the CUMS model group decreased significantly, and both levels were significantly increased by CMVO intervention, indicating that CMVO can regulate the interaction of the ACh-NE signal. The 5-HT1A receptor subtype is considered to be an important mediator for the stimulatory influence of 5-HT on stress HPA activity (Goel et al., 2014). The 5-HT1A receptor is closely involved in emotional disorders, and its blockade can lead to spontaneous antidepressant behavior in mice (Stewart et al., 2014). In order to further explore the mechanism of CMVO, we evaluated the change of 5-HT1A levels by immunohistochemistry, RT-PCR and western blot. The results showed that 5-HT1A decreased significantly in the model group, and CMVO administration increased the level, indicating that CMVO may regulate levels of 5-HT by up-regulating the expression of 5-HT1A. The results of our study suggest that CMVO can regulate the metabolism of neurotransmitters in the hippocampus, which may underlie its mechanism of action, and its effect is similar to that of the established drug, fluoxetine hydrochloride.
32 components of CMVO were identified by GC-MS analysis, of which sesquiterpenes were the main components. We speculate that CMVO may play a comprehensive antidepressant effect through these components. In recent years, many literatures have reported the effects of the components in the CX and MX volatile oil on the central nervous system. At present, the most concerned compounds with potential antidepressant activity in CX essential oil are agarofuran-like derivatives, among which buagafuran is the most potential and phase II clinical trials are being conducted on it (Wang et al., 2018c). It’s potential mechanism might be through modulating central neurotransmitters, such as dopamine (Zhang et al., 2004). The CX volatile oil has definite sedative effect by inhalational administration, in which agarospirol (Okugawa et al., 1996; Okugawa et al., 2000), benzylacetone, α-gurjunene, and (+)-calarene are the main components (Takemoto et al., 2008). Study (Okugawa et al., 2000) have shown that agarospirol in CX essential oil and dehydrocostus lactone in MX essential oil were found to be the principle products evaluated as analgesics in pharmacological studies. In addtion, the two components has shown to be potent as an antagonist of dopamine D2 and serotonine 5-HT2A receptor binding (Okugawa et al., 2000). Based on the above research results, it can be concluded that the components such as dehydrocostus lactone in MX volatile oil, β-Agarofuran, agarospirol and benzylacetone in CX volatile oil may have comprehensive effects on the central nervous system by regulating neurotransmitters such as 5-HT and DA. Similarly, our results also show that CMVO can regulate the level of neurotransmitters such as 5-HT and DA, thus playing an antidepressant effect. Besides, aplotaxene is the most abundant component in CMVO, study have shown that it has a good immune function, and has been proved to be a novel immunotherapeutic agent for immunological diseases related to the overactivation of T cells. On the other hand, study (Yamahara et al., 1990) have shown that sesquiterpenes such as β-eudesmol and hinesol can clearly enhanced intestinal charcoal transport in mice. It has been found that benzylacetone, the main active compound in the CX volatile oil, has the effect of boosting appetite (Okugawa et al., 2016a; Okugawa et al., 2016b). As mentioned in the experimental results, CMVO significantly increased the body weight of rats within the 21 days’ administration, showing a better effect compared with positive drug FH. Depression is common symptoms such as loss of appetite, and CMVO is likely to play a role in gastrointestinal regulation through these compounds. Symptoms such as loss of appetite are common in patients with depression, and CMVO is likely to improve gastrointestinal function through these components. To sum up, various components of CMVO may play antidepressant effect by regulating neurotransmitters’ levels, immunity and gastrointestinal function.
CONCLUSION
In conclusion, this study demonstrated that CMVO inhalational administration exerts antidepressant effects in CUMS rats. Its potential mechanism of action is related to inhibition of the hyperactive HPA axis and regulation of monoamine neurotransmitter levels in the hippocampus. This study may provide medicines with definite curative effect and suitability for long-term administration in patients with depression. CX and MX are two classical aromatic traditional Chinese herbs which are frequently used in antidepressant prescriptions, but most of the studies have focused on the efficacy of their oral administration, and the antidepressant effects and mechanisms of the combination of the two volatile oils have not been studied. In this study, a self-made aromatherapy device was used to study the antidepressant effect and mechanism of CMVO through inhalational administration. At present, most of the antidepressants are oral drugs, and there are some deficiencies in the treatment of depression, a long-term chronic disease. This study explored a new administration method for CX-MX, a traditional herbal pair, to play an antidepressant effect, and it can also provide a reference for others to study the antidepressant effect of aromatic traditional Chinese herbs by inhalational administration.
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Epilepsy is a chronic disease that can cause temporary brain dysfunction as a result of sudden abnormal discharge of the brain neurons. The seizure mechanism of epilepsy is closely related to the neurotransmitter imbalance, synaptic recombination, and glial cell proliferation. In addition, epileptic seizures can lead to mitochondrial damage, oxidative stress, and the disorder of sugar degradation. Although the mechanism of epilepsy research has reached up to the genetic level, the presently available treatment and recovery records of epilepsy does not seem promising. Recently, natural medicines have attracted more researches owing to their low toxicity and side-effects as well as the excellent efficacy, especially in chronic diseases. In this study, the antiepileptic mechanism of the bioactive components of natural drugs was reviewed so as to provide a reference for the development of potential antiepileptic drugs. Based on the different treatment mechanisms of natural drugs considered in this review, it is possible to select drugs clinically. Improving the accuracy of medication and the cure rate is expected to compensate for the shortage of the conventional epilepsy treatment drugs.
Keywords: natural herbal medicines, epilepsy, bioactive components, mechanisms, therapy
INTRODUCTION
Epilepsy, which is also commonly known as “goatopathy,” was first recognized in 1997, since when the global campaign against epilepsy (GCAE) has been working on the strategy of “improving access, treatment, services, and prevention of epilepsy worldwide” (Saxena and Li, 2017). As per the World Health Organization data on epilepsy for 2006–2015, the number of people with epilepsy continues to remain high. Epilepsy is a common, severe, chronic neurological disease that affects >70 million people across the world. In fact, it affects individuals irrespective of their ages, gender, ethnic background, or the geographic location (Khan et al., 2020).
The known causes of epilepsy has been reclassified as hereditary, structural, infectious, immunological, metabolic, or unknown (Singh and Trevick, 2016). Increasing attention is being paid to the treatment of epilepsy, and the combination of Chinese and western medicine treatment may be more favored (Li, 2012). On one hand, Western medicine treatment for epilepsy can be mainly categorized as etiological treatment, drug treatment, or surgical treatment (Fu and Qu, 2019), example, levetiracetam and phenytoin sodium carbamazepine. On the other hand, natural drugs have been reported to play an important role in the clinical treatment of epilepsy (Piazzi and Berio, 2015). The effect of natural drugs on epilepsy treatment through different mechanisms has been reported in many articles, and the improvement effect is better.
Presently, the conventional drugs that are commonly used for the treatment of epilepsy include carbamazepine, valproate sodium, phenobarbital sodium, phenytoin sodium, and prelampone, among others (Fu and Qu, 2019). These drugs also regulate excitatory and inhibitory discharge in the brain and indirectly regulate the excitatory and inhibitory discharge by regulating the ion concentration. Among these, phenytoin sodium has an outstanding curative effect; however, after treatment, adverse reactions such as anemia after reproduction and acute cerebellar ataxia may occur. Carbamazepine treatment is likely to cause rashes, neurotoxic side effects, diplopia, dermatomyositis, blood and respiratory system damage, and other different types of adverse syndromes. In the recent years, new drugs have been proposed to treat epilepsy, including topiramate, lamotrigine, levetiracetam, and gabapentin. When compared with the conventional drugs, the advantages of these natural drugs include a broad spectrum of antiepileptic, involving less adverse reactions, higher safety, and lesser drug interaction. However, for some refractory epilepsy and epilepsy patients with other comorbidities, the use of these drugs obviously cannot meet their needs. Natural medicines retain the natural and biological activities of their constituents (Guo et al., 2015). Natural drugs have limited or no toxic side-effects. In addition, animals do not possess the advantages of drug resistance, hence the use of natural drugs in animals generally leave no drug residue and causes no health hazards. When compared with the conventional medicine used for the treatment of epilepsy, the composition of natural drugs is complex. Although the use of a single drug may not produce outstanding cure rate, it induces slight toxic side-effects, which can reduce a patient's level of discomfort. The combination of natural and conventional medicines may not only reduce the resultant adverse reactions but also improve the overall comprehensive efficacy (Yuan et al., 2019). Therefore, the present study reviewed the active components of natural drugs and the conventional antiepileptic drugs.
The use of Western medicine alone to treat epilepsy has been reported to induce more adverse reactions. For instance, the use of phenytoin sodium alone can cause gastrointestinal irritation, and its long-term use can cause gingival hyperplasia, nervous system dysfunction, and hematopoietic system disorders. The use of carbamazepine alone may induce dizziness, nausea, vomiting, and ataxia as well as occasional aplastic anemia and granulocytopenia. Valproate alone can cause nausea, vomiting, lethargy, tremor, hair loss, and hepatotoxicity. The use of an antiepileptic alone may induce anorexia, nausea, dizziness, and drowsiness.
The present paper reviewed the effects of active components of natural drugs on epilepsy, including flavonoids, alkaloids, glycosides, coumarins, and terpenoids. Among the monomer components, flavonoids, alkaloids, and terpenoids demonstrated significant activity against epilepsy. We have summarized the methods for the prevention and treatment of epilepsy by balancing excitatory and inhibitory neurotransmitters and inhibiting neuroinflammation, oxidative stress, and mitochondrial dysfunction. In addition, we innovatively summarized the combined methods of natural drug monomer compounds and natural drug compound as well as conventional antiepileptic drugs, expecting to bring hope to epileptic patients and provide them with a credible reference for improving the epilepsy cure rate.
THE PATHOGENESIS OF EPILEPSY
One of the main causes of epileptic seizures is believed to be the abnormal activity of cortical neurons, and the abnormal discharge of these neurons has mostly been related to the loss of specific subarea inhibitory and excitatory neurons, neurotransmitter transmission and imbalance, synaptic recombination, axonal germination, as well as the change in the glial cell functioning and structure. Glial cells and axons in the white matter content may play a secondary role in this situation (Xue, 2005; Zhu et al., 2014). Recurrent seizures can lead to abnormal synaptic protein expression, synaptic remodeling, and abnormal neuronal network formation, which is one of the pathophysiological mechanisms of refractory epilepsy (Yang et al., 2017). In addition, with the development of molecular biology, the study of epilepsy mechanism has shifted from phenotype to genotype, with dozens of genes or candidate genes found. The occurrence of epilepsy can be attributed to primary genetic abnormality or secondary definite structure or metabolic disorder (Depondt, 2006; Thijs et al., 2019). Genealogy and genetic analysis have indicated that epilepsy can be inherited in one or more genes, dominant or recessive, or even concomitantly. Therefore, innate genetic factors and acquired environmental factors can lead to the occurrence and development of epilepsy.
Synapses and Receptors
GABA is a major inhibitory neurotransmitter in the cerebral cortex that maintains the inhibitory tension to balance nerve excitation (Hirose, 2014). If this balance is disturbed, seizures follow. The enzyme glutamic acid decarboxylase (GAD) can promote the synthesis of neuronal GABA from glutamic acid, which is encoded by two different genes, GAD2 and GAD1 (Obata, 2013). GAD1 plays the major role for GABA production in the embryonic brain, whereas the contribution of GAD2 begins to increase after birth. GAT-1 and GAT-3 are GABA-transporters (GATs), and high level of GAT content has been associated with seizures. GABA receptors can be categorized into three types based on their different pharmacological characteristics as GABA-A, GABA-B, and GABA-C receptors (Pham et al., 2016). GABA-type A receptor (GABA-A R) has been found to be the major genetic target of heritable human epilepsy (Chen et al., 2017). GABA-A induces epilepsy mainly in the following ways: through controlling the chloride ion flow or by impairing GABAergic inhibitory input that lead to synchronous excitatory activity in the neuronal population and, ultimately, seizures (Beenhakker and Huguenard, 2009). GABAB, which increases potassium conductance, reduces the Ca2+ entry and inhibits the release of other presynaptic transmitters. Presently, reduced or abnormal GABA function has been detected in both genetic and acquired animal models of epilepsy and in the human epileptic brain tissues (Treiman, 2001).
Glutamate (Glu) acts on various membrane receptors, which form cation-permeable ion channel receptors. It can be categorized into three families: alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionate (AMPA) receptors (AMPARs), kainate receptors (KARs), and NMDA receptors (NMDARs) (Paoletti et al., 2013). The high levels of Glu causes nerve damage or death, mainly due to increased NMDAR activity and Ca2+ influx through the NMDAR channels. Excessive NMDAR activity may also form the basis for epileptic seizures, which are characterized by neuronal hyperexcitability or sensitivity. In addition, nicotinic acetylcholinergic receptors (nAChRs) in the vertebrates are pentammer ligands-gated ion channels assembled from homologous subunits (Adams et al., 2012). Central nAChRs can influence the onset of epilepsy through the regulation of the release of other neurotransmitters, such as glutamate, GABA, dopamine, and norepinephrine (Sinkus et al., 2015). Several past studies have suggested that nNOS can facilitate seizure generation during SE. The mechanism involved in this event is that NO reduces the blood-brain barrier opening after trauma by improving the vascular permeability (Gangar and Bhatt, 2020). The 5-HT receptor-related changes have also been reported in the study of epilepsy mechanisms (Zhao et al., 2018).
Ion Channels and Epilepsy
Mutations in the sodium channels are responsible for the development of genetic epilepsy syndromes with a wide range of severity. Mutations in the NaV1.1 channels have severely impaired sodium currents and the action potential firing in the hippocampal GABAergic inhibitory neurons, which can cause hyperexcitability, contributing to seizures (William et al., 2010). SCN1A gene, which encodes NaV1.1 subunit expressed in inhibitory GABA neurons, has also been implicated in the mutations of SCN1A in epilepsy patients (Duflocq et al., 2008). In addition, SCN1B, SCN2A, and SCN8A mutations have been found to be associated with epilepsy (Tang and Mei, 2016). Potassium channels are the most diverse group of ion channels and they play an important role in countless cellular processes, for example, in regulating the potassium outflow, current and action potential, and neurotransmitter release (Contet et al., 2016). The K+ channels control the resting membrane potential and enable rapid repolarization of the action potential by producing outward K+ currents, which limits neuronal excitability. Among the numerous genes that encode potassium channels, mutations in KCNMA1 were first reported in large families with autosomal-dominant totipotent epilepsy and parasympathetic dysmotility. Subsequently, mutations in KCNQ2, KCNT1, and KCNQ3 were reported in familial neonatal epilepsy (Tang et al., 2016).
A large amount of Ca2+ influx not only causes excitatory amino acid poisoning but also increases the concentration of Ca2+ in the cells, thereby inducing neuronal damage. The plasmids become overcharged with negative Ca2+ influx for a long time. The Ca2+ imbalance and the malfunctioning of mitochondria form a vicious cyclemake the brain organization of ATP production insufficient, the release of mPTP leads to fine cytosolic edema, and results in intracellular Ca2+ overload of the nerve cells, which eventually causes nerve cell death. In addition, the overload leads to excessive production of NO in the regulatory neurons, which can be combined with superoxygenated substances to produce ONOO- in the nervous cells; this event is highly toxic to the white matter, membrane lipids, and DNA as well as leads to oxidative stress. Therefore, the increase in Ca2+ concentration affects the occurrence of epilepsy from different aspects. Currently, numerous experimental data suggest that CACNA1A mutation plays a significant role in human epilepsy (Alexander et al., 2016). Moreover, the CLCN2 channel plays a critical role near GABA-A receptors at the GABAergic inhibitory synapses (Agostino et al., 2004). CLCN2 mutations in multiphenotypic families (Martin et al., 2009) and in primary systemic epilepsy have also been identified. The mechanism of epilepsy induced by the imbalance of the CLC channels or gene mutation may be related to its regulation of excitability of the cell membrane and the transport functions of electrolytes, water, and nutrients (Wei et al., 2017). Highly polarized activated cyclic nucleotide gating (HCN) channels encoded by 4 genes (HCN1-4) have been reported to undergo transcriptional changes in patients with epilepsy, with the possible mechanism of influencing excitability in patients with epilepsy (Difrancesco and Difrancesco, 2015).
Immune System
Impaired immune function and inflammatory response are both the cause of occurrence and development of epilepsy as well as the result of partial epilepsy. Past studies have demonstrated that CD3, CD4, and CD4+/CD8+ count of helper T-cells decrease and the CD8+ value of inhibitory T-cells increase significantly in the peripheral blood of epileptic patients (DiFrancesco and DiFrancesco, 2015; Arreola et al., 2017). In addition, several past scholars have studied the changes in the values of IgG, IgA, IgM, IgG1, IgG2, IgG3, and IgE in epileptic patients (Callenbach et al., 2003; Godhwani and Bahna, 2016). A weakened immune system often acts as an accomplice in the onset of epilepsy, along with other trigger factors (Matin et al., 2015). Moreover, cytokines involved in the regulatory effects of the immune system have been found to be involved in epilepsy in patients with partially overexpressed states. A major portion of this process is the inflammatory response, and changes in the inflammatory factors to a certain extent indicate that the occurrence of epilepsy can also induce a certain inflammatory response. For instance, IL-1β, IL-6, IL-10, IL-2, IL-17 (Kumar et al., 2019), IL-4, and TNF-α were abnormally expressed in patients, whose elevated levels can lead to neuronal degeneration and induce epilepsy (Ravizza et al., 2006). Another mechanism by which IL-1 participates in epilepsy is through the upregulation of NMDA receptors on postsynaptic cells through the activation of GluN2B subunits of NMDA receptors (Ravizza et al., 2006). TNF-α increases the number of Glu receptors and induces the ingestion of GABA, which in turn reduces the inhibitory drive and induces neuronal excitation, which leads to the development of epilepsy (Liu et al., 2015).
Glioma-Associated Epilepsy
Glial cells regulate excitatory and inflammatory responses that affect the occurrence of epilepsy (Devinsky et al., 2013). Astrogliosis is a common pathological hallmark of idiopathic and acquired forms of epilepsy. l-glutamic acid, d-serine, GABA, and kynurenic acid released from astrocytes are mostly involved in the epileptic process (Yamamura et al., 2013). In addition, GS is a cytoplasmic enzyme present in astrocytes that regulates the Glu acid levels. In a past study, the GS levels were significantly reduced in the hippocampus and the amygdala of TLE patients, which suggests that this enzyme is associated with the occurrence of epilepsy (Devinsky et al., 2013). Microglia activation not only increases the levels of brain inflammatory factors and TNF-α but also enhances the activities of induced nitric oxide synthase (iNOS) and cyclocycox-2 (COX-2), which can enhance the induction of epilepsy induced by neurogenesis (Akin et al., 2011; Yuan and Liu, 2020). The activated astrocytes induce the release of inflammatory factors such as IL-1β. Therefore, glial cells are not only involved in the imbalance of neurotransmitters in the process of epilepsy but also in the process of inflammation.
Mitochondrial Dysfunction and Oxidative Stress
Mitochondrial oxidative stress and dysfunction may trigger epileptic seizures arising from mitochondrial DNA (mtDNA) or nuclear DNA mutations and temporal lobe epilepsy (Rowley and Patel, 2013). Myoclonic epilepsy has been shown to be associated with mtDNA mutations. Two such targets of oxidation related to episodes of epilepsy are the glial glutamate transporters GLT-1 and GLAST (Liang et al., 2012). In addition, oxidative stress and mitochondrial dysfunction result from prolonged duration of seizure. The depolarization pattern during intense epileptic activity of neurons in response to external stimuli leads to mitochondrial depolarization and mitochondrial Ca2+ accumulation, which in turn induces mitochondrial apoptotic pathways or oxidative stress that accelerate energy failure and mitochondrial superoxide production (Kudin et al., 2002). Superoxide is a moderately active free radical and its production leads to the formation of more active ROS, which lead to lipid peroxidation and subsequent membrane destruction that are reflected in the increased content of MDA as a product of lipid peroxidation. This event thus promotes the intrinsic pathway toward triggering of cell apoptosis and death. The content of SOD, CAT, and glutathione peroxidase in the mitochondria also changes in this situation. The degradation pathways of superoxide and hydrogen peroxide (H2O2) involved in SOD and CAT were also affected with the change in the upstream products. The time-dependent generation of H2O2 in the hippocampal mitochondria as well as the frequency of mtDNA damage also increases in epileptic patients (Smith and Patel, 2017).
Glycogen Degradation
Glycogen is involved in the neurotransmission of glutamate as well as in the degradation of glycogen to promote glutamate transport in the astrocytes. Furthermore, glycogen in astrocytes can be used to synthesize glutamine, which is a precursor of glutamate (Bark et al., 2018). In addition, glycogen is involved in promoting the removal of K+ from the extracellular space, and excessive neuronal activity has been associated with K+ efflux (Walls et al., 2009). Moreover, decreased glycogen degradation is believed to be associated with epileptic seizures.
Glucocorticoids
Glucocorticoids have been reported to be involved in the regulation of various activities of the nervous system through the GR (Kanner, 2009). Glucocorticoids have also been reported to affect people with epilepsy. Some of the reported results demonstrate that the level of glucocorticoids increases in epilepsy models. However, only a few studies have been reported in this field, although this conclusion needs further verification. The possible pathogenesis of epilepsy is displayed in Table 1.
TABLE 1 | Possible mechanisms involved in epilepsy.
[image: Table 1]PHARMACOLOGICAL EFFECTS OF NATURAL MEDICINES FOR THE MANAGEMENT OF EPILEPSY
Despite the increasing number of researches on natural medicine, the ingredients of natural medicine remain complex, such as alkaloids, flavonoids, saccharides, glycosides, quinones, coumarins, lignans, terpenes, volatile oils, saponins, and cardiac glycosides (Kim, 2016). Several ingredients have been reported to possess antiepileptic activity, with the main therapeutic mechanisms including regulating synapse and receptor pathways (i.e., GABA, Glu, NMDAR, and 5-HT), ion channels (i.e., Ca2+, K+, and Na+), immune system (i.e., CD3, CD4, IgG, IgA, TNF-α, IL-1β, IL-2, IL-4, IL-6, and IL-10), glial cells (i.e., lial cell proliferation and potassium uptake ability) and mitochondrial dysfunction and oxidative stress (i.e., oxidation markers, accumulation of Ca2+, cell death, and apoptosis). Presently, we can reclassify these ingredients in accordance to the difference in the mechanisms of action.
NATURAL MEDICINES IMPROVES EPILEPSY BY REGULATING SYNAPSES AND RECEPTORS
Flavonoids share similar structures to benzodiazepines (Nilsson and Sterner, 2011), and play an anti-epileptic role through the regulation of the GABAA-Cl-channel complex (Xiang et al., 2014). Several flavonoids that can be used to treat epilepsy through different receptor signaling pathways are known. Tanshinone IIA is a hydrophobic ketone extracted from Salvia miltiorrhiza. Past studies have shown that the reduced c-fos expression in the brains of PTZ-exposed zebrafish larvae plays a therapeutic role in epilepsy through the activation of the GABA signaling pathway (Buenafe et al., 2013). Curcumin can improve depressive behavior and cognitive functioning through inhibition of acetylcholinesterase and by mediating monoaminergic regulation, which significantly reduces the number and degree of seizures by via inhibition of the activation of mechanistic target of the rapamycin complex 1 (mTORC1) (Kiasalari et al., 2013). Amentoflavone can improve the activity of hippocampal acetylcholinesterase as well as the learning and memory functions of rats (Yuan, 2016). However, amentoflavone has no regulating effect on the GABAR channel current in insular neurons induced by GABA. Luteolin is one of the main isolates of resveratrol, which is a natural flavonoid (Shen et al., 2016). Past studies have demonstrated that luteolin can increase the seizure threshold, and the mechanism may be to enhance the activation of GABAA receptors, thereby promoting the opening of GABA-mediated chlorine channels (Tambe et al., 2016; Tambe et al., 2017). (-)-Epigallocatechin-3-Gallate (EGCG) plays a therapeutic role in lithium-pilocarpine-induced epilepsy through the inhibition of the Toll-like receptor 4 (TLR4)/nuclear factor-κB (NF-κB) signaling pathway (Qu et al., 2019). Nobiletin significantly upregulated the expression of GAD65 and GABAA. Bupleuronin inhibited the current generated by NMDA receptor activation (Yang et al., 2018).
Glycosides have been reported to exert a therapeutic effect on epilepsy. Paeoniflorin (PF) plays an antiepileptic role through the inhibition of glutene-induced Ca2+ influx, activation of the metabotropic Glu receptor 5 (mGluR5), membrane depolarization, and neuronal death induced by Glu (Hino et al., 2012). Gastrodin mainly involves antioxidants and regulates the release of neurotransmitters. It has been reported to decrease GABA-T, GAD65, and GAD67 (Yuan et al., 2019). Sclerosylglucoside usulate (UASG) significantly prolonged the incubation period and reduced the seizure duration in animal models of INH-induced epilepsy by increasing GABA release (Kazmi et al., 2012).
Recently, the application of terpenoids in epilepsy has attracted much attention. (+)-Dehydrofukinone (DHF), an active ingredient in Acorus tatarinowii, is believed to possess anticonvulsant properties and may act as a potential antiepileptic drug through the induction of sedation and anesthesia via modulation of GABAA receptors (Garlet et al., 2017). In addition, 1-nitro-2-phenylethane is an active component that is isolated from volatile oil of Aniba canelilla. In a past study, mice injected with 1-nitro-2-phenylethane flumazine showed prolonged sleep pattern, and this hypnotic effect was possibly due to the upregulation of GABA in the central nervous system (Oyemitan et al., 2013). Tetrahydrocannabinol (THC) has been the primary focus of cannabis research until date. Delta9-THC (∆9-THC) exerts antioxidant effects in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid models and NMDA-mediated cytotoxicity models. Moreover, ∆9-THC also desensitizes and transiently activates the transient receptor potential (TRP) channels TRPA1, TRPV1, and TRPV2 (Bahr et al., 2019). Borneol can easily cross the blood-brain barrier and exert a certain GABA regulating effect (Xiang et al., 2014). Isopulegol exhibited anticonvulsive effects through the positive modulation of benzodiazepine-sensitive GABAA receptors and antioxidant properties.
Alkaloids have been reported to regulate different receptors. Rhynchophylline (RIN) is an alkaloid isolated from Uncaria rhynchophylla (Ho et al., 2014). On one hand, RIN decreases neuronal hyperexcitability by inhibiting NMDA receptor current, and further decreases the expression of N-methyl-d-aspartate receptor 2B (NR2B) protein induced by pilocarpin (Shao et al., 2016). On the other hand, RIN inhibits the synaptic transmission. Sanjoinine A is an alkaloid active ingredient isolated from Zizyphi Spinosi Semen (Ma et al., 2008). Sanjoinine A not only blocks NMDA-induced epileptoid electroencephalography changes and reduces cerebellar granulosa cell damage but also inhibits intracellular Ca2+ influx in NMDA-induced models. Tetrahydropalmatine (THP) is an alkaloid component isolated from Rhizoma corydalis. When THP was injected into the epileptic model, dopamine secretion was reduced in parallel with the enhancement in GABA receptor function and cholinergic receptor function and the kindling process was inhibited (Lin et al., 2002). Tetramethylpyrazine (TMP) is the main bioactive alkaloid in Chuanxiong Rhizoma (Conioselinum anthriscoides ‘Chuanxiong’). The therapeutic effect of TMP on epilepsy may be attributed to its inhibitory excitatory synaptic transmission (Jin et al., 2019). Berberine acts as an anticonvulsant through the regulation of the neurotransmitter system. It can reduce the hyperexcitatory movement and abnormal movement trajectory of the larvae in a concentration-dependent manner, which slows down excessive photosensitive epileptiform swimming and helps restore the STX1B expression level to balance (Zheng et al., 2018).
Coumarin is the general name of o-hydroxycinnamate lactones, which possess an effect of anticoagulant, photosensitive, antibacterial, cytotoxic, antioxidant, and neuroprotective activities. The anticonvulsant effects of coumarin have been found to be related to the regulation of GABA receptors. For example, esculetin (6,7-dihydroxycoumarin) has been reported in animal models to induce an antiepileptic effect through the regulation of GABA neurons. However, this effect needs to be tested further to comprehend how such high concentrations of the substance cross the blood-brain barrier into the brain. The mechanism of coumarins in epilepsy is hence not considered may be not entirely through the GABAA receptors (Xiang et al., 2014).
Various anti-epileptic mechanisms of α-asarum have been reported, which may be mainly related to neurotransmitters and apoptotic factors. α-Asarum decreased the activity of GABA-T, while the expression of GAD 67 and GABAA receptors were increased (Miao et al., 2011). In addition, the α-asarum level can obviously reduce the expression of NMDA receptor-l level in the hippocampus CA1 and CA3 areas, thereby inhibiting the activity of NMDARl and excitatory neurotoxicity (Liu et al., 2013). We noted that flavonoids, terpenoids, and alkaloids play an important role in the treatment of epilepsy through the receptor pathways. The main receptors affected are the Glu receptor pathway and the GABA receptor pathway. More natural compounds that play antiepileptic roles through the regulation of receptors and synaptic pathways are displayed in Table 2. The effects of natural drugs on the receptor pathways are depicted in Figure 1.
TABLE 2 | Natural drugs used to treat epilepsy by regulating neurotransmitters and synaptic function.
[image: Table 2][image: Figure 1]FIGURE 1 | Effects of natural drugs on receptor pathway. α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), brain-derived neurotrophic factor (BDNF), excitatory amino acid transporter (EAAT), -aminobutyric acid (GABA), glutamate decarboxylase (GAD), glutamate (Glu), glycine (Gly), N-methyl-D-aspartate receptor (NMDAR).
NATURAL MEDICINES IMPROVES EPILEPSY BY REGULATING ION CHANNELS
Tanshinone IIA, a flavonoid compound, activates the potassium channels by increasing the presynaptic Ca2+ influx and improves the cognitive function of epileptic rats (Lin et al., 2013; Tan et al., 2014).
Glycosides and saponins can play some roles by regulating the ion channels. For example, ginsenoside Rg3 can inhibit seizure-induced Ca2+ influx with spontaneous recurrent epileptiform discharges (SRED) and further attenuate SREDs-induced neuronal death (He et al., 2019). PF is a water-soluble monoterpenoid glycoside extracted and isolated from Paeonia lactiflora Pall. The anti-epilepsy mechanism of PF may be involved in inhibiting the increase of intracellular Ca2+ influx (Hino et al., 2012).
Terpenoids can also play a role by regulating the ion channels. For example, triptolide (TL) exerts neuroprotective effects in epileptic rats, possibly by increasing the expression of kv1.1 in the hippocampus CA3 (Pan et al., 2012). The specific effect of eugenol on the ionic current has been shown to increase the degree of voltage-gated Na+ current inactivation and inhibiting the non-inactivated (Kim, 2016).
The ionic regulation of alkaloids has been reported in several articles. RIN decreased neuronal hyperexcitability by inhibiting continuous sodium current (INaP) and further decreased pilocarpin-induced Nav1.6 (Shao et al., 2016). RIN also inhibits the Ca2+ influx in the central nervous system. Aconitine is an important active ingredient in aconitum that acts directly on the sodium ion channel, which not only changes the voltage sensitivity and ion selectivity of a sodium ion channel but also reduces the hyperpolarization potential caused by Na+ current activation as well as reduces the maximum inward current (Zhao et al., 2020). In addition, 3-acetylaconitine has been reported to inhibit the excitation through mediation of sodium channels. Tetramethylpyrazine has also been reported to inhibit the calcium channels (Jin et al., 2019).
β-Asarone, which is an effective component of acorus tatarinowii, has been demonstrated to plays neuroprotective roles in vitro studies through the inhibition of the Ca2+ influx. In addition, α-asarum has been reported to inhibit voltage-gated sodium channels (NAV1.2 channels) (Yuan and Liu., 2020). In summary, most of the natural compounds can be applied to the treatment of epilepsy mainly because they can affect the Ca2+ and Na+ activities. More natural compounds that regulate ion concentration and ion channels are given in Table 3.
TABLE 3 | Natural drugs used to treat epilepsy by regulating the concentration of ions.
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Flavonoids have also been often reported to exert immunomodulatory effects. For example, carbenoxolone (CBX) exhibits anti-inflammatory effects through the stimulation of the adrenal glands or by enhancing the effects of endogenous corticosteroids. In a study, the degree of seizure in an epileptic rat was reduced and the incubation period was prolonged after CBX treatment. This effect may be related to the decreased expression of glial fibrillary acidic protein and ligand 43 in cortical rats with epilepsy (Chen et al., 2013). Morin can be extracted from several herbs and fruits. Past studies have demonstrated that morin can reduce the susceptibility to seizures, the expression levels of apoptotic molecules, and the activities of inflammatory cytokines and mammalian target of rapamycin complex 1 (mTORC1) in a seizure model (Lee et al., 2018).
Saponins and glycosides can inhibit inflammation and play an indirect therapeutic role via regulating the content of inflammatory factors. For example, saikosaponin A is an effective monomer extracted from Radix Bupleuri. Xie noted that saikosaponin A can dose-dependently decrease the expression of multi-drug resistant protein P-glycoprotein (P-GP) in the temporal cortex and hippocampus, thereby reducing the level of refractory epilepsy caused by pirocarbine (Yu et al., 2012; Xie et al., 2013). Ginsenoside can induce a decrease in the level of IL-1β. Pueraria flavone can regulate the NF-ΚB mRNA and IL-10 mRNA expressions in the hippocampus of epileptic rats (He et al., 2019). Gastrodin can decrease the levels of IL-1β and TNF-α (Yuan et al., 2019). Moreover, ginsenoside possesses the ability of inhibiting microglial cell activation and polarization (Kim and Rhim, 2004).
Some alkaloids have also been reported to possess anti-inflammatory effects. For example, RIN can regulate immune response and neurotrophic factor signaling pathways, such as brain-derived neurotrophin associated with neuronal survival and inflammatory factor IL-1β (Shao et al., 2016). TMP can simultaneously reduce the production of IL-2, IL-6, and TNF-α to counter pentaerythritol-induced epileptic seizures in experimental rats (Liu et al., 2010).
A few coumarins have also been studied in vivo in epilepsy patients. For instance, pretreatment of imperata (IMP) has been shown to not only improve the L&PS-induced behavior and memory disorders but also significantly reduce the associated oxidative stress and pain levels. Moreover, it can also reduce the TNF-α and IL-6 levels, leading to significant upregulation of the BDNF levels (Chowdhury et al., 2018).
Ursolic acid (UA), which is found in many human diets and cosmetics, can be used as an antioxidant, anti-inflammatory drugs (Nieoczym et al., 2018). Trans-caryophyllene (TC) applied in epilepsy may be attributed to its ability to reduce the expression of pro-inflammatory cytokines, such as TNF-α and IL-1β (Liu et al., 2015). Several compounds can play a therapeutic role by affecting the immune system, of which flavonoids and saponins are the main components. More natural compounds are displayed in Table 4, and the effects of natural drugs on the immune system is shown in Figure 2.
TABLE 4 | Natural drugs that treats epilepsy by regulating the immune system and inflammatory factors.
[image: Table 4][image: Figure 2]FIGURE 2 | Effects of natural drugs on immune system. Interleukin 1β (IL-1β), interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α).
NATURAL MEDICINES IMPROVES EPILEPSY BY CORRECTING THE GLIAL CELLS
Amentoflavone can significantly inhibit the expression of COX2 and iNOS, as well as inhibit the activation of BV-2 microglia (Reng et al., 2020). Carbenoxolone pretreatment or treatment could significantly reduce the connexin expression in the cortex, inhibit glial fibrillary acidic protein expression, and ameliorate the extent of seizure in the experimental rats (Chen et al., 2013). In the persistent epileptic mode induced by pilocarpine, α-asarone inhibited the activation of microglia cells in rat brain tissues (Yuan and Liu, 2020). TL may exert suppressive effects on the expression of major histocompatibility complex class (MHC II) in KA-activated microglia; this mechanism may involve the regulation of the AP-1 activity (Sun et al., 2018). More natural compounds also play a therapeutic role in epilepsy through the regulation of glial cells (Table 5).
TABLE 5 | Natural drugs used to treat epilepsy by regulating glial cells.
[image: Table 5]NATURAL MEDICINES IMPROVES EPILEPSY BY CORRECTING MITOCHONDRIAL DYSFUNCTION AND OXIDATIVE STRESS
The role of flavonoids in epilepsy treatment involves regulating oxidative stress (Diniz et al., 2015), such as glutathione and superoxide dismutase (SOD) (Oliveira et al., 2018). Curcumin, extracted from Radix curcumae, reduces the expression of COX-2, 5-lipoxygenase mRNA and protein in the hippocampal neurons of epileptic rats through the regulation of free radicals and carbon monoxide synthase and improves the anti-oxidative stress effect, hippocampal neuron damage, and cognitive function of pilocarp-induced epileptic in experimental rats (Kiasalari et al., 2013). Another study reported that nobiletin can markedly decrease the expression of caspase-3, Bad, Bax, Glu, and PTEN and activate the PI3K/Akt pathway while upregulating the expression of phosphorylated Akt, GSK-3, mTORc-1, and mTORc-2 (Yang et al., 2018).
Glycosides have been reported to exert antioxidant activity. Otophylloside N (OtoN) is one of the ginseng saponins extracted from Cynanchum otophyllum Schneid. OtoN can downregulate the Bax/Bcl-2 ratio and increase the level of c-Fos and play an anti-epileptic role (Sheng et al., 2016). Moreover, otophylloside A, B and two c-21 steroidal saponins have also been reported as the main active ingredients for the treatment of epilepsy (Zhao et al., 2013). Ginsenoside, a partially purified extract from American ginseng, has been shown to exert anticonvulsant activity. Rb1 can ameliorate cognitive deficits induced by PTZ as well as dose-dependently increase the GSH levels, decrease the MDA levels, and alleviated neuronal injury. In addition, under Mg2+-free condition, Rb1 can increase the cell activity and reduce neuronal apoptosis as well as demonstrate a certain dose-dependence mechanism. An in vitro and in vivo study revealed that Rb1 can also enhance the Nrf2 and HO-1 expressions (Wei et al., 2017). Crocin can significantly increase the activity of SOD, decrease the level of reactive oxygen species (ROS), and reduce the level of nuclear factor-κB (NF-κB) in the hippocampus of PTZ-induced animal models (Mazumder et al., 2017). Gastrodin can increase the expression of CAT, GSH, and SOD (Liu et al., 2018).
In the study on epilepsy, some alkaloids were noted to exert antioxidant activities. For example, RIN was reported to increase the activity of serum SOD. In addition, tricholonin has been reported to reduce the levels of hippocampal mitochondrial MDA and scavenge-free radicals, thereby reducing oxidative stress induced by PTZ kindling.
Terpenoids are mostly detected in volatile oils, which has been reported to demonstrate some antioxidant activities. UA, which is detected in several human diets and cosmetics, can be used as an antioxidant. TC is a component that can be isolated from volatile oils of several flowering plants. Pretreatment of TC can preserve the activity of SOD, GPx, and CAT in the mitochondria as well as reduce the resultant oxidative damage (Liu et al., 2014). After borneol treatment, the levels of SOD, GSH, and CAT in a PTZ-kindling model increases, demonstrating certain antioxidant effects.
Beta-asarone plays a neuroprotective role through the stabilization of the mitochondrial membrane potential to reduce Glu damage to neurons. α-Asarum reduces the neuronal injury of epilepsy by adjusting the neuron apoptosis factor Bax and the abnormal expression of Bcl-2 (Ma et al., 2011; Wang et al., 2014). More natural compounds also play a therapeutic role in epilepsy through the regulation of SOD or oxidation levels (Table 6). The effects of natural drugs on mitochondrial damage and oxidative stress are illustrated in Figure 3.
TABLE 6 | Natural drugs used to treat epilepsy by regulating mitochondrial damage and oxidative stress.
[image: Table 6][image: Figure 3]FIGURE 3 | Effects of natural drugs on mitochondrial damage and oxidative stress. Adenosine triphosphate (ATP), adenosine diphosphate (ADP), catalase (CAT), glutathione S-transferase (GST), glutathione peroxidase (GPX), peroxiredoxin (PRX), malondialdehyde (MDA), reactive oxygen species (ROS), superoxide dismutase (SOD), nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOXs).
NATURAL MEDICINES FOR EPILEPSY TREATMENT THROUGH OTHER MECHANISMS
Several natural compounds have been reported with antiepileptic effects, and their mechanisms are complex. Silibinin, the main active ingredient isolated from Silybum marianum (L.), has been reported to administrate dramatically inhibited KA-induced GCD and mTORC1 activation, while the phosphorylation levels of the mTORC1 substrate 4E-BP1 and p70S6K were also altered (Kim et al., 2017).
Terpenoids can also play a therapeutic role through other mechanisms. UA, which is detected in several human dietic components and cosmetics, can be used as an antioxidant, anti-inflammatory, antibacterial, and anti-tumor agent. In addition, its anticonvulsant effects were demonstrated in the 6-Hz-induced psychomotor seizure threshold test. This effect was further validated in the maximum electroconvulsive threshold test and time-sharing intravenous injection of pentaerythrazol (Nieoczym et al., 2018). Pathological studies indicated that borneol had a neuroprotective effect at an appropriate dose, which was manifested as decreased GFAP level on immunostaining (Tambe et al., 2016).
Alkaloids are also widely applied in the treatment of epilepsy. RIN downregulate the expression of TLR4 in hippocampal tissues and exert a protective effect on the brain injury of rats caused by the persistent state of convulsion (Wang and Cai, 2018). Mesaconitine (MA) can also reduce the excitability by inhibiting the norepinephrine uptake [3H] within a certain concentration range. TMP can enhance the expression of adhesion molecule-140 in hippocampal neurons and reduce the expression of apoptotic factor Bim, thereby playing a protective role on the neurons (Yu et al., 2010; Fang and Zhang, 2013).
The synergistic effect of xanthotoxin combined with oxacipine and topiramate in the maximum electroshock-induced epilepsy test suggests that xanthocyanin may play a role similar to that of an antiepileptic drug at certain level. However, there are only limited data available on this aspect, thus requiring further verification of this hypothesis (Zagaja et al., 2016).
Gardenoside is one of the main active components of G. jasminoides Ellis, and past studies have demonstrated its applicability in treating epilepsy. The main mechanism of treatment may be to reduce the expression of COX-2 and AP-1 and regulate the apoptosis of nerve cells by the PI3K/Akt/GSK-3 signaling pathway (Wei et al., 2017).
Subtilisli A has been reported to exert an antiepileptic effect through the mediation of rho-activated coiled-coil kinase. In addition, it can regulate neurotransmitters and apoptotic factors. Moreover, α-asarum plays a protective role in cases of treatment-resistant epilepsy that induced neuronal cell membrane damage through the inhibition of the laminin-1 expression (Huang et al., 2013). Other compounds have been found to exert antiepileptic effects in pharmacological studies, such as umbelliferone (UMB; Zagaja et al., 2015), erysothrine (Rosa et al., 2012), resveratrol, and catechin (Ahmad et al., 2020). In addition, the anticonvulsant and epileptic effects of some protein components have also been studied. Some other natural compounds are shown in Table 7.
TABLE 7 | he other.
[image: Table 7]COMBINED USE OF NATURAL MEDICINES AND ANTI-EPILEPTIC CONVENTIONAL DRUGS
Drug therapy remains the dominant mode of epilepsy control. The efficacy of Western medicine in epilepsy control is clear, with several known adverse reactions, such as anorexia, damaged liver function, dizziness, headache, decrease of white blood cells, cognitive function decline, and a decrease in life quality (Zhu et al., 2017). Especially for peadetric patients, the physical damage through these Western medicine is even greater (Tang et al., 2016). On the other hand, natural drugs have little toxic and side effects with lesser discomfort to patients than that by Western drugs. In the recent years, past studies have recorded that the combination of conventional Chinese and Western medicine can bring hope to epilepsy patients who cannot be otherwise treated with Western medicine (Qu and Zhang, 2019). Moreover, conventional Chinese medicine and the conventional Chinese medicine prescriptions can effectively improve the efficacy of Western medicine as well as effectively reduce the adverse reactions resultant from the usage of Western medicine (Huang et al., 2013). Chinese medicine in the remission of conditioning tonic enhances patients’ anti-epilepsy and anti-convulsion states, reduces the nerve damage in patients during the course of epilepsy, and make patients more conducive to the recovery from the disease.
Nobiletin and Clonazepam
Nobiletin and clonazepam significantly reduce seizure severity. The administration of clonazepam and nobiletin can downregulate seizure-induced increases in apoptotic protein expression and apoptotic cell count, restore the Glu/GABA balance, and modulate the expression of GABAA and GAD 65. Moreover, the administration of nobiletin and clonazepam can significantly upregulate the phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) signaling (Yang et al., 2018).
UMB, Valproate, and Phenobarbital
Systemic intraperitoneal (ip) administration of UMB at a dosage of 150 mg/kg could significantly elevate the threshold for EMS in mice. The selective potentiation of the anticonvulsant potency of phenobarbital and valproate by UMB and the lack of any pharmacokinetic interactions between the drugs make the combinations of UMB with phenobarbital or valproate worthy of consideration for refractory epileptic patients (Zagaja et al., 2015).
Naringin and Phenytoin
Naringin in combination with phenytoin has demonstrated a protective effect against seizures as well as improved the conditioned avoidance response in PTZ-induced kindling model. This combination can improve the neurochemical balance by elevating the levels of GABA and dopamine, decrease the levels of Glu and MDA, and increase the levels of antioxidants GSH, SOD, CAT, and total thiol. Therefore, the co-administration of naringin with phenytoin offers a potential treatment option for epilepsy (Phani et al., 2018).
Gastrodin and Carbamazepine
Gastrodin combined with carbazepine can improve the treatment progression of epilepsy patients with a significant clinical efficacy as well as improve the electroencephalogram abnormalities and the overall treatment effects (Guo, 2017), with fewer complications, which is cumulatively conducive to improve the prognosis of patients and their quality of life (Liu et al., 2018).
Compound Preparation
Prescriptions are more widely used in the clinical practice, and the resultant therapeutic effect is also recognized by more patients (Tian, 2015; Yang et al., 2015). The right combination of two drugs can not only reduce the toxicity and enhance the efficacy of a single drug use but also provide a more pleasant treatment experience to the patients (Roseti et al., 2015). For example, ziziphi spinosae decoction (Ligusticum chuanxiong hort, Glycyrrhiza glabra L, Semen ziziphi spinosae, Anemarrhena asphodeloides Bunge) decreased has been reported to decrease the expression of glu and NMDAR1 (Lu et al., 2020). In addition, polyester phlegm soup (Curcuma rcenyujin Y, H. Chenet C. Ling, Ligusticum chuanxiong hort, Angelica sinensis (Oliv.) Diels, Prunus persica (L.) Batsch, Pinellia ternata (Thunb.) Breit, Paeonia lactiflora Pall, Pericarpium citri reticulatae, and Carthamus tinctorius L.) has been reported to decrease the levels of Na+ and Ca2+ (Li, 2018). Moreover, Tongqiao Dingxian Soup (Bombyx Batryticatus, Agkistrodon, Gastrodia elata Bl, Polygala tenuifolia Willd, Acorus tatarinowii Schott, Pheretima, Androctonus crassicauda, Scolopendridae, Albizia julibrissin Durazz, and Gardenia jasminoides Ellis) can reportedly decrease the serum neuropeptide Y, BDNF, and glial fibrino acid protein (Zhou, 2018). Several types of drugs play different roles in the body simultaneously; this special approach of compatibility has achieved the effect of enhancing the curative effect and reducing the toxic and side-effects, for example, with the use of drugs such as ligustrazine hydrochloride injection, tranquilizing and antiepileptic prescription, wild jujube seed decoction, and gastrodin injection. These proprietary drugs have been widely applied, and their therapeutic mechanisms are displayed in Figure 4.
[image: Figure 4]FIGURE 4 | The therapeutic mechanism of integrated Chinese and Western medicine. Interleukin 6 (IL-6), reactive oxygen species (ROS), tumor necrosis factor-α (TNF-α), prostaglandin D2 (PGD2), leukotriene C4 (LTC4), γ-aminobutyric acid (GABA).
In the past, studies have been performed on the “Dictionary of Traditional Chinese Medicine Prescriptions” for the treatment of epilepsy 532 prescription law analysis (Wu and Zhao, 2017). The drugs with a single drug use frequency of >15% included Cinnabaris, Glycyrrhiza glabra L, Panax ginseng C. A. Meyer, Calculus bovis, Moschus, Polygala tenuifolia Willd, Rheum officinale Baill, Poria cocos(Schw.) Wolf, Rehmannia glutinosa (Gaertn.) DC, Scutellaria baicalensis Georgi, and Aconitum carmichaeli Debx. The drugs are mainly used to calm the liver and quench the wind, fill the deficiency and calm the mind, clear the heat and dissolve phlegm, and open the body to awaken the mind, which are all suitable for the etiology, pathogenesis, and treatment of epilepsy. Based on the analysis of drugs, the most frequently used anti-spasmotic drugs for calming the liver wind include Calculus bovis, Gastrodia elata Bl, Bombyx Batryticatus, Androctonus crassicauda, and Paeonia lactiflora Pall. The most common drugs for deficiency include qi tonic, blood tonic, and Yin tonic. The representative drugs include Glycyrrhiza glabra L, Panax ginseng C. A. Meyer, Angelica sinensis (Oliv.) Diels, Paeonia lactiflora Pall, and Ophiopogon japonicus (Linn. f.) Ker-Gawl. The main tranquilizers are the important and mind-nourishing ones. The representative tranquilizers include Cinnabaris, Dens draconis, Polygala tenuifolia Willd, and Semen ziziphi spinosae. Heat-clearing drugs mainly include the heat-clearing and dampness drugs, the heat-clearing and purging gunpowder, and the heat-clearing and blood-cooling drugs; the representative drugs include Radix scutellariae, Rhizoma coptidis, Gypsum fibrosum, and Radix Rehmanniae. The frequency of Moschus was the highest among the prescription drugs. Phlegm-reducing drugs are mainly to warm cold phlegm drugs; the representative drugs include Rehmannia glutinosa (Gaertn.) DC and Arisaema heterophyllum Blume.
OTHER FORMS OF EPILEPSY TREATMENT
Nursing intervention (Dong, 2018) and neural stem cell transplantation has also been gaining increasing attention as a treatment approach (Thodeson et al., 2018). In addition, there is an extremely interesting report that regular consumption of bacopa monniera tea can improve the epilepsy condition as well as alleviate dementia, psychosis, and other neurological disorders, which may be linked to improved learning and reasoning abilities among adults and children (Krishnakumar et al., 2009). In addition, based on the epileptic comorbid embarks, the new guideline on the exploration of epileptic treatment can be regarded as a new way. Among these, the GABA receptor pathway plays an important role in various mental diseases (Johnston, 2015). We have summarized here the drugs utilized that showed GABA excitatory effects (Table 8).
TABLE 8 | A monomer compound derived from a natural drug that modulated ionotropic GABA receptors.
[image: Table 8]CONCLUSION
Based on our cumulative review, it seems that the occurrence of epilepsy is not only related to the nervous system but also to the body’s immune and metabolic systems, for instance, neurodegenerative protein accumulation, neurotransmitter imbalance, glial cell proliferation, nerve excitability, synaptic changes, neurons voltage, ion channel mutations or variants of ligand, inflammatory reaction, oxidative stress, mitochondria damage, and glycogen metabolism disorders. Natural medicines are precious resources that promises establishment of reliable candidate drugs with low toxicity and presents several effective monomers that possess specific pharmacological activities; these natural medicines include such as artemisinin (Tu, 2016), emodin (Zhang Q et al., 2020), and berberine (Wang et al., 2019). In addition, it has been reported that natural medicines are beneficial in controlling the manifestations of psychiatric disorders (Zhang Y et al., 2020). According to the pathogenesis and symptoms of patients with epilepsy, different ways of treatment have been considered. The outcomes with the use of natural medicine has been superior in this respect. Natural drugs are thus believed to improve the release of neurotransmitters and in relation to the synaptic structure and functions, in the improvement of the imbalance of ion channels, reduction in the release of inflammatory factors, and enhancement in the activity of antioxidant enzymes and in modulating immune responses. Most natural drugs possess therapeutic effects through the regulation of inhibitory neurotransmitters, and anti-inflammatory and oxidative stress pathways, while some drugs have multiple pathways rather than a single target. Moreover, the most surprising aspect is that the combination of natural medicine and western medicine can not only reduce the potential side-effects but also improve the overall therapeutic effect. The combined use of natural medicine and western medicine thus plays a synergistic role with better outcomes (Guo et al., 2015; Kang et al., 2015; Yang et al., 2015). For several patients, a comprehensive treatment approach is thus a reasonable and effective treatment option.
We noted some limitation in the study. For instance, epilepsy pathogenesis research is mostly limited to some animal models. In addition, whether the data from the epilepsy model are directly applicable to humans is also questionable. The pathogenesis of epilepsy is quite complex, and the model of epilepsy induced by a single drug cannot completely simulate the pathogenesis of epilepsy, which brings its own set of difficulties to the treatment approach of epilepsy. Moreover, which of the conclusions drawn from the epileptic model can form the basis of the occurrence of epilepsy requires further comprehension. Therefore, on one hand, it has been suggested that scholars develop new and more vivid comprehensive epilepsy model so as to achieve the same effect of drug application in an epilepsy model and clinical patients. Future studies thus suggest that a combination of clinical practice and theory should be considered for such cases. On the other hand, gene therapy as a new treatment should attract academic attention. The theory that changes in a single gene can induce epilepsy needs, requiring further verification to enable future research to focus on the whole genome. In addition, neural stem cell transplantation, as a new technique, has achieved good outcomes in the field of epilepsy.
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l-Borneol Exerted the Neuroprotective Effect by Promoting Angiogenesis Coupled With Neurogenesis via Ang1-VEGF-BDNF Pathway
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At present, Stroke is still one of the leading causes of population death worldwide and leads to disability. Traditional Chinese medicine plays an important role in the prevention or treatment of stroke. l-borneol, a traditional Chinese medicine, has been used in China to treat stroke for thousands of years. However, its mechanism of action is unclear. After cerebral ischemia, promoting angiogenesis after cerebral ischemia and providing nutrition for the infarct area is an important strategy to improve the damage in the ischemic area, but it is also essential to promote neurogenesis and replenish new neurons. Here, our research shows that l-borneol can significantly improve the neurological deficits of pMCAO model rats, reduce cerebral infarction, and improve the pathological damage of cerebral ischemia. and significantly increase serum level of Ang-1 and VEGF, and significantly decrease level of ACE and Tie2 to promote angiogenesis. PCR and WB showed the same results. Immunohistochemistry also showed that l-borneol can increase the number of CD34 positive cells, further verifying that l-borneol can play a neuroprotective effect by promoting angiogenesis after cerebral ischemia injury. In addition, l-borneol can significantly promote the expression level of VEGF, BDNF and inhibit the expression levels of TGF-β1 and MMP9 to promote neurogenesis. The above suggests that l-borneol can promote angiogenesis coupled neurogenesis by regulating Ang1-VEGF-BDNF to play a neuroprotective effect. Molecular docking also shows that l-borneol has a very high binding rate with the above target, which further confirmed the target of l-borneol to improve cerebral ischemic injury. These results provide strong evidence for the treatment of cerebral ischemia with l-borneol and provide reference for future research.
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INTRODUCTION
Stroke which caused by interruption to flow of blood in brain vessels results in the insufficient blood supplement. Stroke is still one of the leading causes of population death worldwide and leads to disability at present (Phipps and Cronin, 2020). It has the characteristics of high morbidity, high lethality rate, and high disability rate, and there is a tendency of rejuvenation (Boot et al., 2020). The outcomes of ischemic stroke damage are far-reaching, generating immense burden to both the family and society (Roth et al., 2018). So far, ideal drugs or strategies for ischemic stroke are still unavailable. Present strategies for treatment of stroke include recanalization by means of pharmacologic or mechanical thrombolysis and neuroprotective agents (Alim et al., 2019). Tissue plasminogen activator (t-PA) intravenous thrombolysis has been approved as the principal recommended strategy for the treatment of acute stroke by US Food and Drug Administration (FDA) (Dirnagl et al., 1999; Donnan et al., 2008) The reports stated intravenous thrombolysis within 6 h after the onset of stroke is the only treatment to reduce the disability of stroke patients (Miller et al., 2012; Wardlaw et al., 2012; Demaerschalk et al., 2016; Furie and Jayaraman 2018). However, its activation of the fibrinolytic system caused bleeding and limited its application (Külkens and Hacke, 2014; Hendersonet al., 2018). According to reports, only 9.9% of patients can receive thrombolytic therapy, and there are some patients with unsuccessful thrombolysis. Hence, there is necessary to explore novel neuroprotective strategies for ischemic stroke treatment. Further research is needed to identify neuroprotective drugs and their mechanisms, which will prevent or ameliorate brain injury.
Emerging evidence suggests the cerebral ischemia injury caused a sophisticated cascade of pathophysiologic events (Kahles and Brandes 2013; Ludewig et al., 2019). After cerebral ischemia, brain parenchyma cells, intercellular stroma and microvascular regeneration is inhibited, which leads to the edema and death of glial cells and vascular cells in the acute phase, and even causes the injured neurons to lose timely nutritional support and die. Therefore, vascular reconstruction is very important to save reversible nerve injury of ischemic penumbra and promote regeneration and repair after injury (Wang et al., 2019). Recent studies have shown that angiogenesis plays an important role in neuroprotection (Seevinck et al., 2010; Benedek et al., 2019). Ischemia can cause neuronal ischemia and hypoxia death, so it is also essential to promote neurogenesis and replenish damaged neurons (Zhang et al., 2020). The ideal strategies are to promote angiogenesis, improve microcirculation, increase cerebral blood flow, and promote neurogenesis, replenish damaged neurons, repair brain tissue injury in ischemic area, further to improve neurological dysfunction (Lunardi and Lehmann 2019). In fact, angiogenesis and neurogenesis often go hand in hand. The new neurons can guide the development of the vascular tree to the infarct area and improve the tissue perfusion in the infarct area and penumbra. The new blood vessels can provide nutrients for the new neurons, promote their maturation, and promote their migration to the infarct area.
Vascular endothelial growth factor (VEGF) is considered to be the most powerful and specific angiogenic factor, while angiopoietin (Ang) is the first one that has been determined to have the effect of promoting angiogenesis. VEGF and Ang coordinate with each other and jointly regulate angiogenesis (Zhang and Chopp 2002). Another study showed that VEGF-Ang/Tie pathway has important regulatory significance in cerebral ischemia (Hori et al., 2004). Brain derived neurotrophic factor (BDNF) is a kind of neurotrophic factor formed in the brain, which is involved in the survival, differentiation, and maturation of neurons (Liu et al., 2020; Müller et al., 2020). What’s more, BDNF is the possible mechanism by exercise exerts positive effects in the brain (Amin et al., 2020). VEGF also has the effect of promoting neurogenesis, especially in the hippocampus and subventricular zone (SVZ) area (Greenberg and Jin, 2013). VEGF can stimulate axon growth, promote the proliferation and differentiation of neuron precursors, and promote the release of BDNF from endothelial cells (Sun et al., 2003). Simultaneously, VEGF-BDNF pathway could improve the cognitive dysfunction (Jeong et al., 2019). TGF-β1 also played an important role for ischemic cerebrovascular disorders (Rehab et al., 2020). Therefore, angiogenesis and neurogenesis might be a potential mechanism to improve cerebral ischemia injury.
Borneol is a traditional Chinese medicine, which has been used to treat stroke for a long history in China. In recent years, it was reported that borneol has many pharmacological effects, such as, anti-inflammatory, analgesic, sedative, and anti-bacterial, anti-tumor (Sousa et al., 2007; Chen et al., 2019; Cao et al., 2020; Ji et al., 2020; Xin et al., 2020). Our previous studies showed that borneol could reduce the temperature of lipopolysaccharide (LPS) induced fever rats (Luo et al., 2016). Both l-borneol and synthetic borneol had a brain protection effect and regulated the permeability of blood brain-barrier (BBB), and the effect of l-borneol was better than synthetic borneol (Ni et al., 2011a; Ni et al., 2011b; Tian et al., 2013; Zhou et al., 2014). Simultaneously, we found that borneol could significantly increase the serum VEGF in the middle cerebral artery occlusion (MCAO) rats, and reduce the TNF-α level, and borneol could improve the neuron BBB ultrastructure to protect neurovascular units (Dong et al., 2018). However, the mechanism of l-borneol has not been elucidated. Therefore, it is the first time to investigate the mechanism of l-borneol by angiogenesis and neurogenesis. This study might provide a novel view on the neuroprotective effect of l-borneol on stroke. The graphical abstract of this study is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The graphical abstract of this study.
MATERIALS AND METHODS
Animals
Male Sprague Dawley (SD) rats weighing (8–10 weeks old, 250 ± 10 g) were obtained from SPF (Beijing) Biotechnology Co., Ltd. (Beijing, China), permit number: SCXK (Jing) 2019-0010. All animals were handled in keeping with institutional guidelines and ethics. Rats were housed at 22 ± 2°C with a 12 h light/12 h dark cycle. The animals had free access to food and water. Randomization was used to allocated animals to various experimental groups and the data analysis were performed by a blinded investigator. The experimental processing is approved by ethics committee of Affiliated Hospital of Chengdu University of Traditional Chinese Medicine, number: DL2019002.
Experimental Drugs and Reagents
The l-borneol was purchased from Luodian, Guizhou, China, which is a high-quality production area for l-borneol. According to the method specified in the Pharmacopoeia of the People’s Republic of China, 88.6% of the l-borneol in this study meets the requirement of no less than 85.0%. Nimodipine was obtained from Yabao Pharmaceutical Group Co., Ltd. (Shanxi, China). Hematoxylin (batch number, G1140) and Eosin (G1100) was purchased from Solarbio co., Ltd. (Beijing, China). 2,3,5-Triphenyltetrazolium chloride (TTC) was purchased from Kelong co. (Chengdu, China). Brain derived neurotrophic factor (BDNF) (Lot No. 9ZFHS54AQT), Tie2 (Lot No. M6RQRBWEEN), Matrix metalloprotein 9 (MMP 9) (Lot No. YU5E7JW4UR) and Ang-1 (Lot No. JNS67D5Z7W) kits were purchased from Elabscience Biotech Co., Ltd. (Wuhan, China). Vascular endothelial growth factor (VEGF) (Lot No. A38381252) and TGF-β1 (Lot No. A18181155) kits were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China).
Drug Preparation
The borneol dosing was calculated according to the dose conversion table of experimental animals. The 10 times of an adult’s (60 kg) daily consumption (0.3 g) is as equivalent dosing (0.05 g/kg). The 1, 2, four time(s) of equivalent dose were used as low dosing (0.05 g/kg), medium dosing (0.1 g/kg) and high dosing (0.2 g/kg). Every group were dissolved in 5% tween 80 solution. The concentration of nimodipine was 0.012 g/kg, which is dissolved in pure water.
Permanent MCAO Surgery, Neurological Deficit Determination and Drug Treatments
Rats were adaptively fed for 5 days. A total of 54 male rats were divided into two parts of the experiment. The first part included the sham operation group, model group, vehicle group, nimodipine group, and l-borneol 0.05 g/kg group, l-borneol 0.1 g/kg group, l-borneol 0.2 g/kg group, with six rats in each group. The second part includes sham operation group, vehicle group, l-borneol 0.1 g/kg group, l-borneol 0.2 g/kg group, with three rats in each group. The rats were subjected to permanent MCAO surgery as described in previous study (Dong et al., 2018; Ma et al., 2020). The rat body temperature was kept at 37°C during surgery. The skin incision and blood vessel dissection only were performed in the sham operation (Control) group, and the rest of the operation was the same as the other groups. Perform neurobehavioral testing by the classic neurologic deficit score method Zea-Longa to determine the neurological deficit after MCAO (Table 1). For the first part of the experiment, then grade 2 of MCAO animals were randomly divided into six group: model group, vehicle group, nimodipine group, l-borneol 0.05 g/kg group, l-borneol 0.1 g/kg group, l-borneol 0.2 g/kg group. All of rats were treated by intragastric administration with 10 ml/kg. The control group and model group were given the same volume of pure water. The vehicle group was given the same volume of 5% tween 80 solutions. The nimodipine group, l-borneol 0.05, 0.1, 0.2 g/kg group were given the same volume of the corresponding drug solution. All rats were given continuous intervention for 3 days, and neurobehavioral tests were performed at 24, 48, and 72 h after MACO. In the second part of the experiment, rat brain tissue is used for IHC and PCR.
TABLE 1 | Zea-Longa neurological function score.
[image: Table 1]Serum and Brain Tissue Preparation
After neurological test, the rats were anesthetized and decapitated under anesthesia. Thereafter, the serum was obtained from abdominal aortathe and centrifuged 3,000 rpm after standing. The supernatant was collected and frozen at −80°C. The rat brains were promptly obtained and the olfactory bulb, lower brain stem and cerebellum were removed.
Cerebral Infarction Assessment
The brain was frozen at −20°C for 15 min. Five coronal brain sections of 2 mm thickness were stained with TTC at 37°C for 30 min in darkness. After TTC staining, those pieces were fixed with 4% formaldehyde for 24 h in the dark. The cerebral infarction rate was analyzed.
Enzyme-Linked Immunosorbent Assay (ELISA) Detection
The supernatant serum had been obtained. levels of VEGF, Ang1, BDNF, Tie2, TGF-β1, MMP9 were detected according ELISA kits complied with the manufacturer's protocol.
Hematoxylin-Eosin (HE) Staining
The brain tissue was fixed in 4% paraformaldehyde and embedded in paraffin. The paraffin-embedded brain tissue was cut into slices. The slices were dehydrated and dewaxed and then stained with HE for morphological evaluation. Each slice was observed under ×200 and ×400 microscopy. According to the scoring standards of semi-quantitative injury and repair in Table 2 and Table 3, the pathological conditions of brain tissue in each group were analyzed.
TABLE 2 | Semi-quantitative injury score standards.
[image: Table 2]TABLE 3 | Semi-quantitative repair score standards.
[image: Table 3]According to the degree of pathological changes from light to heavy, the semi-quantitative results are as follows: slight or very small "-" marked 0, slight or small "+" marked 1, moderate "+" marked 2, severe or large "+ +" marked 3.
According to the degree of repair from bad to good, the semi-quantitative results are as followed: slight or very small "-" marked 0, slight or small "+" marked 1, moderate or medium "+ +" marked 2.
Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
Total RNA was obtained with the Trizol Reagent, which was reverse transcribed to cDNA with the Servicebio® RT First Strand cDNA Synthesis Kit (Servicebio. Co., Ltd., G3330, Wuhan, China). The CFX96 real-time PCR detection system (Bio-Rad Laboratories Ltd., Hertfordshire, United Kingdom) was used to perform qRT-PCR. The specific primers and according sequences were displayed in Table 4. In the reaction, 1 μL cDNA of each sample was mixed with Servicebio® 2 × SYBR Green qPCR Master Mix (None ROX) (Servicebio. Co., Ltd., G3320, Wuhan, China) according to the manufacture’s protocol. The PCR conditions were listed as follow: 30 s at 95°C, then 40 cycles at 95°C for 15 s, followed by 60°C for 30 s. Results were normalized to Actin mRNA level and presented as the fold change (2–ΔΔCt).
TABLE 4 | Sequence of primers.
[image: Table 4]Immunohistochemical (IHC) Staining
IHC was used to determine the expression of anti-angiotensin-converting enzyme (ACE) and CD34 protein. In brief, the brain sections with paraffin-embedded (4 μm) were rinsed with 3% H2O2 for 10 min to block endogenous peroxide activity and incubated with 10% goat serum albumin for 30 min to block nonspecific binding. Then, the sections were incubated with the primary antibodies (ACE, abcam, No. ab254222, United Kingdom, 1:100) and anti-CD34 (1:200) overnight at 4°C, after incubation, sections were incubated with corresponding secondary antibody (anti-rabbit IgG-HRP, 1:200). Counterstaining was performed using hematoxylin. For the semiquantitative analysis of the immunohistochemical results, three sections from each brain, with each section containing three microscopic fields from the ischemic cerebral cortex, were digitized under a ×200 objective. The immunoreactivity of the target proteins was quantified based on the integrated optical density of immunostaining per field using Image J software.
Western Blot Assay
The brains were prepared, washed with cold phosphate buffer solution (PBS), resuspended in a lysis buffer, and sonicated the lysate. The proteins were separated on 10% sodium dodecyl sulfate (SDS) gels and transferred to poly-vinylidene fluoride membranes. After incubation with 1:1,000 primary antibody–ACE dilution buffer for 1 h, Goat Anti-Rabbit IgG (H + L) HRP (1:3,000, absin) was used as secondary antibody and developed by enhanced chemiluminescence.
Molecular Docking Analysis
Molecular docking analysis between l-borneol and were performed using Discovery Studio 3.5. The human X-ray crystal structures of VEGF, Ang1, BDNF, Tie2, TGF-β1, MMP9 were obtained from the Protein Data Bank (PDB) archives and used as target for molecular docking. Table 5 showed that the information about those targets PDB ID. The structure of l-borneol was drawn by ChemDraw. The active site was searched via “Receptor - Ligand interactions - Define and Edit Bind Site”. The interactions between l-borneol and target proteins were detected to obtain the score using LibDock function.
TABLE 5 | The information of target proteins.
[image: Table 5]Statistical Analysis
Data are expressed as mean ± SD. GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, United States) was used to analyze all data. Two or multiple groups were compared using Student's unpaired t-test or one-way ANOVA followed by Bonferroni post hoc test with F at p < 0.05 and no significant variance inhomogeneity. p < 0.05 was considered statistically significant.
RESULTS
Effect of l-Borneol Interventions on Neurological Function Score
Neurological function score was performed by Zea - Longa methods. The results showed in Figure 2. The trend of neurological score after MCAO is shown in Figure 2A, which suggested l-borneol post treatment could gradually improve the neurological function. In the day of MCAO, the rats in the control group had no neurological damage, so the score was 0, and the rats in the other groups were scored 2, indicating a successful modeling. The model and vehicle group had no significant difference, it is suggested that 5% Tween solution as a solvent has no significant effect on neurological function after cerebral ischemia. Compared with model group, nimodipine could significantly improve neurological function scores after 24 h, 48 h and 72 h (p < 0.05 or p < 0.01). Compared with vehicle group, l-borneol 0.2 g/kg could significantly reduce the neurological function scores after 72 h (p < 0.05). The other time points had the trend of improving the neural function, but there was no significant difference (p > 0.05). The results suggest that l-borneol can significantly reduce neurological deficits caused by cerebral ischemia.
[image: Figure 2]FIGURE 2 | Illustration of neurological function score using Zea–Longa methods (n = 6). (A) the trend after MCAO; (B) neurological function score after 24h; (C) neurological function score after 48h; (D) neurological function score after 72 h. **p < 0.01, compared with the control group; △p < 0.05, △△p < 0.01, compared with the model group; #p < 0.05, compared with the vehicle group.
Effect of l-Borneol Interventions on Cerebral Infarction
For the assessment of infarction, TTC staining was used. TTC is converted to red formazone pigment by NAD and dehydrogenase and there of stained the viable cells deep red. The infarcted cells have lost the enzyme and cofactor and thus remained unstained dull yellow or white. The results showed in Figure 3, the rats in the control group had no significant infarct volume, the infarction of the model group and vehicle group showed significantly different from that of the control group (p < 0.01). The model and vehicle group had no significant difference. Cerebral infarct size was obviously reduced in the nimodipine group compared with the model group (p < 0.01). Compared with the vehicle group, l-borneol could reduce the cerebral infarction rate (p < 0.05 or p < 0.01), showing the dose dependent relationship.
[image: Figure 3]FIGURE 3 | Illustration of cerebral infarction by TTC staining (n = 6). The infarcted cells showed white or yellow, the normal side was red. **p < 0.01, compared with the control group; △△p < 0.01, compared with the model group; #p < 0.05, ##p < 0.01, compared with the vehicle group.
Effect of l-Borneol Interventions on VEGF, Ang1 and Tie two in the Serum
The levels of VEGF, Ang1 and Tie two in the serum were performed by ELISA methods. The results showed in Figure 4. The expressions of angiogenic growth factors including VEGF and Ang-1 in the model and vehicle group were significantly decreased, while the expression of Tie two was significantly increased as compared with those in the control group (p < 0.01). The model and vehicle group had no significant difference. Compared with the vehicle group, VEGF and Ang-1 expression levels significantly increased in the l-borneol 0.2 g/kg groups (p < 0.01 or p < 0.05), Tie two expression in the l-borneol 0.1 and 0.2 g/kg group was significantly decreased (p < 0.05 or p < 0.01). These results demonstrate that l-borneol could promote angiogenesis in a dose-dependent manner against ischemic brain injury.
[image: Figure 4]FIGURE 4 | Illustration of VEGF, Ang1 and Tie two in the serum using ELISA (n = 6). **p < 0.01, compared with the control group; #p < 0.05, ##p < 0.01, compared with the vehicle group.
Effect of l-Borneol Interventions on TGF-β1, BDNF, MMP9 in the Serum
The levels of TGF-β1, BDNF, MMP9 in the serum were performed by ELISA methods. The results showed in Figure 5. Compared with control group, the expressions TGF-β1 and MMP9 were significantly increased in the model and vehicle group, the expressions level of BDNF was significantly decreased in the model and vehicle group (p < 0.01). The model and vehicle group had no significant difference. While, the expressions of TGF-β1 in the l-borneol 0.2 g/kg group was significantly decreased (p < 0.01), and the BDNF was significantly increased as compared with those in the vehicle control group (p < 0.05), and presenting dosing dependent. The expressions level of MMP9 was significantly decreased in l-borneol 0.1 g/kg group (p < 0.01). It suggested l-borneol could promote neurogenesis against ischemic brain injury.
[image: Figure 5]FIGURE 5 | Illustration of TGF-β1, BDNF, MMP9 in the serum using ELISA (n = 6). **p < 0.01, compared with the control group; #p < 0.05, ##p < 0.01, compared with the vehicle group.
Effect of l-Borneol Interventions on Pathological Changes in Brain
HE staining was performed to obverse the pathological changes under light microscope with ×200 and ×400 magnification. The morphology and structure of the cerebral cortex were normal without obvious pathological changes in the control group. And there were many blood vessels full of red blood cells in some fields (Figure 6A). There was obvious infarct, the homogenized cells, liquefied and necrotic nerve tissue to form a cribriform focus in the vehicle group. And shows a large number of red neurons, which is a sign of acute ischemic injury. What’s more, the cell density was obviously reduced and there was swelling phenomenon, which is different from control group. Infarct size were found in l-borneol 0.1 and 0.2 g/kg, while the degree of ischemic damage was relatively light (Figure 6A). It was found that there was the decrease of liquefied necrosis area, rare red neurons, more capillaries, higher cell density and obvious phagocytosis of proliferative glial cells than the vehicle group. According to the results of semi-quantitative scoring of tissue injury and tissue repair (Figures 6B,C), the brain injury was significant reduced in l-borneol 0.1 and 0.2 g/kg group (p < 0.01, p < 0.05), l-borneol 0.2 g/kg group had more brain repair effect than vehicle group (p < 0.01), presenting vessels production and glial cells clear out necrotic neurons.
[image: Figure 6]FIGURE 6 | Illustration of pathological changes using HE staining (n = 3). (A) HE results of each group, (B) Semi-quantitative analysis of pathological injury, (C) Semi-quantitative analysis of pathological repair. Red arrow represents red neuron, black arrow represents liquefied and necrotic nerve tissue, yellow arrow represents microglia clears out necrotic neurons, green arrows represents new blood vessels, **p < 0.01, compared with the control group; #p < 0.05, ##p < 0.01, compared with the vehicle group.
Effect of l-Borneol Interventions on ACE, CD34, HIF 1α mRNA in Brain
The ACE, CD34, HIF 1α mRNA expression was detected by qRT-PCR (Figure 7). Compared with control group, the expression of ACE mRNA was obviously increased in the vehicle group (p < 0.01), the expression of HIF1αmRNA showed an increasing trend, and the expression of CD34 mRNA showed a decreasing trend. Compared with vehicle group, l-borneol 0.1 and 0.2 g/kg could significantly reduce ACE expression (p < 0.01) and l-borneol 0.2 g/kg also increased CD 34 expression (p < 0.05). The expression of HIF1α mRNA in the l-borneol 0.1 and 0.2 g/kg groups showed a downward trend.
[image: Figure 7]FIGURE 7 | Illustration of ACE, CD34, HIF 1α mRNA using qRT-PCR (n = 3). **p < 0.01, compared with the control group; #p < 0.05, ##p < 0.01, compared with the vehicle group.
Effect of l-Borneol Interventions on ACE in Brain
The effect of l-borneol interventions on blood vessels was measured by IHC staining using ACE antibody to mark vessels. The results showed that the number of ACE -positive cells was markedly elevated after MCAO than those of control group, However, the increased number of ACE -positive cells were attenuated by l-borneol (Figure 8A). The results of western blot also showed, l-borneol had a trend of reducing ACE expression compared with vehicle group (Figure 8B).
[image: Figure 8]FIGURE 8 | Illustration of ACE expression using IHC staining and western blot (n = 3). **p < 0.01, compared with the control group; #p < 0.05, ##p < 0.01, compared with the vehicle group, red arrow indicates positive expression.
Effect of l-Borneol Interventions on VEGFR and CD 34 in Brain
The effect of l-borneol interventions on vascular endothelial growth factor receptor (VEGFR) was measured by IHC staining using VEGFR antibody. The results showed that the number of VEGFR -positive cells was markedly reduced after MCAO than those of control group, However, the number of VEGFR -positive cells were increased by l-borneol (Figure 9A). In addition, we use CD34 antibody to mark blood vessels by IHC staining. CD34 staining was performed as an indicator of microvessel density (MVD). The results showed the number of CD34-positive cells was increased after MCAO than that of control group. This suggests that ischemia activates the endogenous angiogenesis compensatory improvement of ischemic damage. The number of CD34-positive cells was still markedly increased after MCAO with l-borneol interventions than that of control group (Figure 9B), suggesting l-borneol increased the number of the MVD, further promotes angiogenesis.
[image: Figure 9]FIGURE 9 | Illustration of VEGFR and CD34 expression using IHC staining (n = 3). **p < 0.01, compared with the control group; #p < 0.05, ##p < 0.01, compared with the vehicle group, red arrow indicates positive expression.
The Overall Effect of L-Borneol Intervention on Cerebral Ischemia Related Factors
The heat map can visualize the data, and integrate the indicators to intuitively compare the strength of their expression. The heat map shows the overall regulation of l-borneol on cerebral ischemia and mechanism factors (Figure 10). l-borneol promotes angiogenesis and neurogenesis by increasing the levels of Ang 1, VEGF and BDNF after cerebral ischemia. The increase of CD34 protein confirms this result. l-borneol can also inhibit neuronal apoptosis and enhance the stability of neovascularization by inhibiting the levels of ACE, MMP9, HIF1α, TGF-β1 and Tie2, thereby improving the neurological deficit in ischemic rats, reducing the rate of cerebral infarction, and exerting neuroprotective effects.
[image: Figure 10]FIGURE 10 | Heat map results of l-borneol on various indicators.
Molecular Docking Analysis
The 3D and 2D binding graphs of the small molecule and the target protein after docking are shown in Figure 11, and the binding scores are shown in Table 6. The results showed that l-borneol has certain binding effect with VEGF, Tie2, Ang1, TGF - β1, BDNF, MMP9, mainly through hydrogen bonding.
[image: Figure 11]FIGURE 11 | Graph of the small molecule and the target protein.
TABLE 6 | The scores of the small molecule and the target protein.
[image: Table 6]DISCUSSION
Stroke is a disease caused by insufficient blood supply and vascular embolism, which has the characteristics of high incidence rate, high mortality rate, high recurrence rate and high disability rate. In 2015, according to the World Health Organization, stroke which is the second leading cause of death caused 6.2 million deaths globally. With the aging of the population, the incidence rate is increasing year by year. Moreover, with the rapid development of modern life and the gradual increase of modern pressure, the incidence of stroke tends to encroach on young people and bring a heavy burden to society and families (Boot et al., 2020). At present, there is no ideal treatment strategy. Therefore, the development of new drugs and new treatment strategies is still an urgent problem in the treatment of stroke. Borneol is a traditional Chinese medicine, which has the effect of resuscitation and restoring the spirit. The Chinese patent medicine containing borneol is commonly used in the treatment of cerebrovascular diseases, and even has better therapeutic effect than other therapies (Liu et al., 2019; Ma et al., 2018 and 2017). L-borneol comes from Blumea balsamiera (L.) DC, which is safe and easy to obtain (Luo et al., 2018). Its curative effect is equivalent to that of natural borneol. The previous study showed that the order of the efficacy against cerebral ischemia injury was l-borneol, natural borneol, synthetic borneol (Dong et al., 2018). Therefore, this study is to investigate the angiogenesis and neurogenesis mechanism of l-borneol against cerebral ischemia.
In the current study, we explored the neuroprotection of l-borneol, a natural small molecule, against cerebral ischemia injury and endeavored to elucidate its underlying mechanisms. Our findings demonstrated that l-borneol effectively protected against outcomes of cerebral ischemia injury as evidenced by reduced MCAO-induced neurological deficits, cerebral infarction size. Therefore, it is reasonable to believe that l-borneol might be certain brain protective effect against cerebral ischemia injury. Hypertension is a high risk factor for stroke. ACE is an important metabolic enzyme in the RAS system that regulates blood pressure. It can convert inactive Ang I into Ang II, which in turn acts on the AT1R, inducing vasoconstriction, increasing blood pressure and aggravates ischemic damage. It's reported that ACE was significantly increased in the acute stage of cerebral ischemic stroke (Lu et al., 2013), thus reducing ACE levels can alleviate ischemic injury. Regarding clinical studies, treatment with ACE inhibitors and AT1 receptor antagonists exert preventive and therapeutic effects on stroke (Kangussu et al., 2019). In addition, Ang II can induce the expression and activation of MMP9 via NF-KappaB dependent pathway. In turn, it may lead to instability and rupture of atherosclerotic plaque or cerebral aneurysm, thereby triggering stroke. It also degrades the extracellular matrix after stroke, promotes BBB leakage, causes vasogenic edema, and destroys the stability of new blood vessels. Therefore, reducing the level of MMP9 helps to reduce the permeability of new blood vessels and strengthen the stability of the vessel wall (Turner and Sharp, 2016). In our study, the results showed that l-borneol can significantly inhibit the activity of ACE and reduce the level of MMP9, suggesting that l-borneol can reduce ischemic damage and strengthen the stability of new blood vessels.
As noted, angiogenesis and neurogenesis play important roles in neuroprotection (Seevinck et al., 2010; Benedek et al., 2019; Zhang et al., 2020). HIF-1α can be activated after ischemia, which is the earliest cytokine involved in the specific response of cells to hypoxia. It can regulate the expression of various factors such as Ang and VEGF to promote angiogenesis, so that the body can better adapt to hypoxia environment. However, in the early stage of ischemia, overexpression of HIF-1α can induce cell apoptosis. Studies have shown that HIF1α knockout mice show better survival rates and improved neurological function in the early stage of ischemia. Therefore, the early inhibition of HIF1a has a certain anti-apoptotic effect and reduces nerve function damage (Barteczek et al., 2017). HIF-1α can induce the release of Ang1, VEGF and BDNF from vascular endothelial cells, and promote angiogenesis and neurogenesis. However, Ang1 and VEGF have different effects in inducing angiogenesis. VEGF is a powerful endothelial cell mitogen, which can promote the proliferation and aggregation of vascular endothelial cells to form a lumen. However, VEGF is also known as vascular permeability factor. The neovascularization induced by VEGF is usually immature and leaking, which may cause brain edema and aggravate brain damage (Couvelard et al., 2000; Lena, 2016; Jin et al., 2017) Therefore, it needs to cooperate with Ang one to induce angiogenesis. Tie two is the specific receptor of Ang1 (Dixit et al., 2007; Saharinen et al., 2017), Ang-1 promotes endothelial cell budding, migration and chemotaxis by activating Tie 2 (Saharinen et al., 2017), and reduce the vascular permeability caused by VEGF, MMP9 and other factors. It can also maintain the stability of the vascular structure by promoting the interaction between cells and cells, cells and substrates (Shen et al., 2011). VEGF and Ang one promote angiogenesis and maintain vascular stability through coordinate with each other (Zhang and Chopp, 2002).
CD34 antigen is a stage-specific leukocyte differentiation antigen, which is selectively expressed on the surface of humanstemcell, progenitorcell and vascular endothelial cells. Because its expression in neovascular endothelium is much greater than that in non-neovascular endothelium, it becomes the most sensitive vascular endothelial marker. It is often used to count the density of neovascularization to determine angiogenesis. (Solmaz and Guvena, 2016). In our study, l-borneol can effectively increase the levels of VEGF in serum and VEGF mRNA in tissues, and increase the expression of VEGFR in the cortex of brain tissue, while regulating the Ang1/Tie2 pathway, synergistically VEGF promotes angiogenesis and stabilizes the structure of blood vessels. CD34mRNA expression and CD34 positive cells in brain tissue increased significantly after l-borneol administration, indicating the increasing number of MVD, which further confirmed the angiogenesis effect of l-borneol. In addition, l-borneol can significantly inhibit cell apoptosis induced by HIF-1α transcription, and can significantly inhibit the levels of ACE and MMP9 in brain tissue to further alleviate cerebral ischemic damage.
Cerebral ischemia induced the death of neurons is the main cause of neuron dysfunction. Therefore, increasing neurons survival and regeneration in cerebral penumbra is an important means to improve the neuron function (Puig et al., 2018). TGF-β1 is an important regulator in the transformation and growth of cells and angiogenesis (Lupo et al., 2014). It could stimulate neuron to secrete cell growth factors, such as VEGF, BDNF, and promote the survival and differentiation of neurons (Guan and Sun, 2002).
Studies have demonstrated that BDNF can promote the proliferation, differentiation and migration of neural stem cells (NSC), promote the growth of axons and dendrites in the process of neuron growth, and participate in the formation and maturation of synapses. As a principle of mitosis, VEGF can directly promote the proliferation of neural precursor cells, and stimulate the proliferation and differentiation of neural precursor cells by promoting the establishment of vascular niches. In addition, VEGF can further induce neurogenesis by stimulating endothelial cells to release BDNF. Exogenously induced VEGF overexpression can increase the conversion rate of neurons, enhance neurogenesis and neural migration rate (Wang et al., 2007a; Wang et al., 2007b). VEGF and BDNF can mediate the coupling loop of neurogenesis and angiogenesis. NSC induces endothelial cells to release VEGF and BDNF by promoting the up-regulation of nitric oxide (NO). VEGF and BDNF activate VEGFR and TrkB on endothelial cells to induce angiogenesis through autocrine and paracrine methods. VEGF and BDNF can also promote the phosphorylation of eNOS (endothelial nitric oxide synthases) on NSC, continue to produce NO and stimulate the proliferation of NSC, and promote neurogenesis, thereby forming a feedback loop of angiogenesis coupled neurogenesis with VEGF and BDNF as targets.
In our study, l-borneol significantly increased the levels of VEGF and BDNF, and increased the number of VEGFR in the cortex of brain tissue, suggesting that l-borneol can promote neurogenesis by increasing the expression of VEGF and BDNF. In addition, the results show that l-borneol can significantly reduce the level of TGF-β1. Studies have shown that TGF-β1 has a two-way effect, and low concentrations of TGF-β1 have a positive synergistic effect on angiogenesis. The high concentration of TGF-β1 can reduce the VEGF-mediated pro-angiogenesis effect (Dobolyi et al., 2012), and has the effect of inducing MMP9 activity. l-borneol may reduce the concentration of TGF-β1, enhance angiogenesis, reduce the level of MMP9, and stabilize vascular permeability. In conclusion, our research shows that l-borneol can improve ischemic injury by inhibiting the expression of HIF-1α, ACE, TGF-β1 and MMP9, and regulate the Ang1-VEGF-BDNF pathway to promote angiogenesis coupled neurogenesis to exert neuroprotective effects. Molecular docking also confirmed that the above factors may be the targets of l-borneol to exert neuroprotective effects.
CONCLUSION
Our study indicated that l-borneol had a significant effect on improving neurological function scores and infarction size. Simultaneously, l-borneol alleviated the pathological changes in the brain tissue. The neuroprotective effect of l-borneol against cerebral ischemia might be associated with angiogenesis and neurogenesis. l-borneol could promote Ang-1, VEGF, BDNF expression and enhance micro vessels density, inhibit TGF-β1, Tie 2, MMP9 and ACE, which is the biological basis of the neuroprotective effect of l-borneol (Figure 12). Certainly, the mechanisms of injury are complicated, and the pathway on angiogenesis and neurogenesis is various, other mechanisms remains to be evaluated in future studies. In addition, the long-term therapeutic effect of l-borneol also needs to be verified in future studies.
[image: Figure 12]FIGURE 12 | Schematic presentation of a proposed mechanism for the protective role of l-borneol against cerebral ischemia injury (https://app.biorender.com/). Red arrows represent an inhibition effect; Blue arrows represent an enhancement effect.
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Chinese Medicine Formula Kai-Xin-San Ameliorates Neuronal Inflammation of CUMS-Induced Depression-like Mice and Reduces the Expressions of Inflammatory Factors via Inhibiting TLR4/IKK/NF-κB Pathways on BV2 Cells
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Kai-Xin-San (KXS) is a traditional Chinese medicinal formula composed of Ginseng Radix et Rhizoma, Polygalae Radix, Acori Tatarinowii Rhizoma, and Poria for relieving major depressive disorder and Alzheimer’s disease in traditional Chinese medicine (TCM) clinics. Previous studies on the antidepressant mechanism of KXS mainly focused on neurotransmitter and neurotrophic factor regulation, but few reports exist on neuronal inflammation regulation. In the current study, we found that KXS exerted antidepressant effects in chronic unpredictable mild stress-induced depression-like mice according to the results of behavioral tests. Meanwhile, KXS also inhibited the activation of microglia and significantly reduced the expression of pro-inflammatory cytokines such as IL-1β, IL−2, and TNF-α in the hippocampus of mice. In mice BV2 microglia cell lines, KXS extract reduced the expression of inflammatory factors in BV2 cells induced by lipopolysaccharide via inhibiting TLR4/IKK/NF-κB pathways, which was also validated by the treatment of signaling pathway inhibitors such as TAK-242 and JSH-23. T0hese data implied that the regulation of pro-inflammatory cytokines in microglia might account for the antidepressant effect of KXS, thereby providing more scientific information for the development of KXS as an alternative therapy for major depressive disorder.
Keywords: Kai-Xin-San, neuronal inflammation, toll like receptor 4, NF-κB, Chinese medicine formulae
INTRODUCTION
Major depressive disorder (MDD), a widespread mental disorder characterized by the presence of sadness, pleasure loss, and somatic and cognitive changes, has become a serious public health problem (Malhi and Mann, 2018). Its pathogenesis is extremely complex, and various pathogenesis hypotheses, such as neurotransmitter imbalance, deficient supply of neurotrophic factors, and over-stimulation of the hypothalamus-pituitary gland-adrenal gland (HPA) axis, have been proposed (Otte et al., 2016). In recent years, an increasing number of studies have shown that chronic inflammation of the central nervous system (CNS) is crucial to the occurrence of depression. Patients with inflammatory autoimmune diseases such as multiple sclerosis, diabetes, and rheumatoid arthritis have been found to have a higher incidence of depression. The levels of interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α) in the serum of patients with depression are also significantly higher than those of normal people (Pape et al., 2019). Animal studies also confirmed that persistent chronic stress activates the HPA axis, damages neurons in the hippocampus, and reduces the release of chemokine CX3CL1, which inhibits microglial activation. Microglia are principal immune cells located in the brain responsible for the upregulation of pro-inflammatory mediators upon activation, which is critical for the development of neuronal inflammation in the brain. Chronic overstimulation of microglia can lead to pro-inflammatory mediator release, including pathogenic proteins, cytokines, and chemokines, which significantly and adversely affect neurobiological structure and function. It has been clinically found that patients with depression have obvious signs of inflammation in the brain, accompanied by blood-brain barrier dysfunction. Concurrently, intracerebral necropsy of depressive suicide victims also revealed an abnormal increase in microglia density. Therefore, decreasing the levels of inflammatory cytokines in the brain and reducing neuronal inflammatory damage might be another target for the development of antidepressants (Dantzer, 2018).
Chinese medicine formulae are usually composed of several herbs, which can achieve synergistic effects through multiple targets. Kai-Xin-San (KXS) is comprised of four herbs, namely Ginseng Radix (GR), Polygalae Radix (PR), Acori Tatarinowii Rhizoma (ATR), and Poria (PO), and is used to relieve psychological diseases. According to the different symptoms of patients, the ratios of these four herbs (GR:PR:ATR:PO) are varied and three ratios are frequently used: 3:2:2:3 (D-652), 1:1:1:2 (K-984), and 1:1:4:8 (K-1640). The details can be found in Supplementary Table S1. At present, KXS is still used for treating MDD and Alzheimer's disease in clinical settings. In our previous studies, we found that KXS exerts antidepressant effects by increasing the supply of neurotransmitters and neurotrophic factors. In addition, KXS could exert an antidepressant effect by regulating the gut-brain axis, which included modification of gut microbiota distribution, suppression of the hypothalamus-pituitary-adrenal axis, and down-regulation of pro-inflammatory cytokines in the brain in chronic unpredictable mild stress (CUMS)-induced depression-like mice (Cao et al., 2018; Cao et al., 2020). In the current study, we aimed to elucidate the details and relationship between KXS exerting an antidepressant effect and suppressing the expression of pro-inflammatory cytokines in the brain. First, CUMS-induced depression-like mice were used as the animal model. Different compatible ratios of KXS were applied to treat the mice and behavioral tests were used to evaluate its antidepressant effect. In addition, the expression of pro-inflammatory cytokines in the brain and the status of microglia were determined. Second, KXS extracts were treated with lipopolysaccharide (LPS)-induced inflammatory mice BV2 microglia cell lines to evaluate the effect of suppressing pro-inflammatory cytokine expression, and the possible signaling pathway was explored. This study might be helpful for the elucidation of the antidepressant effect of KXS, which is beneficial for the development of KXS as an alternative therapy for patients with MDD.
MATERIALS AND METHODS
Preparation of KXS Extract
The four herbs comprising KXS, namely Ginseng Radix, Polygalae Radix, Acori Tatarinowii Rhizoma, and Poria, were purchased from Suzhou Tianling Chinese Herbal Medicine Co. Ltd. They were identified as authentic medicinal materials by Prof. Hui Yan of Nanjing University of Chinese Medicine (NJUCM) according to their morphological characteristics. The details of the herbs are listed in Figure 1. According to the different compatibility ratios of KXS (Supplementary Table S1), the four herbs were mixed, weighing 100 g in total. They were soaked in 1,000 ml water, refluxed, and filtered. The residue was repeated for the same extraction procedures. The extraction solutions were combined and freeze-dried to obtain powders. The quality control procedures of KXS extracts can be found in our previous publication (Cao et al., 2020). The representative chromatograms of KXS extracts are displayed in Supplementary Figure S1, and the quantification results of the chemical amounts are listed in Supplementary Table S2.
[image: Figure 1]FIGURE 1 | Information of components in KXS formula. (A): Morphology of herbs in KXS. Bar = 1 cm. (B): List of botanical, herbal, Chinese name, and voucher number of the corresponding herb in KXS.
Animals and Housing Conditions
Male Institute of Cancer Research mice (body weight 22–25 g) were purchased from GemPharmatech (China). The animals were raised in the SPF environment of the experimental animal center of NJUCM). They were raised in a routine way, under a 12-h light/dark cycle, in a temperature of 22–25°C and a humidity of 40%–70%. The development of the CUMS animal model and behavioral and biochemical tests on the animals were approved by the Animal Experimental Ethics Committee of NJUCM and conformed to the guidelines of the “Public Health Service Policy on Human Care and Use of Laboratory Animals” published by the Department of Health and Human Services (United States) (2015 revised edition). In addition, procedures were performed to minimize the number of experimental animals and possible injuries.
CUMS Model Development and Drug Treatment
All mice were adapted to the environment for 5 days. Based on the comprehensive scores acquired from a series of screening tests, including the open field experiment, sucrose preference test (SPT), and body weight determination, 90 mice with similar scores were selected. Ten mice were randomly selected and raised under normal conditions, which was set as the normal group. The other mice underwent CUMS procedures. The CUMS procedures were as follows: five mice were raised in one cage, and given two or three different kinds of stressors every day, and each stressor could not be repeated within three days. The stressors included: 1) food deprivation for 24 h; 2) water deprivation for 24 h; 3) inclined cage for 24 h; 4) overnight illumination; 5) restraint for 6 h; 6) wet cage for 24 h; 7) empty cage for 24 h (i.e. without cushion material); 8) stroboscopic; 9) day night reversal; (10) horizontal vibration for 30 min; 11) electric shock for 1 min; 12) foreign objects. In the first week, in order to control the mortality of mice, mild stimulation was used as far as possible. The sucrose preference test of mice was tested every week, and the specific methods of modeling were adjusted according to the sugar water preference rate and the state of mice. After 8 weeks of CUMS procedures, the CUMS model mice were randomly separated into different groups and treated with different drugs for 7 days. The groups and treatments were set as follows: normal group (0.9% saline); CUMS vehicle group (0.9% saline); D-652 at low dosage (3 g/kg/d) and high dosage (10 g/kg/d); K-984 at low dosage (3 g/kg/d) and high dosage (10 g/kg/d); K-1640 at low dosage (3 g/kg/d) and high dosage (10 g/kg/d); and fluoxetine group (positive drug group, 7.2 mg/kg/d) (Tunc-Ozcan et al., 2019; Shuto et al., 2020).
Behavioral Evaluation
The depression-like behaviors of mice were examined using the sucrose preference test (SPT), tail suspension test (TST)and forced swimming test (FST).
The details of SPT were as follows: All mice were trained to adapt to 1% sucrose solution (w/v) 72 h before the test, where two bottles of 1% sucrose solution were placed in each cage. After 24 h, 1% sucrose in one bottle was replaced with tap water. After a 24 h adaptation period, mice were deprived of food and water for another 24 h. Then the mice were housed in individual cages with free access to two bottles containing either 100 ml of sucrose solution (1%, w/v) or 100 ml of tap water. During the test, the position of the water bottle was exchanged for 1 h to prevent the position preference. After 3 h, the weights of the consumed sucrose solution and tap water were separately recorded, and the sucrose preference was calculated using the following formula: sucrose preference = sucrose consumption/(tap water consumption + sucrose consumption) × 100%.
The details of FST and FST were as follows. In TST, individual mice were suspended in an acoustically and visually isolated chamber. Animal activities were captured using a video camera. The total time of immobility during the last 4 min in a 6-min testing period was analyzed using ANY-maze software (Stoeling Co. Ltd., United States). In FST, mice were forced to swim in a transparent glass vessel (20 cm high, 14 cm in diameter, filled with 10 cm of water at 24–26°C) placed in a cabinet. The mobilities of mice were recorded with a camera and the mice were considered immobile when they made no attempts to escape, except for the movements necessary to keep their heads above the water. The total duration of immobile time (seconds) was recorded during the last 4 min of a single 6-min test session, while the initial 2 min was applied for mouse adaptation.
Cell Culture and Treatments
Mice microglial cell lines (BV2) were purchased from the American Type Culture Collection. The culture medium consisted of Minimum Essential Medium-Eagle (88%), fetal bovine serum (10%), penicillin/streptomycin (1%), and sodium pyruvate solution (1%). The culture medium was changed every 48 h. When the cell density reached 70%, the cells were sub-cultured. All reagents used for cell culture were purchased from Thermo Fisher Scientific (Invitrogen, Carlsbad, CA). LPS was purchased from CST (China) and 10 mg was dissolved in 10 ml sterile Phosphate-buffered saline (PBS) to prepare the stock solution (1 mg/ml). TAK-242, a TLR4 blocker, was purchased from Selleck (China) and the stock solution was 50 mM in Dimethyl sulfoxide (DMSO) (Kim et al., 2018; Gu et al., 2020). JSH-23, a transcriptional inhibitor of NF-κB, was purchased from Selleck (China) and the stock solution was 10 mM in DMSO (Cai et al., 2018; Su et al., 2020).
ELISA Assays
After the behavioral tests, the mice were sacrificed and the hippocampal tissues were dissected. The amounts of IL-1β, IL-6, and TNF-α were determined using ELISA kits. The ELISA kits were purchased from Nanjing Jin Yibai Biological Technology Co. Ltd., and the procedures were carried out according to the manufacturer’s instructions. The detection range of the kit was 20–500 pg/ml.
Western Blot Analysis
The experimental details of Sodium dodecyl sulfate polyacrylamide gel electrophoresis and western blot analysis can be found in our previous publication (Zhu et al., 2017). Briefly, total protein samples were loaded on 10% polyacrylamide gels and separated. The primary antibodies used were mouse polyclonal anti-TLR4 (AF7017, 1:1,000, Affinity Biosciences), rabbit polyclonal anti-NF-κB (4,764, 1:1,000, CST), rabbit polyclonal anti-p-NF-κB (5,801, 1:1,000, CST), rabbit polyclonal anti-histone H3 (4,499, 1:1,000, CST), and rabbit polyclonal anti-GAPDH (5,174, 1:1,000, CST). The secondary antibody used was anti-rabbit IgG and HRP-linked antibody (7,074, 1:5,000, CST). The bands were compared on an image analyzer, and relative quantification was performed with Image-J Digital Imaging System (Bio-Rad, Hercules, California). Gel documentation and relative quantification were performed using the Image-J Digital Imaging System.
Real-Time Quantitative Polymerase Chain Reaction Analysis
Total RNA extraction was carried out according to the instructions listed in the TRIzol RNA extraction kit (15596-026, Thermo Fisher, United States). cDNA was acquired according to the instructions of the reverse transcription kit (AE311, Transgen Company, China). The transcriptional expression of pro-inflammatory cytokines was determined by quantitative PCR according to the instructions of the SYBR fluorescence real-time quantitative kit (AQ132, TransGen, Transgen Company, China). The primer sequences used are shown in Supplementary Table S2. Gene expression was calculated by the ΔΔCt method, and GAPDH was set as the internal reference gene.
Immunohistochemistry
The mice were sacrificed after the behavioral tests. Entire brains were dissected and fixed in 4% paraformaldehyde (PFA) fixative solution at room temperature. Conventional dehydration and paraffin embedding were carried out afterward. Mice brain slices were dewaxed with xylene, dehydrated with an ethanol gradient, and then placed in a sodium citrate buffer solution for 15 min. The slices were cooled for 30 min and then treated with 3% hydrogen peroxide for dehydrogenation. The slices were blocked for 1 h with 5% bovine serum albumin (BSA) added with PBS-T (Triton). The primary antibody used was rabbit anti-Iba1 (19,741, 1:1,000, Wako, Japan). The secondary antibody was horseradish peroxidase labeled goat anti-rabbit IgG (H+L) antibody (1:50, Beyotime, China). DAB Horseradish Peroxidase Color Development Kit (Beyotime, China) was used to develop the color in dark for 15 min. The slices were washed with running water, dried, dehydrated and transparent, sealed with Neutral balsam (Solarbio) and photographed under microscope.
BV2 cells were washed three times with pre-cooled PBS, fixed with PBS containing 4% PFA for 30 min, and perforated with PBS permeation membrane containing 0.2% TritonX-100 for 15 min. To prevent nonspecific binding, cells were blocked with 5% BSA for 2 h at room temperature. Cells were incubated with NF-κB p65 subunit antibody (4,764, 1:1,000, CST) at 4°C overnight and then removed from the refrigerator and incubated at room temperature for 2 h. After three washes, the cells were incubated with the secondary antibody labeled with Alexa Fluor® 488 anti-rabbit antibody (1:1,000, Invitrogen) for 1 h at room temperature. DAPI (1:10,000) staining was performed for 5 min. Fluorescence images were generated by confocal microscopy.
Fluorescence images were all taken with a fluorescence microscope (X5, Zeiss, Swiss) at the corresponding excitation and emission wavelengths, and the images were processed by ZEN2012 image processing software.
Data Analysis
Statistical tests were performed using one-way or two-way ANOVA analysis (version 13.0, SPSS, IBM Corp., Armonk, NY) followed by a Bonferroni post hoc analysis if appropriate. Before ANOVA analysis, a normal distribution test was carried out. The control group was varied in different experiments, as specified in the figure legends. Data are expressed as mean ± standard error of the mean, where n = 3–8. For behavior test, the number was set as 8. For immunohistochemistry, the number was set as 3. For western analysis, the number was set as 5. Statistically significant changes were classed as significant [*] where p < 0.05, highly significant [**], where p < 0.01.
RESULTS
KXS Extracts Ameliorated Depressive-like Behaviors on CUMS-Induced Depression Mice
Seven days after the administration of KXS, all mice underwent behavioral tests including the SPT, FST, and tail suspension test (TST). Statistical results showed that the consumption of sucrose in the model group was significantly lower than that in the normal control group (p < 0.01), and the immobile time in FST and TST was significantly higher than that in the normal group (p < 0.01). Compared with the CUMS vehicle group, KXS increased the sucrose preference rate and decreased the immobile time of the model animals in the FST and TST (p < 0.05). Among the different ratios of KXS, D-652 had the strongest effect in alleviating depression-like behaviors in animals, and its active trend was similar to that of the positive drug fluoxetine (Figure 2).
[image: Figure 2]FIGURE 2 | KXS extracts alleviate depressive-like behaviors in CUMS-exposed mice. The effects of KXS extracts on the sucrose consumption test (SPT), immobility time of forced swimming test (FST) and tail suspension test (TST) of CUMS-exposed mice. Values are expressed as mean ± SEM (n = 8). Comparisons between groups were carried out by a one-way ANOVA followed by a post-hoc Bonferroni test. ##p < 0.01 (compared with the normal control group), *p < 0.05, **p < 0.01 (compared with the CUMS vehicle group).
KXS Extracts Reduced the Expressions of Inflammatory Factors in the Hippocampus of Mice
After behavioral tests, the groups of mice were sacrificed, and the hippocampal tissues were isolated. The levels of LPS, IL-1β, IL-6, and TNF-α were measured using an ELISA kit. The experimental results showed that the levels of LPS, IL-1β, IL-6, and TNF-α in the hippocampus of CUMS model mice were significantly upregulated compared with those of the normal control group (p < 0.01). KXS significantly downregulated the expression of LPS, IL-1β, IL-6, and TNF-α in the hippocampus of CUMS model animals compared with the untreated CUMS vehicle group (p < 0.05). In line with the behavioral tests, D-652 treatment at high dosage showed the strongest active trend (Figure 3).
[image: Figure 3]FIGURE 3 | KXS extracts reduce the expression of inflammatory factors in hippocampus of CUMS-exposed mice. (A): The effects of KXS on the expression of inflammatory factors LPS and IL-1β in hippocampus of CUMS-exposed mice; (B): The effects of KXS on the expression of inflammatory factors IL-6 and TNF-α in hippocampus of CUMS-exposed mice. Values are expressed as the percentage of the control group (normal mice), as Mean ± SEM (n = 8). Comparisons between groups were carried out by a one-way ANOVA followed by a post-hoc Bonferroni test. #p < 0.05, ##p < 0.01 (compared with control group), *p < 0.05, **p < 0.01 (compared with CUMS vehicle group).
Effect of KXS Extracts on Microglia in Mouse hippocampus
After the animals were sacrificed, the entire brains of the mice were isolated. Morphological changes in microglia in hippocampal tissues were observed by fluorescence microscopy. The results showed that the microglia in the hippocampus of mice in the normal control group were in a branching state, suggesting that they were inactivated. Meanwhile, the microglia in the hippocampus of mice in the CUMS vehicle group were in a circular state, suggesting that they were activated. The morphology of microglia in the KXS-treated group was similar to that in the normal group, indicating that their activation status could be inhibited by KXS treatment, especially in the D-652 treatment group. The positive drug fluoxetine group had no obvious inhibitory effect on microglial activation (Figure 4).
[image: Figure 4]FIGURE 4 | KXS extracts affect the morphology of microglia in mice. The morphologies of microglia in dentate gyrus of mice in normal control group, CUMS vehicle group, D-652 administration group, K-984 administration group, K-1640 administration group, and fluoxetine administration group, were determined by immunoperoxide method. The doses of D-652 administration group, K-984 administration group, K-1640 administration group were set as 10 g/kg/d (n = 3). Correspondingly, the larger images of microglia in normal control group, CUMS vehicle group, D-652 administration group, K-984 administration group, K-1640 administration group, and fluoxetine administration group were displayed.
KXS Extracts Decreased the Expressions of TLR4 Receptor and Inhibited NF-κB Phosphorylation in the Hippocampus of Mice
After behavioral tests, the expression of TLR4 and NF-κB phosphorylation in the hippocampus of mice, two proteins closely related to the NF-κB signaling pathway, were studied. As shown in Figures 5A,B, the expression of TLR4 and the phosphorylation level of NF-κB protein increased in the hippocampus of CUMS vehicle group mice compared with those of the normal control group (p < 0.05). These phenomena suggest that chronic unpredictable stress promotes NF-κB protein entry into the nucleus by activating the phosphorylation of the NF-κB protein in the hippocampus of mice. Compared with the CUMS vehicle group, D-652 decreased the expression of TLR4 (p < 0.05) and inhibited the phosphorylation level of the NF-κB protein (p < 0.01), thus inhibiting the expression of inflammatory factors in the hippocampus of CUMS model mice.
[image: Figure 5]FIGURE 5 | KXS extracts regulate the expression of proteins of TLR4/NF-κB signaling pathway in the hippocampus of CUMS-exposed mice. (A): The effects of KXS extract (10 g/kg/d) on TLR4 protein expression in the hippocampus of CUMS-exposed mice; (B): The effects of KXS extracts on expressions of p-NF-κB and NF-κB in the hippocampus of CUMS-exposed mice; Values are expressed as the percentage of the control group (normal mice), as Mean ± SEM (n = 8). Comparisons between groups were carried out by a one-way ANOVA followed by a post-hoc Bonferroni test. #p < 0.05, (compared with control group), *p < 0.05, **p < 0.01 (compared with CUMS group).
KXS Extracts Decreased the Expressions of Pro-Inflammatory Cytokines by Regulating the TLR4/IKK/NF-κB Signaling Pathway and Inhibiting Nuclear Translocation of NF-κB on BV2 Cells
We constructed an in vitro cell model mimicking central nervous system inflammation by treating the microglial cell line (BV2) with LPS to stimulate pro-inflammatory cytokine expression. Subsequently, the effects of KXS on the expression levels of IL-1β, IL-6, and TNF-α were evaluated. As shown in Figure 6, LPS at 1 μg/ml significantly promoted the expression of inflammatory factors in BV2 cells compared with that in the untreated control group (p < 0.01), and KXS extracts significantly inhibited the expression of pro-inflammatory factors in BV2 cells stimulated by LPS (p < 0.01). In addition, KXS extracts had no effect on the expression of inflammatory factors in BV2 cells (data were not shown). Based on the animal and cell experiments, the D-652 compatibility ratio exerting the best active trend in improving depression-like behaviors and suppressing pro-inflammatory cytokine expression was selected for further study on the mechanism of KXS pro-inflammatory cytokine expression.
[image: Figure 6]FIGURE 6 | KXS extracts decrease the expressions of pro-inflammatory factors in LPS-treated BV2 cells. BV2 cells were treated with LPS (1 μg/ml) and different compatibility ratios of KXS extracts simultaneously. The expressions of IL-1β, IL-6, TNF-α were determined by qPCR. Values are expressed as the percentage of the control group (no drug treatment) as Mean ± SEM (n = 5). Comparisons between groups were carried out by a one-way ANOVA followed by a post-hoc Bonferroni test. ##p < 0.01 (compared with control group), *p < 0.05, **p < 0.01 (compared with LPS treatment group).
When BV2 cells were treated with LPS, the expression of TLR4 was significantly increased compared to that in the normal control group. This increasing trend was significantly reversed by treatment with D-652 (Figure 7A). A similar active trend was found in both the IKK phosphorylation levels and NF-κB phosphorylation levels (Figures 7B,C). As shown in Figures 8A,B, we further found that LPS treatment significantly promoted the nuclear translocation of NF-κB (p < 0.01) and D-652 significantly inhibited the nuclear translocation of NF-κB (p < 0.01).
[image: Figure 7]FIGURE 7 | KXS extracts regulate the expression of proteins of TLR4/NF-κB signaling pathway in LPS-treated BV2 cells. (A): The effect of KXS extracts D-652 on the TLR4 expression in LPS-treated BV2 cells at 2 h; (B): The effect of KXS extracts D-652 on the proteins of p-IKK and IKK in LPS-treated BV2 cells at 2 h; (C): The effect of KXS extracts D-652 on the proteins of p- NF-κB and NF-κB in LPS-treated BV2 cells at 2 h; Values are expressed as the percentage of the control group (no drug treatment) as Mean ± SEM (n = 5). Comparisons between groups were carried out by a one-way ANOVA followed by a post-hoc Bonferroni test. ##p < 0.01 (compared with control group), *p < 0.05 (compared with LPS treatment group).
[image: Figure 8]FIGURE 8 | KXS extracts regulate the nucleus translocation of the NF-κB protein in LPS-treated BV2 cells. (A): The effect of KXS extracts D-652 on the expressions of NF-κB in nucleus and cytoplasm in LPS-treated BV2 cells at 2 h; (B): The immunofluorescent images of the NF-κB nucleus translocation were observed with fluorescent microscopy in LPS-treated BV2 cells at 2 h; Green, NF-κB; blue, DAPI; scale bar = 5 μm. Values are expressed as the percentage of the control group (no drug treatment) as Mean ± SEM (n = 5). Comparisons between groups were carried out by a one-way ANOVA followed by a post-hoc Bonferroni test. ##p < 0.01 (compared with control group), *p < 0.05 (compared with LPS treatment group).
Furthermore, TAK-242 (the inhibitor of TLR4) and JSH-23 (an inhibitor of NF-κB nuclear translocation) were simultaneously treated with D-652 on BV2 cells to verify whether KXS simultaneously decreased pro-inflammatory cytokine expression by regulating the TLR4/IKK/NF-κB signaling pathway. As shown in Figures 9A,B, single D-652 treatment and single TAK-242 treatment both significantly decreased the expression of pro-inflammatory cytokines in LPS-treated BV2 cells. However, the combined treatment of TAK-242 and D-652 exerted no significant effects on the expression of pro-inflammatory cytokines compared with single D-652 or TAK-242 treatment groups. Therefore, the downregulated expression of pro-inflammatory cytokines of D-652 and TAK-242 co-treatment was exerted mainly by TAK-242 instead of D-652. In other words, the downregulation effect of D-652 on pro-inflammatory cytokine expression was attenuated. A similar effect was also found in the combined treatment of JSH-23 and D-652.
[image: Figure 9]FIGURE 9 | Effect of KXS extracts on the expressions of pro-inflammatory factors in LPS-treated BV2 cells after administration of TAK-242 and JSH-23. (A): Effect of KXS extracts on the expressions of pro-inflammatory factors in LPS-treated BV2 cells after administration of TAK-242. (B): Effect of KXS extracts on the expressions of pro-inflammatory factors in LPS-treated BV2 cells after administration of JSH-23. Values are expressed as the percentage of the control group (no drug treatment) as Mean ± SEM (n = 5). Comparisons between groups were carried out by a two-way ANOVA followed by a post-hoc Bonferroni test. *p < 0.05.
We also evaluated the effect of TAK-242 on TLR4 expression in D-652 treated LPS-exposed BV2 cells. As shown in Figure 10, TAK-242 significantly inhibited LPS-induced increase in TLR4 expression. The downregulation effect of D-652 on TLR4 was also attenuated by simultaneous treatment with TAK-242. Similarly, the inhibition of D-652 on nucleus translocation of NF-κB was also attenuated by JSH-23 (Figures 11A–C).
[image: Figure 10]FIGURE 10 | Effect of KXS extracts on the expressions of TLR4 in LPS-treated BV2 cells after administration of TAK-242. Effect of KXS extracts D-652 on the TLR4 expression in LPS-treated BV2 cells after administration of TAK-242 at 2 h; Values are expressed as the percentage of the control group (no drug treatment) as Mean ± SEM (n = 5). Comparisons between groups were carried out by a two-way ANOVA followed by a post-hoc Bonferroni test. *p < 0.05.
[image: Figure 11]FIGURE 11 | Effect of KXS extracts on the nucleus translocation of the NF-κB protein in LPS-treated BV2 cells after administration of JSH-23. (A): Effect of KXS extracts D-652 on the NF-κB expression in cytoplasm of LPS-treated BV2 cells after administration of JSH-23 at 2 h; (B): Effect of KXS extracts D-652 on the NF-κB expression in nucleus of LPS-treated BV2 cells after administration of JSH-23 at 2 h; (C): The immunofluorescent images of the NF-κB nucleus translocation were observed with fluorescent microscopy in LPS-treated BV2 cells after administration of JSH-23 of D-652 at 2 h; Green, NF-κB; blue, DAPI; scale bar = 5 μm. Values are expressed as the percentage of the control group (no drug treatment) as Mean ± SEM (n = 5). Comparisons between groups were carried out by a two-way ANOVA followed by a post-hoc Bonferroni test. ##p < 0.01 (compared with control group), *p < 0.05 (compared with LPS treatment group).
DISCUSSION
In the current study, we found that KXS significantly alleviated depression-like behaviors, decreased the LPS and pro-inflammation factors, and suppressed the activation of microglia in the hippocampus of CUMS-exposed depression-like mice. In BV2 microglia cell lines, KXS extracts significantly decreased the expression of IL-1β, IL−2, and ΤΝF-α induced by LPS and inhibited TLR4/IKK/NF-κB signaling pathways, which might be indispensable in the antidepressant effect of KXS.
At present, central neuronal inflammation has been recognized to play an important role in the pathogenesis and development of MDD. Clinical findings showed that the serum levels of inflammatory cytokines IL-1β, IL-6, and TNF-α in patients with MDD were significantly higher than those in normal people. Microglia are the main cells responsible for inflammation in the brain. Animal studies have also confirmed that sustained chronic stress stimulates the HPA axis and activates microglia to secrete inflammatory cytokines, which impairs the survival and development of neurons. The impairment of neurons leads to decreased CX3CL1 release, which further activates microglia to induce pro-inflammatory cytokine release, which further aggravates neuronal inflammation. In addition, neuronal inflammation also stimulates the tryptophan-kynurenic acid metabolic pathway, which reduces serotonin synthesis and leads to insufficient supply of serotonin. In neuronal inflammation, the activated NF-κB signaling pathway is the principal pathway that promotes the expression of pro-inflammatory cytokines in microglia, and LPS is an important inducer of this signaling pathway. LPS acts on TLR4 receptors in microglia, promotes NF-κB in the cytoplasm to enter the nucleus, exerts transcriptional regulation, and promotes the synthesis and secretion of pro-inflammatory cytokines. Therefore, relieving neuronal inflammation and inhibiting activated TLR4/NF-κB should be included in new-generation antidepressant development (Yirmiya et al., 2015; Zhang et al., 2017; Deczkowska et al., 2018).
At present, the available antidepressants in clinics are monoamine neurotransmitter reuptake inhibitors. No antidepressant has been developed to suppress central nervous system inflammation. Studies have shown that the serotonin reuptake inhibitors fluoxetine and escitalopram can significantly reduce the expression of IL-1β, IL-6, TNF-α, and inducible nitric oxide synthase in BV2 cells and primary microglia induced by the combination of LPS and interferon-γ (Su et al., 2015; Xiaoling et al., 2018). The serotonin and norepinephrine reuptake inhibitors venlafaxine can downregulate the expression of inflammatory factors IL-1β, IL-6, and TNF-α induced by morphine in mice, thus exerting the effects of anti-neuroinflammation. However, these antidepressants are ineffective in 40% of patients with MDD and cause side effects such as gastrointestinal discomfort and sexual dysfunction. In addition, in view of the complex pathological networks of MDD, single compounds with limited action targets may not be suitable for this sophisticated disease, while Chinese medicine formulae composed of multiple components and action targets might be an effective alternative therapy for MDD (Degner et al., 2004).
Traditional Chinese medicine has rich experience in the prevention and treatment of depression. At present, the number of compound Chinese medicine in the stage of new drug development is increasing year by year. Among them, Yueju pill, Ganmai Dazao decoction, Chaihu Shugan powder, Sini Powder, KXS and so on are representative Chinese herbal compound. Animal experiments showed that the petroleum ether extract of Yueju pill could alleviate the depressive behavior of mice by promoting the release of BDNF and the activation of TrkB (Xue et al., 2013). Clinical studies have shown that Ganmai Dazao decoction can exert antidepressant effect by affecting the content of monoamine neurotransmitters in brain regions (Ma et al., 2014). Animal experiments show that Chaihu Shugan powder can alleviate the depressive behavior of rats by increasing the expression of BDNF and TrkB in hippocampus, amygdala and frontal lobe (Zhan et al., 2004). Animal experiments show that Sinisan can reduce the increase of serum corticosterone and plasma ACTH by inhibiting the over activation of HPA axis, thus exerting the antidepressant effect (Wei et al., 2016). KXS is an effective treatment for mild and moderate depression. Studies have shown that KXS can significantly alleviate the depression like behavior of CUMS mice, and play an antidepressant role by promoting the release of neurotransmitters and neurotrophic factors in the brain of mice and inhibiting the excessive activation of HPA axis. And KXS is rich in anti-inflammatory active ingredients, such as ginsenoside and Ginsenoside Rg3, which can inhibit the activation of HPA axis in chronic stress depression rats, reduce the levels of IL-1β, IL-6 and TNF-α in hippocampus, and improve the level of 5-hydroxytryptamine in hippocampus by inhibiting the metabolism of tryptophan to kynuric acid. Ginseng, as the main component of KXS, can significantly alleviate the central nervous system inflammation, which also reveals the application prospect of KXS in regulating central nervous system inflammation and alleviating depression. KXS has extensive research value in relieving depression because of its multi-component, multi-target and multi-channel pharmacological action.
KXS is one of the most frequently applied formulae for treating MDD in Chinese medicine clinics. The components contained in KXS have been confirmed to regulate neuronal inflammation. The total ginsenoside and ginsenoside Rg3 in Radix Ginseng can inhibit HPA axis activation in rats with chronic stress-induced depression. They reduce the levels of IL-1β, IL-6, and TNF-α in the hippocampus, and increase the level of 5-HT in the hippocampus by inhibiting the metabolism of tryptophan into canine uric acid (Kang et al., 2011; Kang et al., 2017; Xu et al., 2018). In the current study, we also found that D-652, with a higher content of Ginseng Radix, exerted the strongest antidepressant effect. Alfa-asarone in Rhizoma Acori Tatarinowii extract can inhibit the expression of inflammatory factors, regulate NF-κB transcription levels, and block the release of inflammatory factors in senile rats and primary cultured microglia by blocking the ubiquitination of IκB-α and β kinases, thereby playing a role in resisting neuroinflammation. It has been reported that β-asarone, also an active ingredient of Rhizoma Acori Tatarinowii, can improve the damage of cognitive and synaptic plasticity by regulating the excessive release of pro-inflammatory cytokines and the activation of microglia (Lim et al., 2014; Liu et al., 2017). Although there are no direct reports of compounds from Polygalae Radix and Poria on the regulation of central neuronal inflammation, senegenin in Polygalae Radix et Rhizoma can reduce the symptoms of colitis by regulating IFN-γ and IL-4 (Hong et al., 2002; Cheong et al., 2011). Total triterpenoids of Poria can fight against acute inflammation in mice with auricle swelling and an increase in abdominal cavity capillary permeability caused by xylene. Poria neonate C was also found to inhibit the expression of INOS and COX-2 by downregulating the expression of NF-κB protein to play an anti-inflammatory role (Ríos, 2011). Therefore, the antidepressant effect of KXS might be due to the synergistic effect of the multiple compounds of the four herbs.
In addition to KXS, some Chinese medicine formulae also exerted antidepressant effects by regulating neuronal inflammation. The Ban-Xia-Hou-Pu decoction plays an antidepressant role by inhibiting the activation of NLRP3 inflammasomes and the production of IL-1β in the liver, hypothalamus, hippocampus, or prefrontal cortex of CUMS-induced depression rats (Jia et al., 2017). Si-Ni-San reduces the release of inflammatory factors IL-1β, IL-6, IL-2, and TNF-α in the peripheral fluid of patients with post-stroke depression and regulates the over-activation of the HPA axis, thereby exerting an antidepressant effect (Guo et al., 2009; Li et al., 2013). Chang-Yu-Xiao-Yao-San can reduce the expression of inflammatory factors IL-6, IL-8, and TNF-α in the serum of patients with chronic hepatitis B combined with depression, and relieve the symptoms of depression in patients. Animal experimental results also show that Chang-Yu-Xiao-Yao-San inhibits an over-expression of serum IL-6, IL-8, and TNF-α in LPS-induced depression model rats and increased the content of hippocampal 5-HT in rats (Qi et al., 2013; Jing et al., 2015). However, the above-mentioned study on the inhibition of central nervous inflammation by traditional Chinese medicine compounds is often limited to the determination of inflammatory factors, and there is a lack of in-depth research on the mechanism. In addition, the differences in the antidepressant regulation networks between these formulae are worth elucidating.
Besides, we found that D-652 increased TLR4 expressions in BV2 cells alone while decreased TLR4 expressions both in LPS treated BV2 cells and CUMS depressive mice. Interestingly, this contradictory phenomenon is also reported in Radix Ginseng. In vitro, ginsenosides is reported to activate phagocytosis on macrophage RAW264.7 cells through regulating TLR2/4 and NF-κB signaling pathways and the enhancement of TLR4 expression is also found (Xu et al., 2018; Gao et al., 2020). In vivo, Radix Ginseng is also reported to down-regulate the TLR4 expressions in disease-like animal models like cerebral Ischemia rats (Cheng et al., 2019; Li et al., 2020). These findings support that Radix Ginseng exert bi-directional function in regulating immunity by enhancing phagocytosis in normal condition while inhibiting abnormal stimulation of phagocytes in pathological condition. Since Radix Ginseng is the major herb of D-652, we hypothesize that Radix Ginseng might contribute to the enhanced expressions of TLR4 in BV2 cells. However, we will further investigate the details in the future. Besides, we will further study the functional material basis and the in-depth mechanism of KXS suppression of central neuronal inflammation, which will provide more scientific evidence for the development of new antidepressants or alternative therapies from this Chinese medicine formula.
CONCLUSION
KXS extracts play an antidepressant role by improving depression-like behaviors on CUMS-exposed mice. This effect may be related to the inhibition of the release of inflammatory factors in microglia of hippocampus and regulation of TLR4/IKK/NF-κB signaling pathway on BV2 cells. This study will be helpful for the antidepressant alternative therapies or drug developments (Zhu et al., 2012).
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Recent studies have shown that impairment of autophagy is related to the pathogenesis of Parkinson’s disease (PD), and small molecular autophagy enhancers are suggested to be potential drug candidates against PD. Previous studies identified corynoxine (Cory), an oxindole alkaloid isolated from the Chinese herbal medicine Uncaria rhynchophylla (Miq.) Jacks, as a new autophagy enhancer that promoted the degradation of α-synuclein in a PD cell model. In this study, two different rotenone-induced animal models of PD, one involving the systemic administration of rotenone at a low dosage in mice and the other involving the infusion of rotenone stereotaxically into the substantia nigra pars compacta (SNpc) of rats, were employed to evaluate the neuroprotective effects of Cory. Cory was shown to exhibit neuroprotective effects in the two rotenone-induced models of PD by improving motor dysfunction, preventing tyrosine hydroxylase (TH)-positive neuronal loss, decreasing α-synuclein aggregates through the mechanistic target of the rapamycin (mTOR) pathway, and diminishing neuroinflammation. These results provide preclinical experimental evidence supporting the development of Cory into a potential delivery system for the treatment of PD.
Keywords: parkinson’s disease, corynoxine, rotenone, autophagy, α-synuclein, neuroinflammation
INTRODUCTION
Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting more than 1% of the population over the age of 60 years. In 2005, it was predicted that the number of individuals (age > 50 years) with PD would double by 2030, and this number increased by approximately 10% in 2018 (Rossi et al., 2018). Usually, both selective degeneration of dopaminergic neurons in the substantia nigra pars compacta (SNpc) and the appearance of Lewy bodies, whose main component is aggregated α-synuclein, in the remaining neurons are thought to be the major pathological hallmarks of PD (Przedborski, 2017; Johnson et al., 2019). Although the pathogenic factors of PD have been comprehensively investigated since the first detailed description by James Parkinson in 1817, the pathogenesis of this disease has not been fully elucidated and there are no effective drugs for its cure.
The autophagy–lysosome pathway is one of the major pathways that clear disordered, especially long-lived proteins, such as α-synuclein (Hou et al., 2020). Impaired autophagy is thought to exacerbate the aggregation of α-synuclein, thereby contributing to the pathological development of PD in patients and animal models (Xilouri et al., 2016; Chen et al., 2019; Hou et al., 2020). Therefore, autophagy enhancers, which could promote the clearance of aggregated α-synuclein, are suggested to be a new therapeutic measure for PD. A previous study conducted by our research group identified corynoxine (Cory), an indole alkaloid isolated from the Chinese herb Uncaria rhynchophylla (Chen et al., 2014; Chen et al., 2017), as a new autophagy enhancer that promoted the clearance of α-synuclein in a cell model of PD. However, the microenvironment between in vitro and in vivo cells is quite different, and the information obtained from cells models is limited. Therefore, it is necessary to evaluate the neuroprotective properties of Cory in animal models of PD prior to commencing clinical trials.
The impairment of mitochondrial complex I was reported to be a major factor that contributed to neurodegeneration (Betarbet et al., 2000). Consequently, inhibitors of mitochondrial complex I, such as rotenone (Xiong et al., 2012; Miyazaki et al., 2020), are widely used to reproduce Parkinson-like symptoms in animals. In this study, two animal models of PD were employed, one of which involved stereotaxically injecting rotenone into the SNpc of rats to establish rat models of PD with acute toxicity (Xiong et al., 2009; Anusha et al., 2017), and the other one involved systemically exposing C57BL/6J mice to a low dose of rotenone to establish mouse models of PD with chronic toxicity (Miyazaki et al., 2020). The neuroprotective effects of Cory in the two PD models were evaluated, and the results provided experimental evidence to support the development of Cory for use in the treatment of PD.
MATERIALS AND METHODS
Reagents
Apomorphine (Y0001465) and rotenone (R8875) were purchased from Sigma; Cory was purchased from Aktin Chemicals Inc. (Chengdu, China); anti-TH antibody (AB152) was purchased from Merck Millipore; anti–Iba-1 (019-19741) was purchased from Wako Pure Chemical Industries; anti–β-actin (sc-47778) was purchased from Santa Cruz Biotechnology; anti-LC3 (2775), anti-p62 (5114), anti–phospho-p70S6K (Thr389) (9234), anti–phospho-mTOR (Ser2448) (2971), and anti–α-syn (2628) were purchased from Cell Signaling Technology; goat anti-rabbit IgG (H + L) secondary antibody, Alexa Fluor® 594 conjugate (R37117), goat anti-mouse (626520), and goat anti-rabbit (G21234) secondary antibodies were purchased from Invitrogen; and VECTASTAIN Elite ABC Kit (PK-6101) was purchased from Vector Lab. ELISA kits were purchased from Beijing 4A Biotech Co., Ltd.
Animals
C57BL/6J mice (25∼30 g) and SD rat (220∼250 g) were purchased from Beijing Weitong Lihua Experimental Animal Technology Co., Ltd.
Dopamine Level Detection
Detection of the dopamine level in the striatum is followed with previous report (Li et al., 2018). Briefly, striatum was weighted and homogenized in 0.5 ml ice cold 0.1 M HCl, 30 s, 50 Hz. After adding 1 ml methanol with 0.1 M HCl, homogenization was performed at 50 Hz, 1 min. Lysates were centrifuged 16,000 rpm, for 10 min at 4°C. 1 ml supernatant was taken out to freeze-dry for 48 h. Then, 30 µl 0.1 M HCl was added to dissolve the sample. 70 µl methanol with 0.1 M HCl was added to precipitate the protein. Centrifugation with 16,000 rpm for 10 min at 4°C was performed. The supernatant was subject to be analyzed with liquid chromatography (Agilent 1290, San Jose, CA, United States) coupled with electrospray ionization on a triple quadrupole mass spectrometer (Agilent 6460, San Jose, CA, United states).
TH Immunostaining
The protocol is followed the VECTASTAIN Elite ABC Kit. Working solution was prepared before staining. Frozen brain sections (SNpc: 30 μm, striatum: 25 μm) were prepared with Cryostat Series (7721.160 GB, SHANDON). Sections were rinsed with PBS for 3 times (3 min/time). After incubating with 3% H2O2 for 10 min, sections were rinsed with PBS for another 3 times (3 min/time). Then, sections were blocked with normal serum for 30 min, and rinsed with PBS for 3 times (3 min/time). Sections were incubated with primary antibody (1:500) overnight at 4°C. Then, after rinsing with PBS for 3 times (3 min/time), sections were incubated with Elite second antibody for 30 min at room temperature. After rinsing with PBS for 3 times (3 min/time), sections were incubated with Elite ABC reagent for another 30 min at room temperature. Sections were rinsed with PBS for 3 times (3 min/time), and incubated with DAB reagent for 2 min. At last, the slides were mounted and images were taken with confocal.
Fluoresce Immunostaining
Working solution was prepared before staining. Frozen brain sections (SNpc: 30 μm, striatum: 25 μm) were prepared with Cryostat Series (7721.160 GB, SHANDON). Sections were rinsed with PBS for 3 times (3 min/time). After incubating with 3% H2O2 for 10 min, sections were rinsed with PBS for 3 times (3 min/time). Sections were blocked with normal serum for 30 min and rinsed with PBS for 3 times (3 min/time). Sections were incubated with primary antibody overnight at 4°C. Then, sections were rinsed with PBS for 3 times (3 min/time) and incubated them with Alexa Fluor 594 s antibody for 30 min at room temperature. At last, sections were rinsed with PBS for 3 times (3 min/time), slides were mounted, and images were taken with confocal.
Western Blotting Analysis
Tissues were lysed with RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl, 0.35% sodium deoxycholate, 1 mM EDTA, 1% NP40, 1 mM PMSF, 5 mg/ml aprotinin, and 5 mg/ml leupeptin). The boiled samples (each containing 10–20 μg of protein) were subjected to SDS-PAGE on a 10–15% acrylamide gel and transferred to PVDF membranes (GE Healthcare, RPN303F). The membranes were blocked for 1 h in TBST containing 5% nonfat milk and then probed with the appropriate primary and secondary antibodies. The desired bands were visualized using the ECL kit (Pierce, 32106). The band density was quantified using the ImageJ program and normalized to that of the control group.
Statistical Analysis
Statistical significance was assessed by using one-way ANOVA with the Newman–Keuls’ multiple comparison tests. Calculations were performed using ImageJ and Prism (version 5) software. Statistical significance was considered when p < 0.05.
RESULTS
Determining the Toxicity of Cory
At the beginning of this study, an acute toxicity study was performed to confirm the safe dosage of Cory. Five female Sprague–Dawley (SD) rats (8 weeks old) weighing 200 ± 10 g were used in the study. The rats were placed separately in laboratory animal houses at 20∼25°C with 50∼60% humidity and 12 h light/dark cycle with the lights off at 7 PM. The rats were fed with standard diet from Lab Diet, allowed to access distilled water ad libitum, and acclimated to laboratory conditions for 7 days. Test up-and-down procedure followed the OECD guideline. Acute Oral Toxicity (Guideline 425) Statistical Program (AOT425StatPgm) developed by the US Environmental Protection Agency was used. The assumed dose progression factor of 1.2 was used in the study. Whether the dosing will continue depends on the 48-h outcomes after dosing. Test will be stopped when one of the following stopping criteria first is met: 1) 3 consecutive animals survive at the upper bound; 2) 5 reversals occur in any 6 consecutive animals tested; or 3) at least 4 animals have followed the first reversal and the specified likelihood ratios exceed the critical value.
Cory was directly dissolved in the normal saline. The final injection volume for each rat was 1.0 ml. Before dosing, each rat was fasted overnight. It has been reported that the intravenous (IV) dose required to kill half the members of a tested population after a specified test duration (LD50) of rhynchophylline, which is an isomer of Cory, is 105 mg/kg in mice (Ozaki, 1989). Therefore, based on this information, the limit test using a dosage of 2000 mg/kg was skipped, and the main test with first dosage of 80 mg/kg was performed immediately. The data generated from this study (Table 1) show that the IV LD50 of Cory in rats was approximately 96.89 mg/kg, which was calculated by the Acute Oral Toxicity (Guideline 425) Statistical Program (AOT425StatPgm).
TABLE 1 | Experiment data of Cory acute toxicity.
[image: Table 1]Establishing the Rotenone-Induced Acute and Chronic Toxicity Models of PD
In this study, both the rotenone-induced acute toxicity rat model and rotenone-induced chronic toxicity mouse models of PD were employed to evaluate the neuroprotective effects of Cory. The classic mTOR inhibitor, rapamycin, acted as a positive control of autophagy induction, and Sinemet® and Madopar®, which are widely used in clinical practice (Chen and Xie, 2018a), acted as positive controls for the treatment of PD. Every tablet of Sinemet® contains 200 mg of levodopa and 50 mg of carbidopa, and every tablet of Madopar® contains 200 mg of levodopa and 50 mg of benserazide.
The rotenone-induced acute toxicity rat models of PD were established in male SD rats that were 8 weeks old. The SD rats were randomly divided into 5 groups (16 rats/group). The detailed groups were as follows: vehicle control group (Vehicle group), rotenone-induced PD rat group (Rotenone group, 3 μg/μl * 1 μl), Sinemet® group (Rot + Sinemet group, 0.975 mg Sinemet/rat), low-dose Cory group (Rot + Cory-L, 2.5 mg/kg), and high-dose Cory group (Rot + Cory-H group, 5 mg/kg). Rotenone (3 μg/μl) was dissolved in dimethyl sulfoxide (DMSO) and was kept away from light before use. According to Bao’s rat cerebral stereotaxic atlas, rotenone (1 μl) was injected into the right-side substantia nigra compacta (SNpc) (AP: −5.3 mm; ML: 2.0 mm; DV: −8.0 mm). The Sham/Vehicle group was injected with the same amount of DMSO. Cory or Sinemet® was orally administered to the rats based on their group allocations. Before the injection of rotenone, rats were pretreated with Cory or Sinemet® for 1 week, and the treatment was continued for 4 weeks after the model was established.
The chronic toxicity models of PD were established in 10-week-old male C57BL/6J mice that were orally administered with rotenone for 8 weeks. The C57BL/6J mice were randomly divided into 6 groups (20 mice/group). The detailed groups were as follows: the vehicle control group (Vehicle group), rotenone-induced PD mice group (Rotenone group, 30 mg/kg), Madopar® group (Rot + Madopar group, 1.95 mg Madopar/mouse), rapamycin group (Rot + Rapamycin group, 10 mg/kg), low-dose Cory group (Rot + Cory-L, 5 mg/kg), and high-dose Cory group (Rot + Cory-H group, 10 mg/kg). All of the drugs or compounds, including Cory, were orally administered to the C57BL/6J mice. Before the administration of rotenone, the mice were pretreated with Madopar®, rapamycin, or Cory for 1 week, and the administration coupled with rotenone was continued for another 8 weeks.
Effects of Cory on Motor Dysfunction in the Rotenone-Induced Animal Models of PD
Apomorphine is a nonselective dopamine agonist that activates both D1-like and D2-like receptors, and apomorphine-induced rotation in a rat model of PD is usually used to estimate the motor impairment (Xiong et al., 2009; Carbone et al., 2019; Gunaydin et al., 2019). At the end of the fourth week after rotenone-induced rat models of PD were established, a rotation test induced by apomorphine was performed. Totally, 2.5 mg/kg of apomorphine (i.p.) was intraperitoneally injected, and 35 min of video footage was recorded for each rat. After 5 min of adaptation, rotations were calculated for 30 min. In the rotenone-induced rat model group, the number of rotations induced by apomorphine significantly increased and reached 320 per 30 min. Similar to Sinemet® treatment, both low and high doses of Cory significantly decreased the rotations (Figure 1A). At the end of the eighth week after rotenone-induced mouse models of PD were established (chronic toxicity models), both the rotarod test and the pole test were performed, and the latency time on the rotarod, locomotion activity time, and time to turn on the pole were recorded. The movement time on the rotating rod was significantly shortened in the rotenone group than in the vehicle control group (Figure 1C), and both the climbing time and turning time on the pole were significantly longer in the rotenone group than in the vehicle control group (Figure 1D). Confirming its validity as a widely used drug for the treatment of PD, treatment in clinic, Madopar® significantly improved the motor dysfunction induced by rotenone as shown by the increased latency time on the rotarod, decreased locomotion activity time, and decreased turning time (Figures 1C,D). Cory also contributed toward motor improvements with increased latency time on the rotarod and decreased turning time, although there was no significant difference in the locomotion activity time between the Cory-treated and rotenone groups (Figures 1C–E). At the same time, striatal dopamine levels decrease in both rotenone-induced rat and mouse models (Figures 1B–F). Supplementary of levodopa, which is a precursor of dopamine, significantly increased the dopamine levels in the striatum of the animals in the Sinemet® and Madopar® groups compared to the levels in the animals in the rotenone groups. In addition, a high dose of Cory increased the striatal dopamine levels in the rotenone-induced rat models of PD (Figure 1B), while both the low and high doses of Cory increased striatal dopamine levels in the rotenone-induced mouse models of PD (Figure 1F).
[image: Figure 1]FIGURE 1 | Cory improves the motor dysfunction and increases the striatal dopamine level in the rotenone-induced rat and mice models. (A–B) Tests in the rotenone-induced rat model of PD, and (C–F) tests in the rotenone-induced mice model of PD. (A) Rotation test induced by apomorphine (2.5 mg/kg) was performed at the end of the fourth week after rotenone rat model establishment. Rotations of 30 min were totaled. Cory increases the level of dopamine in the striatum in both of the PD rat (B) and mice (F) models. In the rotarod test, Cory increases the movement time of rotenone-induced PD mice maintained on the rotarod (C). In the pole test, although the effect of Cory to shorten the locomotion activity time is not significant (D), Cory significantly shortens the turning time (E). Dosage of Cory in the rotenone-induced rat model of PD: Cory-L: 2.5 mg/kg, Cory-H: 5 mg/kg. Dosage of Cory in the rotenone-induced mice model of PD: Cory-L: 5 mg/kg, Cory-H: 10 mg/kg. Data were presented as mean ± SEM. (*p < 0.05, ***p < 0.001 compared with the Sham or Vehicle group, #p < 0.05, ###p < 0.001 compared with the Rotenone group, n ≥ 6; one-way ANOVA with Newman–Keuls’ multiple test.)
Effects of Cory on Tyrosine Hydroxylase-Positive Neuronal Loss in the Rotenone-Induced Animal Models of PD
TH is the enzyme responsible for catalyzing the conversion of the amino acid L-tyrosine to L-3, 4-dihydroxyphenylalanine (Nagatsu, 1995). It is a rate-limiting enzyme that controls the first step of dopamine biosynthesis. The expression of TH in the right-side brain tissue of SNpc was detected by Western blotting, and the quantification density of TH was analyzed by image J. Lower expression of TH was observed in the right side of SNpc in the rotenone group than in the vehicle group (Figures 2B,C), while Cory significantly increased the levels of TH in these models (Figures 2B,C). Consistent with the Western blotting results, significant loss of TH-positive neurons was found in the right-side brain tissue of the SNpc and striatum in the rotenone-induced rat models (Figure 2A, Supplementary Figure S1). However, the loss of TH-positive neurons in the SNpc and striatum was diminished by treatment with Cory (Figure 2A, Supplementary Figure S1). In the rotenone-induced chronic toxicity mouse models of PD, immunostaining results revealed that rotenone also induced a TH-positive neuronal loss in the SNpc compared to the vehicle group, and Madopar® and Cory showed neuroprotective effects that prevented TH-positive neuronal loss (Figures 2D–E).
[image: Figure 2]FIGURE 2 | Cory prevents the loss of tyrosine hydroxylase–positive neurons in the SNpc. (A–C) Tests in the rotenone-induced rat model of PD, and (D–E) tests in the rotenone-induced mice model of PD. Immunostaining results reveal that Cory prevents the loss of tyrosine hydroxylase–positive neurons in the SNpc of the PD rat (A) and mice (D–E) models. (B, C) Cory increases the level of tyrosine hydroxylase. The right side of SNpc was isolated from the brain tissue of the PD rat model. After protein extraction, samples were subjected to Western blotting assay. Dosage of Cory in the rotenone-induced rat model of PD: Cory-L: 2.5 mg/kg, Cory-H: 5 mg/kg. Dosage of Cory in the rotenone-induced mice model of PD: Cory-L: 5 mg/kg, Cory-H: 10 mg/kg. Data were presented as mean ± SEM. (*p < 0.05 compared with Sham or Vehicle group, #p < 0.05 compared with the Rotenone group, n ≥ 6; one-way ANOVA with Newman–Keuls’ multiple test.)
Effect of Cory on Autophagy Induction and Neuroinflammation in Rotenone-Induced Animal Models of PD
Prior to conducting the neuroprotective mechanism study, an herbal search of Cory was performed on the SymMap database (http://www.symmap.org/). The search generated 130 Cory-related symptoms and 1700 targets. Since it has been deduced that Cory can promote the clearance of α-synuclein through the autophagy pathway in a cell model of PD, the symptoms of PD and targets involved in autophagy, including CSTB, HSPA5, PRKCA, and AHSA1, as well as targets involved in neuroinflammation, including TNF, IL-6, IL1B, and IL1A, were all selected from the SymMap integrated network, which indicated the neuroprotective mechanism of Cory in PD (Figure 3).
[image: Figure 3]FIGURE 3 | Network pharmacology predicts the mechanism of Cory in treating Parkinson’s disease. Inputting corynoxine into the SymMap (http://www.symmap.org/) database, we got 130 symptoms and 1700 targets. The presented symptoms and targets were screened by this network. And we selected the symptoms of Parkinson’s disease and targets involved in autophagy and neuroinflammation.
In the acute toxicity rat models of PD induced by rotenone, immunostaining results on the brain tissue revealed that the number of α-synuclein aggregates significantly increased in the right side of the SNpc, while the number of α-synuclein aggregates significantly decreased after treatment with Cory (Figures 4A,B). The expression levels of α-synuclein in the right-side brain tissue of SNpc, which were detected by Western blotting, were consistent with the immunostaining results (Figures 4C,D). However, no significant aggregates of α-synuclein were found in the striatum of rats (Supplementary Figure S2). Moreover, the autophagy marker proteins, including LC3 and p62, were detected using Western blotting, with significantly increased p62 levels being observed in the right-side tissue of SNpc in the rotenone group (Figures 4E,G). When compared to the vehicle or rotenone group, Cory increased the level of LC3II and decreased the levels of p62, indicating that Cory was responsible for the induction of the autophagy pathway (Figures 4E–G, Supplementary Figure S3). Furthermore, decreased p-mTOR and p-p70 levels (Figures 4H–J) were observed in the Cory treatment groups, indicating that Cory induces autophagy through the mTOR pathway in the rotenone-induced rat models of PD.
[image: Figure 4]FIGURE 4 | Cory induces autophagy via the mTOR pathway and promotes the clearance of α-synuclein aggregation in the rotenone-induced rat model of PD. (A, B) Cory decreases the number of α-synuclein aggregations in the right side of SNpc. (C, D) Cory decreases α-synuclein expression in the right side of SNpc. The right side of SNpc was isolated from the brain tissue. After protein extraction, samples were subjected to Western blotting assay. (E–G) Cory increases LC3 II level and decreases p62 level in the right side of SNpc. (H–J) Cory decreases p-mTOR and p-p70 levels in the right side of SNpc. The right side of SNpc was isolated from the brain tissue. After protein extraction, samples were subjected to Western blotting assay. Dosage of Cory in the rotenone-induced rat model of PD: Cory-L: 2.5 mg/kg, Cory-H: 5 mg/kg. Data were presented as mean ± SEM of three independent experiments. (***p < 0.001 compared with Sham model, #p < 0.05, #p < 0.01, ###p < 0.001 compared with Rotenone group, one-way ANOVA with Newman-Keuls multiple test.)
Neuroinflammation, which is characterized by the activation of glial cells and release of pro-inflammatory cytokines, is considered as a detrimental factor in PD. In this study, immunostaining was performed on the brain sections from the SNpc region using the Iba-1 antibody, a marker of microglial cells. The rotenone groups of the two PD models had significantly higher number of active microglial cells than the Vehicle groups (Figures 5A–D). However, after treatment with Cory, the active microglial cells were in the former groups (Figures 5A–D). The level of pro-inflammatory cytokines that were indicated in Figure 3, such as TNF and IL-6, was also detected. In the rotenone-induced chronic toxicity mouse models, the levels of TNF-α significantly increased in the rotenone group, and a high dose of Cory decreased the levels of TNF-α in the serum (Figure 5E). Furthermore, overexpression of α-synuclein induced by doxycycline increased the release of IL-8, and Cory was shown to inhibit an inflammatory response induced by doxycycline in inducible PC12 cells (Figure 5F). However, no significant change of IL-6 release was observed in the inducible PC12 cells (Supplementary Figure S4). The aforementioned results indicate that Cory diminishes neuroinflammation in the mouse and cell models of PD.
[image: Figure 5]FIGURE 5 | Cory decreases the neuroinflammation via inhibiting the activation of microglia and decreasing TNF-α. Cory significantly decreases the number of active microglia cells both in the right-side SNpc of the PD rat model (A, B) and in the SNpc of the PD mice model (C, D). (E) In the rotenone-induced mice model of PD, Cory significantly decreases the level of TNF-α in the serum. (F) Cory diminishes the release of IL-8 in inducible PC12 with overexpression of mutant α-synuclein (A53T). Inducible PC 12 cells were treated with doxycycline for 24 h and further treated with Cory (25 μM) for another 24 h. Supernatant was collected, and the level of IL-8 was analyzed by ELISA. Dosage of Cory in the rotenone-induced rat model of PD: Cory-L: 2.5 mg/kg, Cory-H: 5 mg/kg. Dosage of Cory in the rotenone-induced mice model of PD: Cory-L: 5 mg/kg, Cory-H: 10 mg/kg. Data were presented as mean ± SEM. (**p < 0.01, ***p < 0.001 compared with Sham or Vehicle group; #p < 0.05, ##p < 0.01 compared with Rotenone group; $$p < 0.01, Rot + Rapamycin v.s. Rot + Cory-H; *p <0.05 compared with Ctrl, #p <0.05 compared with Dox; n ≥ 6, one-way ANOVA with Newman–Keuls’ multiple test.)
DISCUSSION
In the year 2000, rotenone was first reported to show features of PD following chronic systemic exposure (Betarbet et al., 2000). These effects were reported to be similar to those produced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and since then, animal models induced by rotenone have been investigated. Due to the lipophilic nature, rotenone crosses the blood–brain barrier and cell membranes with relative ease in comparison to MPTP. The behavioral, central, and peripheral neurodegenerative features of PD, such as dopaminergic neuronal cell loss in the SNpc, lesioned nerve terminals in the striatum, as well as increased α-synuclein aggregates in the SNpc, dorsal motor nucleus of the vagus, and intestinal myenteric plexus, are all well reproduced by rotenone treatment (Miyazaki et al., 2020). However, the PD model established with systemic administration of rotenone usually caused a high mortality rate and various neuropathological changes (Richardson et al., 2019). To avoid these disadvantages of mouse models with systemic administration of rotenone, a rat model with stereotaxical infusion of rotenone into the SNpc was also employed in this study. Two safe doses of Cory were also administered to the animals to evaluate the neuroprotective properties of the alkaloid.
Due to the dopaminergic neuronal impairment induced by rotenone in the SNpc and striatum, motor dysfunction symptoms, evaluated by apomorphine-induced rotation, the rotarod test, and the pole test, were present in the rotenone-treated rats and mice (Figures 1, 2). Similar to Sinemet® and Madopar® treatment, Cory increased dopamine levels in the striatum and latency time on the rotarod, and decreased the rotations induced by apomorphine and turning time in the pole test, indicating that Cory may play a protective role in motor dysfunction by increasing dopamine (Figure 1). Dopaminergic neuronal loss and significantly decreased TH levels in the SNpc were reflected in the rotenone-treated rats or mice (Figure 2). However, Cory treatments had a neuroprotective effect by preventing the TH-positive neuronal loss and increasing TH levels (Figure 2). All these data indicate that Cory protects the nigra-striatum dopaminergic system and improves the motor dysfunction and dopaminergic neuronal loss induced by rotenone.
The genus Uncaria is an important folk medicine to be wildly used in China, Malaysia, the Philippines, Africa, and Southeast America (Zhang et al., 2015). Up to now, more than 200 compounds, including indole alkaloids, triterpenes, flavonoids, phenols, and phenylpropanoids, have been isolated from Uncaria. As the characteristic constituents, indole alkaloids isolated from Uncaria are reported to be efficacy for PD, Alzheimer’s disease, hypertension, and epilepsy, and depressant (Zhang et al., 2015; Zhao et al., 2019a; Zhao et al., 2019b; Zheng et al., 2020; Zhao et al., 2021). Cory is an oxindole alkaloid isolated from Uncaria rhynchophylla. Previously, we provided evidences that Cory induced autophagy and promoted the clearance of α-synuclein through the Akt/mTOR pathway in neuronal cells, including N2a, SH-SY5Y, and PC12 cells. Meanwhile, Cory induced autophagy in Cg-GAL4 > UAS-GFP-Atg8a Drosophila larvae fat body (Chen et al., 2014). In order to identify the key protein kinase, a novel network-based algorithm of in silico kinome activity profiling, which was named iKAP, was developed, and MAP2K2 was found to play an essential role in the progress of Cory-induced autophagy (Chen et al., 2017; Chen et al., 2018; Chen and Xie, 2018b). In this study, increased α-synuclein aggregates were found in the lesioned side of the SNpc in the rotenone group (Figures 4A–D), which is consistent with previous reports (Ramalingam et al., 2019; Richardson et al., 2019). Decreased p62, a substrate of autophagy, and increased LC3II indicated that the aforementioned alkaloid induced autophagy in the rotenone rat models of PD (Figures 4E,G). Furthermore, decreased levels of p-mTOR and p-p70 indicated that Cory induced autophagy through the mTOR pathway (Figures 4H–J) in the animal models, which is consistent with the results obtained from cell modes. Induction of autophagy by Cory, which is considered to be an effective route to clear aggregated α-synuclein, resulted in a significant decrease in the aggregation and expression of α-synuclein after Cory treatment (Figures 4A–D). Therefore, Cory may promote the clearance of α-synuclein via autophagy in a rotenone-induced rat model of PD.
Recently, neuroinflammation, which is induced by the activation of microglia and the release of pro-inflammatory cytokines, was reported to play an important role in the degeneration of dopaminergic neurons in PD (Ho, 2019; Liu et al., 2019). In patients who were at early stages of PD, both microglial activation and dopaminergic terminal loss were observed in the midbrains and thalamus (Ouchi et al., 2005). Heightened levels of pro-inflammatory cytokines, such as TGF-beta1, IL-6, and IL-1β, were also found in the cerebrospinal fluid of these PD patients (Chen et al., 2018). A rat model of PD with overexpression of human α-synuclein displayed microglial activation and neuroinflammation, which were coupled with early alterations, including reduced striatal dopamine outflow and motor dysfunction, prior to nigral degeneration. Prevention of the central and peripheral inflammation by resolving D1 improves the neuronal dysfunction and motor deficits (Krashia et al., 2019). Recent reports have shown that microglia can clear the α-synuclein released by neurons through TLR4-NF-kappaB-p62–mediated synucleinphagy (Choi et al., 2020). In the present study, both the activated microglia and increased pro-inflammatory cytokines induced by rotenone, as well as increased IL-8 levels induced by α-synuclein overexpression, were diminished by Cory (Figure 5). In addition, the effects of Cory on microglia activation and TNF-α secretion were better than those of rapamycin, which has been reported to suppress microglial activation and TNF-α expression induced by intracerebral hemorrhage (Li et al., 2016; Karunakaran et al., 2019). All these reports support the link between microglia and α-synuclein in contributing to dopaminergic degeneration in PD. However, the potential anti-neuroinflammatory effects of Cory highlighted in this study may also be responsible for its neuroprotective abilities in PD.
Collectively, these study findings indicated that Cory possessed neuroprotective effects in rotenone-induced rat and mouse models of PD by improving motor dysfunction, preventing TH-positive neuronal loss, decreasing α-synuclein aggregates through the mTOR pathway, and diminishing neuroinflammation. This provides experimental data to support the development of Cory for the treatment of PD.
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Danggui-Shaoyao-San (DSS) Ameliorates Cerebral Ischemia-Reperfusion Injury via Activating SIRT1 Signaling and Inhibiting NADPH Oxidases
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Danggui-Shayao-San (DSS) is a famous Traditional Chinese Medicine formula that used for treating pain disorders and maintaining neurological health. Recent studies indicate that DSS has neuroprotective effects against ischemic brain damage but its underlining mechanisms remain unclear. Herein, we investigated the neuroprotective mechanisms of DSS for treating ischemic stroke. Adult male Sprague-Dawley (S.D.) rats were subjected to 2 h of middle cerebral artery occlusion (MCAO) plus 22 h of reperfusion. Both ethanol extract and aqueous extract of DSS (12 g/kg) were orally administrated into the rats at 30 min prior to MCAO ischemic onset. We found that 1) ethanol extract of DSS, instead of aqueous extract, reduced infarct sizes and improved neurological deficit scores in the post-ischemic stroke rats; 2) Ethanol extract of DSS down-regulated the expression of the cleaved-caspase 3 and Bax, up-regulated bcl-2 and attenuated apoptotic cell death in the ischemic brains; 3) Ethanol extract of DSS decreased the production of superoxide and peroxynitrite; 4) Ethanol extract of DSS significantly down-regulated the expression of p67phox but has no effect on p47phox and iNOS statistically. 5) Ethanol extract of DSS significantly up-regulated the expression of SIRT1 in the cortex and striatum of the post-ischemic brains; 6) Co-treatment of EX527, a SIRT1 inhibitor, abolished the DSS’s neuroprotective effects. Taken together, DSS could attenuate oxidative/nitrosative stress and inhibit neuronal apoptosis against cerebral ischemic-reperfusion injury via SIRT1-dependent manner.
Keywords: Danggui-Shaoyao-San, stroke, peroxynitrite, SIRT1, oxidative stress
INTRODUCTION
Stroke is a major disease burden with high mortality and disability in which ischemic stroke accounts for 87% (Feigin et al., 2014; Feigin et al., 2015; Benjamin et al., 2017). To date, tissue plasminogen activator (t-PA) is the only United States Food and Drug Administration approved drug for acute ischemic stroke. With the narrow therapeutic window within 4.5 h and the risk of hemorrhagic transformation, less than 10% ischemic stroke patients benefit from t-PA treatment (Mozaffarian et al., 2016). Seeking new therapeutic approaches is timely important for ischemic stroke.
Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are important players in cerebral ischemia-reperfusion injury. Superoxide [image: image] is representative ROS whereas nitric oxide (NO) and peroxynitrite (ONOO−) are typical RNS. During cerebral ischemia-reperfusion injury, the production of [image: image] is mainly from the activations of NADPH oxidase (Miller et al., 2006), xanthine oxidase (McCord, 1985), and cyclooxygenase (COX) (Fabian et al., 1995; Kawano et al., 2006). NO is generated by the activation of endothelial nitric oxide synthase (eNOS), neuronal NOS (nNOS) inducible NOS (iNOS). The simultaneous presentation of NO and [image: image] rapidly produces ONOO− in a diffusion-limited rate (Chen et al., 2013). Peroxynitrite could mediate neural apoptotic cell death, and aggravate the blood-brain barrier (BBB) disruption, infarction enlargement and neurological deficit in cerebral ischemia-reperfusion injury (Chen et al., 2013). Peroxynitrite induces protein tyrosine nitration by the addition of a nitro group to the hydroxyl group of the tyrosine residue to form 3-nitrotyrosine (3-NT), a footprint marker for ONOO− production (Kuhn et al., 2004). Plasma 3-NT level was positively correlated with the magnitude of the brain injury in ischemic stroke patients (Bas et al., 2012). ONOO− could be a promising therapeutic target to attenuating neural cell death, protecting the BBB integrity, and reducing thrombolysis-mediated hemorrhage transformation for improving ischemic stroke outcome (Gong et al., 2015; Chen et al., 2018; Chen et al., 2020). Peroxynitrite decomposition catalysts reduce 3-NT expression and MMPs activation, attenuate hemorrhagic transformation and improve neurological outcome in ischemic rat brains with delayed t-PA treatment (Chen et al., 2015). Therefore, antioxidant therapy could be a promising therapeutic strategy for ischemic stroke treatment.
Silent information regulator 2 homolog 1 (SIRT1) plays crucial roles in the molecular regulations under oxidative/nitrosative stress related brain damages. SIRT1 is a protein deacetylase to regulating endothelium-dependent relaxation of the cerebral vasculature (Tajbakhsh and Sokoya, 2012). SIRT1 could be a therapeutic target in vascular-related diseases for restoring endothelial function. Under bilateral common carotid artery stenosis (∼50% stenosis), overexpression of SIRT1 preserves cerebral blood flow (CBF) via the deacetylation of eNOS (Hattori et al., 2014; Hattori et al., 2015). In bilateral common carotid artery occlusion (BCAO) mouse model, sirt1-overexpression significantly lessens ischemic brain damage with the preserved CBF up to 45–50% of the baseline level (Hattori et al., 2015). In a rat model of right-sided endovascular middle cerebral artery occlusion, activating SIRT1 decreased the infarct volume by targeting p53/microRNA-22 signaling pathway (Lu and Wang, 2017). Many antioxidants activate SIRT1 signaling for their neuroprotective effects (Wang et al., 2009; He et al., 2017; Ren et al., 2019; Teertam et al., 2020). Therefore, SIRT1 could be a promising therapeutic target for ischemic stroke.
Traditional Chinese Medicine (TCM) practice provides valuable sources for stroke treatment with relatively low- or non-toxicity (Wu et al., 2007; Seto et al., 2016). Danggui-Shaoyao-San (DSS), also called Tokishakuyaku-san (TJ-23) or Dangguijakyak-san (DJS), is a classic herbal formula including Angelica sinensis (Oliv.) Diels (Umbelliferae), Paeonia lactiflora Pall. (Paeoniaceae), Conioselinum anthriscoides “Chuanxiong” (syn. Ligusticum chuanxiong. Hort.) (Umbelliferae), Wolfiporia extensa (Peck) Ginns (syn. Poria cocos (Schwein.) (Polyporaceae), Atractylodes. macrocephala Koidz. (Asteraceae), and Alisma plantago-aquatica subsp. orientale (Sam.) Sam. (syn. Alisma orientalis (Sam.) Juzep.) (Alismataceae) which forms a TCM formula mixed in a ratio of 3:16:8:4:4:8. DSS was originally used for gynecological diseases (Wang et al., 2015; Lee et al., 2016). Previous studies indicate the potentials of DSS for improving neurological functions in post stroke treatment (Goto et al., 2011; REN et al., 2013). DSS exerts various neuroprotective effects by ameliorating oxidative stress in a permanent ischemic stroke rat model and reducing inflammation in a global ischemia-reperfusion model (Lin et al., 2008; Kim et al., 2016). DSS treatment also promotes focal angiogenesis and neurogenesis, attenuates neurological deficit scores, and improves memory functions in experimental rat models of cerebral ischemic reperfusion injury (Izzettin et al., 2007; Song et al., 2013; Ren et al., 2015). However, the underlying mechanisms of DSS for neuroprotection remain largely unknown. In the present study, we tested the hypothesis that DSS could protect against cerebral ischemic-reperfusion injury via attenuating oxidative/nitrosative stress and inhibiting neuronal apoptosis in a SIRT1-dependent manner.
MATERIALS AND METHODS
DSS Extraction Preparation
Herbal materials including Angelica sinensis (Oliv.) Diels (Umbelliferae), Paeonia. lactiflora Pall. (Paeoniaceae), Conioselinum anthriscoides “Chuanxiong” (syn. Ligusticum chuanxiong Hort.) (Umbelliferae), Wolfiporia . extensa (Peck) Ginns (syn. Poria cocos (Schwein.) (Polyporaceae), Atractylodes macrocephala Koidz. (Asteraceae),. and Alisma plantago-aquatica subsp. orientale (Sam.) Sam. (syn. Alisma orientalis (Sam.) Juzep. (Alismataceae) were purchased from native sources from Mainland China through School of Chinese Medicine, The University of Hong Kong, and these herbs were mixed in a ratio of 3:16:4:8:4:8 for extract preparation. We prepared both aqueous and ethanol extract to compare their effects in treating ischemic brain injury. The aqueous extract of DSS was prepared with the following procedure. The DSS was soaked in eight times of distilled water for 40 min following by decocted 1 h. After that, the filtrate was collected, and the filter residue was decocted with six volumes of distilled water for another 1 h. The filtrate was collected again and the two filtrates were mixed, lyophilized, and stored for usage. Ethanol extract of DSS preparation was made with the following procedures: Raw materials of DSS were ground into powder, macerated overnight and repeatedly ultrasound-extracted with 70% ethanol/water (1:10 w/v, 1:8 w/v, 1:5 w/v, respectively) for 1 h each time. The extracted solutions were evaporated under vacuum (45 °C) to remove ethanol, and the remained aqueous solution was frozen and freeze-dried to obtain DSS ethanol extract powder.
Quality Control Analysis for DSS Ethanol Extract
Ethanol extract of DSS was analyzed by using high-performance liquid chromatography system (HPLC) in which paeoniflorin, alibiflorin, and ferulic acid were used as quantitative stands. Briefly, DSS power (200 mg) was accurately weighed, dissolved in 2 ml methanol proceed by sonication for 20 min and filtrated with 0.22 μm filter for quantitative analysis. DSS solution (5 μl) was injected into an apparatus with an autosampler. Chromatographic separation was achieved at a flow rate of 1.0 ml/min with an Agilent Eclipse Plus C18 column (4.6 × 250 mm, 5 µm). The details of mobile phase are shown in Supplementary Table S1. The separation temperature was 25°C, with a detection wavelength of 230 nm.
We detected the linearity, sensitivity, precision, accuracy, and stability for the validation of the quantitative methodology (Li et al., 2018) with a mini modification. In briefly, stock solutions of paeoniflorin (5,000 μg/ml), alibiflorin (620 μg/ml) and ferulic acid (180 μg/ml) were prepared in methanol. To prepare calibration curves, we analyzed seven concentrations of paeoniflorin, alibiflorin, and ferulic acid standers by using HPLC. The accuracy and precision were evaluated by measuring the intraday variabilities and recovery of those standard compounds. Stability was examined by analyzing DSS over a period of 0, 3, 6, 9, 12, and 24 h. The limits of detection (LOD) and limits of quantitation (LOQ) under the present conditions were determined at an S/N (signal/noise) of about 3 and 10, respectively. The data were monitored, recorded and analyzed by Agilent 1260 (United States).
Cerebral Ischemia Reperfusion Injury Model
Adult male Sprague-Dawley (S.D.) rats (270–290 g) were obtained from the Laboratory Animal Unit, the University of Hong Kong. All procedures for animal care and experimental were approved by the University Committee on the Use of Live Animals in Teaching and Research (CULATR). The rats were kept in a temperature and humidity-controlled environment for 12 h dark/light cycles with free access to food and water.
Rats were subjected to middle cerebral artery occlusion (MCAO) to induce experimental cerebral ischemia-reperfusion model with the protocols as described previously with minor modification (Chen et al., 2015). Briefly, rats were anesthetized firstly with 4% isofluorane and maintained at 2% isofluorane through inhalation. A middle incision was made in the neck, followed by careful exposure of the left common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) under the microscope. A silicon-coated suture (Doccol, Redlands, CA, United States), with the diameter is 0.38 mm, was inserted from ECA to ICA, and advanced to occlude the middle cerebral artery (MCA). After 2 h of occlusion, the suture was removed and CCA was released to allow reperfusion. Sham group rats underwent the same surgical procedure without MCA occlusion. Rats body temperature were monitored during and after surgery. Rats were temporarily transferred to a cage with a heating lamp from recovery. 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) staining was performed to evaluate the success of the MCAO model (Chen et al., 2020).
Experimental Design and Drug Treatment
We investigated the neuroprotective effects of DSS ethanol extract (DSS/E) and aqueous extract (DSS/W) against cerebral ischemia-reperfusion injury. Rats were randomly divided into the following four groups: Sham control, MCAO, and MCAO plus DSS/W (12 g/kg wt), MCAO + DSS/E (12 g/kg wt). The dosage of 12 g/kg was equivalent to human doses of raw materials (Zhang, 2005). DSS/W or DSS/E (12 g/kg) was orally administered to the rats at 30 min before reperfusion. For sham and MCAO vehicle groups, rats were orally given the same volume of double-distilled water. Secondly, in order to elucidate whether the neuroprotective effects of DSS/E were SIRT1-dependent, rats were randomly divided into the following three groups: MCAO, MCAO plus DSS/E, MCAO plus EX527 and DSS/E. The rats in the MCAO vehicle and MCAO plus DSS groups were given the same treatment as described in the first experiment. For MCAO + EX527 + DSS group, the rats were intraperitoneally injected with EX527 at the dose of 5 mg/kg every 2 days for four times before MCAO surgical procedure (Kou et al., 2017).
Neurological Deficit Cores
We used the modified Neurological Severity Score (mNSS) method to measure neurological deficits. The mNSS score was graded from 0 to 18, representing various levels of neurological dysfunction involving motor, sensory and reflex (Chen et al., 2001). The higher the score, the more severe neurological deficits. An investigator blind to the experimental design performed the mNSS test.
Infarct Size Measurement
We evaluated cerebral infarct size by using 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) method (Feng et al., 2018). Rats were anesthetized and perfused with PBS and then brain tissue harvest. Tissue sample was cut into 2-mm thick coronal slices, which were immediately immersed into 0.5% TTC (T8877, Sigma) solution at room temperature in the dark for 20 min. Digital images of the brain slices were captured using a camera, and the infarct size was measured and analyzed by using Image J software. To reduce the bias of brain edema, we calculated the infarct size with the following formula: Infarct size percentage = (right hemisphere − red size of left hemisphere)/right hemisphere size × 100%.
TUNEL Staining
Apoptotic cell death was determined by using terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay. Briefly, rat brain samples were fixed with 4% paraformaldehyde (PFA) and then immersed in 30% sucrose until it sank. Samples were then embedded in O.C.T. and cut into a section of 25 μm. TUNEL staining was conducted referring to the manufacturer’s instructions in the TUNEL assay kit (Shanghai YEASEN Biotechnology Co.). Hoechst staining was used to visualize the cell nucleus. A fluorescence microscope (Carl Zeiss) with Axio Vision digital imaging system was applied to obtain the fluorescence images.
Immunostaining
Immunostaining assay was performed to visualize the expressions of SIRT1, 3-nitrotyrosine (3-NT), and cleaved caspase-3. Brain samples were prepared as described in “TUNEL Staining” section. Samples were blocked with 5% goat serum (Thermo Fisher Scientific) in PBS and incubated with the primary antibodies including SIRT1 (1:200, Abcam), 3-NT (1:100, Abcam), and cleaved caspase-3 (1:100, Immunoway), at appropriate dilution overnight at 4°C. Then sections were incubated with secondary antibody Alexa Fluor 568 Goat anti-mouse (Invitrogen), Alexa Flor 488 Goat anti-rabbit, and Alexa Flor 647 Goat anti-mouse at room temperature for 2 h. DAPI ((4′,6-diamidino-2-phenylindole) was used for cell nucleus visualization. Immunofluorescent figures were obtained by a confocal microscope Carl Zeiss LSM 780.
Western Blot Analysis
Western blot analysis was performed according to standard protocol. Briefly, brain tissues were lyzed in RIPA buffer containing 1% protease and phosphorylate inhibitor cocktail (Sigma-Aldrich). To determine protein concentration, an equal amount of total protein was separated by 10% sodium dodecyl sulfatepolyacrylamide (SDS-PAGE) gel electrophoresis and transferred to polyvinylidene fluoride membranes (IPVH00010, EMD Millipore, Germany). Membranes were blocked with 5% bovine serum albumin and then probed with a primary antibodies including β-actin (Mouse, 1:3,000, Sigma), iNOS (Rabbit, 1:200, Abcam), nNOS (Rabbit, 1:1,000, Abcam), Cleaved-caspase3 (Rabbit polyclonal, 1:1,000, Millipore), caspase3 (Rabbit, 1:500, Abcam) or 3-NT (Mouse, 1:1,000, Millipore) overnight at 4°C. The membranes were washed by using TBS-Tween 20 buffer and incubated with the secondary antibody (1:2,000) for 2 h at room temperature. The immunoblots were enhanced using chemiluminescent ECL select kit (GE Healthcare, IL, United States), detected by Gel-Doc system (Bio-Rad, CA, United States) and analyzed with Image Lab software (Bio-Rad, CA, United States).
Superoxide Detection
We detected the superoxide production by using hydroethidine (HEt) and HKSOX-1, a newly developed high specific and sensitive fluorescent probe (Hu et al., 2015). The isolated brains were immediately made into frozen sections, and the brain slice at 6 mm from the frontal tip was stained with the probe solutions of HEt (20 μM,DMF) or HKSOX-1 (20 μM,DMF) for 10 min in the dark. Fluorescence was immediately detected by using Carl Zeiss LSM 780 Confocal Microscopy.
Statistical Analysis
Data were represented as Mean ± SEM. Statistical analysis was performed by using one-way analysis of variance (ANOVA) followed by Dunnett’s multiple-comparison test. Neurological severity scores were analyzed by using non-parametric Kruskal-Wallis tests, followed by Dunnett’s multiple comparison test. p < 0.05 was considered as statistically significant.
RESULTS
Ethanol Extract of DSS had Better Neuroprotective Effects than Aqueous Extract in Cerebral Ischemia-Reperfusion Injury
We firstly compared the neuroprotective effects of DSS with ethanol extract [DSS(E)] and aqueous extract [DSS(W)]. Rats were subjected to 2 h MCAO ischemia plus 22 h reperfusion. We analyzed infarct size and examined neurological deficit scores in the MCAO ischemia-reperfused rats with or without DSS treatment. As shown in Figure 1, DSS(E) treatment significantly reduced the infarct sizes and neurological deficit mNSS scores whereas DSS(W) treatment had no neuroprotective effects. Therefore, the ethanol extract of DSS, instead of aqueous extract, has neuroprotective effects against cerebral ischemic-reperfusion injury.
[image: Figure 1]FIGURE 1 | Effects of DSS ethanol extract [DSS(E)] and aqueous extract [DSS(W)] on infarction sizes and neurological deficit scores in post MCAO ischemic rats. S.D. rats were allocated into groups of sham control, MCAO, and MCAO + DSS (W) and MCAO + DSS (E). The rats for MCAO or MCAO plus DSS treatment group were subjected to 2 h of MCAO ischemia plus 22 h of reperfusion. Aqueous and ethanol extracts of DSS at the dosage of 12 g/kg was orally administrated into the rats at 30 min before reperfusion after 1.5 h MCAO ischemia. Sham: sham control group; MCAO: the rat group was subjected to 2 h of MCAO ischemia plus 24 h of reperfusion; MCAO + DSS (E): MCAO plus DSS ethanol extract treatment (12 g/kg). MCAO + DSS (W): MCAO plus DSS aqueous extract treatment (12 g/kg). Infarct sizes and neurological deficit scores were evaluated. (A) Representative brain slices of TTC staining for infarct sizes. The white color area represents brain infarction area. (B) Statistical analysis of infarct sizes as measured by using ImageJ software, n = 8–9, vs. MCAO, *p < 0.05. (C) Neurological deficit was measured by using the modified Neurological Severity Scores (mNSS) in each group at 24 h after MCAO ischemia, n = 8–9, vs. MCAO *p < 0.05.
DSS Ethanol Extract Inhibited Cleaved-Caspase3 and Bax, and Attenuated Apoptotic Cell Death in Ischemia-Reperfused Rat Brains
We then investigated the effects of the DSS ethanol extract on apoptotic cell death in acute MCAO ischemia reperfused brains. We used the DSS ethanol extract for the rest of the experiments whose name was simplified as DSS accordingly. TUNEL staining was used to evaluate apoptotic cell death in the ischemic brain tissues at 22 h after 2 h of MCAO ischemia. As shown in Figure 2, DSS treatment significantly decreased apoptotic cell death in both cortex and striatum of the ischemia-reperfusion brains. In line with the result of TUNEL staining, western blot analysis showed that DSS down-regulated the expression of the cleaved-caspase 3 and Bax but up-regulated the expression of bcl-2 in the ischemic brains. These results suggest that DSS ethanol extract inhibits apoptotic cell death in cerebral ischemia-reperfusion injury.
[image: Figure 2]FIGURE 2 | | DSS ethanol extract inhibited the expression of the cleaved-caspase 3 and Bax, and attenuated apoptotic cell death in ischemia-reperfused rat brains. DSS ethanol extract was simply named as DSS. Sham: sham control group; MCAO: MCAO ischemia-reperfusion group; MCAO + DSS: MCAO plus DSS ethanol extract treatment. Th rats were subjected to 2 h of MCAO ischemia plus 22 h of reperfusion. The DSS ethanol extract at the dosage of 12 g/kg was orally administrated into the rats at 30 min before reperfusion after 1.5 h MCAO ischemia. (A) Co-immunostaining TUNEL (green) and DAPI (blue) in the striatum of the ipsilateral side. (B) Co-immunostaining TUNEL (green) and DAPI (blue) in the cortex of the ipsilateral side. (C) Statistic analysis of TUNEL positive cells in the striatum of the ipsilateral side. Versus Sham control, ###p < 0.001; Versus MCAO, *p < 0.05, n = 4. (D) Statistic analysis of TUNEL positive cells in the cortex of the ipsilateral side. Versus Sham control, ###p < 0.001; Versus MCAO, **p < 0.01, n = 4. (E) Representative immunoblot results of cleaved-caspase 3, Bax and Bcl-2 in the brain tissues. (F) Statistic analysis of cleaved-caspase3 expression in the brain tissues. Versus Sham control, *p < 0.05, n = 8. (G) Statistic analysis of Bax expression in the brain tissues. Versus Sham control, #p < 0.05; Versus MCAO, *p < 0.05, n = 8. (H) Statistic analysis of Bcl-2 expression in the brain tissues, n = 8.
DSS Ethanol Extract Decreased Superoxide Level and Inhibited 3-Nitrotyrosine Expression in Ischemia-Reperfused Rat Brains
We then investigated the antioxidant properties of DSS to scavenging [image: image] and ONOO− in the rat brains after subjected to 2 h MCAO ischemia plus 22 h reperfusion. The production of [image: image] were detected by using HEt and HKSOX-1 (Hu et al., 2015). The production of ONOO− was examined by the immunostaining of 3-NT, a footprint protein of ONOO−. As shown in Figure 3, the DSS treatment group had a significantly lower expression level of 3-NT and lower fluorescent staining of HEt and HKSOX-1 in the ischemic brains than the MCAO vehicle treatment group. Those results suggest that DSS could inhibit the productions of superoxide and peroxynitrite in cerebral ischemia-reperfusion injury.
[image: Figure 3]FIGURE 3 | DSS ethanol extract decreased superoxide and peroxynitrite in ischemic-reperfused rat brains. DSS ethanol extract was simply named as DSS. Sham: sham control group; MCAO: MCAO ischemia-reperfusion group; MCAO + DSS: MCAO plus DSS ethanol extract treatment. Th rats were subjected to 2 h of MCAO ischemia plus 22 h of reperfusion. The DSS ethanol extract at the dosage of 12 g/kg was orally administrated into the rats at 30 min before reperfusion after 1.5 h MCAO ischemia. (A) Representative immunofluorescent imaging of 3-nitrotyrosine (3-NT) (green), n = 4. (B) Representative immunofluorescent imaging of HKSOX-1 (green) and HEt (red) for detecting superoxide, n = 4.
DSS Ethanol Extract Inhibited NADPH Oxidase and Up-Regulated SIRT1 Expression in Ischemic-Reperfusion Rat Brains
NADPH oxidase and iNOS are major enzymes for the productions of superoxide and nitric oxide respectively in cerebral ischemia-reperfusion injury (Robinson et al., 2011; Winterbourn et al., 2016). Meanwhile, SIRT1 exerts neuroprotective effects by attenuating oxidative stress in ischemic brain injury (Shin et al., 2012; Fu et al., 2014). SIRT1 could be also a promising therapeutic target for ischemic stroke (He et al., 2017; Lu and Wang, 2017; Ren et al., 2019; Teertam et al., 2020). Thus, we detected NADPH oxidase subtypes p47phox and p67phox, and iNOS and SIRT1 in the post-ischemic brains. As shown in Figure 4, the expression levels of p47phox and p67phox was significantly up-regulated, indicating that activation of NADPH oxidases in the ischemic brains. However, the expression level of iNOS had a trend of increase in the MCAO ischemia-reperfused group but it was not statistically different from the sham control group. The increased expression of p67phox was significantly inhibited by DSS treatment (p < 0.05). The expression of p47phox and iNOS had no statistical difference between the MCAO plus vehicle group and MCAO plus DSS treatment. Meanwhile, the expression level of SIRT1 was down-regulated in the post-ischemic brains which was reserved by the DSS treatment (p < 0.05). Consistently, immunofluorescent staining showed that the expression of SIRT1 was increased in the cortex and striatum of the post-ischemic brains after receiving the DSS treatment (Figure 5). These results suggest that the antioxidant effects of DSS ethanol extract could be attributed to inhibiting NADPH oxidase and activate SIRT1 signaling in post-ischemic brains.
[image: Figure 4]FIGURE 4 | DSS treatment inhibited the expression of NADPH oxidase subunit p67phox and up-regulated SIRT1 but had no effect on p47phox and iNOS in MCAO ischemic brains. Sham: sham control group; MCAO: MCAO ischemia-reperfusion group; MCAO + DSS: MCAO plus DSS ethanol extract treatment. The rats were subjected to 2 h of MCAO ischemia plus 22 h of reperfusion. The DSS ethanol extract at the dosage of 12 g/kg was orally administrated into the rats at 30 min before reperfusion after 1.5 h MCAO ischemia. (A) Representative immunoblot results of p67phox, p47phox, and iNOS; (B) Representative immunoblot results of SIRT1; (C–F) Statistical analysis for the expressions of p67phox, p47phox, iNOS and SIRT1. Vs. Sham control, #p < 0.05, Vs. MCAO, *p < 0.5, **p < 0.01, n = 4 in each group.
[image: Figure 5]FIGURE 5 | DSS up-regulated the expression of SIRT1 in cortex and striatum of the ischemia-reperfused brains. Representative immune staining (green) for SIRT1 in cortex (left) and striatum (right) of the ipsilateral side in each group; blue represents DAPI positive signal.
SIRT1 Inhibitor EX527 Ablated Neuroprotective Effects of DSS Ethanol Extract Against Cerebral Ischemia-Reperfusion Injury
We further explored whether the therapeutic effect of DSS is SIRT1-dependent. We injected SIRT1 specific inhibitor EX527 at 5 mg/kg into rat brains intraperitoneally prior to MCAO operation. DSS treatment reduced infarct size and improved neurological functions whose effects were abolished by EX527 (Figures 6). Thus, SIRT1 signaling could be one of the therapeutic targets of DSS against cerebral ischemia-reperfusion injury.
[image: Figure 6]FIGURE 6 | SIRT1 inhibitor EX527 ablates the neuroprotective effects of DSS. Rats were subjected to 2 h of MCAO cerebral ischemia plus 22 h of reperfusion. (A) Representative TTC staining for infarct sizes. (B) Statistical analysis of infarct sizes as measured by using Image J software. **p < 0.001, vs. MCAO + DSS group, &p < 0.5, vs. MCAO + EX527 + DSS group. (C) Statistical analysis of neurological deficit scores (mNSS), *p < 0.05, vs. MCAO + DSS group, &&p < 0.01, vs. MCAO + EX527 + DSS group.
Qualitative and Quantitative Analysis of DSS Ethanol Extract
For the quality control of DSS/E, we identified three ingredients as the standard for HPLC analysis, including paeoniflorin, alibiflorin, and ferulic acid. The chromatographic condition was optimized and a well-separated fingerprint was obtained (Figure 7). The linearity, precision, stability, and accuracy were measured in the HPLC system (Table 1). The linarites of the standard curves for paeoniflorin, alibiflorin, and ferulic acid were y = 6.903x − 98.718 with correlation coefficients (r) 1, y = 6.903x − 17.161 with correlation coefficients 0.9994, y = 17.906x + 9.819 with correlation coefficients 1, respectively. The precisions of paeoniflorin, alibiflorin, and ferulic acid were assayed by intra-day variations (RSD) at one concentration with six replicates, which were 1.8, 1.8, and 1.6%, respectively. The stability was assessed by the RSD values of peak areas which had 1.0, 0.1, and 2.3% for paeoniflorin, alibiflorin, and ferulic acid respectively. The accuracy of the analytical method was confirmed with the overall recovery of 99.5–108.5%. These results suggest that the HPLC-UV method has good sensitivity, accuracy, and stability. With the validated HPLC-UV method, the concentrations of paeoniflorin, alibiflorin, and feuric acid were identified to be 39.7412, 5.3411, and 0.8221 μg/mg, respectively, in DSS ethanol extract.
[image: Figure 7]FIGURE 7 | Representative chromatograms of standard compounds (A) and DSS ethanol extract (B) analyzed by HPLC-UV. 1) paeoniflorin; 2) alibiflorin; 3) feuric acid.
TABLE 1 | The linearity, precision, stability results of standard compounds paeoniflorin, alibiflorin, and ferulic acid.
[image: Table 1]DISCUSSION
In the present study, we investigated the efficacies of aqueous and ethanol extract of Danggui-Shaoyao-San (DSS) against cerebral ischemia-reperfusion injury. Ethanol extract of DSS, instead of aqueous extract, significantly reduced infarct sizes and improved neurological deficit mNSS scores in the transient MCAO ischemia rats. The DSS ethanol extract inhibited the expression of NADPH oxidase subunit p67phox and up-regulated SIRT1, decreased the productions of superoxide and peroxynitrite, attenuated infarct sizes and improved neurological functions in the transient MCAO ischemic rats. Those results indicate that ethanol extract of DSS has much better neuroprotective effects than the aqueous extract. The results could be used for the application of DSS in the TCM treatment for ischemic stroke.
DSS was firstly documented to be prepared with “wine” to enhance its therapeutic effects in Essentials from the Golden Cabinet, a classic TCM textbook written in the Eastern Han Dynasty by Master Zhongjing Zhang. A previous study reported that the organic solvent extract of DSS had higher concentrations of paeoniflorin and alibiflorin than the aqueous extract (Liu et al., 2010). Paeoniflorin has antioxidant and anti-inflammation activities and neuroprotective effects against cerebral ischemia-reperfusion injury (Tang et al., 2010; Guo et al., 2012; Zhang et al., 2015; Zhang Y. et al., 2017). Paeoniflorin increased blood supply to the ischemic hemisphere in an experimental focal cerebral ischemia-reperfusion animal model (Rao et al., 2014). Albiflorin has the capacity to pass through the BBB and protect the BBB integrity in cerebral ischemia-reperfusion injury (Li et al., 2015). Ferulic acid exerts antioxidant properties and has neuroprotective effects against cerebral ischemia/reperfusion-induced injury (Cheng et al., 2008; Cheng et al., 2016; Ren et al., 2017; Cheng et al., 2019). Thus, we used paeoniflorin, alibiflorin, and feuric acid as marker compounds for quality control whose concentrations were 39.7412, 5.3411, and 0.8221 μg/mg in DSS ethanol extract respectively.
ROS and RNS play important roles in the pathological process of cerebral ischemic-reperfusion injury (Chen et al., 2013; Chen et al., 2016; Chen et al., 2018). NADPH oxidase is a major pro-oxidant enzyme for [image: image] generation whereas iNOS activation produces high concentration of NO. Our previous studies indicate that ischemia-reperfusion significantly up-regulated NADPH oxidase subunits p47phox and p67phox, and iNOS and increased the production of [image: image] and NO, subsequently inducing the production of ONOO− and aggravating cerebral ischemia-reperfusion injury (Chen et al., 2015; Chen et al., 2020). Peroxynitrite has much higher toxicity and penetrating capacity across the lipid membrane than [image: image] (Moro et al., 2005; Pacher et al., 2007). The levels of ONOO− and its footprint marker 3-NT were confirmed in the cerebrospinal fluid (CSF) and plasma of stroke patients (Nanetti et al., 2007; Isobe et al., 2009). The increased ONOO− production, mediates DNA damage, protein nitration and lipid peroxidation, activates matrix metalloproteinases (MMPs), degrades tight junction proteins, and aggravates the BBB disruption in ischemic brain injury (Salgo et al., 1995; Virag et al., 2003; Kuhn et al., 2004; Tajes et al., 2013; Ding et al., 2014). Thus, we used HEt and HKSOX1 to directly visualize and detected 3-NT expression in the ischemic brain tissues after the rats were exposed to 2 h of MCAO ischemia plus 22 h of reperfusion. The levels of [image: image] and 3-NT were increased in the ischemic brains which were reduced by treatment of DSS. The expression levels of p47phox and p67phox were significantly increased in the ischemia-reperfused brains. The expression of iNOS had a trend of increase but without statistical differences. Treatment of DSS significantly down-regulated the expression of p67phox but has no effect on the expression of p47phox and iNOS statistically. Those results suggest that DSS could inhibit the production of [image: image] and ONOO− through inhibiting NADPH oxidases in the MCAO ischemic brains.
Notably, DSS ethanol extract up-regulated the expression of Silent information regulator 1 (SIRT1) in ischemic brains whose effect was abolished by EX527, a SIRT1 inhibitor. SIRT1 is a NAD+ dependent histone deacetylase. SIRT1 plays an essential roles in multiple cellular events including cellular stress resistance (Brunet et al., 2004; Han et al., 2017), energy metabolism (Purushotham et al., 2009; Cao et al., 2016), oxidation stress (Singh et al., 2017; Rada et al., 2018), inflammation (Yang et al., 2015), and apoptosis (Zhang M. et al., 2017; Chen et al., 2019). SIRT1 has antioxidant activity in vascular endothelial cells by modulating multiple molecular targets including FOXOs, NF-κB, NOX, SOD, and eNOS, etc. (Zhang W. et al., 2017). For example, SIRT1 inhibits NADPH oxidase activation and protects endothelial function (Zarzuelo et al., 2013). SIRT1 knockout mice had larger infarct sizes than wild-type mice after exposed to MCAO cerebral ischemia (Hernandez-Jimenez et al., 2013; Liu et al., 2013). Treatment of resveratrol, a SIRT1 activator, decreased infarct size, lessened brain edema, attenuated the BBB disruption, and improved neurological functional outcomes (Huang et al., 2001; Gao et al., 2006; Tsai et al., 2007; Cheng et al., 2009; Yousuf et al., 2009) whereas SIRT1 inhibitors aggravated ischemic brain injury (Hernandez-Jimenez et al., 2013). Thus, the antioxidant property of SIRT1 might contribute to the neuroprotective effects of DSS against cerebral ischemia-reperfusion injury. With multiple active gradients in the DSS formula, it is of interesting to explore the active compounds with the properties of regulating SIRT1 signaling. A recent study revealed that paeoniflorin attenuated ox-LDL-induced apoptosis and inhibited adhesion molecule expression via upregulating SIRT1 in endothelial cells (Wang et al., 2019). Of note, DSS has multiple constitutes (Fu et al., 2016) with complex network regulating mechanisms in ischemic brain injury, the exact molecular targets and mechanisms remain to be further elucidated.
In conclusion, DSS ethanol extract could protect against cerebral ischemic-reperfusion injury via attenuating oxidative/nitrosative stress and inhibiting neuronal apoptosis via inhibiting NADPH oxidases and activating SIRT1 signaling.
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Alzheimer’s disease (AD) and Parkinson’s disease (PD) are two typical neurodegenerative diseases that increased with aging. With the emergence of aging population, the health problem and economic burden caused by the two diseases also increase. Phosphatidylinositol 3-kinases/protein kinase B (PI3K/AKT) signaling pathway regulates signal transduction and biological processes such as cell proliferation, apoptosis and metabolism. According to reports, it regulates neurotoxicity and mediates the survival of neurons through different substrates such as forkhead box protein Os (FoxOs), glycogen synthase kinase-3β (GSK-3β), and caspase-9. Accumulating evidences indicate that some natural products can play a neuroprotective role by activating PI3K/AKT pathway, providing an effective resource for the discovery of potential therapeutic drugs. This article reviews the relationship between AKT signaling pathway and AD and PD, and discusses the potential natural products based on the PI3K/AKT signaling pathway to treat two diseases in recent years, hoping to provide guidance and reference for this field. Further development of Chinese herbal medicine is needed to treat these two diseases.
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INTRODUCTION
Neurodegenerative diseases are a kind of diseases that gradually lose the structure or function of neurons, including Parkinson’s disease (PD), Alzheimer’s disease (AD) and Amyotrophic lateral sclerosis (ALS) and so on. These diseases are characterized by progressive degeneration and neuronal necrosis, resulting in cognitive, emotional and behavioral abnormalities (Hetman et al., 2020). With the acceleration of population ages, the number of people suffering from AD and PD is increasing year by year. Up to now, the current treatment strategies of these diseases aim to alleviate symptoms and/or inhibit disease progression without radical cure, posing a serious threat to the quality of patients’ life, hence becoming a global health problem. The high cost of treatment and nursing not only brings great trouble to patients and their families, but also causes great social and economic burden (Batista and Pereira, 2016), making the development of this kind of new drugs an urgent problem in the field of medicine. In addition, abnormal injuries caused by chemotherapy drugs give rise to different degrees of impact on patients’ physical and mental health and quality of life, which have become the direct cause of dosage restriction or discontinuation of some drugs (Vaz and Silvestre, 2020). A systematic review showed that Chinese herbal medicine and its natural active ingredients are of good safety and tolerance in protecting the central nervous system injury, and so that it gets increasing attention by the medical community (Yang et al., 2017).
Phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) signal pathway has been proved to play an important role in the central nervous system (Matsuda et al., 2019). It has been diffusely studied for its involvement in the physiological processes of central nervous system, such as cell survival, autophagy, neurogenesis, neuronal proliferation and differentiation, and synaptic plasticity. In recent years, a growing number of studies have found that many natural products based on PI3K/AKT signal pathway protect dopaminergic neurons, hippocampal neurons, cortical neurons, and inhibit the activation of microglia, thus playing a role in the prevention and treatment of AD and PD. In this paper, we obtain relevant literature through Pubmed, Web of Science, China National Knowledge Infrastructure (CNKI) and other extensive databases. And we systematically summarize the related studies of natural products for the prevention and treatment of AD and PD based on PI3K/AKT signal pathway.
PI3K/AKT SIGNAL PATHWAY: OVERVIEW
PI3K: The Key Component Upstream of the Pathway
PI3Ks, a family of intracellular lipid kinases, are key elements in the upstream of the PI3K/AKT signaling pathway. PI3Ks are divided into three classes (I-III) according to their structure and substrate selectivity. The most generally studied class I isoforms that are activated by cell surface receptors are heterodimers composed of a regulatory subunit (P85) and a catalytic subunit (P110). The amino terminus of P85 contains a Src Homology 3 (SH3) domain and two proline-rich regions, while the basal terminus contains two SH2 domains and a non-coding region that combine with P110. Besides, class I isoforms are further segmented into class IA (PI3Kα, β and δ) and class IB (PI3Kγ) based on their modes of regulation (Thorpe et al., 2015). Class IA consists of catalytic subunits p110α, β, δ and regulatory subunits p85α, β, γ. Class IB are constituted by a p110γ catalytic subunit coupled with the regulatory isoforms p101 or p87. The differences lie in the way of the activation between the two kinases. PI3Kα, β and δ are activated when extracellular ligands bind to a transmembrane glycoprotein receptor tyrosine kinase (RTK) with enzyme activity, while PI3Kγ is activated by G protein coupled receptors (GPCRs) and Ras family GTP enzymes (Dobbin and Landen, 2013). There are three class II isoforms, PI3KC2α, 2β, 2γ, which may constitutively bind to membranes and require additional activation signals. And the single class III PI3K, vacuolar protein sorting 34 (VPS34), is significant for membrane traffic from the plasma membrane to early endosomes (Sugiyama et al., 2019).
AKT: The Core Site of the Pathway
Protein kinase B (PKB), a serine/threonine kinase, is considered as one of the most important effector kinase downstream of PI3K and the core of PI3K/AKT signal pathway. Different genes encode three highly homologous subtypes of AKT: AKT1/PKBα, AKT2/PKBβ, and AKT3/PKBγ. Each isoform contains a conserved N-terminal plekstrin homology (PH) domain, a central fragment, and a C-terminal regulatory domain (Hemmings et al., 2004). Membrane translocation in AKT activation is mediated by the PH domain, and AKT activity is weakened due to its mutation or deletion. The structure of the catalytic domain includes an ATP binding site and a threonine residue Thr308 (AKT1-Thr308, AKT2-Thr309, AKT3-Thr305), which is the necessary phosphorylation site for AKT activation. The C-terminal regulatory domain consists of 40 amino acids, holding a hydrophobic region, which containing the second phosphorylation site needed to activate AKT, namely the serine residue Ser473 (AKT1-Ser473, AKT2-Ser474, AKT3-Ser472). Although the three AKT subtypes are highly homologous, each exerts unique physiological functions. AKT1 is broadly distributed in all tissues of the body, mainly involved in cell growth, proliferation, angiogenesis and tumor cell invasiveness (Petrik et al., 2016). Found in Mammalian skeletal muscle, and adipose tissue, AKT2 are confirmed participate in cell growth and proliferation, and mediate glucose homeostasis (Garofalo et al., 2003). Relatively little is known about AKT3, it is crucial for brain development and the survival of malignant glioma cells (Ghoneum and Said, 2019).
Signal Regulation of PI3K/AKT Pathway
Activation of PI3K/AKT Pathway
The activation of PI3K/AKT pathway begins with the activation of PI3K by RTK. Numerous cytokines or growth factors, such as fibroblast growth factor (FGF) and platelet-derived growth factor (PDGF), bind to the plasma membrane receptor RTK in response to stimulation by extracellular ligands, inducing receptor dimerization and cross-phosphorylation of tyrosine residues in intracellular domains. The regulatory subunit P85 binds to the phosphorylated tyrosine residue on the activated receptor through its SH2 domain. The catalytic subunit p110 is then recruited to form a fully active PI3K enzyme. Also, P110 subunit could be recruited independently of p85, like Ras-GTP, even other cohesive molecules as insulin receptor substrate (IRS). Besides, activation of Gα subunit could activate Src-dependent integrin signal transduction in PI3K. By unifying with the signal protein AKT and phosphatidylinositol dependent protein kinase 1 (PDK1) containing PH domain, Phosphatidylinositol (3,4,5)-trisphosphate (PIP3), the second messenger phosphorylated from Phosphatidylinositol (4,5)-disphosphate (PIP2) by P110, recruits inactive AKT and PDK1 from the cytoplasm to the cell membrane, thus enabling PDK1 to obtain catalytic activity. At the same time, the conformational change of AKT structure exposes the phosphorylation sites of Thr308 and Ser473, resulting the phosphorylation of Thr308 residues by PDK1 (Altomare et al., 2005; Wei et al., 2019). And the second phosphorylation at Ser473 at the carboxyl terminal is essential and mainly carried out by mechanistic target of rapamycin complex 2 (mTORC2) (Zeng et al., 2007). Many other kinases are known to phosphorylate AKT at Ser473, including PDK-1, integrin-linked kinase (ILK) or ILK-related kinases, and AKT itself (Memmott and Dennis, 2009). Binding proteins such as actin, extracellular signal-regulated kinase (ERK)1/2, heat shock protein (Hsp) 90 or Hsp27 are able to regulate the activity of AKT (Shanu and Komal, 2015). In addition, members of the family of PI3K-associated kinases, including DNA-dependent protein kinases (DNA-PK), can also phosphorylate AKT in Ser473 (Bellacosa et al., 2005).
As a downstream member of AKT, mTOR in turn acts as an activator for AKT activation. mTOR is linked to a regulatory-associated protein of mTOR (Raptor), and mammalian lethal with SEC13 protein 8 (mLST8) to form two multiprotein complexes with different functions, namely mTORC1 and mLST8 (Soliman, 2013). mTORC2 directly phosphorylates the hydrophobic motif Ser473 of AKT, and therefore enhances the activity of AKT kinase and promotes the phosphorylation of Thr308 by PDK1 (Laplante and Sabatini, 2012).
Negative Regulation of PI3K/AKT Pathway
Tumor suppressor, phosphatase and tensin homolog (PTEN) is a specific phosphatase with double activity (Satoru et al., 2018). Inactivation of AKT is mediated by the lipid phosphatase PTEN through dephosphorylation of PI(3,4,5)P3 to PI(4,5)P2, and by Src homology domain-containing inositol 5′-phosphatase 1 (SHIP1) due to conversion of PIP3 to PIP2. Negative regulation also be done by PH domain and leucine rich repeat protein phosphatase (PHLPP) and protein phosphatase 2 A (PP2A) which in turn dephosphorylate AKT at Ser473 and Thr308 respectively (Bertacchini, 2015).
Downstream Regulation of PI3K/AKT Pathway
After phosphorylated by the upstream signal, PI3K/AKT executes diverse biological actions by phosphorylating or forming complexes for a range of downstream molecules, such as the FoxO family members, GSK-3β, mTOR, and actin-related protein, among others (Mirdamadi et al., 2017; Matsuo et al., 2018). The activation of this signaling pathway and its downstream regulation are basically illustrated in Supplementary Figures S1 or S2. mTOR is the main downstream target of PI3K/AKT signal transduction and a key regulatory factor of cellular metabolism. AKT affects cell cycle progression by phosphorylating and inhibiting cyclin-dependent kinase inhibitors p21 and p27. And it modulates apoptosis through inhibiting Bcl2-antagonist of cell death (Bad), bcl-2-like protein 11 (BIM), caspase-9 and forkhead box protein O1 (FoxO1). Nuclear factor erythrocyte two related factor (Nrf2) is the main regulator of oxidative stress, which can promote the transcription of detoxification enzyme and antioxidant enzyme protein genes. Some drugs have been proved to activate PI3K/AKT/Nrf2 signaling, thereby reducing cognitive impairment and neurological dysfunction (Liang et al., 2018). In simple terms, PI3K/AKT pathway has been implicated in cell proliferation, glucose metabolism, cell survival, cell cycle, protein synthesis, and participates in neuronal morphology and plasticity through adjusting several downstream molecules. Imbalanced expression in solid tumors, immune-mediated diseases, cardiovascular diseases, diabetes, nervous system diseases and other diseases, PI3K/AKT pathway arouses the interest of many scholars act as a meaningful therapeutic target, worthy of a further exploration.
ROLES OF PI3K/AKT PATHWAY IN ALZHEIMER’S DISEASE
AD is a neurodegenerative disease positively concerned with age and associated with memory, cognitive impairment and behavioral changes (Martins et al., 2019). Two chiefly pathological features as following: senile plaque (SP) with amyloid protein (Aβ) as the core and abnormal high phosphorylation of Tau protein in brain nerve cells to form neurofibrillary tangles (NFT). With the aging of the population, the incidence of AD is increasing year by year, which brings a heavy burden to the society and families. Distinctly, the major problem facing researchers is to prevent and treat AD availably.
Although several hypotheses have been proposed after decades of research, the specific pathogenesis of AD is still obscure. The most common amyloid deposition hypothesis proposes that the self-assembly of misfolded amyloid peptides affects the structure and function of neurons, stimulates apoptosis, leading to synaptic dysfunction and neurodegeneration. It has been found that PI3K/AKT signal pathway is involved in the formation of two special pathological structures in AD (Do et al., 2014), so that activating the PI3K/AKT pathway may conduce to delay the progression of AD (Supplementary Figure S1). The activation of P3IK/AKT signal pathway is capable of protecting neurons against Aβ-induced neurotoxicity. Various targets downstream of this pathway are closely related to the occurrence and development of the disease. For example, the increase of GSK-3β activity is directly related to the increase of Aβ production and deposition, hyperphosphorylation of tau and the formation of NFT. During AKT phosphorylation, the phosphorylated protein of GSK-3β is inactivated at the Ser9 site, and therefore weakens the hyperphosphorylation of Tau protein, and inhibits the formation of NFT (Kitagishi et al., 2014).
Different from normal people, there is an evidently decrease in the number of neurons in some brain regions of AD patients. These changes were mainly caused by apoptosis induced by oxidative stress response and the excitatory toxicity of glutamate, and eventually lead to the occurrence of nervous system diseases. Studies have shown that cell death in AD is related to the changes in the expression of anti-apoptotic proteins (Bcl-2, Bcl-xL), which play an anti-apoptotic role by stabilizing the permeability of mitochondrial membrane and preventing the release of mitochondrial cytochrome C. Interestingly, the Pl3K/AKT signaling pathway can regulate the expression of mitochondrial membrane permeability protein Bcl-2, Bax and other proteins (Zeng et al., 2011). Other studies have shown that the repression of PI3K/AKT induces neuronal apoptosis through the mediation of P38 activation. In addition, overexpression of PTEN associated with the apoptosis, and the survival or death of neuronal cells may be partly attributed to the variations in PTEN expression (Satoru et al., 2018). Accordingly, the down-regulation of PTEN to promote the activation of AKT might be of great significance in maintaining its neuroprotective effects.
What else, synaptic plasticity of neurons could be adjusted by the PI3K/AKT pathway. In the animal model of AD, inhibition of PTEN is beneficial for preserving normal synaptic function and thereby improving cognition (Cui et al., 2017b). Some studies have confirmed that mTOR protein pathway in PI3K/AKT signaling is also involved in the development of neuronal dendrites and the formation of dendritic spines. The increase in synaptic plasticity is charac terized by long term potentiation (LTP) (Shane et al., 2019), which requires the activation of N-methyl-d-aspartic acid (NMDA) receptors, thereby promoting the insertion of α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid (AMPA) receptors into the postsynaptic membrane. On the one hand, mTOR increases the expression of LTP-related proteins, and PI3K also binds to AMPA receptors and guides its distribution on the membrane (Parkinson and Hanley, 2018). On the other hand, NMDA receptor activation also promotes PI3K activation. In addition, AKT immobilizes phosphatidylinositol (PI) to the postsynaptic membrane to recruit the docking protein of AMPA receptor and promote the fixation of AMPA receptor in the postsynaptic membrane (Spinelli et al., 2019). As a result, PI3K/AKT/mTOR signaling pathway regulates neuronal synaptic plasticity at multiple nodes.
ROLES OF PI3K/AKT PATHWAY IN PARKINSON’S DISEASE
PD is the second largest neurodegenerative disease after AD, also known as idiopathic tremor paralysis. It is characterized by the degeneration and deletion of dopaminergic neurons in substantia nigra (SN) and the formation of eosinophilic inclusion body (Lewy bodies, LBs), as well as the production of neuroinflammation. For decades, though, there has been a great deal of research on PD, drugs on effectively inhibiting or reversing the development of PD are still an assumption except the treatment of temporary improvement of symptoms, so the treatment of PD is more difficult than it seems. As for the pathogenesis of PD, scientists have successively proposed hypotheses including oxidative stress mitochondrial damage, excitatory amino acid toxicity, inflammatory response, and abnormal deposition of α synuclein. However, most of the pathogenic factors have not been confirmed. At present, the abnormal aggregation of fibrillation and α-synuclein is considered to be the key factor for the cascade of pathological events in PD. LBs is mainly composed of misfolded proteins, such as synuclein, tubulin, and amyloid precursor protein. Mitogen-activated protein kinases (MAPKs) like AKT/ERK, found in cells, participate in the removal of these proteins through phosphorylation and dephosphorylation. Intracellular deposition of alpha synuclein leads to neuronal degeneration and apoptosis. Autophagy degrade synuclein and resist the deposition of synuclein in Lewy, so it is usually increased in PD patients (Chen et al., 2017).
The loss of dopaminergic neurons in the SN and striatum caused by apoptosis is an important cause of PD. Scholars manifested that AKT and phosphorylated AKT are significantly reduced in the substantia nigra compacta (SNpc) of PD patients (Luo et al., 2019). GSK-3 is widely expressed in the central nervous system, but abnormally in PD (Zhang et al., 2016b). Caspase-3 plays a key role in apoptosis and as a key effector in all apoptosis pathways. During the pathogenesis of PD, GSK-3 activation up-regulates the content of caspase-3 in the dopaminergic nerve, leading the apoptosis of dopaminergic neurons. Experiments show that AKT could inhibit the activity of GSK-3 by phosphorylating Ser21 of GSK-3α or Ser9 of GSK-3β (Liying et al., 2018). As a downstream pathway of AKT, IKK/IκBα/NF-κB pathway is one of the vital pathways for cell survival (Yan et al., 2019). Consequently, the activation of PI3K/AKT pathway facilitates the survival and growth of dopamine neurons by inhibiting apoptosis. Besides, knockout of PTEN make a contribution to neuroprotection and promotion of the rapid growth of dopaminergic (DA) neurons (Wang et al., 2017).
Oxidative stress, inducing neuronal cell death and apoptosis through intracellular calcium overload lipid peroxidation DNA damage and excitatory toxicity, also contributes to the onset of PD. The PI3K/AKT pathway influences oxidative stress by modulating downstream molecular targets such as GSK-3, mTOR and FoxO3a. Decreasing the mTOR activity may lead to neurodegeneration. The stress response protein regulated in development and DNA damage responses 1 (REDD1) is up-regulated in dopaminergic neurons in PD patients and can modulate the activity of mTOR (Chong et al., 2012). When Parkin (a mutation-prone gene associated with PD) is abnormally expressed, the PI3K/AKT/FoxO3a pathway is blocked, resulting in the imbalance of oxidative stress and ultimately the occurrence of PD (Gong et al., 2018). Additionally the relationship between the above mentioned PI3K/AKT signaling pathway and PD is clearly sorted out in Supplementary Figure S2.
NATURAL PRODUCTS FOR PREVENTION AND TREATMENT OF ALZHEIMER’S DISEASE BASED ON PI3K/AKT PATHAWY
Natural products have attracted the attention of researchers by virtue of their natural advantages such as wide variety, wide source and wide function spectrum. Structurally classified into flavonoids, alkaloids, phenylpropanoids, glycosides, and others, natural products are widely distributed in nature and commonly found in herbs, fruits and vegetables. Interestingly, almost every natural product has a variety of pharmacological properties, covering anti-tumor, antioxidant, antibacterial, anti-inflammatory, anti-diabetic, hypoglycemic, neuroprotective, etc. Additionally, natural products are generally less toxic and very safe, hence becoming an important alternative source of many types of drugs. Over the years, AD has become the fourth leading cause of death after cardiovascular disease, cancer and stroke. Under the circumstance of poor progress in synthetic drug research, natural product anti-AD therapy has become an attractive direction of exploration. Natural products such as curcumin, dihydromyricetin and salidroside have been found to have eminently preventive and therapeutic effects on AD through PI3K/AKT pathway. These natural products are summarized below, and the structure of natural products is listed (Figure 1). The experimental cell, animals, dose and time used in natural product research were summarized in Table 1, providing reference for readers.
[image: Figure 1]FIGURE 1 | Structure of anti-PD natural compounds.
TABLE 1 | Summary of some natural products with AD and PD therapeutic potential.
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Curcumin is a rare diketone compound in the plant kingdom, mainly extracted from the rhizomes of some plants in Zingiberaceae and Araceae (Mario et al., 2016). The protective property of curcumin on neuronal degeneration caused by mitochondrial dysfunction and the resulting oxidative stress, inflammation and apoptosis of nerve cells has been demonstrated. And the neuroprotection pathogenesis of curcumin is mediated by two momentous signaling pathways, PI3K/AKT/GSK-3 or PI3K/AKT/cAMP response element-binding protein (CREB)/brain-derived neurotrophic factor (BDNF) (Kandezi et al., 2020). By regulating above pathway, curcumin inhibits the glutamate-induced release of mitochondrial cytochrome C, the activation of caspse-3, a key enzyme for cell apoptosis, as well as reduces pro-inflammatory biomarkers (interferon-α (IFN-α), tumor necrosis factor-α (TNF-α), interleukin (IL)-8) and increases anti-inflammatory cytokines/compounds (IL-10, IL-1) (Wolkmer et al., 2013). It is noteworthy that the increasing clinical data indicate that curcumin is expected to be a standard candidate for neuroprotective agent (Voulgaropoulou et al., 2019). Yet not all clinical trials are positive. Some clinical studies show that curcumin has a beneficial effect on cognitive improvement of AD (Cox et al., 2015; Small et al., 2018). Whereas another suggest that curcumin has no cognitive-enhancing properties (Ringman et al., 2012). Curcumin reduces Aβ deposition in the brain, which is supported by neuroimaging (Small et al., 2018). While in another clinical trial, the results are misty (Ringman et al., 2012).
Dihydromyricetin (DHM), also called ampelopsin, is a dihydroflavonol compound, has been found to markedly rescued apoptosis of neurons in hippocampus of D-gal-induced brain aging model of rats, improving learning and memory impairment (Kou et al., 2016). It activates hemeoxygenase-1 (HO-1) in pheochromocytoma 12 (PC 12) cells, and increases the expression of HO-1 or enzyme activity, thus againsts H2O2 and 6-OHDA-induced neurotoxicity in PC12 cells. The protection of ampelopsin is link to inhibition of rwactive oxygen species (ROS) formation, expression of poly ADP-ribose polymerase (PARP) and caspase-3, inhibition of p38, MAPK phosphorylation and up-regulation of HO-1 expression. Interestingly, the increase in HO-1 expression is mainly due to increased phosphorylation levels of ERK and AKT (Kou et al., 2012). Based on AKT and ERK1/2 signaling, DHM also dose-dependently attenuated sodium nitroprusside induced PC12 cell damage (Liao et al., 2014). In addition, DHM up-regulates Bcl-2, down-regulates cleaved caspase3 and Bax, increases antioxidant capacity and inhibits apoptosis (Mu et al., 2016). In another study, DMY improves glucose metabolism of PC12 cells stimulated by endogenous toxic compound methylglyoxal through AMPK/glucose transporter 4 (GLUT4) signaling pathway, inhibiting oxidative stress, and protecting mitochondria of cells (Jiang et al., 2014a). Moreover, DHM has been confirmed to execute its protective function through GSK-3β/Nrf2/antioxidant response element (ARE) signal pathways (Kou et al., 2015).
Icariin (ICA), a flavonol isolated from Epimedium perralderianum Coss (family Berberidacea, genus Epimedium), is the main active component of Epimedium perralderianum. It had previously been observed that ICA alleviated symptoms in AD model animals, which may be caused by increased expression of insulin-like growth factor (IGF) and BDNF, thereby activating PI3K/AKT pathway, inhibiting production of Aβ and tau protein phosphorylation (Wu et al., 2012). A recent in vivo study suggested that the promotion effect of ICA on proliferation and differentiation of hippocampal neural stem cells in AD model is related to the BDNF-tyrosine kinase B (TrkB)-ERK/AKT signaling pathway (Lu et al., 2020). Moreover, ICA treatment significantly enhanced proteasome-dependent degradation of PTEN and protected SK-N-MC cells from Aβ-induced insulin resistance (Zou et al., 2020). In addition, by down-regulating the expression of β-site amyloid precursor protein (APP) cleavage enzyme 1, icariin could decrease the deposition of β-amyloid peptide (Wu et al., 2020).
Phenylpropanoids
Phenylpropanoid compounds incorporate simple phenylpropanoid, coumarin and lignans. Salidroside (Sal), belonging to phenylpropanoid glycoside, is a bioactive substance mainly extracted from traditional herbs such as Rhodiola coccinea (Royle) Boriss., be of a species in the genus Rhodiola (family Crassulaceae). In recent years, Sal has been reported to exhibit great neuroprotection, including antioxidant, anti-inflammatory, anti-apoptosis and regulation of multiple signal pathways and key molecules (Fan et al., 2020). Zhang et al., in their study on the therapeutic potential of Sal for AD, pointed out that Sal alleviate pathological progression in AD models by reducing amyloidosis and activating PI3K/AKT signaling, suggesting the potential role of Sal in the prevention and treatment of AD due to its neuroprotective property. In addition, mTOR has been found to be a mammalian target that plays an important role in the formation of AD related memories (Zhang et al., 2016a). In a subsequently study, results are similar to Bei et al. However, the alteration of mTOR might be influenced by different animal models or drug delivery methods, and the exact mechanisms remain to be investigated (Wang et al., 2020). Additionally, Sal reduces inflammation and brain injury after middle cerebral artery occlusion in rats via PI3K/PKB/Nrf2/NFκB signaling pathway (Zhang et al., 2019a). In an experiment to test the cognitive effect of Sal on AD mice, the researchers demonstrated that Sal reduced the expression of TNF-α and IL-6 cytokine inflammatory factors, improving cognitive function in AD mice. The authors suggested that this protective effect may be related to changes in the level of free radicals in the hippocam pus (Li et al., 2018). But it only limited to the guess rather than further inquiry. Structurally, Sal is linked by a glycosidic group to an aglycon (tyrosol) via a β-glycosidic bond. The polyhydroxyl structure of Sal gives it a strong polarity, thereby limiting its diffusion and absorption through the body (Cheng et al., 2012). In order to overcome the above problems, Yang et al. synthesized twenty-six novel derivatives of Sal and evaluated their cell protective effects in CoCl2-treated PC12 cells (Yang et al., 2021). Among the twenty-six salidroside derivatives, five of them showed stronger cell protective effect than Sal (EC50, 0.30 µM) under the same condition. Among them, pOBz had a more significant protective effect (EC50, 0.038 µM). Although the mechanism studies found that pOBz reduced monoamine oxidase (MAO) activity and played a neuroprotective role after MCAO reperfusion in rats, and also inhibited the expression of C3 protein in the brain after cerebral ischemia reperfusion injury, these studies were obviously insufficient. Whether the action mechanism of pOBz and other derivatives is the same as Sal remain to be further studied, and their molecular targets also need to be further studied.
Arctigenin is a phenylpropanoid dibenzylbutyrolactone lignan compound, naturally found in Arctium lappa L. (family Compositae, genus Arctium). Qi et al. firstly elucidated that arctigenin (10, 40, or 150 mg/kg, orally) attenuates the level of phosphorylated tau protein expression in the hippocampus through PI3K/AKT/GSK-3β signaling pathway in Aβ-induced AD mice, hence successfully providing protection against learning and memory deficits (Qi et al., 2017). However, different routes of administration affect the bioavailability of arctigenin in vivo. Pharmacokinetic investigations have shown that the oral administration of arctigenin will cause large amounts of primary metabolism, which would affect its in vivo and clinical efficacy. So it is suggested that Arctigenin should be administered through the intranasal route for the treatment of central nervous system dysfunction (Gao et al., 2018). This suggests that monitoring pharmacokinetics is crucial for better understanding the role of arctigenin. Due to the few researches, clinical trials of arctigenin are rather limited. Therefore the anti-AD effect of arctigenin has not been clinically confirmed. In brief, sufficient research data is required to justify the need for clinical trials. Schizandrol A (SchA), a type of lignans, is a natural active ingredient extracted from Schisandra chinensis (Turcz.) Baill. (family Schisandraceae, genus Schisandra), the Chinese herb fruit. In a study of the neuroprotective effects of SchA in AD cell models, researchers demonstrated that SchA swimmingly reduces the decrease of living cells, the increase of the number of apoptotic cells, the expresstion of pro-apoptotic proteins and the changes of oxidative stress markers induced by Aβ1-42. Moreover, SchA inhibited the increase of microtubule-associated protein 1A/1B-light chain 3 (LC3)-II/LC3-I and Beclin-1 and the decrease of p62. It revealed that SchA perhaps to be a new drug for the prevention and treatment of AD (Song et al., 2020). SchA has been shown to inhibit ischemia-induced neuronal autophagy via AMPK/mTOR pathway (Wang et al., 2019). A comparative experiment was carried out that SchA (50 μM) combined with norepinephrine (NE, 10 μM) work better than alone (Qi et al., 2020).
Saponins
Ginsenosides are the main bioactive components of Panax ginseng C.A.Mey. (family Araliaceae, genus Panax) with the functions of eliminating free radicals, anti-oxidation, delaying cell aging, protecting nervous system, and improving memory of the elderly, becoming the hot candidate drugs for the treatment of central nervous system diseases. Investigators have showed that ginsenosides enhance the expression of synaptic-related proteins and synaptic plasticity, up-regulate the expression of CREB and BDNF, reduce apoptosis and AD pathology-like protein expression, scavenge free radicals and protect nerve cells (Lulin et al., 2017). A study on HT22 cells and APPSW SH-SY5Y cells demonstrated that RG1 promoted a-secretase cleavage of APP by activating ERK/MAPK and PI3K/AKT pathway (Shi et al., 2012). Li et al. also illustrated via experiments that ginsenosides improve memory and reduce the content of Aβ1-42 and p-tau in AD mice, and the anti-AD effect of ginsenoprotein is mediated by activating PI3K/AKT signal pathway (Li et al., 2016). Other studies have confirmed that ginsenoside Rg2, one of the most important active components of ginsenosides, significantly inhibits the apoptosis of Aβ treated PC12 cells by up-regulating the PI3K/AKT signaling pathway, which may be caused by the decrease of ROS and intracellular Ca2+ concentration by ginsenoside, the activation of autophagy pathway, the up-regulation of Bcl-2 and the down-regulation of Bax (Cui et al., 2017a). Taken together, ginsenosides are deemed as potential new drugs for the treatment of AD (Cui et al., 2020).
Notoginsenoside R1 also possesses a certain repair effect on AD (Hu et al., 2020). Notoginseng R1 as reported conspicuously improved the cell damage induced via Aβ25–35 by increasing cell activity, inhibiting oxidative stress and the activation of MAPK signaling pathway (Ma, 2014). Meng et al. have found that the neuroprotection of notoginsenoside R1 is related to estrogen receptor dependence, and the up-regulation of antioxidant enzymes is associated to AKT and ERK1/2, as well as Nrf2 pathway (Meng et al., 2014).
Non-flavonoid Polyphenols
Being a naturally occurring stilbene, piceatannol (PT) has been reported to possess antioxidant, anti-inflammatory, anti-diabetic and neuroprotective effects (Zhang et al., 2018). In an early study, the effects of PT and pterostilbene (PS) against Aβ-induced apoptosis in PC12 cells were evaluated. The results show that PT and PS have obvious anti-apoptotic activity. PT up-regulates the PI3K/AKT/BAD signaling pathway, further inhibits the expression of Bcl-2/Bax, the cleavage of caspase-9, caspase-3 and PARP. While PS promotes phosphorylation of AKT without affecting other factors (Fu et al., 2016). What’s more, the active fraction derived from Litchi chinensis Sonn. (family Sapindaceae, genus Litchi) seed can improve the cognitive function and behavior of AD model rats through decreasing Aβ fibril formation and Tau hyperphosphorylation. Catechin, proanthocyanidin A1 and proanthocyanidin A2 polyphenols isolated from seed of Litchi chinensis Sonn. inhibit hyperphosphorylated Tau protein by up-regulating IRS-1/PI3K/AKT and down-regulating GSK-3 (Fu et al., 2016).
Others
Being commonly used spices, Zanthoxylum bungeanum Maxim. (Z. bungeanum) (family Rutaceae, genus Zanthoxylum) and its ingredients possess anti-inflammatory, antioxidant and neuroprotective effects (Deng et al., 2019). Zhao et al. demonstrated for the first time that Zanthoxylum bungeanum Maxim water extract (WEZ) and volatile oil extract (VOZ) inhibit apoptosis and oxidative stress by activating PI3K/AKT/Nrf2 signal pathway, attenuating impairment of d-galactose-induced aging mice. Unfortunately, the specific active ingredients have not been reported (Zhao et al., 2020). Evaluated the functions of Broussonetia papyrifera (L.) L'Hér. ex Vent. (family Moraceae, genus Broussonetia) in both mouse and cell models of AD, Li and colleagues found that Broussonetia papyrifera (L.) L'Hér. ex Vent. up-regulates AKT and β-catenin signaling pathways in the pretreated PC12 cells (Li Y.-h. et al., 2020). Same as other traditional Chinese herbal medicine with a variety of components, which component plays a critical role in AD is unclear.
NATURAL PRODUCTS FOR PREVENTION AND TREATMENT OF PARKINSON’S DISEASE BASED ON PI3K/AKT PATHAWY
Due to the complex pathogenesis of PD, there is no specific drug for it so far. The research and development of anti-PD drugs have attracted great attention from the medical community all over the world. In recent years, with the deepening of the research on neurophysiology, biochemical and pharmacology of the elderly, the research on the development of natural products against PD is in hot progress. Thanks to the efforts of many scholars, many natural products have been proved to have good effects on the treatment of PD. Natural flavonoids products, such as icariin, baicalein, other products like berberine, paeoniflorin, etc. have achieved great success in PD model animals and in vitro cell experiments.
Flavonoids
Baicalein is a bioactive flavonoid monomer compound isolated from Scutellaria baicalensis Georgi (family Lamiaceae, genus Scutellaria). Evidences suggest that baicalein have neuroprotective functions in addition to antioxidation such as alleviate the symptoms of AD and PD (Li et al., 2017). According to previous studies, baicalein was found to have a neuroprotective effect on acrolein-induced neurotoxicity at multiple levels (Zhao et al., 2017). And baicalein pretreatment significantly inhibited 6-hydroxydopamine (6-OHDA)-induced apoptosis (Zhu et al., 2019). Zhang et al. showed that the anti-PD function of baicalein is probably related to the activation of Nrf2/HO-1, protein kinase C (PKC) and PI3K/AKT signaling pathways (Zhang et al., 2012). Baicalin has one more glucuronide in the seven hydroxyl group than baicalein (Figure 2), which inhibit 6-OHDA-induced apoptosis of substantia nigra neurons in PD rats through mTOR/AKT/GSK-3β pathway (Zhai et al., 2019). Apigenin has been shown to remarkably reduce the effects of 1-methyl-4-phenylpyridine (MPP+)-induced apoptosis in experimental models of PD. Furthermore, the glucoside derivative Vitexin of apigenin and several other flavonoid species showed similar protective effects on PD cells and mouse models (Ming et al., 2018).
[image: Figure 2]FIGURE 2 | Structure of anti-AD natural compounds.
Amentoflavone (AF) is an effective component of Selaginella tamariscina (P.Beauv.) Spring (family Selaginellaceae, genus Selaginella). In an in vitro of PD model study by Cao et al., AF enhanced PI3K phosphorylation, and reduced the loss of cell viability induced by MPP+, without obvious cytotoxicity. It also inhibits the activation of caspase-3 and p21, but increases the ratio of Bcl-2/Bax. In vivo, AF significantly reduces the loss of dopaminergic neurons in SNpc and striatal fibers induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and enhances the activation of PI3K and AKT and the ratio of Bcl-2/Bax in SN (Cao et al., 2017). Similarly, the PD mouse experiment of icariin obtained a similar conclusion as AF (Chen et al., 2017). Puerarin (PUE) is a vital isoflavone compound in traditional Chinese medicine Pueraria lobata. Zhang et al. have shown that PUE could reduce the protection of dopaminergic neurons from rotenone toxicity in PD animal model of PD by activating PI3K/AKT signal pathway, and decrease the overexpression of abnormal proteins in PD animal model (Zhang et al., 2014).
According to the reports, Ampelopsin increases the antioxidant and anti-apoptotic activity of cells through ERK1/2 and AKT signaling pathways, thus protecting neurons (Coria et al., 2019; Guo et al., 2020). Likewise, Procyanidine (PC), widely found in Vitis vinifera L. (family Vitaceae, genus Vitis) and other plants, tellingly scavenge free radicals, inhibits neuronal apoptosis and protects mitochondria (Zhang et al., 2019b). In recent years, Tovophyllin A (TA) has been reported to play a useful role in the treatment of neurodegenerative diseases. Some studies have found that TA has significant neuroprotective effects on primary cortical neurons injured by MPP+/paraquat and PD mouse model induced by MPTP. The mechanism is confirmed to be related to the apoptosis signal pathway of AKT/GSK-3 cells, but it still need a further explored (Huang et al., 2020). It has also been reported that curcumin inhibits the activation of astrocytes and microglia (Fu et al., 2015), and protects mitochondrial membrane potential from oxidative damage to dopaminergic neurons (Ma and Guo, 2017). Curcumin could conspicuously improve the oxidative damage of dopaminergic neurons induced by oxidative stress in the compact part of substantia nigra of rats via activating AKT/Nrf2 signal pathway, demonstrating great therapeutic impact on the experimental model of PD (Cui et al., 2016).
Alkaloids
Berberine (BBR), an alkaloid in the medicinal plants such as coptis chinensis Franch. (family Ranunculaceae, genus Coptis) and Phellodendron amurense Rupr. (family Rutaceae, genus Phellodendron), is proved to be of anti-oxidative stress and anti-apoptotic role in central nervous system diseases. The low concentration of BBR can significantly reduce apoptosis induced by Cytomegalovirus in cultured spiral ganglion cells via NMDAR1/Nox3, decreasing mitochondrial ROS generation (Zhuang et al., 2018). It have be reported that BBR inhibits ROS levels, mitochondrial dysfunction and mitochondrial autophagy by PI3K/AKT/mTOR signal pathway, thus protecting PC12 cells from oxidative damage (Zhang et al., 2017). In another research, a new concept emerged that BBR can attenuate the cytotoxicity induced by tert-butyl peroxide (t-BHP) (Deng et al., 2020). Han et al. demonstrated once again that berberine protects SH-SY5Y cells treated with rotenone through antioxidant and activation of the PI3K/AKT signaling pathway (Li Z. et al., 2020).
Phenylpropanoids
Lignans are natural compounds polymerized from 2-molecular phenylpropanoid derivatives. Schisandra chinensis lignans (SCL) of include Schisandra Ester A, B, C and D. Previous studies have suggested that the protective effect of SCL on cerebral ischemic nerve injury may be achieved through PI3K/AKT pathway. Meso-dihydroguaiaretic acid, schiarisanrin A and heteroclitin D, lignans isolated from the root of Kadsura coccinea (Lem.) A.C.Sm. (family Schisandraceae, genus Kadsura), significantly inhibit LPS-induced neuronal injury through the same signal pathway (Jiang et al., 2014b). Schisantherin A has been reported to enhance antioxidant stress, inhibit the overproduction of nitric oxide and prevent the loss of dopaminergic neurons stimulated by 6-OHDA in zebrafish (Zhang et al., 2015). On the side, schisandrol A, by activating the PI3K/AKT pathway, inhibits the IKK/IκBα/NF-κB pathway, reduces neuronal inflammation and oxidative stress, and improves the survival of dopamine neurons in the brain of mice, showing promising prospects in the treatment of PD (Yan et al., 2019). In MPTP-induced PD mice, treatment with high dose of schisandrol A (40 mg/kg) significantly reduce cytokines, such as IL-1β or TNF-α, and inhibit the activity of MDA, but increase SOD, improving antioxidant defences. While low dose of schisandrol A (20 mg/kg) showed no above effect. Additionlly, autophagy-related proteins LC3-II, Beclin1, Parkin, Pink1, and mTOR were expressed after schisandrol A treatment (Zhi et al., 2019).
Glycosides
Paeoniflorin (PF), a bicyclic monoterpene glycoside (Figure 2), is the main active component of Paeonia lactiflora Pall. (family Paeoniaceae, genus Paeonia). In addition to anti-inflammation and anti-oxidation, PF also has neuroprotective effects and can be used in the treatment of cerebral ischemia, epilepsy and PD (Gu et al., 2016). Zheng et al. found that PF plays a neuroprotective role through the Bcl-2/Bax/caspase-3 pathway in vitro cell experiments. In PD mouse models, PF treatment protected dopaminergic neurons by preventing MPTP-induced declines in the levels of striatal and melanotic dopaminergic transporters (DAT) and tyrosine hydroxylase (TH) proteins and altering dopamine catabolism (Zheng et al., 2017).
Non-flavonoid Polyphenols
Resveratrol is an antitoxin produced by many plants when they are stimulated. The experiment results showed that resveratrol delay the progression of PD symptoms by activating SIRT1/AKT1 and PI3K/AKT signal pathway (Wang et al., 2018a; Huang et al., 2019). As a compound extracted from Cannabis sativa L. (family Cannabaceae, genus Cannabis), Cannabidiol (CBD) has a series of physiological functions, such as blocking breast cancer metastasis, treating epilepsy, anti-insomnia and so on. It also has a good effect on the treatment of nervous system diseases. A study suggested that the prevention and protection of CBD on PD seem to be mediated by activating ERK and AKT/mTOR pathways. This protective effect could be eliminated by AKT1/2 inhibitors and mTOR inhibitors (Gugliandolo et al., 2020). In 2020, a Brazilian team published a paper discussing the biological basis for the potential role of CBD, as well as the team’s preclinical and clinical studies of CBD in Parkinson’s disease. The three clinical studies include open label studies (six patients), case series (four patients), and randomized controlled trials (twenty-one patients) (Zuardi et al., 2009; Chagas et al., 2014; Ferreira-Junior et al., 2020). Although these studies have shown beneficial results, they are limited by the small sample size and short follow-up time, which make the results inconclusive. Recently, a first clinical trial of the efficacy of relatively high doses of CBD (20 mg/kg/day) on PD patients examined the tolerability and effectiveness of a range of doses in the PD population (Leehey et al., 2020). However, the study is limited due to the lack of a placebo arm and a small group of participants. And adverse reactions were found at high doses. Therefore, a large number of studies on CDB are still needed to explore the in-depth mechanism of CDB on PD and its biosafety for patients.
Others
Crocin is a carotenoid found in Crocus sativus L. (family Iridaceae, genus Crocus), which shows beneficial effects on neurodegenerative diseases through anti-apoptosis, anti-inflammatory and antioxidant activities. However, the exact molecular pathway of the neuroprotective effect of safflower has not been fully elucidated. In rotenone (ROT)-induced rat PD model, crocin visiblystimulated PI3K/AKT pathway and decreased the expression of GSK-3, FoxO3a and downstream caspase-9, presenting a good neuroprotective founction (Salama et al., 2020). Astaxanthin (AST), as a lipid-soluble pigment, inhibits apoptosis and neuronal injury by up-regulating phosphorylation of PI3K and AKT in vivo and vitro, and it is considered for the treatment of AD and PD (Zarneshan et al., 2020). Moreover, asiatic acid (AA), a pentacyclic triterpene obtained from Centella asiatica (L.) Urb. (family Apiaceae, genus Centella), has been shown to effectively provide neuroprotection for MPTP-induced neuron cell loss through ERK and PI3K/AKT/mTOR/GSK-3 pathway (Nataraj et al., 2017). The phosphorylation levels of AKT and mTOR could be increased by both Lycium barbarum polysaccharide (LBP) (Wang et al., 2018b) and Astragalus polysaccharides (APS) (Tan et al., 2020), effectively alleviate the nigral striatal system degeneration and regulation of cell autophagy, thereby affecting the occurrence and development of PD.
DISCUSSION
The PI3K/AKT signaling pathway plays an important role in maintaining homeostasis throughout the life cycle. This pathway is triggered by the expression or abnormal regulation of many genes and has been found to be associated with numerous human diseases (Mengqiu et al., 2019). On the one hand, the excessive activation of PI3K/AKT pathway associated with diseases such as cancers and diabetes. On the other hand, deregulating its action might be relevant to cardiovascular diseases, and neurological diseases like AD and PD. Therefore, the study of PI3K/AKT signaling pathway and its upstream and downstream molecular mechanisms is of great significance for the prevention and treatment of various diseases. According to existing studies, many natural compounds have shown symptomatic alleviating effects on neurological diseases AD or PD, and such effects have been found to be related to the regulation of PI3K/AKT signaling pathway. However, it is not certain that whether this pathway plays a key role in this process. In other words, more evidence is needed to determine if this pathway be able to a target for drugs acting on AD or PD. Moreover the complex pathogenesis of these diseases and the multifactorial effects of natural products also bring challenges to explore the synergistic effects of various mechanisms, so that the molecular mechanisms of the neuroprotective effects of natural products also need to be further elucidated.
It is known that numerous natural products with medicinal potential are derived from a wide variety of vegetables, fruits and Chinese herbs, some scholars believe that dietary adjustments might be help for the prevention and treatment of diseases. (Kitagishi et al., 2014). For instance, multiple clinical trials have investigated the effect of curcumin on AD. But in most of these trials, curcumin was used as a dietary supplement, like an ongoing clinical trial in India about the efficacy and safety of curcumin formulation in Alzheimer’s disease (Bhat et al., 2019). Even though there are no clinical reports of true dietary supplements for the treatment of neurological diseases, preclinical and clinical studies have demonstrated in some respects that diet still has merit as an adjunct preventive approach.
In reviewing the literature, we found that a variety of common natural polyphenols possess neuroprotective effects, including flavonoids and non-flavonoids, such as curcumin, icariin, baicalein and cannabidiol. However, it is a pity that many natural compounds, including natural flavonoids, are often limited in their application due to bioavailability and other defects. Consequently, using natural products as lead compounds and key pharmacophore targets to develop more effective and safer derivatives with high bioavailability may be a promising strategy for new drug development. For instance, curcumin is eliminated in vivo easily as its hydrophobicity and low bioavailability (Gupta et al., 2012; De Oliveira et al., 2016; Mirzaei et al., 2017), but such problems can be solved by modifying the structure of curcumin and synthesizing a series of derivatives (Bagheri et al., 2020). And the low solubility of baicalein is able to improve by nano-loading, that is, the oral bioavailability of baicalein is improved by nano-emulsion or nano-crystal loaded with baicalein (Liu et al., 2016; Yin et al., 2017). We summarize the natural products mentioned above that have the potential to treat AD and PD, as shown in Supplementary Figures S1 and S2. The structure of the active ingredients is show in Figure 1 and Figure 2, and so do some relevant information for reference (Table 1). It can be learned that the treatment of natural products is a relatively long process, and some natural products could exert better effects at lower doses. But some are ineffective at low doses and require high concentrations to be effective. The therapeutic effects are connected with the dosage, time, and mode of administration. For instance, at low concentrations (0.12–16 µM), BBR dramatically recedes 6-OHDAinduced cytotoxicity through the activation of PI3K/AKT/Bcl-2 cell survival and Nrf2/HO-1 antioxidative signaling pathways. However, However, treatment with high concentrations (16 µM) BBR did not show protective effect (Zhang et al., 2017). A study investigated the role of curcumin and erythropoietin in an ICV-STZ rat model (a model for sporadic dementia of the Alzheimer’s type (SDAT)) (Samy et al., 2016). The experimental animals were given vehicle, oral administration of curcumin (80 mg/kg/day), an intraperitoneal injection of erythropoietin (500 IU/kg every other day) as well as combined curcumin and erythropoietin for 3 months. The results showed that curcumin and/or erythropoietin were beneficial in restoring the behavioral, histological, and biochemical changes induced by ICV-STZ. And the long-term adverse effects of curcumin were lower than those of erythropoietin. In contrast, Bassani et al. found no beneficial effect in short-term spatial memory in ICV-STZ rats by evaluating extended oral curcumin (doses of 25, 50, and 100 mg/kg) (Bassani et al., 2017). But improvements were found in short-term cognitive memory. In addition, the combination of natural products with existing drugs is also a direction worth exploring. A report indicates that combination treatment of icariin and L-3,4-dihydroxyphenylalanine (l-DOPA) are beneficial for the treatment of dopamine neurotoxicity in 6-OHDA injury (Lu et al., 2018).
Each new drug should be clinically tested after developed but before used in humans. Practically, the fact that the results of animal and human are not exactly consistent is worrisome. In animal studies, certain natural products have shown great promise in treating Alzheimer’s disease and cognitive aging, but this has not been observed in all clinical trials. After all, there is no animal model at the moment really reproduces all the symptoms observed in human pathology. In contrast to animal studies, the number of confirmed human studies is limited, and many of the results remain controversial. However, natural products are widely available, relatively safe and easy to obtain, making the research still extraordinary significance. Consequently, it is essential to conduct more long-term studies to assess the possibility of side effects from chronic administration in humans.
PROSPECT
Scientists have never stopped exploring the complex pathogenesis of AD and PD. It is exciting that great progress has been made in recent years, which supply more possibilities to overcome these diseases. However, we also note that a small number of new drugs have been developed for the treatment of AD and PD over the years, and most of them are still in the stage of basic research. The pathological changes associated with the onset of neurodegenerative diseases are irreversible. When cognitive impairment shows up in patients, the course of the disease are often in the middle or late stage, as a result, the treatment can only slow down rather than reverse the development of the disease. Undoubtedly, it is particularly important for early prevention and diagnosis of neurodegenerative diseases. Further research into its pathogenesis is needed to develop drugs to reverse the progression of AD and PD. Substantial amounts of studies on natural products with multiple activities have proved to be of positive significance for the treatment of such diseases. In-depth research on natural products will bring more hope for the treatment of diseases, and at the same time promote the development of traditional Chinese herbal medicine. The direction for the continued research of natural products has also been proposed in the previous discussion: (I) the diseases prevention and control mechanisms of natural products are worthy of further investigation; (II) structural modification as a lead compound; (III) application of nanotechnology for decoration; (IV) combination with other drugs. Finally, it should be noted that the key to determining the safety and effectiveness of the final drug lies in conduct extensive clinical trials.
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GLOSSARY
6-OHDA 6-hydroxydopamine
AA asiatic acid
AD Alzheimer’s disease
AF amentoflavone
AKT protein kinase B
AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid
APP amyloid precursor protein
APS astragalus polysaccharides
ARE antioxidant response element
AST astaxanthin
Aβ, amyloid protein
BACE1 β-secretase 1
Bad Bcl2-antagonist of cell death
Bax BCL2-associated X protein
Bcl-2 B-cell lymphoma 2
BDNF Brain-derived neurotrophic factor
BIM Bcl-2-like protein 11
CBD Cannabidiol
CNKI China national knowledge infrastructure
CREB cAMP response element-binding protein
DA Dopaminergic
DAT Dopaminergic transporters
DHM Dihydromyricetin
DNA-PK DNA-dependent protein kinases
ERK Extracellular signal-regulated kinase
FB Fructus broussonetiae
FGF Fibroblast growth factor
FoxO1 Caspase-9 and forkhead box protein
GLUT4 Glucose transporter 4
GPCR G protein coupled receptors
GSK-3β Glycogen synthase kinase-3β
HO-1 Heme oxygenase 1
Hsp Heat shock protein
ICA Icariin
IFN-α Interferon-α; α TrkB, tyrosine kinase B
IGF Insulin-like growth factor
IKK IκB kinase
IL1β Interleukin-1 β
ILK Integrin-linked kinase
IRS Insulin receptor substrate
JNK c-Jun NH(2)-terminal kinase
LBP Lycium barbarum polysaccharide
l-DOPA L-3,4-dihydroxyphenylalanine
LSF Active fraction of lychee seed
LTP Long term potentiation
MAO Monoamine oxidase
mLST8 SEC13 protein 8
MMP Mitochondrial membrane potential
MMP+ 1-methyl-4-phenyl-pyridine
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mTOR Mammalian target of rapamycin
mTORC2 Mechanistic target of rapamycin complex 2
NE Norepinephrine
NFT Neurofibrillary tangles
NF-κB Nuclear factor kappa-light-chain-enhancer of activated B cells
NMDA N-methyl-d-aspartic acid
Nrf2 Nuclear factor erythrocyte 2-related factor 2
PARP Poly ADP-ribose polymerase
PC Procyanidine
PC12 Pheochromocytoma 12
PD Parkinson’s disease
PDGF Platelet-derived growth factor
PDK1 Phosphatidylinositol dependent protein kinase 1
PF Paeoniflorin
PHLPP PH domain and leucine rich repeat protein phosphatase
PI3K Phosphoinositide 3-kinase
PIP2 Phosphatidylinositol (4,5)-disphosphate
PIP3 Phosphatidylinositol (3,4,5)-trisphosphate
PKB Protein kinase B
PKC Protein kinase C
PP2A Protein phosphatase 2 A
PS Pterostilbene
PT Piceatannol
PTEN Phosphatase and tensin homolog
PUE Puerarin
REDD1 DNA damage responses 1
ROS Rwactive oxygen species
ROT Rotenone
RTK Receptor tyrosine kinase
Sal Salidroside
SchA Schizandrol A
SCL Schisandra chinensis lignans
SDAT Sporadic dementia of the Alzheimer’s type
SH Src Homology
SHIP1 Src homology domain-containing inositol 5′-phosphatase 1
SIRT1 Silent mating type information regulation 2 homolog-1
SN Substantia nigra
SNpc Substantia nigra compacta
SP Senile plaque
TA Tovophyllin A
t-BHP| Tert-butyl peroxide
TH Tyrosine hydroxylase
TNF-α Tumor necrosis factor-α
VOZ Zanthoxylum bungeanum volatile oil extract
VPS34 Vacuolar protein sorting 34
WEZ Zanthoxylum bungeanum water extract
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Numerous studies have revealed that oxidative stress is closely associated with the occurrence and development of depression. Xiaoyao Pills (XYW) are included in the Chinese Pharmacopoeia and are frequently used for treating anxiety and depression by smoothing the liver, strengthening the spleen, and nourishing the blood. However, the antidepressant effects of XYW have not yet been thoroughly investigated. The objective of our study was to investigate the antidepressant-like effects of XYW and the underlying molecular mechanism in the olfactory bulbectomized (OB) rat model of depression using the open field test (OFT), sucrose preference test (SPT), splash test (ST), and novelty suppressed feeding test (NSFT). Results showed that XYW (0.93 and 1.86 g·kg−1) significantly alleviated depression-like behaviors in rats, which was indicated by increased sucrose preference in the SPT, prolonged grooming time in the ST, decreased horizontal movement in the OFT, and shorter feeding latency in the NSFT. In addition, XYW treatment dramatically reversed the reduced activity of superoxide dismutase and the decreased level of glutathione, while also lowering levels of malondialdehyde, an inflammatory mediator (nitric oxide), and pro-inflammatory cytokines (interleukin-6 and 1β) in the serum and cortex of OB rats. Mechanistically, XYW induced marked upregulation of mRNA and protein expression levels of NFE2L2, KEAP1, GPX3, HMOX1, SOD1, NQO1, OGG1, PIK3CA, p-AKT1/AKT1, NTRK2, and BDNF, and downregulation of ROS in the cortex and hippocampus via the activation of the NFE2L2/KEAP1, PIK3CA/AKT1, and NTRK2/BDNF pathways. These findings suggest that XYW exert antidepressant-like effects in OB rats with depression-like symptoms, and these effects are mediated by the alleviation of oxidative stress and the enhancement of neuroprotective effects through the activation of the PIK3CA-AKT1-NFE2L2/BDNF signaling pathways.
Keywords: xiaoyao pills, depression, olfactory bulbectomized rats, oxidative stress, inflammatory response
INTRODUCTION
Depression is one of the most common mental illnesses and is characterized by low mood, sleep disturbances, loss of energy, change in appetite, constipation, decreased concentration, and risk of suicide (Cui, 2015). It has become increasingly clear that oxidative stress may play a crucial role in the activation of intracellular signaling pathways that are thought to be involved in various psychiatric disorders (Michael et al., 2011). Long-term exposure to stress may lead to changes in the structure and function of the brain, which can lead to cognitive deficits and an increased risk of developing a psychiatric disorder (Lupien et al., 2009; Dragana et al., 2016). It has been suggested that environmental stressors may have a significant impact on the generation of reactive oxygen species (ROS) in the brain (Manoli et al., 2000; Fontella et al., 2005) disruptions in the balance between the clearance and production of active free radicals (i.e., ROS) in the body induce an oxidative stress reaction, which leads to macromolecular oxidation (e.g., lipids, DNA, and proteins) (Tanja et al., 2012), oxidation defense system damage (e.g. glutathione [GSH], and superoxide dismutase [SOD]) (Herbet et al., 2017), and inflammation (Hovatta et al., 2010). Increased levels of ROS in the blood have been reported in patients with major depression (Bilici et al., 2001). Moreover, previous studies have confirmed that there is a close relationship between excessive elevation of ROS levels and the pathogenesis of depression (Du et al., 2016; Herbet et al., 2017).
Clinically, traditional Chinese medicines (TCMs) are commonly used as complementary and alternative therapies for the treatment of depression. Recently, numerous studies have demonstrated that TCMs are effective in relieving symptoms of depression in both patients and animal models via various complex mechanisms (Wang Y. et al., 2017). Xiaoyao Pills (XYW) are a modified form of the commonly prescribed Xiaoyao powder, which contains eight herbs in various ratios (Bupleurum chinense DC., Angelica sinensis Diels., Paeonia lactiflora Pall., Atractylodes macrocephala Koidz., Mentha haplocalyx Briq., Poria cocos Wolf., Glycyrrhiza uralensis Fisch., Zingiber officinale Rosc. in ratios of 9:9:9:9:1.5:9:4.5:9, respectively). Because it is included in the China Pharmacopoeia Commision, 2020 Edition, XYW has the advantages of an established preparation technology and strict quality control compared with Xiaoyao powder. According to the TCM theory, the pathogenesis of depression is linked to liver-qi stagnation, blood stasis, and a deficiency of the spleen-qi (Zhang et al., 2005). Xiaoyao powder is thought to treat and prevent depressive syndromes by effectively smoothing the liver, nourishing blood, and strengthening the spleen. In our previous studies, we demonstrated that Xiaoyao powder exerts definitive anti-depressive effects by regulating the level and function of serotonin (Xiong et al., 2007a; Xiong et al., 2007b), improving neuroinflammation (Shi et al., 2019a; Fang et al., 2020), promoting synaptic plasticity (Shi et al., 2018; Shi et al., 2019a; Shi et al., 2019b; Shi B. et al., 2019), reversing decreases in neurotrophic factor (Wang et al., 2018c), and reducing neuronal apoptosis (Li et al., 2010; Jiang et al., 2014, 2015). Although XYW has been confirmed to affect multiple pathways that are targeted by antidepressants, the effect on oxidative stress remains unclear.
The NFE2L2/Kelch-like ECH associated protein-1 (KEAP1) pathway is a major regulator of redox homeostasis (Baird and Dinkova, 2011). NFE2L2 is usually retained in the cytosol, where it is tethered to its cytosolic repressor, KEAP1. A recent study has shown that NFE2L2 antioxidant signaling pathways are inhibited in the prefrontal cortex of patients with severe depression (Martín-Hernández et al., 2018). Furthermore, NFE2L2 gene knockout increases susceptibility to depression (Bouvier et al., 2017). NFE2L2 is also thought to be involved in the mechanisms underlying the antidepressant effect of serotonin reuptake inhibitors (Mendez-David et al., 2015). Taken together, it is evident that NFE2L2 plays an important role in the pathogenesis of depression (Martín-Hernández et al., 2016; Yao et al., 2016). Based on these findings, we hypothesize that long-term olfactory absence results in chronic stress and suppression of the NFE2L2 signaling pathway, which leads to the development of depression. However, the association between oxidative stress and the pathogenesis of depression is poorly understood, and there are currently no recognized therapies that effectively halt or slow the progression of depression. Therefore, using the OB rat model, we investigated whether XYW attenuated depression-like behaviors and oxidative stress. We also explored the mechanisms underlying these effects.
MATERIALS AND METHODS
Xiaoyao Pills Quality Control
Xiaoyao Pills is composed of eight Chinese herbal medicines with the characteristics of complex composition. However, the Chinese Pharmacopoeia only provides content determination for paeoniflorin (C23H28O11). According to previous literature (Liu et al., 2018; Zhao et al., 2018), they analyzed the composition of XYW, including paeoniflorin, liquiritin, saikosaponin B2 and atractylenolide Ⅱ. In the present study, we determined the components of paeoniflorin (C23H28O11), liquiritin (C21H22O9), saikosaponin B2 (C42H68O13) and atractylenolide Ⅱ (C15H20O2).
The analysis was performed by high-performance liquid chromatography (HPLC) (Thermo, US). Hypersil GOLDTMC18 chromatographic column (250 mm × 4.6 mm, 5 μm, Thermo SCIENTIFIC) was used and the chromatographic separation conditions were as follows: mobile phase: 0.05% (V/V) phosphoric acid (A) + acetonitrile (B) (0∼30 min, 10∼25% B; 30–40 min, 25∼44% B; 40∼60 min, 44∼50% B; 60∼70 min, 50∼60% B; 70∼80 min, 60∼75% B; 80∼90 min, 75∼10% B; 90∼100 min, 10% B); detection wavelength: 230 nm (10∼16 min, paeoniflorin), 210 nm (16∼20 min, liquiritin), 210 nm (43∼47 min, saikosaponin B2), 230 nm (58∼62 min, atractylenolide II); column temperature: 30°C; flow rate: 1.0 ml·min−1; injection volume: 10 μL. Stock solutions of XYW was prepared by dissolving 1.0 g of analyte in 100 ml dilute methanol. The content of paeoniflorin (C23H28O11), liquiritin (C21H22O9), saikosaponin B2 (C42H68O13) and atractylenolide II (C15H20O2) in XYW was determined.
Drugs and Reagents
The XYW (Tai Ji, China, batch number 1707029) and fluoxetine hydrochloride (FLX) (Patheon, France, 7686 A) were dissolved in pure water solution preparation (SOD, batch number 20180,309), malondialdehyde (MDA, batch number 20180,313) (GSH, batch number 20180,621), and GSH/glutathione disulfide (GSH/GSSG, batch number 20180,726) levels were assessed using commercially available kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Nitric oxide (NO) assay kit (Biyuntian, 0,72117,171,110, China). Rat interleukin 6 (IL6) ELISA Kit (MULTI SCIENCES, A30680231), rat interleukin 1β (IL1B) ELISA Kit (ExCell Bio, 21H183), rabbit anti-NTRK2 antibody (Cell Signaling Technology; Cat. No. #4603), rabbit anti-AKT1 antibody (Cell Signaling Technology; Cat. No. #4691S), rabbit anti-p-AKT1 antibody (Cell Signaling Technology; Cat. No. #4060S), rabbit anti-HMOX1 antibody (Cell Signaling Technology; Cat. No. #S2206S), rabbit anti-PIK3CA antibody (Servicebio; Cat. No. #LS190932), rabbit anti-GAPDH antibody (Servicebio; Cat. No. #GB11002), rabbit anti-SOD1 antibody (Novus Biologicals; Cat. No. #03253462C2B), rabbit anti-NFE2L2 antibody (Invitrogen; Cat. No. #TK2668681A), rabbit anti-brain-derived neurotrophic factor (BDNF) antibody (Abcam; Cat. No. #ab108319) and anti-rabbit IgG HRP-linked antibody (Servicebio; Cat. No. #GB23303).
Animals
Male Sprague-Dawley rats weighing 180–200 g were purchased from Chengdu Dashuo Biotechnology Company (Chengdu, China, Qualified number: SCXK-[Chuan]-2015-030). Before commencing the experiment, the animals were randomly housed in cages at room temperature (25 ± 2°C) with a 12-h light/dark cycle. They had full access to food and water and were acclimatized to the environment for 3 days. The experiments were conducted in accordance with the guidelines of the Committee for Animal Care and Use of Laboratory Animals, College of Pharmacy, Chengdu University of Traditional Chinese Medicine (Chengdu, China).
Olfactory Bulbectomy Surgery
Olfactory bulbectomy was performed according to previously used methods (Van, 1990; Freitas et al., 2013) but with minor modifications. Briefly, rats were anesthetized, and the skull covering the olfactory bulbs was exposed using a midline incision. Then, 2 mm burr holes were drilled 8 mm anterior to the bregma and 2 mm lateral to the midline. The top of the rats’ heads was shaved and fixed to a brain stereotaxic instrument. The incisor bar was set at 4.5 mm below the interaural line. Both olfactory bulbs were obliterated and aspirated, the holes were filled with glass-ionomer cement, and the scalp was subsequently sutured. Sham-operated rats underwent the same procedure but without the bulb obliteration/aspiration. The animals received daily intramuscular injections of penicillin (8 × 105 U, 0.1 ml/200 g) for 3 days post-surgery to prevent infection and were subsequently housed individually in polypropylene cages. The experiments were continued after 15 days of recovery, after which the OB rats were selected using the open field test. The experimental procedure is illustrated in Figure 1A.
[image: Figure 1]FIGURE 1 | XYW administration reversed depression-like behaviors in OB rats (A) The program of OB model preparation and drug administration in the present study (B) Horizontal movement of rats in sham and OB groups in the presence or absence of FLX and XYW treatments in open filed test. n = 8 in each group (C) Dressing time in splash test. n = 8 (D) Feeding latency in novelty suppressed feeding test. n = 8 (E) Percentage of sucrose preference in sucrose preference test. n = 8 (F) Body weight. n = 8. Data are expressed as mean ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 and **p < 0.01 vs. OB group.
Drug Treatment
Animals in the XYW group (0.93 and 1.86 g·kg−1) were intragastrically administered XYW daily for 30 days after the 15-days recovery from surgery. Animals in the FLX group (0.01 g·kg−1) were intragastrically administered FLX daily for 30 days after the 15-days recovery from surgery. Animals in the sham and OB groups received equivalent volumes of water daily to ensure isocaloric intake.
Behavioral Studies
Open Field Test
The rats from each treatment group were put into the corner of an open box. After 2 min of adaptation, we observed and recorded the total distance traveled during a 4-min period (Zueger et al., 2005).
Sucrose Preference Test
Two water bottles were placed in each cage during feeding to eliminate the effect of animal habits on the experiment. Before testing, all rats were fasted and water-deprived for 24 h. On the day of testing, drinking water and a 2% sucrose solution were placed in the home cage for 6 h. At the end of testing, the fluid content was measured, and sucrose preference was calculated using the following equation: sucrose preference (%) = sucrose intake/(sucrose intake + water intake) × 100%
Splash Test
The splash test was performed in a standard rat cage with no bedding. The rats were sprayed with a 2 ml 10% sucrose solution on the dorsal while in their home cage to induce grooming behavior. We recorded the total grooming time during a 5-min period (Surget et al., 2008).
Novelty Suppressed Feeding Test
The rats were deprived of food for 48 h before testing. For the test, the rats were placed in an open field (60 × 60 × 20 cm) that had a small amount of food placed at the center. The time taken for the rat to bite the food was recorded as the feeding latency where rats were given up to 5 min (Wang et al., 2018b).
Tissue Sample Collection
After the behavioral tests were completed, abdominal aorta bleeds were performed, and plasma was collected by centrifugation at 3,000 rpm for 15 min. Both the hippocampus and cortex tissues were immediately dissected on an ice-plate and frozen with liquid nitrogen. All tissue samples were then stored at −80°C.
Oxidative Stress Assays
The levels of SOD, MDA, GSH, and GSH/GSSG in the serum and cortex were assessed using commercially available kits according to manufacturer instructions. Briefly, the cortex tissue was homogenized with 0.9% saline in an ice-bath and centrifuged (12,000 g, 4°C, 10 min). The supernatant and serum were applied to estimate the antioxidant content.
Inflammatory Markers Assays
The levels of NO in the serum were determined using a commercially available NO assay kit according to manufacturer instructions. The optical density was measured at 540 nm using a micro-plate reader. The levels of IL6 and IL1B in the serum and cortex were determined using commercially available ELISA kits according to manufacturer instructions. Briefly, the cortex tissue was homogenized with 0.9% saline in an ice-bath and centrifuged (12,000 g, 4°C, 10 min). The supernatant and serum were applied to estimate the IL6 and IL1B content. Optical density was measured at 450 nm using a micro-plate reader.
RNA Isolation and Gene Expression Assessment
Total RNA was used to synthesize complementary DNA using a FastQuant RT kit (Tiangen, Beijing, China). The amplification reactions were performed in 96-well reaction plates with a 20 μL reaction volume (Bio-Rad, Hercules, CA, United States). The gene primer sequences for Actb, Nfe2l2, Keap1, Gpx3, Hmox1, Nqo1, and Ogg1 used in this study are listed in Table 1. Data were normalized using the 2−ΔΔCt method.
TABLE 1 | Gene primer sequence.
[image: Table 1]Western Blot Analysis
RIPA lysate buffer containing 1 mM phenylmethanesulfonyl fluoride and 1 mM phosphatase inhibitor cocktail was added to each sample to collect the total protein. The total protein concentration of each sample was determined using the bicinchoninic acid assay method, and all samples were adjusted to have the same concentration. The prtein samples were mixed with a 5× loading buffer and denatured at 95°C. The proteins were separated using sodium dodecylsulfonate-polyacrylamide gel electrophoresis and electrophoretically transferred onto polyvinylidene fluoride membranes. The membranes were probed with rabbit anti-NTRK2 (1:1000; Cell Signaling Technology; Cat. No. #4603), rabbit anti-AKT1 (1:1000; Cell Signaling Technology; Cat. No. #4691S), rabbit anti-p-AKT1 (1:1000-Ak; Cell Signaling Technology; Cat. No. #4060S), rabbit anti-HMOX1 (1:1000; Cell Signaling Technology; Cat. No. #S2206S), rabbit anti- PIK3CA (1:1000; Servicebio; Cat. No. #LS190932), rabbit anti-GAPDH (1:1000; Servicebio; Cat. No. #GB11002), rabbit anti-SOD1 (1:1000; Novus Biologicals; Cat. No. #03253462C2B), rabbit anti-NFE2L2 (1:1000; Invitrogen; Cat. No. #TK2668681A), and rabbit anti-BDNF (1:1000; Abcam; Cat. No. #ab108319) antibodies overnight at 4°C and then incubated with anti-rabbit IgG HRP-linked antibody (1:3000; Servicebio; Cat. No. #GB23303) at 37°C for 1.5 h. Detection was performed using a ChemiDoc XRS+ (BioRad, United States) image analysis system.
Immunofluorescence Staining
The brain tissues were sliced into frozen sections (Thermo, Cryotome E), and the tissue sections were subsequently rewarmed. The tissue slides were incubated for 30 min at 37°C in the dark with DHE (Sigma, D7008) stain, which was diluted with phosphate-buffered saline. The slides were placed on a shaker and washed three times for 5 min each time. After drying the slide slightly, the DAPI dye solution was added dropwise, and the core was stained for 10 min at room temperature. The sections were observed under a fluorescence microscope (ECLIPSE TI-SR, Nikon, Japan), and the images were captured. The nucleus was stained blue, and the level of ROS in the cells was judged based on the intensity of red fluorescence. Image acquisition was performed at ×200 magnification. The relative expression of ROS was calculated according to the relative cumulative optical density (IOD), which was calculated by the formula: IOD = ROS cumulative optical density/nuclear stain cumulative optical density.
Statistical Analyses
All statistical analyses were performed using SPSS 21 (IBM Corporation, Armonk, NY, United States). Data are presented as means ± standard deviations. All analyses were performed using a one-way analysis of variance (SNK was used for pairwise between group comparisons) or t-test. Differences were considered statistically significant at p < 0.05.
RESULTS
Content of Paeoniflorin, Liquiritin, Saikosaponin B2 and Atractylenolide II in Xiaoyao Pills
According to National Pharmacopoeia Committee (2020 edition), the content of paeoniflorin should not be less than 4.0 mg in 1.0 g of condensed pills. The characteristic map (chromatogram) of Xiaoyao Pills is shown in Figure 2, peak 1 represents peak characteristic of paeoniflorin, and the content of paeoniflorin in 1.0 g Xiaoyao Pills was 8.48 mg. Moreover, peak 2, 3, 4 represent peak characteristic of liquiritin, saikosaponin B2, atractylenolide II, respectively. The content of liquiritin, saikosaponin B2, and atractylenolide II in 1.0 g XYW is 1.31, 0.63, and 0.05 mg, respectively.
[image: Figure 2]FIGURE 2 | The quality control map of Xiaoyao Pills (A) The chemical structure formula of paeoniflorin, liquiritin, saikosaponin B2 and atractylenolide II (B) High performance liquid chromatography map of reference substance (Peak 1, 2, 3, 4 represent peak characteristic of paeoniflorin, liquiritin, saikosaponin B2, atractylenolide II, respectively) (C) High performance liquid chromatography map of Xiaoyao Pills sample (Peak 1, 2, 3, 4 represent peak characteristic of paeoniflorin, liquiritin, saikosaponin B2, atractylenolide II, respectively).
Xiaoyao Pills Partially Reversed Depression-like Behaviors of Olfactory Bulbectomized Rats
On day 15, OB rats showed a significant increase in horizontal movements in the OFT (Figure 1B, p < 0.05) and a significant decrease in grooming time in the ST (Figure 1C, p < 0.001) compared with the sham group, whereas the FLX and XYW (0.93 and 1.86 g·kg−1) treatment groups showed a dramatic reversal of depression-like behaviors (p < 0.01 and p < 0.001, respectively).
In contrast with the sham group, on day 30, OB rats showed a significant increase in both horizontal movements in the OFT (Figure 1B, p < 0.001) and feeding latency in the NSFT (Figure 1D, p < 0.05), whereas grooming time in the ST (Figure 1C, p < 0.001) and sucrose preference in the SPT (Figure 1E, p < 0.05) decreased, which suggested that olfactory bulbectomy induced continuous depression-like behaviors. However, FLX treatment significantly alleviated the depression-like behavior of OB rats in the OFT only (Figure 1B, p < 0.05), whereas XYW (0.93 and 1.86 g·kg−1) treatment significantly reversed the depression-like behaviors in the OFT, ST, NSFT, and SPT (Figures 1B–E, p < 0.05, p < 0.01, and p < 0.001). Moreover, the trend of weight gain in OB rats was less than that in the sham rats, whereas the drugs restored that (Figure 1F). The behavioral results indicate that XYW (0.93 and 1.86 g·kg−1) can significantly improve the depression-like behaviors of rat caused by olfactory bulbectomy, suggesting that it has anti-depression-like effects.
Xiaoyao Pills Mitigated Oxidative Stress and Neuroinflammation Caused by Olfactory Bulbectomy
To investigate whether olfactory bulbectomy caused oxidative stress, we assessed the relevant antioxidants. As shown in Figures 3A–C, both the SOD activity and GSH level in the serum of OB rats were significantly lower than those of the sham rats (p < 0.05), whereas the ratio of GSSG/GSH was significantly higher (p < 0.05); these were significantly alleviated by treatment with FLX and XYW (0.93 and 1.86 g·kg−1). Similarly, the OB rats exhibited lower GSH activity (p < 0.05) and higher MDA (p < 0.05) levels in the cortex (Figures 3D,E); treatment with FLX (p < 0.05) and XYW (1.86 g·kg−1, p < 0.05; 0.93 g·kg−1, p < 0.01) effectively reduced MDA levels without reversing the levels of GSH. Our examination of the production of cytokines to detect whether further inflammation occurred due to oxidative stress revealed significant elevation in the levels of NO, IL6, and IL1B in both the serum and cortex of OB rats. Moreover, treated rats also showed alleviation and enhanced expression of the inflammatory mediator, NO, and proinflammatory cytokines, IL6 and IL1B (Figures 4A–E).
[image: Figure 3]FIGURE 3 | The anti-oxidative activities of XYW in OB model (A and B, C) In the serum, the activity of SOD and the levels of GSH and GSSG/GSH were reduced in OB rats, while XYW administration exhibited significantly more active of SOD and higher levels of GSH. n = 8 in each group (D and E) In the cortex, OB significantly affected the levels of GSH and MDA, while XYW administration significantly decreased the level of MDA. n = 8. Data are expressed as mean ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 and **p < 0.01 vs. OB group.
[image: Figure 4]FIGURE 4 | The anti-inflammatory activities of XYW in OB model (A andB, C) In the serum, the levels of NO, IL6 and IL1B were elevated in OB rats, while XYW administration exhibited significantly lower levels of NO, IL6 and IL1B. n = 5 in each group (D and E) In the cortex, OB significantly increased the levels of IL6 and IL1B, while XYW administration down-regulated the level of IL6. n = 5. Data are expressed as mean ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 and **p < 0.01 vs. OB group.
Taken together, these results confirm that XYW (0.93 and 1.86 g·kg−1) administration can restore the damage caused by central and peripheral oxidative stress and minimize further inflammation, which demonstrates the neuroprotective effect of XYW.
Xiaoyao Pills Reduced the Production of ROS in the Cortex and Hippocampus of Olfactory Bulbectomized Rats
An increased ROS level is an important indicator of oxidative stress. To visually observe oxidative stress levels, we conducted immunofluorescence detection of ROS in the cortex and CA3 and DG regions of the hippocampus. A DHE dye solution was used to tag superoxide anion ([image: image]), which is shown by the red ROS staining in Figures 5A–C. As shown in Figure 5D, OB rats showed slightly more ROS fluorescence in the cortex and hippocampal CA3 region than the sham rats and had significantly stronger ROS fluorescence signals in the hippocampal DG region (p < 0.01). Similarly, XYW (1.86 g·kg−1) and FLX treated rats showed distinctly less red fluorescence in the cortex and hippocampal CA3 and DG regions (p < 0.01). Our results further indicate that high doses of XYW eliminate ROS to reduce the oxidative stress level in the cortex and hippocampus of OB rats.
[image: Figure 5]FIGURE 5 | XYW reduced the production of ROS in the cortex and hippocampus CA3/DG regions of OB rats (A andB, C) Immunofluorescence of ROS in rat brain (×200) (A) Cortex. n = 3 in each group (B)Hippocampus CA3 region. n = 3 (C)Hippocampus DG region. n = 3 (D) Mean iod of ROS. Data are expressed as means ± SD. ##p < 0.01 vs. Sham group, **p < 0 0.01 vs. OB group.
Xiaoyao Pills Restored the Gene Transcription and Protein Expression of Nfe2l2/Keap1 Pathway in Olfactory Bulbectomized Rats
It is well known that the Nfe2l2/Keap1 pathway, which promotes transcription of antioxidants and reduces oxidative stress damage, is of vital importance for the antioxidative system. Therefore, we further studied gene transcription and protein expression of the Nfe2l2/Keap1 pathway in the OB rats.
As shown in Figures 6A–E, the messenger RNA (mRNA) levels of Nfe2l2 and Keap1 as well as the downstream Hmox1, Nqo1 and Gpx3 (p < 0.05) were significantly downregulated (p < 0.05) in the cortex of OB rats. Consistent with previous findings, treatment with FLX and XYW (0.93 and 1.86·g kg−1) showed marked antioxidant effects. FLX treatment significantly restored transcription of Nfe2l2, Hmox1, Nqo1 and Gpx3 mRNA (p < 0.05), and XYW (0.93 and 1.86 g·kg−1) treatment restored transcription of Nfe2l2, Keap1, Hmox-1, Nqo1 and CPX3 mRNA (p < 0.05). In the hippocampus of OB rats (Figures 6G–K), there was a significant reduction of Nfe2l2, Hmox1 and Nqo1 mRNA (p < 0.05), whereas the downregulated Hmox1 and Nfe2l2 mRNA were restored by XYW (0.93 and 1.86 g·kg−1) treatment (p < 0.05). Furthermore, Ogg1 (Figures 6F,L), a specific enzyme that repairs DNA oxidative damage, was decreased in both the cortex and hippocampus of OB rats and was significantly improved by XYW (1.86 g·kg−1) treatment (p < 0.05).
[image: Figure 6]FIGURE 6 | XYW up-regulated the Nfe2l2/Keap1 pathway and related antioxidant enzymes genes expression in the cortex and hippocampus of OB rats (A–F) Genes expression of Keap1, Nfe2l2, Hmox1, Nqo1, Gpx3 and Ogg1in the cortex. n = 4 in each group (G–L) Genes expression of Keap1, Nfe2l2, Hmox1, Nqo1, Gpx3 and Ogg1 in the hippocampus. n = 4. Data are expressed as means ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 vs. OB group.
In terms of protein level, HMOX1 and SOD1 were significantly reduced in the cortex and hippocampus of OB rats (p < 0.05), whereas FLX and XYW (0.93 and 1.86 g·kg−1) treatments accelerated the production of HMOX1 and SOD1 (p < 0.05; Figures 7A–G). As shown in Figures 7A,B, the downregulation of NFE2L2 in the cortex was reversed by XYW (1.86 g·kg−1) treatment; however, this was not statistically significant. These findings suggest that during states of excessive oxidative stress, the NFE2L2/KEAP1 pathway is suppressed, so that downstream antioxidants, such as HMOX1, NQO1, GPX3 and SOD1 are reduced, which heightens the risk for DNA damage. Moreover, XYW treatments reverse the downregulated NFE2L2/KEAP1 pathway to produce central antioxidant effects.
[image: Figure 7]FIGURE 7 | XYW activated NFE2L2/KEAP1 pathway both in cortex and hippocampus of OB rats (A andB, C, D) In the cortex, the protein expression levels of SOD1 and HMOX1 were significantly down-regulated in OB rats, while XYW administration markedly exhibited higher levels of SOD1 and HMOX1. n = 5 in each group (E andF, G) In the hippocampus, XYW observably reversed olfactory bulbectomy evoked decreasing levels of SOD1 and HMOX1. n = 5. Data are expressed as mean ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 vs. OB group.
Xiaoyao Pills Restored the Suppressed Upstream Protein Expression of the PIK3CA/AKT1 Pathway in Olfactory Bulbectomized Rats
With mild levels of oxidative stress, the production of ROS activates the PIK3CA/AKT1 pathway and promotes the cleavage of NFE2L2/KEAP1 and nuclear translocation of NFE2L2, which activates the production of downstream antioxidant enzymes, reducing ROS levels to achieve an antioxidant effect (Cameron et al., 2018; Li et al., 2018). However, many investigations have found that ROS inhibit the activation of the PIK3CA/AKT1 pathway, which exacerbates oxidative stress and inflammation, leading to excessive oxidative damage (Wang K. S. et al., 2017; Jiang et al., 2018). In the present study, olfactory bulbectomy led to the suppression of the NFE2L2/KEAP1 pathway, so we assessed protein expression of the PIK3CA/AKT1 pathway to study whether changes in the PIK3CA/AKT1 pathway were similar to those in the downstream NFE2L2/KEAP1 pathway. As shown in Figures 8A–C, the expression of PIK3CA in the cortex of OB rats was significantly lower than that of the sham rats (p < 0.05), whereas the expression of AKT1 showed a decreasing trend. Similarly, PIK3CA in the hippocampus of OB rats showed a decreasing trend and AKT1 was significantly lower (p < 0.05) compared with the sham rats (Figures 8D–F). We also found that administering FLX and XYW (0.93 and 1.86 g·kg−1) improved the protein levels of PIK3CA and AKT1 to some extent (Figures 8D–F). Our results show that the PIK3CA/AKT1 pathway that is upstream of the ROS and NFE2L2/KEAP1 pathways is suppressed as well in the central because of the damage due to the oxidative stress caused by olfactory bulbectomy; however, this could be restored by XYW treatment.
[image: Figure 8]FIGURE 8 | XYW activated PIK3CA/AKT1 pathway both in cortex and hippocampus of OB rats (A andB, C) In the cortex, the levels of PI3K significantly decreased and the ratio of p-AKT1/AKT1 tended to reduce in the OB rats while XYW administration significantly restored the reduction of PIK3CA and p-AKT1/AKT1 in OB rats. n = 5 in each group (D andE, F) Similarly, in the hippocampus, XYW tended to reverse olfactory bulbectomy caused decreasing in the level or ratio of PIK3CA and p-AKT1/AKT1. n = 5. Data are expressed as mean ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 vs. OB group.
Xiaoyao Pills Restored the Decreased Protein Expression of the NTRK2/BDNF Pathway in Olfactory Bulbectomized Rats
BDNF has been well established as a specific indicator of depression-related diseases. Furthermore, the production of BDNF is closely related to the activation of the PIK3CA/AKT1 and CREB1/BDNF pathways (Mohammadi et al., 2018; Rai et al., 2019). The activation of PIK3CA induces the phosphorylation of AKT1, which activates CREB1, resulting in the elevation in the expression of BDNF. Moreover, the binding of NTRK2 and BDNF activates the PIK3CA/AKT1 pathway, which promotes synaptic plasticity and enhances long-term potentiation to alleviate depression. Because the PIK3CA/AKT1 pathway was suppressed due to excessive oxidative stress, we tested whether the expression of BDNF and the activity of the downstream pathway were also inhibited. As shown in Figures 9A–F, the protein levels of NTRK2 and BDNF in both the cortex and hippocampus of the OB rats were significantly downregulated compared with that of the sham rats (p < 0.05). FLX and XYW (0.93 and 1.86 g·kg−1) treatment dramatically restored the reduction in protein expression of NTRK2 and BDNF (p < 0.05), which demonstrated the neuroprotective effects of the treatments. Our results suggest that oxidative stress damage caused by olfactory bulbectomy is accompanied by the suppression of the NTRK2/BDNF pathway, and XYW is able to reverse this effect to promote the expression of BDNF and provide neuroprotection.
[image: Figure 9]FIGURE 9 | XYW activated NTRK2/BDNF pathway both in cortex and hippocampus of OB rats (A andB, C) In the cortex, the levels of BDNF and NTRK2 were significantly down-regulated in OB rats, while XYW administration markedly exhibited higher levels of BDNF and NTRK2. n = 5 in each group (D andE, F) In the hippocampus, XYW observably reversed olfactory bulbectomy evoked decreasing levels of BDNF and NTRK2. n = 5. Data are expressed as mean ± SD. #p < 0.05 vs. Sham group, *p < 0 0.05 vs. OB group.
DISCUSSION
Depression is a common chronic disease, which seriously affects the physical health and quality of life of patients. XYW, a clinically prescribed medication, has been shown to induce specific antidepressant effects; however, the underlying mechanism remains unclear. Olfactory bulbectomy is a recognized animal model of depression that induces changes in physiological functions and behaviors in the animal that resemble symptoms commonly observed in patients with depression (Czéh et al., 2016). Our findings reveal that XYW effectively ameliorate the behavioral dysfunctions induced by olfactory bulbectomy through the attenuation of oxidative stress and neuroinflammation by activating the PIK3CA-AKT1-NFE2L2/BDNF pathways in the cortex and hippocampus. A schematic representation of the underlying mechanism of the antidepressant effects of XYW are illustrated in Figure 10.
[image: Figure 10]FIGURE 10 | XYW alleviated olfactory bulbectomy induced depression-like behaviors via activating PIK3CA-AKT1-NFE2L2/BDNF pathway in the cortex and hippocampus.
Previous reports have confirmed that neuroinflammation is involved in the pathogenesis of depression and may be a potential therapeutic target for depression (Dowlati et al., 2010; Marc et al., 2014). In our OB rats, high levels of ROS expression were found in the hippocampal DG and CA3 regions and cortex, and MDA levels were elevated in the cortex, which suggests that the OB rats experienced oxidative damage. In addition, the high GSSG/GSH ratio and reduced activity of SOD in the serum indicated that OB rats had an impaired antioxidant system, which weakened their ability to scavenge for oxygen-free radicals. Moreover, the imbalance of redox homeostasis correlated with depression. Evidence has confirmed that high levels of ROS can act as upstream messengers to activate the NLRP3 (Suárez and Buelvas, 2015) and NF-κB inflammatory signaling pathways (Formentini et al., 2017; Gan et al., 2017). Furthermore, the production of caspase-1 induces the maturation of the inflammatory mediator IL1B (Du et al., 2016). Consequently, oxidative stress in the central may cause neuroinflammation, which is an important factor that contributes to neuronal damage.
As mentioned earlier, NFE2L2 has been implicated in various psychiatric disorders, such as depression and anxiety (Hashimoto, 2018; Perić et al., 2017). Activation of the NFE2L2 signaling pathway can improve the lipopolysaccharide (LPS)-induced inflammatory response and reduce damage due to oxidative stress (Ren et al., 2019). In the LPS and chronic unpredictable mild stress-induced depression models, NFE2L2 signals were found to play key roles (Huang et al., 2013; Yang et al., 2018b). The NFE2L2-ARE pathway is an intrinsic mechanism of defense against oxidative stress. Moreover, NFE2L2 is a transcription factor that induces the expression of a large number of cytoprotective and detoxification genes (Buendia et al., 2016). During states of adequate oxidative stress, the NFE2L2 detaches from KEAP1 (an endogenous inhibitor of NFE2L2) and transfers to the nucleus to combine with ARE, which promotes the translation of antioxidants, such as SOD and HMOX1 (Tu et al., 2019). In the present study, the expression of NFE2L2 and KEAP1 as well as downstream antioxidant enzymes (e.g., GPX3, NQO1, and HMOX1) were significantly reduced in OB rats. We also observed a simultaneous increase in IL6 and IL1B levels in both the serum and cortex, which indicated that sustained olfactory bulbectomy-induced oxidative stress triggered an inflammatory response, which inhibited the activation of the NFE2L2 antioxidant signaling pathway. Notably, XYW treatment significantly lowered the levels of MDA, ROS, NO, IL6, and IL1B, elevated the levels of GSH, SOD, GPX, NQO1, HMOX1, NFE2L2, and KEAP1, and ameliorated the behavioral deficits that resulted from olfactory bulbectomy. Recent studies have confirmed that XYW mitigates LPS-induced neuroinflammation, synaptic damage, and neuron deficiency both in vivo and vitro (Shi et al., 2019a; Fang et al., 2020). These results suggest that XYW regulates oxidative stress and neuroinflammation via the NFE2L2/KEAP1 pathway.
The PIK3CA/AKT1 pathway is a core component in the pathogenesis of depression. Firstly, the PIK3CA/AKT1 pathway plays an essential role in the uptake and transport of serotonin, glutamate, and acetylcholine, and thus regulates the level and function of neurotransmitter receptors. Secondly, PIK3CA catalyzes PIP2 into PIP3, which induces the phosphorylation of AKT1. Subsequently p-AKT1 activates several downstream pathways, such as the mTOR, FoxO, GSK-3β, and NF-κB pathways, thereby regulating protein synthesis, cell proliferation, differentiation, autophagy, and apoptosis (Magariños et al., 1996; Polter et al., 2009; Li et al., 2010; Beurel et al., 2011; Dou et al., 2015). Thirdly, the PIK3CA/AKT1 pathway can cease ROS production by facilitating the synthesis of SOD and promoting appropriate mitochondrial autophagy, leading to an improvement mitochondrial function (Cunningham et al., 2007; Bellot et al., 2009). In our study, we found that olfactory bulbectomy caused mass production of ROS in the cortex and hippocampus, which inhibited the PIK3CA-AKT1-NFE2L2/KEAP1 pathway, leading to reduced production of antioxidant enzymes and weakened clearing capacity of ROS in the central. Finally, the PIK3CA/AKT1 pathway interacts with BDNF, as was demonstrated in our study. On the one hand, phosphorylation of AKT1 can activate CREB, which further promotes the synthesis of BDNF (Jiang et al., 2017). On the other hand, when BDNF binds with NTRK2, a BDNF specific receptor, the PIK3CA/AKT1 pathway is activated (Jiang et al., 2017), which retriggers the physiological process. We also found that there was reduced expression of BDNF and NTRK2 in the cortex and hippocampus of OB rats, which may have been due to oxidative damage, and indicated that the development and nutrition of neurons were compromised. Overall, our study verified that during states of excessive oxidative stress, the PIK3CA/AKT1/NFE2L2/KEAP1 and PIK3CA/AKT1/BDNF/NTRK2 signaling pathways are suppressed, which induced OB rats to exhibit phenotypic behaviors of depression.
In recent decades, there has been limited improvement in the drugs used to treat depression, with selective serotonin reuptake inhibitors (SSRIs) continuing to be the most widely used class of antidepressants (Berton and Nestler, 2006). However, SSRIs generally take several weeks to achieve a therapeutic effect. It has been reported than about a third of patients do not respond to SSRIs; moreover, SSRIs can have side effects in some patients (Rush et al., 2006; Holtzheimer and Mayberg, 2011). The disadvantages of SSRI treatment are mainly attributed to the unclear pathogenesis of depression. Therefore, further studies on the pathogenesis of depression is necessary to develop more effective treatments. Several studies to date have shown that the pathogenesis of depression is complex and involves multi-target and multi-pathway regulation. Complex components and difficulties in identifying effective components are the disadvantages of traditional Chinese medicine; although, they are also the advantages of the treatment of depression. For example, there are numerous representative effective constituents of XYW that have antidepressant effects: Total Saikosaponins, which has anti-inflammation, anti-apoptosis, and synaptic protein expression promoting effects (Lixing et al., 2018; Sun et al., 2018); Glycyrrhizic acid, which has an antidepressant effect by modulating autophagy, promoting anti-inflammation, and ameliorating the kynurenine pathway (Wang et al., 2018a; Yang et al., 2018a; Cao et al., 2020); and Paeoniflorin, which exerts a neuroprotective effect by inhibiting oxidative stress and Ca2+ overload, promotes neurogenesis in the hippocampal dentate gyrus, and activatess the MAPK1-CREB1 pathway (Mao et al., 2010; Chen et al., 2019; Zhong et al., 2019). These three components have varying mechanisms of action to induce the antidepressant effect, which suggests that the advantage of TCM compounds as depression treatments lies in the complexity of its components; therefore, TCMs have the potential to restore molecular imbalances at different levels in a multi-component and multi-target manner. As shown in our previous studies, Xiaoyao powder and XYW may offer an effective form of depression treatment by improving neurotransmission, neuroinflammation, neurogenesis, and other aspects in multi-component, multi-target and multi-pathway ways. Moreover, XYW can be extensively used to treat a variety of uncomfortable symptoms caused by depression, such as decreased gastrointestinal function, decreased sexual desire, and insomnia (Gong, 2014; Cao et al., 2019; Xian, 2007). These benefits are related to its effects of smoothing the liver, nourishing the blood, and strengthening the spleen, which are effects that cannot be achieved by FLX.
Both the cortex and hippocampus are two important brain regions that are associated with the pathogenesis of depression. The cortex is a significant nerve center that regulates thinking and behavior, whereas the hippocampus is responsible for memory formation, storage, and emotional adjustment (Treadway et al., 2015; Hainmueller and Bartos, 2018). Recent studies have shown that stress and depression have an impact on cortical and hippocampal morphology (Belleau et al., 2019) and function, such as suppressed neuroplasticity, decreased spine density, downregulation of neurotropic factors, and increased neuroinflammation (Lanz et al., 2019; Zhang et al., 2014; Giridharan et al., 2019). In the present study, we found that XYW promoted transcription of KEAP1/NFE2L2 pathway genes and upregulated protein expression of NFE2L2, SOD1, HMOX1, p-PIK3CA, p-AKT1, BDNF, and NTRK2 in both the cortex and hippocampus, which suggests that XYW has antioxidative and neuroprotective effects on both regions.
Overall, we demonstrated that by removing the olfactory bulb, it is possible to induce continuous oxidative stress in the cortex and hippocampus, which results in increased levels of ROS and MDA, reduced activity of SOD, HMOX1, NQO1, GSH, and GPX3, and increased lipid peroxidation. Moreover, we find that the PIK3CA/AKT1, NFE2L2/KEAP1, and NTRK2/BDNF pathways are suppressed, whereas XYW induces the clearance of excessive ROS and enhances the activation of the PIK3CA-AKT1/NFE2L2/BDNF pathway, which results in antidepressant and neuroprotective effects. Although determining the underlying mechanisms requires further investigation, our research highlights that NFE2L2 antioxidant signaling is important in depression and raises the possibility that the Chinese herbal compound, XYW, has promise as an effective treatment for depression.
CONCLUSION
Since there may be a risk of non-specific effects at this dose level, it will be important to further study this extract at lower dose levels.
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Natural products have a significant role in the prevention of disease and boosting of health in humans and animals. Stroke is a disease with high prevalence and incidence, the pathogenesis is a complex cascade reaction. In recent years, it’s reported that a vast number of natural products have demonstrated beneficial effects on stroke worldwide. Natural products have been discovered to modulate activities with multiple targets and signaling pathways to exert neuroprotection via direct or indirect effects on enzymes, such as kinases, regulatory receptors, and proteins. This review provides a comprehensive summary of the established pharmacological effects and multiple target mechanisms of natural products for cerebral ischemic injury in vitro and in vivo preclinical models, and their potential neuro-therapeutic applications. In addition, the biological activity of natural products is closely related to their structure, and the structure-activity relationship of most natural products in neuroprotection is lacking, which should be further explored in future. Overall, we stress on natural products for their role in neuroprotection, and this wide band of pharmacological or biological activities has made them suitable candidates for the treatment of stroke.
Keywords: natural products, cerebral ischemia, neuroprotection, therapeutic application, mechanisms
INTRODUCTION
Stroke is a disease with high prevalence and incidence (Benjamin et al., 2018). Strokes can be divided into two categories: ischemic and hemorrhagic stroke, and over 80% are ischemic stroke (Zhou et al., 2018). Ischemic stroke is a pathological condition characterized by blood vessels occlusion and insufficient of blood supply. Stroke which is one of the most common causes of disability and death worldwide, seriously endangers human health and brings heavy burden to society and family (Donnan et al., 2008; Kalogeris et al., 2016). The pathological mechanism of cerebral ischemia is a complex cascade reaction, and its severity is related to the time of cerebral ischemia and the depth of the ischemic site (Steliga et al., 2020). The occurrence and development of cerebral ischemia included neuron excitotoxicity, mitochondrial dysfunction, neuroinflammatory damage, oxidative stress, etc. It is generally believed that glutamate excitotoxicity, energy metabolism disorder, and Ca2+ overload happened within 24 h of the onset of stroke, accompanied by the generation of free radicals (Guo, Li and Wang, 2009; Manzanero, Santro, Arumugam, 2013). Apoptosis and necrosis also occurred within a few hours of ischemia (Wang, C. et al., 2015). In the subacute phase, brain edema and blood-brain barrier (BBB) destruction happened. Endothelial cells, pericytes, astrocytes, etc are activated and inflammatory factors are released, accompanied with the proliferation of reactive glial cells (Stanimirovic and Satoh, 2000; Liebner et al., 2018). There exists endogenous repair in the late stage of cerebral ischemia, and neurogenesis, glial scars, angiogenesis could be observed (Steliga et al., 2020). Therefore, the occurrence and development of stroke is complicated, which makes its treatment very difficult. Tissue plasminogen activator (t-PA) is the only therapeutic medicine for ischemic stroke approved by Food and Drug Administration (FDA). However, t-PA has a restricted time window of 6 h, and delayed t-PA infusion increases the risk of hemorrhagic transformation and carries high mortality (Group 1995; Hacke et al., 2008). Despite constantly increasing understanding of ischemic stroke pathophysiology through laboratory and clinical studies, the treatment strategy is still not ideal. Therefore, there is an urgent medical need to identify new molecules that can provide neuroprotection against cerebral ischemic or ischemic reperfusion (I/R) injury.
Natural products obtained from natural sources, including plants, animals, fungi and microorganisms. Natural products have played an important role in ancient traditional medicine systems, such as Unani, Chinese and Ayurveda which are still in common use today. Natural products are known to exert additive, synergistic or antagonistic effects on the body. With the pharmacology technology developing, the administration forms of natural products are various, which has drawn much attention for the treatment of stroke from drug discovery to drug delivery (Hermann et al., 2019; Long et al., 2020; Williams et al., 2020). The pathogenesis of stroke is a complex cascade reaction, including neuro-inflammatory damage, oxidative stress, mitochondrial dysfunction, neurotoxicity, blood-brain barrier (BBB) disruption, neurovascular unit (NVU) damage and other factors. In recent years, it’s reported that a vast number of natural products have demonstrated beneficial effects on stroke worldwide (Fei et al., 2020). The neuroprotection of natural products has been discovered to modulate activities via multiple targets and signaling pathways with direct or indirect effects on enzymes, such as kinases, receptors and proteins (Bagli et al., 2016). This wide band of pharmacological or biological activities has made them suitable candidates for the treatment of stroke (Cai et al., 2019; Zhang, C. et al., 2020; Zhong et al., 2020). As a requirement of novel drug development for stroke, there is a focus on the neuroprotection of natural products via multi-targets. Hence, we stress on natural products for their role in neuroprotection (Figure 1). This review provides a comprehensive summary of the pharmacological effects and multiple target mechanisms of natural products for cerebral ischemic or I/R injury.
[image: Figure 1]FIGURE 1 | Neuroprotective effect of various natural products. The color figures of medicine are viewed in www.iplant.cn. The club model comes from PubChem.
METHODOLOGY
Database searches using Google scholar, PubMed, and China National Knowledge Internet (CNKI) were conducted until July 2020 to include up to date documented information in the present review. For data mining, the following words were used in the databases mentioned above: neuroprotection, natural product, phytoconstituents, natural products cerebral ischemic injury, natural products cerebral ischemic reperfusion injury, in vivo and in vitro studies for prevention and treatment of stroke. In almost all cases, the original articles or abstracts were obtained and the relevant data was extracted.
Neuroprotective Role of Flavonoids in Ischemic Brain Injury
Flavonoids, a natural bioactive compound found abundant in vegetables, fruits and traditional herbal medicine. Prevention and/or treatment with flavonoids such as baicalin, apigenin, vitexin, quercetin and other flavonoid compounds have shown promising neuroprotective effects against ischemic-induced injury by through increasing neuronal viability, cerebral blood flow and reducing ischemic-related apoptosis (Putteeraj et al., 2018).
Baicalin
Baicalin, mainly derived from the root of Scutellaria baicalensis Georgi, is one kind of a crucial flavonoid (Figure 2A). This medicinal plant is widely distributed in China, Russia, Mongolia, North Korea and Japan, and has the functions of clearing away heat and dampness, purging fire and detoxification (Zhao et al., 2019). In recent years, baicalin has also been found to have a wide range of neuroprotective effects (Liang et al., 2017; Sowndhararajan et al., 2018). Middle cerebral artery occlusion (MCAO) induced cerebral ischemic injury in vivo and oxygen–glucose deprivation (OGD) induced hypoxia injury in vitro were implemented. Baicalin at doses ranging from 50 to 200 mg/kg could significantly improve neurological deficit and reduce infarct volume via inhibiting apoptotic and oxidative pathway, including myeloid cell leukemia 1 (Mcl 1), B-cell lymphoma-2 (Bcl 2), superoxide dismutase (SOD), malondialdehyde (MDA), and so on (Cao et al., 2011; Zheng et al., 2015). Neuroprotective activity was also confirmed in another study. Baicalin could decrease nuclear factor kappa B (NF-κB) p 65 to exert neuroprotection (Xue et al., 2010). In addition, baicalin 100 mg/kg inhibits toll like receptor 2/4 (TLR2/4) signaling pathway in cerebral ischemia rats (Tu et al., 2011). Baicalin down-regulated nucleotide-binding oligomerization domain protein 2 (NOD2) receptor and tumor necrosis factor α (TNF α) expression of neurons with OGD in vitro and cerebral ischemia-reperfusion in vivo (Li, F et al., 2010). These findings suggested baicalin could afford neuroprotection through multiple pathways.
[image: Figure 2]FIGURE 2 | The flavonoids for cerebral ischemia injury.
Scutellarin and Scutellarein
Scutellarin (Figure 2B) and scutellarein (Figure 2C), is the major active component extracted from Erigeron breviscapus (Vant.) Hand-Mazz, a Chinese herbal medicine (Zhang et al., 2009). Accumulated data have demonstrated the effectiveness and benefits of breviscapine and scutellarin in treating cerebrovascular disease and cardiovascular disease in clinic and in experimental study (Cao et al., 2008; Wang et al., 2015a; Gao et al., 2017). It has demonstrated that scutellarin is benefit to brain injury caused by cerebral ischemia/reperfusion due to its anti-oxidation and anti-inflammatory effects and ability to attenuate neuronal damage (Wang and Ma 2018). Scutellarin could effectively suppress the inflammatory response in activated microglia/brain macrophage in experimentally induced cerebral ischemia, whose underlying mechanism was associated with suppressing the phosphory c-Jun N-terminal kinase (p-JNK) and p-p38 mitogen-activated protein kinase (MAPK), increasing phosphorylation extracellular regulated kinase 1/2 (p-ERK1/2) (Chen H.-L et al., 2020). In MCAO rats given scutellarin 100 mg/kg treatment, neurological scores were significantly improved coupled with a marked decrease in infarct size, which was found that scutellarin had a neuroprotective effect, amplified TNC1 astrogliosis and activated microglia to remodel injured tissue via notch pathway (Fang et al., 2015; Fang et al., 2016). Pretreated with scutellarin 50 or 75 mg/kg has protective effects for cerebral injury through upregulating endothelial nitric oxide synthase (eNOS) expression and downregulating of vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and inducible nitric oxide synthase (iNOS) expression (Hu et al., 2005). Another study also proved scutellarin protected against ischemic injury through regulation of nicotinamide adenine dinucleotide phosphate oxidase 2 (NOX2) and connexin 43 to decrease oxidative damage and apoptotic cell death (Sun, J. B. et al., 2018; Zhang et al., 2009). Scutellarin and scutellarein could improve neuronal injury, and scutellarein had better protective effect than scutellarin through improving the Ca2+-ATPase and Na+, K+-ATPase activity in rat cerebral ischemia with bilateral common carotid arteries (BCCAO) (Tang et al., 2014). Scutellarin protects brain from acute ischemic injury probably through its inhibitory effect on the angiotensin-converting enzyme (ACE) and Ang II type 1 receptor (AT1R), also TNF-α, interleukin-6 (IL-6), and interleukin-1β (IL-1β) (Wang et al., 2016).
Apigenin and Vitexin
Apigenin (Figure 2D) is a natural flavonoid and vitexin (Figure 2E) is an apigenin flavone glycoside, which were found in several dietary plant foods as vegetables and fruits, and had a variety of pharmacological effects (Babaei et al., 2020). It has been reported that apigenin and vitexin played a protective role in diseases associated with the oxidative process, such as cardiovascular and neurological disorders (Ayoobi et al., 2017; Che et al., 2020; Li, S. et al., 2017). Angiogenesis is one of the ways to repair brain injury. It’s reported that apigenin could promote cell proliferation, tube formation, and cell migration while inhibiting apoptosis and autophagy by affecting caveolin-1/VEGF, Bcl-2, caspase-3, Beclin-1, and mechanistic target of rapamycin (mTOR) expression. What’s more, apigenin significantly reduced neurobehavioral scores and volume of cerebral infarction while promoting vascular endothelial cell proliferation by upregulating VEGFR2 to affect caveolin-1, VEGF, and eNOS expression in brain tissue of I/R rats (Pang et al., 2018). Vitexin could also play a protective role by suppressing oxidative stress (Cui et al., 2019). In addition, vitexin regulated cell apoptosis and autophagy via MAPK and mTOR/Ulk1 pathway to attenuate cerebral I/R injury (Wang et al., 2015b; Jiang et al., 2018). Apigenin also showed long-term therapeutic effect in cognitive impairments after cerebral I/R injury (Tu et al., 2017). Above all, it suggested apigenin and vitexin had neuroprotective effect through inflammation, angiogenesis, apoptosis and autophagy pathways with multi-targets.
Icariin
Icariin (Figure 2F), an active flavonoid extracted from Epimedium brevicornum Maxim, has been proven to possess a wide range of efficacy including anti-tumor, anti-oxidant, anti-bacterial and anti-inflammatory, etc (Luo et al., 2007; Zhou et al., 2011). It has been also reported to alleviate brain injury and attenuate cognitive deficits (Li, H. et al., 2010; Li et al., 2005). Xiong et al. and Deng et al. found that pretreatment with Icariin and Icariside II, a metabolite of icariin, could decrease neurological deficit score, diminish the infarct volume, and reduce IL-1β and transforming growth factor-β (TGF-β1). Moreover, Icariin suppressed inhibitory κB (IκB)-α degradation and NF-κB activation and up-regulated peroxisome proliferator-activated receptor α (PPARα) and peroxisome proliferator activated receptor γ (PPARγ) levels in I/R model (Deng et al., 2016; Xiong et al., 2016). Moreover, a study by Mo et al. found that Icariin can inhibit apoptosis and inflammatory in neurons after OGD/R through inositol requiring enzyme 1 (IRE1)- X-Box Binding Protein 1 (XBP1) signaling pathway (Mo et al., 2020).
Quercetin
Quercetin (Figure 2G), is a common flavonoid found in many fruits and vegetables (Lee et al., 2003). It has been reported that quercetin has an anti-oxidative property, anti - inflammation and immunity, anti-cancer, etc (Costa et al., 2016; Li, W. et al., 2016; Shafabakhsh and Asemi 2019; Xu, D. et al., 2019). A study by Jin et al. found that quercetin could increase the expression of ZO-1, Claudin-5, β-catenin, and LEF1, and decrease the expression of MMP-9, GSK-3β and axin to reduce brain edema and BBB leakage and improve BBB dysfunction, which suggested the neuroprotection of quercetin was related to Wnt/β-catenin pathway (Jin et al., 2019). Calcium acts as a second messenger that mediates physiologic functions. It’s reported that quercetin exerted a preventative effect through attenuation of intracellular calcium overload and restoration of down-regulated hippocalcin expression during ischemic injury (Park et al., 2020). Moreover, quercetin alleviated the increasement of protein tyrosine and serine/threonine phosphatase activity, along with the reduction of ERK and Akt phosphorylation in cerebral I/R injury (Wang, Y. Y. et al., 2020). In addition, iso-quercetin protected against oxidative stress and neuronal apoptosis via Nrf2-mediated inhibition of the NOX4/ROS/NF-κB signaling pathway in cerebral ischemic stroke (Dai et al., 2018).
Calycosin
Calycosin (Figure 2H), an isoflavone phytoestrogen isolated from Astragalus membranaceus, is found to possess various potential pharmacological activities, such as, anti-tumorigenesis, anti-oxidation, anti-virus and apoptosis-modulation effects (Chen, J et al., 2015; Wang and Zhao, 2016; Zhao, Y. et al., 2016). It was also demonstrated that calycosin 30 mg/kg could ameliorate both the neurological deficit and infarct volume in experimental cerebral ischemia reperfusion injury, and the mechanism might be attributed to its antioxidant effects (Guo et al., 2012). Post-stroke calycosin 30 mg/kg therapy increased brain-derived neurotrophic factor (BDNF)/TrkB to ameliorate the neurological injury due to switching the microglia from the activated ameboid state to the resting ramified state in ischemic stroke rats (Hsu et al., 2020). Calycosin exhibited a downregulation of dexamethasone-induced Ras-related protein 1 (RASD1), and an upregulation of estrogen receptor (ER)-α and Bcl-2 (Wang, X. et al., 2014). A study by Wang et al. found that calycosin pretreatment for 14 days dramatically upregulated p62, neighbor of BRCA1 gene 1 (NBR1) and Bcl-2, and downregulated TNF-α to ameliorate neurological scores in cerebral I/R rats (Wang, L. et al., 2018).
Neuroprotective Role of Alkaloids in Ischemic Brain Injury
Alkaloids are rated as among the most-investigated plant secondary metabolites with versatile biological activity (Qiu et al., 2014). Recent investigations have pointed out the dynamic role of alkaloids as antibacterial, antidepressant, antioxidant, anti-inflammation (Perviz et al., 2016; Li et al., 2020; Liu et al., 2020; Rosales et al., 2020). Accordingly, alkaloids are emerging as pharmaceutical tools for neuroprotective effects (An et al., 2020). Alkaloids were investigated on neuroprotective effects including berberine, ligustrazine, tetrahydropalmatine and others.
Berberine
Berberine (Figure 3A) is an isoquinoline alkaloid isolated from traditional herbal medicine. It is widely present in the roots, rhizomes, stems or bark of various natural plants, such as Coptis chinensis Franch., Phellodendron chinense Schneid., etc. These plants have been used for thousands of years (Wang et al., 2019a; Fan et al., 2019). Studies have shown that berberine has a variety of pharmacological activities, including anti-microbial, anti-tumor, lowering glucose, lowering cholesterol, anti-inflammatory, antioxidant, immunomodulatory and neuroprotective effects (Asemi et al., 2020; Song et al., 2020). So far, the neuroprotective effect of berberine has been involved (Lin and Zhang 2018). Berberine could improve the survival rate in OGD/R cells and improve the neurological deficiency in cerebral ischemic injury, which was involved in reducing the expression of cleave caspase 3 and up-regulating the expression of p-Bad to inhibit cell apoptosis via TrkB-PI3K/Akt pathway to promote neuron growth (Hu et al., 2012; Chai et al., 2013; Yang et al., 2018a). Other studies also showed berberine 40 mg/kg preconditioning had neuroprotective effects by promoting autophagy, reducing cell apoptosis via PI3K/Akt signaling pathway (Zhang et al., 2016a; Zhang et al., 2016b). In addition, berberine exerted the neuroprotective effects by regulating I/R-induced peripheral lymphocytes early immunoactivation (Song et al., 2012). A study by Zhang et al. found that neuroprotection of early and short-time applying berberine could upregulate p-Akt, p-GSK 3β and phosphor cAMP response element binding protein (p-CREB) and downregulate NF-κB expression to ameliorate BBB permeability in the acute phase of cerebral ischemia (Zhang et al., 2012).
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Tetramethylpyrazine
Tetramethylpyrazine (Figure 3B), also called ligustrazine, is a kind of alkaloids identified in Ligusticum chuanxiong Hort, which has been used to treat cardiovascular and cerebrovascular diseases for hundreds of years in ancient China (Zhao, X. et al., 2016; Zheng, J. S. et al., 2018). In recent study, Ligusticum chuanxiong Hort and its main active compound ligustrazine have been studied and had anti-inflammatory, anti-oxidant and analgesic effect (Kao et al., 2006; Zou et al., 2018). Tetramethylpyrazine treatment with 20 mg/kg suppressed hypoxia inducible factor-1-alpha (HIF-1α), TNF-α, and activated caspase-3 expression in MCAO-induced brain ischemia in rats (Chang et al., 2007). Tetramethylpyrazine 20 mg/kg inhibited neutrophil activation via elevating nuclear related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) expression and inhibiting high-mobility group box-1 protein (HMGB1)/toll-like receptor-4 (TLR4), Akt, and ERK pathway following cerebral ischemia rats (Chang et al., 2015). Tetramethylpyrazine analogues were also investigated to induce p-eNOS by activation of PI3K/Akt and TLR-4/NF-κB signaling pathway and regulate the expression of tight junction (TJ) proteins, matrix metalloprotein 9 (MMP-9) and aquaporin 4 (AQP4) under cerebral I/R injury (Yan et al., 2015; Xu et al., 2017; Zhou et al., 2019). The similar finds of PI3K/Akt pathway also were shown in another study (Ding et al., 2019). What’s more, the synergistic effect of drugs has also been shown to have good therapeutic effect. Ligustrazine accompanied with borneol could attenuate I/R injury by downregulating IL-1β, IL-6, and TNF-α, upregulating SOD, GSH-Px and regulating apoptosis and autophagy (Yu, B. et al., 2017; Yu et al., 2016).
Daurinoline
Daurinoline (Figure 3C) is a kind of dibenzyl tetrahydroisoquinoline alkaloid, isolated from menispermum dauricum DC., which has a variety of pharmacological activities, including neuroprotective effect (Zhang et al., 2011). Daurinoline 10 mg/kg and 20 mg/kg could enhance of SOD activity and the ability of scavenging oxygen free radicals (Lan and Lianjun 2020). Daurinoline reduced the level of MDA in brain tissue and increase the activity of SOD to prevent and ameliorated energy metabolism disturbance of cortex and mitochondria of brain induced by repeatedly cerebral ischemia reperfusion (Li and Gong 2004). In addition, daurinoline 5 and 10 mg/kg could inhibit cytochrome c (Cyt-C) release and caspase-3 and caspase- 9 to inhibit neuronal cells apoptosis in the penumbra after cerebral ischemia (Yang et al., 2009).
Levo-tetrahydropalmatine
Levo-tetrahydropalmatine (Figure 3D) are a series of alkaloids, isolated from a Chinese analgesic medicine, called Corydalis yanhusuo W. T. Wang. l-Tetrahydropalmatine, one of its main active ingredients, has been demonstrated to have potent analgesic effects and has been used in Chinese clinical practice for this purpose for many years (Chu et al., 2008; Han et al., 2012; Kang et al., 2016). Recent work showed that l-tetrahydropalmatine suppressed the central excitatory effects of amphetamine (Chang and Lin 2001), and played a protective role against neuronal injury in animal models (Liu et al., 2005; Mantsch et al., 2007; Chen et al., 2012). Levo-tetrahydropalmatine could regulate Src and c-Abl expression to inhibit neuron apoptosis and attenuate BBB injury in cerebral ischemic animals (Mao et al., 2015; Sun, J. B et al., 2018).
Peimine
Peimine (Figure 3E) is a major biologically active component of Fritillaria ussuriensis. Recent studies have shown that isosteroidal alkaloids in Fritillaria had a wide range of pharmacological activities besides its role in cough remedies (Li, J. et al., 2019; Li et al., 2020a; Zhang et al., 2020a; Zhao et al., 2018). It’s also reported that peimine had protective effects on cerebral I/R injury in rats. The mechanism of neuroprotective effect might be related to inhibition of apoptosis, oxidative stress and inflammatory response, reduction of pathological damage and neurological dysfunction through regulation of the PI3K/Akt/mTOR pathway (Guo et al., 2019; Duan et al., 2020).
Neuroprotective Role of Polyphenols and Acids in Ischemic Brain Injury
Polyphenols, a bioactive compound, were found abundant in vegetables, fruits and medical plant. Neuroprotection of polyphenols in medical plants is getting attention in the world. Curcumin, ellagic acid, resveratrol has been extensively studied and show multi-function. They are neuroprotectants, antioxidants, anti-inflammatory and antithrombic agents. It’s reported that the neuroprotective efficacy of these compounds was involved in mitigating brain infarction and global ischemia, improving cerebral blood circulation (Lin 2011).
Curcumin
Curcumin (Figure 3F), a polyphenolic compound extracted from Curcuma longa L., has potential anti-inflammatory, cardiovascular protective effect and neuroprotection. Recent studies demonstrated the neuroprotective effect of curcumin against cerebral ischemic injury through oxidation, apoptosis, autophagy pathways (Eghbaliferiz et al., 2020; Forouzanfar et al., 2020; Ułamek-Kozioł et al., 2020). Rats or mice with cerebral ischemic injury that received curcumin at 10–400 mg/kg exhibited significantly alleviated brain injury. Moreover, a more SOD, GSH-Px and glutathione (GSH) and a lower MDA, NO contents were found in curcumin administrated animals (Thiyagarajan and Sharma 2004; Li. Y. et al., 2016), which suggested the mechanism of curcumin was related to antioxidative activity. In addition, curcumin was proven to suppress the release of inflammatory cytokines via NF-κB, signal transducer and activator of transcription (STAT), Akt/mTOR, ERK signaling pathways (Huang et al., 2018; Li et al., 2015; Mukherjee et al., 2019; Xu, H. et al., 2018). Moreover, Bax, Bcl 2, caspase 3, LC3 II activity and other autophagy and apoptosis cytokines were also reversed by curcumin (Hou et al., 2019; Huang et al., 2018; Wang et al., 2005; Xie, C. J. et al., 2018; Xu, L. et al., 2019; Zhang et al., 2018a). Furthermore, curcumin promoted neuron survival in vitro to exert neuroprotective effects against ischemia injury (Lu et al., 2018; Xie, W. et al., 2018; Zhang, X. et al., 2018).
Resveratrol
Resveratrol (Figure 3G), also named 3,4,5-trihydroxy-trans-stilbene, a natural polyphenolic compound, occurs naturally in grapes and a variety of medicinal plants, and possesses multiple biological activities (Santos et al., 2019; Thapa et al., 2019). The effect of resveratrol on cerebral ischemic injury was also explored. Resveratrol dosage at 10–100 mg/kg marked improved neurological deficiency and protected against cerebral ischemic injury though PI3K/Akt, NF -κB and other pathways (Lei et al., 2020; Simao et al., 2012a; Simao et al., 2012a; Yu, P. et al., 2017). Resveratrol treatment could obviously upregulate nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) to ameliorate oxidative damage in cerebral ischemic injury (Ren et al., 2011; Yang et al., 2018b; Gao et al., 2018). Furthermore, MDA, NO, SOD could be reversed by resveratrol administration (Jie et al., 2020; Tsai et al., 2007; Xu, J. et al., 2018). Silent information regulator 1 (Sirt 1) is a NAD + dependent deacetylase, which plays an important role in cerebral I/R injury (She et al., 2017). It’s reported that resveratrol protected against cerebral ischemic injury by inhibiting NLRP3 inflammasome activation, improving alterations in mitochondrial and glycolytic function through Sirt1 pathway (Della-Morte et al., 2009; Koronowski et al., 2015; He et al., 2017; Koronowski et al., 2017). Moreover, resveratrol could inhibit inflammatory response, including prostaglandin E2 (PGE2), cyclooxygenase (COX)-2, NOS and MMP 9 to alleviate neurological deficits (Candelario-Jalil et al., 2007; Simao et al., 2012b; Wei et al., 2015). In addition, resveratrol could improve brain energy metabolism via inhibiting xanthine oxidase activity and preventing the production of hypoxanthine, xanthine and oxygen radicals (Li et al., 2011). These findings suggested resveratrol could reduce cerebral ischemia injury through multiple pathways.
Ellagic Acid
Ellagic acid (Figure 3H), an important cell protective and antioxidant compound, is a low molecular weight polyphenol derived from several fruits, vegetables and nuts (De Oliveira, 2016). Ellagic acid are recently more taken into accounts since their promising pharmacological effects, such as, anti-inflammation, anti-oxidant and anti-cancer (Ceci et al., 2018; Baradaran Rahimi et al., 2020). In recent study, ellagic acid is investigated as a potential endowed with multi-target pharmacological properties on central nervous system (Alfei et al., 2019). BCCAO was carried out to make global cerebral ischemic injury. Ellagic acid pretreatment with 100 mg/kg could reduce MDA level and restore the heart rate to normal level (Nejad et al., 2015). In addition, ellagic acid 100 mg/kg could activate PI3K/Akt/NOS pathway to alleviate brain injury and protect brain tissue in MCAO model (Kaihua and Jiyu 2020). Furthermore, ellagic acid administration with 10–90 mg/kg could improve brain injury outcomes and increase the proliferation of NSCs through the Wnt/β-catenin signaling pathway (Liu, Q. S. et al., 2017). The upregulation of zonula occludens-1 (ZO-1) and down-regulation of AQP 4 and MMP-9 in injured brain tissues after being treated ellagic acid 10–50 mg/kg (Wang et al., 2019b).
Neuroprotective Role of Glycosides in Ischemic Brain Injury
Asiaticoside
Asiaticoside (Figure 4A) is isolated from Centella asiatica (L.), which has been using as a memory enhancing and psychoactive drug for a long time in Asia (Zheng and Qin 2007). Many studies have shown that C. asiatica indeed has many biological activities in central nervous system (Mook-Jung et al., 1999; Zheng and Qin 2007; Dhanasekaran et al., 2009; Orhan 2012). A report demonstrated asiaticoside showed anti-inflammation effect via inhibiting overactivation of p38 MAPK pathway against cerebral I/R mice (Chen et al., 2014). Another study found asiaticoside showed a protective effect against cerebral I/R injury via the NOD2/MAPK/NF-kB signaling pathway (Zhang et al., 2020b).
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Salidroside
Salidroside (Figure 4B), the major phenylpropanoid glycoside extract from medicinal Tibetan plant Rhodiola rosea L, has diverse pharmacological activities. Many recent reports and reviews have highlighted that salidroside may exert anti-inflammatory, neuroprotective effects and improve cognitive function (Li, M. et al., 2018; Xu, N. et al., 2019). Salidroside may involve the modulation of monoamine metabolism in the striatum and substantia nigra pars compacta (SNpc), which may be related to the function of the dopaminergic system in the cerebral I/R brain (Zhong et al., 2019). Many studies reported salidroside protected against cerebral I/R injury via PI3K/Akt pathway, accompanying with Nrf2/NF-κB pathway (Wei et al., 2017; Zhang, Y. et al., 2018; Zhang, J. et al., 2019; Zuo et al., 2018). Salidroside exhibited neuroprotective effects against hypoxia/reperfusion injury by activating the SIRT1/FOXO3α pathway (Xu, L. et al., 2018). In addition, salidroside is an effective treatment for ischemic stroke that functions via the fibroblast growth factor 2 (FGF2)-mediated cAMP/PKA/CREB pathway to promote dendritic and synaptic plasticity (Li et al., 2020b). Salidroside treatment reduced the expression of M1 microglia/macrophage markers and increased the exdslbpression of M2 microglia/macrophage markers after stroke and induced primary microglia from M1 phenotype to M2 phenotype (Liu et al., 2018). What’s more, salidroside reduced the markers of endothelial activation and neutrophilic infiltration after I/R injury by inhibition of complement, restoring an anti-inflammatory endothelial phenotype after oxidative stress and inhibiting classical complement activation, in association with anti-apoptotic effects (Wang, Y. et al., 2020).
Neuroprotective Role of Iridoid Glycosides in Ischemic Brain Injury
Iridoid glycosides are special glycosides. Iridoid glycoside exists broadly in plants of many families and has a wide variety of biological activities including purgative, liver protective, anti-microbial, analgesic, antitumor, sedative and anti-inflammatory activities (Ismailoglu et al., 2002). Geniposide, Catalpol and Picroside II were investigated in depth as iridoid glycosides, which had a neuroprotective effect.
Geniposide
Geniposide (Figure 4C), as an iridoid glycoside, was initially isolated from the herb Gardenia jasminoides Ellis (Wang et al., 1992), which has been noted for its variable pharmacological effects, including anti-oxidation, anti-inflammation, and anti-diabetes effects, among others (Koo et al., 2006; Wu et al., 2009). Previous studies showed that geniposide induced neuronal differentiation and attenuated cell injury (Liu et al., 2009; Yin et al., 2010). To date, there were some studies about the cerebral ischemia injury. Geniposide treatment after neonatal hypoxic-ischemia (HI) insult attenuated cell apoptosis, IgG leakage, microgliosis, astrogliosis, pericytes loss and junction protein degradation, which might be through the activation of PI3K/Akt pathway (Liu, F. et al., 2019). Geniposide attenuated inflammatory response by suppressing P2Y14 receptor and downstream ERK1/2 pathway in brain microvascular endothelial cells (BMECs) with OGD (Huang et al., 2017; Li, Y. et al., 2016). What’s more, geniposide in neuroprotection by activating autophagy and inhibiting NLRP3 inflammasome in microglial cells (Fu et al., 2020).
Catalpol
Catalpol (Figure 4D) is the main active component of the radix from Rehmannia glutinosa Libosch, and it belongs to the iridoid monosaccharide glycoside family (Ismailoglu et al., 2002; Zhang et al., 2008), which has pleiotropic protective effects on many diseases, including neurodegenerative diseases (Xia et al., 2012), ischemic stroke (Zhu et al., 2010), metabolic disorders (Zhu et al., 2010) and others. It’s reported that the efficacy of catalpol pretreatment on cerebral I/R injury may be attributed to reduction of free radicals and inhibition of lipid peroxidation and endothelin-1 (ET-1) production (Liu, H. et al., 2014). Additionally, a study by Li et al. found catalpol also exerted the most significant cytoprotective effect on astrocytes by suppressing the production of free radicals and elevating antioxidant capacity (Li et al., 2008). What’s more, catalpol significantly inhibited apoptosis by modulating Bcl-2 and Bax (Li et al., 2006). Catalpol affected angiogenesis via the JAK2/STAT3 signaling pathway and VEGF expression (Dong, W et al., 2016).
Picroside II
Picrorhiza scrophulariflora belongs to the plant family composed of picroside I, II and III, of which picroside II (Figure 4E) is one of the most effective components extracted from the dried rhizome and roots of Picrorhiza kurrooa Royle ex Benth and Picrorhiza scrophulariae flora Pennell (Stuppner and Wagner 1989; Wang et al., 1993). Current researches on picroside II are focused on its neuroprotective, anti-apoptotic, anti-cholestatic, anti-oxidant, anti-inflammation, immunomodulating activities (Cao et al., 2007; Li et al., 2007; He et al., 2009). It has been confirmed that picroside II 25 mg/ml could enhance nerve growth factor - induced PC12 cell axon growth, reduce H2O2 induced PC12 cell damage and improve cell survival in vitro (Cao et al., 2007). Picroside II attenuated cerebral I/R injury via inhibiting apoptosis and inflammation, included COX2, TLR4/NF-κB and MEK-ERK1/2 pathway (Guo et al., 2010; Wang, F. et al., 2015; Wang, L. Y. et al., 2015). Picroside II could protect BBB possibly through reducing oxidative stress factors (ROS, NOX2 ROCK, MLCK, and MMP-2) and enhancing BBB function factors, claudin-5 (Zhai et al., 2017). Furthermore, picroside II exerted a neuroprotective effect by inhibiting the mitochondria Cyt C signal pathway and decreasing the permeability of mitochondrial permeability transition pore (mPTP) following I/R injury in rats (Zhang et al., 2017; Li. Q et al., 2018).
Neuroprotective Role of Saponin in Ischemic Brain Injury
Ginsenoside Rg1 (Figure 5A) is the representative components in saponin. Ginsenoside Rg1 is one of the main active ingredients of ginseng (Zhang and Zhao 2014; Chuang et al., 2015). It has been shown that as a small molecular substance, ginsenoside Rg1 easily passes through the blood brain barrier. Moreover, ginsenoside Rg1 could promote stem cell orientation transformation, induce stem cell proliferation and played a neuroprotective role in brain repair (Cheng et al., 2005; Tang et al., 2017; Xie, C. J. et al., 2018). It’s reported that ginsenoside Rg1 could relieve the I/R injury through multiple pathways. Ginsenoside Rg1 could improve neurological injury, regulate BBB disruption and permeability and downregulate AQP 4 and protease-activated receptor-1 (PAR 1) (Zhou et al., 2014; Xie et al., 2015). Ginsenoside Rg1 alleviated oxidative stress after I/R through inhibiting miR-144 activity and subsequently promoting the Nrf2/ARE pathway (Chu et al., 2019). What’s more, a study by Li et al. found that ginsenoside Rg1 may exert its neuroprotective action on cerebral I/R injury through the activation of PPARγ signaling (Li et al., 2017). In addition, it’s also shown that ginsenoside Rg1 treatment obviously decreased cell apoptosis, while the transplanted cells could be differentiated into neurons and glial cells, which also improved cerebral ischemia (Bao et al., 2015). Other studies showed that ginsenoside Rg1 40 mg/kg was attributed to a decrease in ubiquitinated aggregates and a suppression of the inflammatory response and increased in the expression of BDNF in the hippocampal CA1 region after I/R insult (Wang, Y. et al., 2018; Zheng et al., 2019).
[image: Figure 5]FIGURE 5 | The saponin, terpenoids and others for cerebral ischemia injury.
Astragaloside IV
Astragaloside IV (Figure 5B) is a triterpenoid saponin existing in the root of Astragalus membranaceus. Astragaloside IV also has a variety of pharmacological effects, such as anti-inflammatory, anti-cancer, anti-fibrosis, anti-oxidation stress, immunomodulatory through multiple signals (Ren et al., 2013; Zhang, X. et al., 2019). Meanwhile, it showed that astragaloside IV could inhibit neuroinflammation by reducing BBB permeability and lymphocyte infiltration, and played a neuroprotective role through mitochondrial pathway, antioxidant, anti-inflammatory and anti-apoptotic effects (Costa et al., 2018; Song et al., 2018), which mainly regulated JNK3, FAS, FasL, caspase-8, Bid, caspase-3 and cyto C, p62, Bax/Bcl-2, LC3II/LC3I (Li et al., 2019; Liu et al., 2013; Yin et al., 2020; Zhang, J. et al., 2019). In addition, astragaloside IV could also inhibit neutrophil adhesion related molecules (TNF-a, NF κB, IL-1β, etc.) to play an anti-inflammatory role, and had neuroprotective effect on cerebral I/R injury (Li et al., 2012).
NEUROPROTECTIVE ROLE OF TERPENOIDS IN ISCHEMIC BRAIN INJURY
Andrographolide
Andrographolide (Figure 5C), a labdane diterpene lactone, is the most active and important constituent isolated from the leaves of Andrographis paniculata (Burm. f.) Nees (Acanthaceae) (Coon and Ernst 2004). Recent studies demonstrated that andrographolide possesses anticancer, anti-inflammatory and hepatoprotective activities, also neuroprotective effect (Negi et al., 2008; Bao et al., 2009). Andrographolide reduced NOX2 and iNOS expression possibly by modulating PI3K/AKT-dependent NF- κB and HIF-1 α activation, which mediated the protective effect in the cerebral I/R mice (Chern et al., 2011). Studies by Yen et al. found andrographolide could play an important role to cerebral endothelial cells (CECs). Furthermore, andrographolide increased Nrf2/HO-1 expression through p38 MAPK regulation, which provided protection against I/R injury (Yen et al., 2013; Yen et al., 2016).
Ginkgolides
Ginkgolide B (Figure 5D) were one of ten kinds of diterpene lactone compounds, which were isolated from Ginkgo biloba leaves. It’s reported that exact of Ginkgo biloba had a broad range of pharmacological effects, such as anti-inflammation, antioxidant, anti-depressant (Chen, C et al., 2017; Hu et al., 2018; Jin, G et al., 2014; Ran et al., 2014; Saini et al., 2014; Wan et al., 2016). Ginkgolides B upregulated the levels of antioxidant proteins through Akt/Nrf2 pathway to protect neurons from oxidative stress injury (Liu, Q. et al., 2019). In addition, ginkgolide B improved neurological function by promoting the proliferation and differentiation of neural stem cells in rats with cerebral I/R injury (Zheng et al., 2018b).
Borneol
Borneol (Figure 5E) is a terpene and bicyclic organic compound, a resin from Cinnamomum camphora (L.) Presl, a traditional Chinese medicine (Yin et al., 2017; Zheng et al., 2018a). As a traditional Chinese medicine, borneol has been used for thousands of years in the treatment of cardiovascular and cerebrovascular diseases. Modern pharmacological studies have shown that borneol had anti-inflammatory, antioxidant stress, anti-apoptosis and other pharmacological effects (Almeida et al., 2013). Borneol protected against cerebral I/R injury through multifunctional cytoprotective pathways, involving in the alleviation of intracellular ROS and iNOS/NO pathway, inhibition of inflammatory factor and depression of caspase-related apoptosis. Additionally, the inhibition of IκBα/NF-κB pathway might play a significant role in the neuroprotection of borneol (Liu et al., 2011). Another study by Dong et al. found that borneol could alleviate cerebral ischemic injury, most likely executed via anti-apoptosis and anti-inflammation effects and maintenance of the BBB stability and TJs to comprehensively improve NVU function (Dong et al., 2018). Additionally, the protection of OGD induced BMECs by tetramethylpyrazine phosphate and borneol combination involved anti-oxidation, apoptosis inhibition, and angiogenesis (Yu et al., 2019).
NEUROPROTECTIVE ROLE OF OTHER COMPOUNDS IN ISCHEMIC BRAIN INJURY
Emodin
Emodin (Figure 5F), 1,3,8-trihydroxy-6-methylanthraquinone, is a naturally occurring anthraquinone derivative and an active component from Polygonum multiflorum Thunb. Rheum palmatum L. etc, which have been used widely in Asia in treatment of multiple diseases (Dong, X. et al., 2016). Emodin has been demonstrated to possess a wide spectrum of pharmacological effects, such as anti-viral, anti-bacterial, anti-allergic, anti-osteoporotic, immunosuppressive, neuroprotective activities (Dong, W. et al., 2016; Leung et al., 2020; Xue et al., 2020). In fact, the neuroprotective effect of Polygonum multiflorum Thunb was first published in 2000 (Gu et al., 2000) and the neuroprotective effect of emodin was published in 2005 when its ability to interfere with the release of glutamate was identified as a method of neuroprotection (Gu et al., 2005). Additionally, emodin might afford a significant neuroprotective effect against glutamate-induced apoptosis through the critical role including Bcl-2/Bax, active caspase-3, p-Akt, p-CREB, and mature BDNF for potent neuroprotective effects of emodin to subsequently enhance behavioral function in cerebral ischemia (Ahn et al., 2016). Another study by Leung et al. found emodin had neuroprotective effects against I/R or OGD injury both in vitro and in vivo, which may be increase Bcl-2 and glutamate transporter-1 (GLT-l) expression but suppress activated-caspase 3 levels through activating ERK1/2 pathway (Leung et al., 2020).
Cordycepin
Cordycepin (Figure 5G) is a derivative of nucleoside adenosine and one of the main active components of Cordyceps sinensis, which is mainly distributed in Europe, North America and Asia (Tuli et al., 2013; Wang, Y. et al., 2015). Cordycepin has a variety of pharmacological activities, such as anti-inflammatory, anti-tumor, antioxidant, anti-inflammatory microorganism, anti-hyperlipidemia, anti-hepatotoxicity, anti-depressant and neuroprotective activities (Ryu et al., 2014; Wang et al., 2015a; Qin et al., 2019). It was shown that cordycepin had an important neuroprotective effect on hypoxic injury by improving the electrophysiological function of neurons (Chen, K. et al., 2017; Liu, Z. B et althogenesis of lesions (Liu, G. et al., 2015). It is confirmed that cordycepin could significantly reduce glutamic acid and aspartic acid, increase SOD activity and down-regulate MDA and MMP-3 to alleviate cerebral ischemic injury or hypoxia injury, suggesting cordycepin could inhibit oxidative damage to exert neuroprotection (Hwang et al., 2008; Cheng et al., 2011). Cordycepin regulated adenosine A1 receptor to improve long-term potentiation formation and neuronal survival through p38/JNK/ERK pathway in BCCAO model and glutamate-induced HT22 neuronal cell death (Dong et al., 2019; Jin, M. L et al., 2014).
Polysaccharides
Polysaccharides are considered to have a wide range of pharmacological effects, such as scavenging free radicals, immune regulation, anti-tumor, anti-oxidation, anti-viral, anti-inflammatory, lowering blood sugar, anti-depression, liver protection, etc (Jin et al., 2012; Kwok et al., 2019; Fang et al., 2020). Panax notoginseng polysaccharide is a kind of heteroglycan derived from the medicinal plant Panax notoginseng, which could increase the ratio of Bcl-2/Bax and reduce caspase-3 in cerebral ischemic brain tissue (Jia et al., 2014). What’s more, it could enhance GSH-Px, SOD activity and IL 10 level, while downregulate MDA, TNF-α, IL-1β level to reduce cerebral infarction size and cell apoptosis to afford neuroprotective effect (Jia et al., 2014; Sy et al., 2015). Angelica polysaccharide is the main active ingredient of Angelica sinensis (Oliv.) Diels, which could also enhance the activities of SOD, GSH and GSH-PX, and reduce MDA, IL-1β, TNF-α and NF-κB in cerebral ischemia-reperfusion injury rats (Yan and Xie, 2018; Dai et al., 2020), in addition, enhance angiopoietin 1, angiopoietin 2, VEGF to promote angiogenesis (Hu et al., 2006; Li, J. et al., 2019). Ginkgo biloba polysaccharides could also play a neuroprotective effect by inhibiting oxidative stress and inflammation to improve neurological deficits in cerebral ischemic animals (Yang et al., 2013). Black fungus polysaccharide is the main active ingredient of Auricularia auricula (L.ex Hook.) Underw in China. Studies have found that fungus polysaccharides could reduce the production of ROS, MDA, and NO in rats with acute or chronic cerebral ischemia injury, enhance the activity of SOD and played an anti-oxidant effect. In addition, it can inhibit neuronal apoptosis and improve cerebral ischemia-reperfusion injury. (Lu et al., 2010; Qian and Min 2010; Ye et al., 2010). Fucose is a marine sulfated polysaccharide extracted from brown algae and some marine invertebrates (Apostolova et al., 2020; Oliveira et al., 2020). Experimental studies have shown that fucose can significantly reduce the levels of pro-inflammatory factors IL-1β, IL-6, MPO and TNF-α in cerebral ischemia model animals, reduce the levels of oxidative stress-related proteins SOD and MDA, and could also regulate cell apoptosis via inhibiting the MAPK pathway to play a neuroprotective effect in cerebral ischemia reperfusion study (Che et al., 2017). Other studies have shown that fucose could also play a neuroprotective effect by inhibiting neuronal apoptosis, glial cell activation and anti-oxidative stress properties (Ahn et al., 2019; Kim et al., 2019). Codonopsis pilosula polysaccharide is a kind of polysaccharide extracted from Codonopsis pilosula. Studies have shown that Codonopsis pilosula polysaccharide could reduce LDH, NO and MDA, increase the content of AChE, SOD and GSH-Px, and inhibit the expression of Beclin-1 to regulate autophagy in the cerebral ischemia-reperfusion injury model (Chen, W. et al., 2015; Ma et al., 2019). It could also inhibit the expression of GFAP protein (Li. S. et al., 2018). Codonopsis pilosula polysaccharides can also reduce the expression of Bax, up-regulate the expression of Bcl-2 and inhibit apoptosis to exert neuroprotective effects through mediating the Nrf2/HO-1 pathway (Ma et al., 2019). Lycium barbarum polysaccharide, astragalus polysaccharide, aloe polysaccharide, yam polysaccharide, etc. also have a certain protective effect on cerebral ischemia (Ge et al., 2017; Liu, H. et al., 2014; Lu et al., 2012; Peng et al., 2019; Wang, Y. et al., 2014; Yan and Zhou, 2012).
Structure-Activity Relationship Between Natural Products and Neuroprotection
Many studies have confirmed the neuroprotective effect of natural products on cerebral ischemia and clarified its preliminary mechanism of action. Different natural products have different mechanisms of anti-cerebral ischemia, which are closely related to the different structures of the compounds. Figure 6 shows the mechanism of cerebral ischemia and the role of different types of natural products in this process. The research on the structure-activity relationship of the biological activity of natural products is mainly related to the basic nucleus of the compound, the number and position of double bonds, and the position of functional groups. They have a great influence on the biological activity of the compound (Aljahdali et al., 2020; Zhou et al., 2021). The flavonoids are based on 2-phenylchromone as the skeleton, which has ortho-dihydroxyl in the structure. The hydroxyl substituent on the basic skeleton is the key functional group for scavenging oxygen free radicals. At the same time, a conjugated system is also the key active site to scavenging oxygen free radicals (Chen et al., 2013). Therefore, flavonoids have unique advantages in scavenging free radicals and inhibiting lipid peroxidation. In addition, flavonoids had anti-inflammatory effects. It is believed that when the C-5 and 7 positions of the A ring of flavonoids have hydroxyl groups at the same time, they will affect the secretion process, mitosis and cell interactions of cells, and then produce strong anti-inflammatory effect (Ying and Chi, 2007).
[image: Figure 6]FIGURE 6 | The mechanism of cerebral ischemia and the neuroprotective effect of natural products against cerebral ischemia. Note: Bold lines indicate a clear structure-activity relationship reported in the literature.
Alkaloids are quite different in structure. For example, berberine has a methylenedioxy ring structure and is the main functional group for anti-bacterial and hypoglycemic activity (Han et al., 2020; Wu and Fang, 2020). This may also be the key structure of its antioxidant effect, which needs further research to confirm. Ligustrazine has a simple structure and a wide range of pharmacological effects. Use it as a lead compound to synthesize various derivatives, which has a variety of biological activities (Wang et al., 2013), and the derivative is more stable than ligustrazine, such as ligustrazine hydrochloride injection has better curative effect in the treatment of ischemic cerebrovascular disease (Li and Zhang, 2020; You et al., 2020). Dauricine is a kind of bisbenzyltetrahydro isoquinoline alkaloid. It has a phenolic hydroxyl group and a conjugated system that is easy to form hydrogen bonds. It may be similar to flavonoids and is considered to be a key structure for antioxidant effects. Studies have shown that phenolic acids have a strong antioxidant effect, which is due to the existence of carboxyl, carbonyl and other structures (Bialecka-Florjanczyk et al., 2018; Wang, Y. et al., 2019). Glycoside components are compounds formed by non-sugar substances and sugars or sugar derivatives, which have the active characteristics both sugar substances and non-sugar substances. For example, flavonoid glycosides and flavonoid aglycones have anti-oxidative biological activity (Xue et al., 2001; Gao et al., 2008; Shao et al., 2013). In addition, most studies believe that glycoside compounds mainly exerted neuroprotective effects by improving the body’s immunity (Brito-Arias, 2007). Iridoid glycosides are a special glycoside chemical. The core of iridoid glycosides is hemiacetal-enether cyclopentane, which is an important structural basis. Anti-oxidant stress is the manifestation of its biological activity (Wang et al., 2019a). Some studies also believe that the double bond on the cyclopentane in iridoid glycosides, the C-11 substituent, and the way of forming the bond after ring opening also have important effects on the anti-inflammatory activity (Mao et al., 2019). For example, loganin, morroniside, and sorgenin all contain several electron-donating groups-hydroxyl groups. The hydroxyl groups release hydrogen atoms and combine with free radicals to block the chain reaction mediated by reactive oxygen species and reduce the body's oxidative stress. Stimulus levels, which weaken the phosphorylation of inflammatory signal pathway related factors, thereby inhibiting the inflammatory response, improving insulin resistance and liver damage (Li et al., 2014). Studies believe that tetracyclic triterpene saponins are the leading compounds for the treatment of neurological diseases, and can show strong neurological activity after proper structural modification and modification. Among them, C-7 and C-9 of lanolin triterpenoids The diene bond connected at the position may be the key group for nerve extension promoting activity (Liu, Y. et al., 2015). The research on the structure-activity relationship of tetracyclic triterpenes is mainly focused on the study of the binding sites related to the action of NMDAR antagonists, indicating that the structural modification and optimization of its aglycon and side chain sugar groups can obtain a new type of neuroactive monomer with high efficiency and low toxicity drug. Tetracyclic triterpene dammarane compounds as NMDAR antagonists will be an effective way to treat neurological diseases (Lee et al., 2006; Ryoo et al., 2020). Studies believe that ginkgolides can improve cerebral blood circulation and energy metabolism through specific inhibition of PAFR, and show a good market prospect in the prevention and treatment of cardiovascular and cerebrovascular diseases. The main differences in their effects are: the number and positions of hydroxyl groups contained in ginkgolides are different, PAF and ginkgolide ligands can be combined, and the introduction of benzyl derivatives at position C-10 is more beneficial for antagonistic activity; In addition, the presence of C, D ring and tert-butyl group also plays an important role in activity (Hui et al., 2013). Some scholars have studied the structure-activity relationship of andrographolide and found that the position of the double bond determines the anti-inflammatory effect of andrographolide and its derivatives, and the anti-inflammatory effects of compounds with double bonds in the ring are stronger than those with double bonds outside the ring (Tian et al., 2015). As a natural component of polycarbonyl and polyhydroxyl groups, emodin can coordinate and chelate with the zinc ions of type IV collagenase to inactivate type IV collagenase, thereby preventing type IV collagenase (MMP-2, MMP- 9) degradation of basement membrane and extracellular matrix of normal tissue cells, play a role in anti-invasion and anti-metastasis (Wang, 2006). As a nucleoside antibiotic, cordycepin has a good application prospect in regulating immunity and scavenging free radicals (Lee et al., 2020).
In summary, the activity of natural products has an important relationship with the structure of the substance itself. The active functional groups of natural products are the key to their functions. Moreover, the bioavailability of many natural products is very low, which limits their use, the structural modifications, changes in dosage forms or improvements in pharmacokinetic parameters can improve their bioavailability. Because the pathogenesis of cerebral ischemia is complex, and cascade reactions occur cross-over. The anti-cerebral ischemia effects of individual natural products are often weak. Therefore, a full understanding of the mechanism of the cerebral ischemia cascade can provide the possibility for the development of specific mechanisms or targeted compounds, and the combined use of different natural products to play a multi-target neuroprotective effect may be a promising therapy. However, it is very important to combine animal models with clinical practice (Ma et al., 2020). Choose appropriate experimental models according to actual conditions to provide a solid foundation for the clinical transformation of natural products.
CONCLUSIONS AND OUTLOOK
Stroke is one of the most common causes of disability and death worldwide, seriously endangers human health and brings heavy burden to society and family. Till now, there is no effective therapy which is available for the treatment of cerebral ischemia. Recombinant plasminogen activator is the only medicament utilized clinically and its use is restricted due to short therapy time windows and the risk of bleeding. Natural products from plants have been used to treat the cure of numerous disorders through the previous practice of therapeutics (Fan et al., 2020; Li Y. et al., 2017; Savopoulos et al., 2009; Chen, S. et al., 2020). Nowadays, many attempts have been made to explore the neuroprotective effects of natural products with the advance of technology. Hence, this review summarizes recent studies on the biological activities and mechanisms of recognized compounds for cerebral ischemia injury prevention or/and treatment (Table 1). Through the literatures, three aspects should be noted with special focus. First, multiple types of natural products, including flavonoids, alkaloids, saponin, terpene, iridoid glycosides, polyphenols and others, are proven to have a definite effect on cerebral ischemia injury. In fact, the clinical efficacy still requires further confirmation and to study. Second, animal models and cell experiments were used to investigate the neuroprotective effect of natural product on cerebral ischemia injury. Animal models including MCAO, BCCAO and other occlusion methods were used to induce cerebral ischemia injury. Due to the diversity of brain cells, a variety of cell lines are used in the study of neurological diseases, for example, HT22, BV2, BMEC and others. Due to the limitations of cell models, the neuroprotective effects of many natural products in cell models still need to be verified by in vivo experiments. Third, most of the compounds show neuroprotective effects through multiple targets or signaling pathways. These natural products work by comprehensive regulation, inhibiting excitotoxicity, influencing free radicals, anti-apoptosis, impairing blood-brain barrier disruption, anti-inflammation, influencing astrocytic activation and proliferation. The mechanism by which natural products has multiple targets and diverse signaling pathways. Therefore, natural products would be very valuable when seeking novel therapeutic agents for stroke.
TABLE 1 | Summary a few natural products and their targets of action imparting neuroprotective activity.
[image: Table 1]In conclusion, this review summarizes that the facts are comprehensive and deeply informative about the neuroprotective activities of natural products in vitro and in vivo experiment. For prophylactic and therapeutic management of stroke, they are promising candidates. Therefore, this review would provide as a reference for current advances in the study on natural products for neuroprotection.
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ABBREVIATIONS
 t-PA, tissue plasminogen activator; BBB, blood-brain barrier; NVU, neurovascular unit; CNKI, China National Knowledge Internet; FDA Food and Drug Administration; Mcl 1, myeloid cell leukemia 1; Bcl 2, B-cell lymphoma-2; SOD, superoxide dismutase, MDA, malondialdehyde; MCAO, middle cerebral artery occlusion; NF-κB, nuclear factor kappa B; TLR2/4, toll like receptor 2/4; NOD2, nucleotide-binding oligomerization domain protein 2; TNF α, tumor necrosis factor α; MAPK, mitogen-activated protein kinase; p-ERK1/2, phosphorylation extracellular regulated kinase 1/2; VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor, NOX2, nicotinamide adenine dinucleotide phosphate oxidase 2; BCCAO, bilateral common carotid arteries; iNOS, inducible nitric oxide synthase; eNOS, endothelial nitric oxide synthase; mTOR, mechanistic target of rapamycin; p-JNK, phosphorylation c-Jun N-terminal kinase; ACE, angiotensin-converting enzyme; AT1R, Ang II type 1 receptor, TNF-α, tumor necrosis factor -α; IL-6, interleukin-6; IL-1β, interleukin-1β; PARP, poly (ADPribose) polymerase; NAD, nicotinamide adenine dinucleotide; OGD, oxygen–glucose deprivation; I/R, ischemic reperfusion; HBMVECs, human brain microvessel endothelial cells; IκB, inhibitory κB; PPARα, peroxisome proliferator-activated receptor α; PPARγ, peroxisome proliferatoractivated receptor γ; IRE1, inositol requiring enzyme 1; XBP1 X-Box Binding Protein 1; BDNF, brain-derived neurotrophic factor; RASD1, dexamethasone-induced Ras-related protein 1; ER, estrogen receptor; p Akt, phospho-Akt; GSK 3β, glycogensynthase kinase 3-β; CREB, cAMP response element binding protein; HIF-1α, hypoxia inducible factor-1-alpha; GSH-Px, glutathione peroxidase; TJ, tight junction; MMP 9, matrix metalloprotein 9; AQP4, aquaporin 4; Cyt-C, cytochrome C; Sirt 1, silent information regulator 1; HI, hypoxic-ischemia; PAR 1, protease-activated receptor-1; SNpc, substantia nigra pars compacta; PGE2, prostaglandin E2; COX-2, cyclooxygenase; GSH, glutathione; STAT, signal transducer and activator of transcription; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase-1; ET-1, endothelin-1; mPTP, mitochondrial permeability transition pore; PAR 1, protease-activated receptor-1; CECs, cerebral endothelial cells; GLT-l, glutamate transporter-1; ERK, extracellular signal-regulated kinase.
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Background: Borneol is a terpene and bicyclic organic compound that can be extracted from plants or chemically synthesized. As an important component of proprietary Chinese medicine for the treatment of stroke, its neuroprotective effects have been confirmed in many experiments. Unfortunately, there is no systematic review of these studies. This study aimed to systematically examine the neuroprotective effects of borneol in the cascade reaction of experimental ischemic stroke at different periods.
Methods: Articles on animal experiments and cell-based research on the actions of borneol against ischemic stroke in the past 20°years were collected from Google Scholar, Web of Science, PubMed, ScienceDirect, China National Knowledge Infrastructure (CNKI), and other biomedical databases. Meta-analysis was performed on key indicators in vivo experiments. After sorting the articles, we focused on the neuroprotective effects and mechanism of action of borneol at different stages of cerebral ischemia.
Results: Borneol is effective in the prevention and treatment of nerve injury in ischemic stroke. Its mechanisms of action include improvement of cerebral blood flow, inhibition of neuronal excitotoxicity, blocking of Ca2+ overload, and resistance to reactive oxygen species injury in the acute ischemic stage. In the subacute ischemic stage, borneol may antagonize blood-brain barrier injury, intervene in inflammatory reactions, and prevent neuron excessive death. In the late stage, borneol promotes neurogenesis and angiogenesis in the treatment of ischemic stroke.
Conclusion: Borneol prevents neuronal injury after cerebral ischemia via multiple action mechanisms, and it can mobilize endogenous nutritional factors to hasten repair and regeneration of brain tissue. Because the neuroprotective effects of borneol are mediated by various therapeutic factors, deficiency caused by a single-target drug is avoided. Besides, borneol promotes other drugs to pass through the blood-brain barrier to exert synergistic therapeutic effects.
Keywords: L-borneol, D-borneol, DL-borneol, ischemic stroke, cascade reaction, neuroprotection
INTRODUCTION
Borneol is a bicyclic terpenoid with strong fat solubility (Lv et al., 2012). The 2020 edition of Chinese Pharmacopoeia contains three commercial borneol products: D-borneol (Chinese name “Tianranbingpian”), L-borneol (Chinese name “Aipian”), and Synthetic borneol (Chinese name “Bingpian”). D-borneol are extracted from fresh branches and leaves of Cinnamomum camphora (L.) Presl.or Dryobalanops aromatica Gaertn.f (Yang et al., 2018; Wang and Wang, 2018). L-borneol is processed from the sublimation of Blumea balsamifera (L.) DC (Islam et al., 2010). Synthetic borneol is a racemic borneol (A mixture with D-borneol and L-borneol as the main components) prepared by chemical synthesis of turpentine and camphor (Chinese Pharmacopoeia Committee, 2020) (Figure 1). Borneol has been used in China for more than 1600 years (Li et al., 2013). In Traditional Chinese Medicine (TCM) theory, borneol is a upper ushering drug that guides herbs to their target organs, especially in the upper part of the body, including the brain (Chen et al., 2019). In addition, borneol is suitable for the treatment of mental diseases accompanied by signs of heat syndrome because the herbal medicine has the property of being “cold” (Zou et al., 2017; Wang and Wang, 2018). Several proprietary Chinese medicine preparations such as Angong Niuhuang pills and Xingnaojing injection contain borneol and are widely used in the clinical treatment of stroke (Guo et al., 2014; Zhang et al., 2019).
[image: Figure 1]FIGURE 1 | Mechanism of borneol against cerebral ischemia injury and chemical structure of three borneols. (A) Levorotatory borneol (endo-(1 S)-1,7,7-trimethyl-bicyclo [2.2.1] heptan-2-ol, (–)-borneol), which is extracted from fresh leaves of Blumea balsamifera (L.) DC. (B) Dextrorotatory borneol (endo-(1R)-1,7,7-trimethyl-bicyclo [2.2.1] heptan-2-ol, (+)-borneol), which is extracted from fresh branches and leaves of Cinnamomum camphora (L.) Presl. (C) Synthetic borneol (DL-borneol) is an optically inactive (±) borneol that is mainly a mixture of (±) borneol and is obtained via the chemical transformation of camphor and turpentine oil.
Cerebral stroke is a disorder of cerebral blood circulation of the central nervous system and may either be ischemic or hemorrhagic. Ischemic stroke accounts for approximately 80% of stroke cases (Fan et al., 2017). Ischemic stroke is accompanied by extremely complex physiological and pathological processes. The acute stage of ischemic stroke is characterized by glutamate excitotoxicity, intracellular Ca2+ overload, oxidative stress, and production of free radicals. The subacute stage is characterized by apoptosis and necrosis, blood-brain barrier damage, brain edema, and an inflammatory response. The late stage of ischemic stroke is characterized by reactive astrocyte proliferation, glial scar formation, angiogenesis, and neurogenesis (Steliga et al., 2020). These processes occur at different time points, overlap with each other, and eventually lead to brain injury and repair after ischemia.
In the study of brain diseases, the regulatory effect of borneol on blood-brain barrier has always been the focus of relevant practitioners. In fact, there are also abundant studies have shown that borneol has a neuroprotective effect on cerebral ischemic. Unfortunately, the neuroprotective mechanism of borneol is complex and involves many aspects, and only few reviews have focused on the protective mechanism of borneol at different periods of cerebral ischemia. Therefore, we take the review of borneol intervention in cerebral ischemia as the main content of the article, and supplement the meta-analysis of key indicators in vivo studies, hoping to provide some valuable references for borneol’s experimental research and clinical application.
METHODS
Search Strategy
A comprehensive search strategy was conducted in several databases, including Google Scholar, Web of Science, ScienceDirect, PubMed, and CNKI from their inceptions to March 2021. For data mining, the following words were used in the databases mentioned above: “borneol” or “D-borneol” or “L-borneol” or “synthetic borneol” and “cerebral ischemic” or “ischemic stroke” or “neuroprotection.” In almost all cases, the original articles or abstracts were obtained and the relevant data was extracted.
Eligibility and Exclusion Criteria
Both animal experiments (in vivo) and cell studies (in vitro) on borneol intervention in ischemic stroke have been included in the review. But all studies accepted for meta-analysis should be met the following eligibility criteria: 1) The drugs used must be borneol, whether D-borneol, L-borneol, or synthetic borneol, it should be noted that the literature on combination of drugs, which sets borneol alone as a group to compare with the model group, can also be included in this study; 2) The animal model used must be a cerebral ischemia model, whether permanent or cerebral ischemia-reperfusion; and 3) the control group receiving vehicle or no adjunct intervention was included in the studies. Exclusion criteria were as follows: 1) the study was a case report, clinical trial, review, or in vitro study; 2) lack of the control group; 3) the targeting disease was not ischemic stroke; 4) the intervention was a combination of borneol and another agent with potential effect on ischemic stroke; 5) the anesthesia used in the experiment has obvious neuroprotective effect (Figure 2).
[image: Figure 2]FIGURE 2 | Flow diagram of the search process.
Statistical Analysis
To evaluate the effect of borneol on cerebral ischemia in animal experiments, Revman version 5.3 was performed for statistical analysis. If statistical heterogeneity was found (p < 0.1, I2 > 50%), a model of random effect (RE) was applied to evaluate pooled effect with 95% CI; and if no statistical evidence of heterogeneity existed (p ≥ 0.1, I2 ≤ 50%), a model of fixed effect (FE) was set with 95% CI. If the outcomes were applied at the same scale, the weighted mean difference (WMD) was calculated as a summary statistic; and if the same results were measured in different ways, the standardized mean differences (SMD) were used. Heterogeneity was assessed by standard chi-square test and I2 statistics. A probability value less than 0.05 was considered statistically significant. To minimize bias and human error, the meta-analysis was performed by 2 independent reviewers and disagreements reconciled by a third independent reviewer.
RESULTS
Mechanism of Borneol Intervention in the Acute Stage of Ischemic Stroke
Decreased cerebral blood flow in the acute phase of ischemic stroke (within 24 h of human cerebral ischemia) causes a decrease in oxygen and metabolic substrates to neurons. Sbusequently, The lack of oxygen interrupts oxidative phosphorylation by the mitochondria and drastically reduces cellular ATP production. Inhibition of the Na+/K+-ATPase function causes a profound loss of ionic gradients and depolarization of regulated neurons, which leads to excessive release of excitatory amino acids-particularly glutamate-to the extracellular compartment. The presence of excessive amounts of free glutamate into the synapses and extrasynaptic sites can lead eventually to neuronal death. Excitotoxicity leads to a number of deleterious consequences, including impairment of cellular calcium homeostasis, generation of free radicals and oxidative stress, mitochondrial damage, and activation of transcription factors. All these mechanisms’ acting synergy can cause acute neuron death by apoptosis (Rama and Garcia, 2016). Borneol participates in multiple physiological and pathological processes in the acute phase of ischemic stroke and impedes disease progression by antagonizing the damage in the initial stage of ischemic stroke.
Improving Cerebral Blood Flow
Disordered energy metabolism is required in the development of cerebral ischemia. Stenosis and occlusion of blood vessels lead to the interruption of local blood flow and alters blood circulation. Cerebral infarction occurs when the supply of nutrients provided by local blood circulation does not meet the energy metabolism needs of brain cells beyond a certain time limit. Therefore, timely improvement of the blood supply to the brain is the primary goal of the clinical treatment of ischemic stroke. Borneol has the pharmacological effects of relaxing blood vessels, reducing blood pressure and cerebral vascular resistance, inhibiting thrombosis, and promoting thrombolysis, thereby improving cerebral blood flow after cerebral ischemia.
Regulation of Vascular Neuropeptide
In an in vivo canine study, DL-borneol reduced abdominal aortic blood pressure, increased common carotid blood flow, and reduced cerebrovascular resistance (Shang et al., 2015). L-borneol has a vasorelaxant effect that depends on the presence of vascular endothelium and the participation of nitric oxide (NO) and prostanoids. In addition, L-borneol directly relaxed vascular smooth muscle, which is dependent on KATP channels (Santos et al., 2018). Under pathological conditions, D-borneol increased blood flow in the cortex in photochemical-mediated cerebral ischemia model rats and DL-borneol increased blood flow in the cortex and striatum in transient global cerebral ischemia reperfusion (tGCIR) animal models (Yu et al., 2016; Li, 2018; Wang et al., 2018; Yu et al., 2020). The meta-analysis results of three studies jointly suggested that borneol could improve the blood microcirculation in different brain regions (Figure 3).
[image: Figure 3]FIGURE 3 | (A) Borneol reduces platelet aggregation by blocking the release of 5-HT and the increasing of intracellular Ca2+ levels, and interferes with thrombus formation by inhibiting thrombin activity. In addition, borneol activates the fibrinolytic system to promote the dissolution of plasma euglobulin. Borneol also improve cerebral blood flow under ischemia by regulating vascular neuropeptides. (B) The forest plots: the borneol group vs. the control group on cerebral blood flow. Subgroup 1 measures the cerebral blood flow in a certain brain area such as the hypothalamus or hippocampus in a tGCIR rodent model, showing that borneol significant increase of cerebral blood flow in the treatment of cerebral ischemic injury (nT/nC = 52/52, MD 5.91, 95% CI: 2.76∼9.06, p = 0.0002; heterogeneity χ2 = 7.87, df = 5, I2 = 36%). In subgroup 2, the cerebral blood flow of bilateral parietal cortex was monitored, and the model was induced by photochemical method, which also showed that borneol could improve the cerebral blood flow.
Endothelin 1 (EDN1/ET) and calcitonin gene-related peptide (CGRP) are neuropeptides that contract and dilate blood vessels, respectively. Cerebral ischemia/reperfusion injury induces increased EDN1 secretion, promotes vascular smooth muscle contraction, and aggravates low perfusion. Conversely, CGRP is a strong neuropeptide vasodilator that serves as an endogenous endothelin antagonist to reverse vasospasms and improve blood circulation. Stroke leads to increased EDN1 and decreased CGRP levels (Yuan et al., 2006; Giannopoulos et al., 2008). Borneol can effectively reduce EDN1 levels and tends to increase CGRP levels (Huang, 2018), suggesting that it can dilate blood vessels and improve cerebral blood flow during cerebral ischemia.
Regulation of the Fibrinolytic System and Anti-Thrombosis
The thrombus causing cerebral ischemia is mainly composed of platelets, leukocytes, erythrocytes, and fibrin (Michael et al., 2016). The dissolution time of plasma euglobulin reflects the activity of fibrinolytic enzymes. Borneol significantly shortens the euglobulin lysis time in rats, reduces the weight of the whole blood clot in mice, and inhibits ADP-induced platelet aggregation in rabbits (He, 2005). Furthermore, borneol inhibits venous thrombosis and arteriovenous shunt in a concentration-dependent manner and exerts anticoagulant activity by prolonging prothrombin time and thrombin time (Li et al., 2008). 5-hydroxytryptamine (5-HT), secreted and released by platelets, plays an important role in platelet aggregation and thrombosis. Ca2+, as the second messenger, also plays a key role in the process of platelet activation. The deformation, aggregation and release of platelets are accompanied by the increase in the level of intracellular Ca2+ (Wöckel et al., 2008). Borneol inhibits FeCl3-induced arterial thrombosis in rats, which involves inhibition of platelet 5-HT release and platelet aggregation, as well as the decrease of cytoplasmic Ca2+ level in platelet (Yang et al., 2010). The mechanisms of borneol improves cerebral blood flow and the results of meta-analysis of cerebral blood flow are shown in Figure 3.
Inhibition of Neuronal Excitotoxicity
The excessive release of glutamate and the drastic disruption of glutamate transporters, that occurs early after the cerebral ischemic is toxic to neurons, mainly through the activation of ionotropic receptors and intracellular calcium overload that trigger detrimental cascades causing excitotoxic neuronal death (Lai et al., 2014). Conversely, Some in vitro studies showed that activation of GABAA and GABAB receptors played a neuroprotective role (Costa et al., 2004; Xu et al., 2008). The expression of GABAA receptors after ischemia is decreased in distinct brain regions of rodents subjected to transient MCAO (Huang and Zhao, 2017). And the disruption of GABA-mediated neurotransmission early during reperfusion may also contribute to ongoing neuronal excitability (Mele et al., 2014). Neuroprotection is achieved in the preclinical setting by GABAergic drugs acting through multiple mechanisms, such as GABA receptors agonists or positive modulators. Borneol plays a neuroprotective role by reducing glutamate (Glu) levels, activating GABAA receptor, and then blocking the necrosis and apoptosis of neurons.
In one study, D-borneol and L-borneol enhanced the actions of γ-aminobutyric acid (GABA) at recombinant GABAA receptor and had moderate direct action on these receptors (Granger et al., 2005). D-borneol has neuroprotective effects after primary neuronal injury induced by glutamate at low concentrations, and this effect is consistent with the activation of GABAA receptor (Cheng et al., 2006; Chen et al., 2013). In addition, borneol reduces Glu levels in the hippocampus and hypothalamus in a tGCIR rat model (Yu et al., 2019a). The inhibitory effects of borneol on Glu secretion were also confirmed in a transient bilateral carotid occlusion (tBCO) rodent model (Huang, 2018). The meta-analysis results of the above two studies further suggested that borneol could reduce glutamate levels with small heterogeneity (Figure 4). Borneol promoted glutamate clearance in hypoxia/reoxygenation astrocytes and improved astrocyte viability during hypoxia (Chai et al., 2019). Borneol, combined with echinacoside, artificial moschus, Ligusticum chuanxiong, and other drugs, can also improve the content of Glu after cerebral ischemia (Liu et al., 2002a; Zhong et al., 2012; Yu et al., 2019b). The mechanisms by which borneol attenuates the toxicity of excitatory amino acid and the meta-analysis results of glutamate level are shown in Figure 4.
[image: Figure 4]FIGURE 4 | (A) Borneol inhibits the increase of extracellular glutamate levels in the ischemic state and strengthens the binding of GABA to GABAA receptors. The direct activation of the GABAA receptor by borneol could also inhibit glutamate-mediated excitatory amino acid toxicity. (B) The forest plots: the borneol group vs. the control group on glutamate levels. Meta-analysis of two studies with three comparisons showed that animals in the borneol group had statistically significant lower glutamate levels than the control group (nT/nC = 30/30, SMD −2.23, 95% CI: −2.92∼ −1.55, p < 0.00001, heterogeneity χ2 = 2.63, df = 2, I2 = 24%).
Protection Against Damage Caused by Reactive Oxygen Species
The reactive oxygen species (ROS) causing cerebral ischemic injury include superoxide anion (O2−), hydroxyl radical (OH−), and hydrogen peroxide (H2O2). Brain tissue is rich in iron ions that catalyze the formation of free radicals, which makes the brain more vulnerable to ROS (González-Ibarra et al., 2011). When thrombolysis exceeds the therapeutic time window, a large amount of ROS is produced by dysfunctional mitochondria, the neutrophil respiratory burst, increased xanthine oxidase formation in capillary endothelial cells, and catecholamine self-oxidation after cerebral ischemia/reperfusion (Huang and Zhao, 2017). Furthermore, cerebral ischemia decreases the ability of the antioxidant system to scavenge ROS. The antioxidant system is composed of glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), catalase (CAT), and other antioxidant enzymes. Improving antioxidant enzymes activity or activating related pathways is an important way to combat ischemic brain injury. Borneol improves the body’s ability to resist ROS by increasing the activity of antioxidant enzymes and activating the nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant response element (ARE) signaling pathway.
Several studies have shown that borneol injection reduces malondialdehyde (MDA) levels and increases SOD and GSH-Px activity to accelerate the scavenging of superoxide anion free radicals after pMCAO in a rodent model (He et al., 2006; He et al., 2007). Borneol also increases SOD and GSH-Px activity and decreases MDA levels in the cerebral cortex, hippocampus, hypothalamus, and striatum of rats subjected to tGCIR (Yu et al., 2016). L-borneol and DL-borneol increase SOD and decrease MDA in ischemic brain tissue and the serum in a rodent model of tMCAO (Tian, 2013). The meta-analysis results of related studies further suggested that borneol could resist free radical damage by reducing MDA levels and increasing the activities of GSH-PX and SOD (Figure 5). Borneol, combined with musk, Ligusticum chuanxiong, and other drugs, can also attenuate ROS injury after cerebral ischemia (Liu et al., 2002b; Wang, 2011; Yu et al., 2017a). Besides, DL-borneol increases SOD and CAT activity, and D-Borneol increases SOD and GSH-Px activity in OGD/R-treated PC12 cells (Huang et al., 2020).
[image: Figure 5]FIGURE 5 | (A) Borneol promotes Nrf2 transfer to the nucleus, which activates the Nrf2/ARE signaling pathway by binding to ARE. The activation of this pathway strengthen the expression of downstream antioxidant enzymes such as SOD, CAT, and GSH-Px to reduce the damage of ROS to biofilm and the production of lipid peroxide, maintaining the redox balance of cells. (B) The forest plots: the borneol group vs. the control group on MDA levels. After sequentially omitting each study, one outlier study Ni, 2011 was considered as the potential sources of the heterogeneity (nT/nC = 190/189, MD −0.86, 95% CI: −1.00 to −0.71, p < 0.00001; heterogeneity χ2 = 58.37, df = 21, I2 = 64%). Meta-analysis of remaining seven studies with 24 comparisons not only showed a more homogeneous result (nT/nC = 174/173, MD −1.34, 95% CI: −1.58 to −1.09, p < 0.00001; heterogeneity χ2 = 36.46, df = 19, I2 = 48%), but also displayed a downward effect on the content of MDA. (C) The forest plots: the borneol group vs. the control group on GSH-Px activity. The assessments of the GSH-Px activity were performed in four studies with 12 comparisons after excluding one research Huang 2018, heterogeneity before exclusion (nT/nC = 115/111, MD 0.20, 95% CI: 0.10 to 0.30, p < 0.00001, heterogeneity χ2 = 142.43, df = 12, I2 = 92%), heterogeneity after exclusion (nT/nC = 105/101, MD 5.07, 95% CI: 4.22 to 5.93, p < 0.00001, heterogeneity χ2 = 15.56, df = 11, I2 = 29%). The results showed that animals in the borneol group had statistically significant higher GSH-Px activity than the control group. (D) The forest plots: the borneol group vs. the control group on SOD activity. Through 16 comparisons of the 6 studies after excluding the research results of Tian (2013), Shao et al. (2018), and Wang (2011), it was found that borneol had a upward effect on the activity of SOD. Heterogeneity before exclusion (nT/nC = 243/248, MD 9.20, 95% CI: 8.51 to 9.89, p < 0.00001, heterogeneity χ2 = 528.10, df = 27, I2 = 95%), and heterogeneity of the 7 retained studies was relatively homogeneous (nT/nC = 144/144, MD 3.64, 95% CI: 2.73∼4.55, p < 0.00001; heterogeneity χ2 = 28.51, df = 15, I2 = 47%).
Borneol may protect against free radical damage by activating the Nrf2-ARE signaling pathway. Nrf2, an anti-oxidative stress nuclear transcription factor, translocates from the cytoplasm to the nucleus and binds to the ARE receptor to activate the Nrf2-ARE signaling pathway when cells are exposed to ROS. The activation of this pathway induces the expression of downstream antioxidant enzymes to reduce cell damage caused by ROS and maintain the dynamic cellular redox balance (Wang et al., 2015). Circulating macrophages will enter the core area of cerebral ischemia through the blood-brain barrier to remove damaged cells after organic injury occurs in the brain. An in vitro cell experiment demonstrated that D-borneol promotes the expression of Nrf2 in RAW 264.7 macrophages stimulated with lipopolysaccharide (LPS) (Sun et al., 2019). It is also worth mentioning that L-borneol and D-borneol protected human neuroblastoma cells (SH-SY5Y) against β-amyloid induced toxicity, exerted an antioxidative effect by increaseing the expression and nuclear translocation of Nrf2 (Hur et al., 2013). Borneol, combined with Salvia miltiorrhiza, not only increased SOD levels and decreased MDA levels but also upregulated the expression of Nrf2 and inhibited the oxidative stress. The combination of these two drugs is more effective than Salvia miltiorrhiza alone, suggesting that borneol plays a synergistic role by activating the Nrf2-ARE signaling pathway in vivo (Liang et al., 2016). The actions of borneol against ROS damage and the meta-analysis results of related indicators are detailed in Figure 5.
Regulation of the Expression of NOS to Protect Against NO Damage
NO plays a dual role in neuroprotection and neurotoxicity. Nitric oxide synthase (NOS) isoforms are crucial in determining the role of NO in cerebral ischemia. There are three isoforms of NOS: neuronal NOS (nNOS/NOS1), inducible NOS (iNOS/NOS2), and endothelial NOS (eNOS/NOS3) (Chen et al., 2017). The transient increase of NO after cerebral ischemia is mainly mediated by eNOS and nNOS. NO synthesized by eNOS can dilate blood vessels, inhibit platelet aggregation, reduce leukocyte adhesion, and enhance collateral circulation to play a short-term neuroprotective effect (Ito et al., 2010). NO synthesized by nNOS participates in glutamate-induced neuronal Ca2+ overload, mediates early glutamate excitotoxicity (Zhou and Zhu, 2009). Also, nNOS activation contributes to microvascular damage and decreased cerebral perfusion early after reoxygenation and worsens brain damage (Hsu et al., 2014). The slow upregulation of iNOS in the late stage of cerebral ischemia leads to delayed neuronal injury by producing excessive NO, increasing microvascular permeability, and inducing brain edema (Liu and Mu, 2014). Therefore, promoting the expression of eNOS in the early stage or inhibiting the expression of iNOS in the latter stage is a good therapeutic strategy for treating cerebral ischemia. Studies have found that borneol plays a neuroprotective effect by increasing eNOS expression and reducing iNOS expression, but the effect of borneol on nNOS is not clear.
Intravenous administration of D-borneol inhibits iNOS expression in rodent brain tissue and, consequently, reduces peroxynitrite (ONOO−) levels after tMCAO and pMCAO (Wu et al., 2014b; Chang et al., 2017). L-borneol and DL-borneol also reduce the expression level of iNOS in a pMCAO rodent model (Tian, 2013). In an in vitro oxygen-glucose deprivation–reperfusion (OGD/R) ischemia model, borneol inhibited the activity and expression of iNOS in primary cortical neurons and, therefore, reduced the production of iNOS-derived NO (Liu et al., 2011). In addition, borneol promotes the synthesis of eNOS-derived NO under both physiological and brain contusion conditions and has a stronger effect on the synthesis of NO by endothelial cells in the pathological state (Zhao et al., 2001). Borneol, combined with catalpol and puerarin, increases the expression of eNOS in rats with MCAO (Wu et al., 2016). The combination of borneol and musk promotes the synthesis of NO in vascular endothelial cells and inhibits the expression of iNOS in a global cerebral ischemia/reperfusion rat model (Zhang et al., 2002; Liu et al., 2011).
Inhibition of Intracellular Ca2+ Overload
Calcium overload is considered being the last common pathway of neuronal injury during cerebral ischemia/reperfusion (Vannucci et al., 2001; Shi, 2014). The ways of calcium entering neurons following cerebral ischemia include glutamate receptors; voltage-dependent calcium channel; transient receptor potential channels; acid-sensing ion channels; sodium-calcium exchanger operating in entry mode; inward excitotoxic injury current calcium permeable channels; mitochondria and endoplasmic reticulum calcium release, etc. And the pathways of calcium exit into neurons include Ca2+-ATPase pump; Na+-Ca2+ exchanger operating in exit mode, etc (Singh et al., 2019).
It was found that both L-borneol and DL-borneol significantly reduced Ca2+ concentration in ischemic ipsilateral brain tissue of rats subjected to tMCAO (Ni, 2011; Tian, 2013). DL-borneol significantly decreased the concentration of Ca2+ in hippocampal and hypothalamic neurons after cerebral ischemia reperfusion (CIR) in rats (Yu et al., 2019a). Previous studies have found that borneol significantly increased the activity of lactate dehydrogenase (LDH) in ischemic brain tissue to inhibit the accumulation of lactic acid, which may interfere with Ca2+ entering cells through acid-sensitive ion channels (He, 2005; He et al., 2006; Wang, 2011). Besides, borneol reduces cytoplasmic Na+ levels by increasing Na+-K+ATPase activity, which prevent Ca2+ from entering neurons via sodium-calcium exchange (He, 2005). ROS increase cytoplasmic Ca2+ concentration by destroying the integrity of the biofilm, but borneol prevents the damage of biofilm by accelerating the scavenging of ROS. Glutamate mediates calcium influx in neurons by activating glutamate receptors, while borneol reduces the level of glutamate (Huang, 2018; Yu et al., 2019b). In addition, L-borneol and DL-borneol increased the expression and activity of Ca2+-Mg2+-ATPase, promoting the outflow of intracellular Ca2+ (Ni, 2011; Tian, 2013). The meta-analysis results also suggested that borneol could reduce the calcium content and increase the activities of LDH, Ca2+-ATPase and Na+-K+-ATPase (Figure 6). Overall, these publications show that borneol can improve the concentration of intracellular Ca2+, block the pathological injury caused by Ca2+ overload, and interfere with the process of neuronal apoptosis in the cascade reaction. Mechanism of borneol inhibiting cytoplasmic Ca2+ overload and the meta-analysis results of related indicators are showed in Figure 6.
[image: Figure 6]FIGURE 6 | (A) Ischemic stroke induces Ca2+ overload in the cytoplasm via various mechanisms. Borneol may interfere with calcium overload by interfering with acid ion channels, impeding the damage of ROS to biofilm, reducing glutamate levels, and increasing the activity of Ca2+-ATP ase, etc. (B) The forest plots: the borneol group vs. the control group on LDH activity. Subgroup analysis was used according to different LDH determination methods, and each subgroup showed that borneol had an improvement effect on LDH activity. (C) The forest plots: the borneol group vs. the control group on Ca2+-ATP ase activity. A study (He, 2005) were excluded after excluding documents one by one, and the heterogeneity before exclusion (nT/nC = 78/78, MD 0.21, 95% CI: 0.13 to 0.30, p < 0.00001, heterogeneity χ2 = 29.09, df = 8, I2 = 72%), after elimination (nT/nC = 48/48, MD 0.99, 95% CI: 0.66 to 1.32, p < 0.00001, heterogeneity χ2 = 5.90, df = 5, I2 = 15%). Both meta-analysis results showed that borneol could increase the activity of Ca2+-ATP ase. (D) The forest plots: the borneol group vs. the control group on Na+-K+ ATP ase activity. Meta-analysis of four studies with 9 comparisons showed that animals in the borneol group had statistically significant higher Na+-K+ ATP ase activity than the control group (nT/nC = 73/73, MD 0.57, 95% CI: 0.50 to 0.64, p < 0.00001, heterogeneity χ2 = 9.92, df = 8, I2 = 19%). (E) The forest plots: the borneol group vs. the control group on Ca2+ content. Three studies with seven comparisons indicated that borneol could down regulate the content of Ca2+ in brain tissue after cerebral ischemia (nT/nC = 56/56, SMD −1.55, 95% CI: 2.00 to −1.10, p < 0.00001, heterogeneity χ2 = 9.85, df = 6, I2 = 39%).
Suppress Acute Hyperthermia
During the acute stage of cerebral ischemia, fever increases the mortality and disability rates by aggravating neuronal damage (Wrotek et al., 2012). The leukocytes gather in the core area of cerebral infarction and release endogenous heat generators, and these cytokines raise the hypothalamic thermoregulation set point by triggering the release of arachidonic acid and activating cyclooxygenase to produce prostaglandins (Blatteis et al., 2005). Correlation analysis of clinical data and models of cerebral ischemia show that the harmful effects of fever after stroke are mediated by the increased excitotoxicity by glutamate, and the protective effect of hypothermia is also closely related to decreased glutamate release (Campos et al., 2012; Campos et al., 2013). Through feedback regulation, fever can further aggravate cerebral ischemic injury by promoting the secretion of excitatory neurotransmitters, increasing the production of ROS, accelerating the metabolic rate, and aggravating the degradation of neuronal cytoskeleton proteins (Ginsberg and Busto, 1998). Researchers accidentally found that both L-borneol and DL-borneol significantly inhibited the elevation of rats body temperature after pMCAO or tMCAO (Ni, 2011; Tian, 2013). We know that infection can also induce elevated body temperature in stroke patients. Studies have also shown that the three borneols reduced LPS-induced elevation of body temperature and reduced fever due to inflammation (Luo et al., 2016; Zou et al., 2017). These suggest that borneol can inhibit acute fever of ischemic stroke, and this process may involve the inhibition of glutamate excitotoxicity and reduction in the release of endogenous febrile factors.
Mechanisms of Borneol Intervention in the Subacute Stage of Ischemic Stroke
The physiological and pathological responses in the subacute stage of ischemic stroke (within 2–7°days after the occurrence of human cerebral ischemia) play a key role in the transformation of brain injury in the infarcted area. Apoptosis and necrosis occur in the first few hours after ischemic stroke and reach a peak after 24 h (Wang et al., 2015b). Structural damage to the blood-brain barrier and the high expression of astrocyte aquaporins continue to aggravate brain edema and reach a peak 3–4 days after ischemia (Badaut et al., 2002; Badaut et al., 2007). Compared with the treatment of primary injury after arterial occlusion, secondary injury caused by inflammation may have a longer treatment time window. Intervening in the inflammatory response is an important means of treatment (Kawabori and Yenari, 2015). Therefore, the therapeutic use of borneol for blood-brain barrier damage, different types of cell death, and the inflammatory response in the subacute stage of ischemic stroke have important consequences for the treatment and rehabilitation of stroke patients.
Intervention of Inflammatory Cytokine Expression
Tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) are key inflammatory factors in cerebral ischemic injury. Nuclear factor kappa B (NF-κB) also plays an important role in the inflammatory process (Sun et al., 2014). All kinds of borneol significantly reduce TNF-α levels, while D-borneol and DL-borneol reduce IL-1β levels and DL-borneol reduces IL-6 in cerebral ischemia/reperfusion models (Ni, 2011; Chang et al., 2017; Wen, 2017; Yu et al., 2017b; Dong et al., 2018). Myeloperoxidase (MPO) is a specific marker of neutrophils (Tu et al., 2010). D-borneol inhibits MPO activity, and inhibits neutrophil infiltration in the brain tissue of rats subjected to pBCO (Shao et al., 2018). Inhibition of cyclooxygenase-2 (COX-2) and 5-lipoxygenase (5-LOX) showed a neuroprotective effect in ischemic stroke rat model (Singh and Chopra, 2014). Cerebral ischemia/reperfusion induces the upregulation of COX-2 expression, resulting in the aggravation of the cerebral injury (Zhang et al., 2019). Cysteinyl leukotriene receptor 2 (CYSLTR2) is a subtype of cysteinyl leukotriene receptor, an inflammatory mediator (Zhang, 2013). Borneol inhibits the activities of 5-LOX and COX-2 of rats subjected to tMCAO and blocks CYSLTR2 expression in the hippocampus (Duan et al., 2012; Liu et al., 2018). As shown in Figure 7, the meta-analysis results suggested that borneol played an anti-inflammatory role by reducing the levels of TNF-α, IL-1β and IL-6, and inhibiting the expression of 5-LOX and COX-2 in serum or brain tissue of cerebral ischemic animals. What’s more, borneol inhibits proinflammatory factor release and cytoplasmic inhibitor of kappa B alpha (IκBα) degradation, and blocks NF-κB p65 nuclear translocation induced by OGD/R. Borneol also inhibits the release of TNF-α and the expression of intercellular adhesion molecule-1 (ICAM1), reverses OGD/R-induced neuronal injury, nuclear pyknosis, ROS production, and the disappearance of mitochondrial membrane potential (Liu et al., 2011). Microglia-mediated neuroinflammation plays a crucial role in the pathophysiological process of multiple neurological disorders. Both LPS treatment and oxygen-glucose deprivation of neurons lead to the activation of microglia. Borneol has a direct inhibitory effect on the activation of microglia mediated by LPS in vitro. There was an increase in neuronal death after the addition of activated microglia culture supernatant, but the microglia culture medium treated with borneol reduced the toxicity of microglia to neurons with the decrease of TNF-α, IL-1β, and IL-6 levels, and the increase of interleukin-10 (IL-10) levels (Wang et al., 2019). Taken together, these studies described above suggest that borneol protects against acute brain cell injury by attenuating inflammation. The mechanism of borneol attenuating inflammatory injury and the meta-analysis of related indicators are shown in Figure 7.
[image: Figure 7]FIGURE 7 | (A) Inflammatory cells involved in ischemic brain injury include inherent immune cells in the brain and circulating immune cells infiltrating into the CNS. Borneol attenuates the neuronal damage caused by inflammation via reducing the release of inflammatory cytokines such as TNF-α, IL-1β and IL-6, and down-regulating the expression of COX-2 and 5-LOX, etc. (B) The forest plots: the borneol group vs. the control group on IL-1β levels. According to different detection methods, four studies were divided into two subgroups, subgroup 1 heterogeneity (nT/nC = 58/58, SMD −0.94, 95% CI: −1.34 to −0.54, p < 0.00001, heterogeneity χ2 = 8.96, df = 5, I2 = 44%) and overall heterogeneity (nT/nC = 62/62, SMD −0.98, 95% CI: −1.38 to −0.59, p < 0.00001, heterogeneity χ2 = 14, df = 6, I2 = 57%), suggesting that borneol can reduce the levels of IL-1β levels compared with the control group. (C) The forest plots: the borneol group vs. the control group on TNF-α levels. Meta-analysis of six studies showed that animals in the borneol group had statistically significant lower TNF-α levels than the control group (nT/nC = 75/75, SMD −1.71, 95% CI: −2.11 to −1.31, p < 0.00001, heterogeneity χ2 = 8.31, df = 8, I2 = 4%). (D) The forest plots: the borneol group vs. the control group on expression of COX-2. The expression levels of COX-2 were determined by ELISA and Western bolt analysis in subgroup 1 and subgroup 2, respectively. The results showed that the expression levels of COX-2 in the tested animals was significant decreased after administration of borneol with total heterogeneity (nT/nC = 48/47, SMD −1.63, 95% CI: −2.13 to −1.13, p < 0.00001, heterogeneity χ2 = 7.07, df = 4, I2 = 43%). (E) The forest plots: the borneol group vs. the control group on expression of 5-LOX. Meta-analysis of two studies with six comparisons showed that animals in the borneol group had significant lower 5-LOX levels than the control group (nT/nC = 65/64, MD −0.86, 95% CI: −0.99 ∼ −0.73, p < 0.00001, heterogeneity χ2 = 40.91, df = 5, I2 = 88%). The source of heterogeneity was not found by eliminating the literature one by one. (F) The forest plots: the borneol group vs. the control group on IL-6 levels. Meta-analysis of two studies with five comparisons showed that animals in the borneol group had lower IL-6 levels than the control group with substantial heterogeneity (nT/nC = 48/48, MD −28.82, 95% CI: −33.99 to −23.64, p < 0.00001, heterogeneity χ2 = 86.18, df = 4, I2 = 95%).
Resistance to Damage of the Blood-Brain Barrier
The blood-brain barrier (BBB) is a selective structural and functional barrier between the brain tissue and blood. The structural barrier is composed of vascular endothelial cells, pericytes, basal lamina, and astroglial terminal feet (Ueno, 2009). The functional barrier depends on P-glycoprotein (P-gp), which can expel specific substances that enter the endothelial cells back into the bloodstream (Ueno et al., 2010). The protective effect of borneol on the BBB is achieved by structurally up-regulating the expression of tight junction proteins in vascular endothelial cells, inhibiting structural destruction of the BBB mediated by metalloproteinases, and functionally inhibiting the efflux of P-gp on neuroprotective drugs.
Direct Protective Effect on BBB
The meta-analysis results of several studies confirmed that borneol could reduce the infiltration of evans blue (EB) into the brain and decrease the brain water content after cerebral ischemia (Jia, 2014; Liu et al., 2017; Dong et al., 2018; Wang, 2011; Yao et al., 2011) (Figure 8). The mechanism of borneol inhibits BBB structural damage may involve the downregulation of matrix metallopeptidase 2 (MMP2) and matrix metallopeptidase 9 (MMP9), and the upregulation of TIMP metallopeptidase inhibitor 1 (TIMP1). MMP9 and MMP2 are proteases that promote the opening of the BBB and the formation of brain edema by degrading the basal lamina of cerebral vessels. TIMP1 antagonizes MMP2 and MMP9 activity. DL-borneol increases TIMP1 mRNA expression in rats subjected to tMCAO (Liu et al., 2007). D-borneol downregulates MMP2 and MMP9 expression in rats subjected to pMCAO, and DL-borneol inhibits MMP9 mRNA and protein in a tMCAO rat model (Liu et al., 2009; Wang et al., 2018).
[image: Figure 8]FIGURE 8 | (A) Borneol has direct and indirect protective effects on BBB. Borneol inhibits the infiltration of leukocytes to the damaged brain tissue, upregulates the expression of TIMP1 to counter the damage of matrix metalloproteinases to the basement membrane, hinders the destruction of tight junction proteins between endothelial cells, and inhibits the expression of aquaporin. Borneol also plays an indirect neuroprotective effect by inhibiting the efflux of P-gp on neuroprotective drugs and promoting the entry of drugs into the CNS. (B) The forest plots: the borneol group vs. the control group on brain EB content. The assessments of the brain EB content were performed in five studies with six comparisons after the induction of the model. Combining available data in a meta-analysis from the above five studies showed the significantly protective effect of borneol on the BBB during cerebral ischemic injury according to the brain EB content (nT/nC = 40/38, SMD −2.74, 95% CI: −4.53 to −0.95, p < 0.00001, heterogeneity χ2 = 33.01, df = 5, I2 = 85%). The literature that causes heterogeneity has not been found. (C) The forest plots: the borneol group vs. the control group on brain water content. Through 10 comparisons of the five studies assessed brain water content by using dry-wet weight method and showed the significant decreasing of BBB permeability in the treatment of ischemic cerebral injury (nT/nC = 91/96, MD −2.16, 95% CI: −2.78 to −0.61, p < 0.00001, heterogeneity χ2 = 1524.1, df = 9, I2 = 99%). One by one exclusion method did not find the heterogeneity from above literature.
In addition to the effects on metalloproteinases, borneol may also downregulate the expression of ICAM1 and lymphocyte function-associated antigen 1 (LFA-1). ICAM1 is a transmembrane protein expressed on vascular endothelial cells that binds to LFA-1 in inflammatory site. The combination of LFA-1 and ICAM1 facilitate leukocyte adherence to, or passage through vascular endothelial cells to reach the focal area of ischemia. Borneol inhibits the adhesion and penetration of leukocytes to endothelial cells by inhibiting the expression of ICAM1 and LFA-1 (Liu et al., 2009; Kong et al., 2013; Liu et al., 2011).
Borneol upregulates claudin 5 (CLDN5) and tight junction protein 1 (TJP1) expression. CLDN5 and TJP1 are key components of tight junctions between cerebral microvascular endothelial cells, and their expression is significantly decreased in ischemic brain tissue (Li et al., 2017). Previous studies have confirmed that D-borneol upregulates CLDN5 and TJP1 expression in tMCAO model rats and brain microvascular endothelial cells with OGD /R treatment (Xu and Zhang, 2015; Xu and Zhang et al., 2016). L-borneol and DL-borneol increased the expression of CLDN5 in an animal model of permanent cerebral ischemia (Xu et al., 2016; Wen, 2017; Dong et al., 2018; Wang et al., 2018).
In addition, aquaporin 4 (AQP4) is concentrated at the foot processes of astrocytes. The outer surface of blood vessels is almost surrounded (85%) by the end feet of glial cells. Thus, increased expression of this protein can induce brain edema (Hu et al., 2012). Borneol inhibits brain edema after cerebral ischemia, which may be related to the downregulation of AQP4 mRNA expression (Liu et al., 2009).
Indirect Protective Effect on BBB
The anatomy of the BBB protects the central nervous system (CNS) from toxins and variations in blood composition, and maintains the consistency of the brain’s micro-environment (Abbott and Friedman, 2012). Although considerable advancements have been made in drug delivery to the CNS, the clinical application of CNS drugs is still limited by their poor bioavailability due to the BBB (Denora et al., 2009). Borneol promotes the penetration and accumulation of neuroprotective drugs such as gastrodin, puerarin, kaempferol, and nimodipine, increases the bioavailability of these drugs, thereby exerting an indirect neuroprotective effect (Cai et al., 2008; Gao et al., 2010; Wu et al., 2014a; Zhang et al., 2015). The mechanism of this effect is closely related to the regulation of P-gp.
One study showed that P-gp was expressed 30 min after focal cerebral ischemia in rats and lasted for 24 h (Xing et al., 2007). Borneol downregulates the expression of P-gp both physiological and pathological conditions. L-borneol inhibits P-gp expression in rats subjected to tMCAO (Yu et al., 2011; Tian, 2013). P-gp, which is encoded by Mdr1a, is expressed on the luminal membrane of brain microvascular endothelial cell (BMEC) and confers multidrug resistance to various chemotherapeutic agents (Chen et al., 2003). In an in vitro BBB model composed of rat brain BMECs and astrocytes, L-borneol downregulated the efflux function of P-gp by inhibiting the expression of mdr1a mRNA and P-gp, and this process was related to the transient activation of NF-κB (Fan et al., 2015).
Borneol also affects 5-HT, a known BBB neurotransmitter (Ke et al., 2000). Borneol can mediate BBB opening by increasing 5-HT in the hypothalamus of rats (Hui et al., 2009). Since P-gp is a lipophilic protein (Abbott et al., 2010), borneol easily binds to P-gp after passing through the BBB and inhibits the binding of 5-HT to P-gp, which results in a reduction in P-gp-mediated efflux of 5-HT and a consequent increase in 5-HT in cerebral vascular endothelial cells (Yuan et al., 2006). The mechanism of borneol protecting BBB and results of meta-analysis of related indicators are shown in Figure 8.
Regulation of Various Forms of Cell Death
Previous studies applied TTC staining to evaluate cerebral infarction area, showing that borneol had significant differences in alleviating cerebral infarction (Wen, 2017; Dong et al., 2018). The cytotoxic effects of excitatory amino acid toxicity, oxidative stress, and ROS damage in the acute stage of cerebral ischemia lead to rapid disintegration and necrosis of neurons. Delayed neuronal injury after several days of ischemia exhibits characteristics of apoptosis. Cellular injury in the central necrotic area of the cerebral infarction is irreversible, but the peripheral ischemic penumbra is salvageable (Guo, 2000). BCL2 apoptosis regulator (BCL2) and BCL2 associated X, apoptosis regulator (BAX) are typical BCL-2 family apoptosis-inhibiting protein and apoptosis-inducing protein, respectively. Regulating the balance between BAX and BCL2 can hinder the expansion of infarct area (Xu et al., 2016). Previous reports demonstrated that D-borneol and L-borneol reduced the BAX/BCL2 ratio in rats subjected to pMCAO and DL-borneol reduced the BAX/BCL-2 ratio in both pMCAO and tMCAO models (Huang, 2018; Wen, 2017). Caspase-3 (CASP3) induces neuronal apoptosis in ischemic stroke, and which is interrupted by L-borneol and D-borneol after cerebral ischemia/reperfusion (Wen, 2017; Yu et al., 2020). Tumor protein 53 (p53) is mainly expressed in the mitochondria and contributes to cell apoptosis (Wang et al., 2017b). Borneol reduces p53 expression in the cortex and striatum (Yu et al., 2020). Meta-analysis results also suggested that borneol had anti-apoptotic effects by down-regulating the expression levels of p53 and caspase-3, and regulating the ratio of BAX and BCL-2 (Figure 9). Furthermore, borneol enhances the neuron protective autophagy in the cortex and striatum by modulating beclin1, mTOR, and LC3II/I (Yu et al., 2017c; Yu et al., 2020). L-camphor is one of the metabolic products of borneol in the body (Jiang et al., 2008). Several studies have demonstrated that L-camphor upregulates cell adhesion molecule 2 (CADM2) expression to promote neurite outgrowth by targeting microRNA-125a and microRNA-140 and upregulates heterogeneous nuclear ribonucleoprotein A1 (HNRNPA1) expression to promote the expression of stress granules. At the same time, L-camphor can improve apoptosis and autophagy by regulating the autophagy-related proteins, p62 and LC3, and apoptosis-related proteins BCL-XL and CASP3 (Li, 2016; Liu, 2017; Ren, 2018). The mechanism of borneol intervention in various forms of neuronal death and related meta-analysis results are shown in Figure 9.
[image: Figure 9]FIGURE 9 | (A) Borneol reduces the size of cerebral infarction by improving various forms of cell death. (B) The forest plots: the borneol group vs. the control group on cerebral infarction rate. Five studies with ten comparisons to evaluate cerebral infarction size by TTC staining, showing a significant difference but with high heterogeneity (nT/nC = 66/63, SMD −2.68, 95% CI: −3.98 to −1.39, p < 0.0001, heterogeneity χ2 = 36.80, df = 8, I2 = 78%). (C) The forest plots: the borneol group vs. the control group on expression of p53. Meta-analysis of two studies showed that animals in the borneol group had significant lower p53 levels than the control group with high heterogeneity (nT/nC = 60/60, SMD −3.88, 95% CI: −5.60 to −2.16, p < 0.00001, heterogeneity χ2 = 38.57, df = 5, I2 = 87%). (D) The forest plots: the borneol group vs. the control group on expression of BCL2. Three studies showed that animals in the borneol group had statistically significant higher BCL2 levels than the control group with high heterogeneity (nT/nC = 48/48, SMD 4.74, 95% CI: 2.07 to 7.41, p = 0.0005, heterogeneity χ2 = 57.81, df = 5, I2 = 91%). (E) The forest plots: the borneol group vs. the control group on expression of BAX. Three studies based on the measurement of BAX expression showed no significant difference between the borneol group and the control group with high heterogeneity (nT/nC = 48/48, SMD 1.28, 95% CI: −0.62 to 3.18, p = 0.19, heterogeneity χ2 = 54.77, df = 5, I2 = 91%). (F) The forest plots: the borneol group vs. the control group on ratio between BCL2 and BAX. Subgroup 1 (nT/nC = 10/10, MD 0.87, 95% CI: 0.64–1.10) and subgroup 2 (nT/nC = 18/18, MD −0.03, 95% CI: −0.05 to −0.01, p = 0.01, heterogeneity χ2 = 0.03, df = 2, I2 = 0%) are BCL2/BAX and BAX/BCL2, respectively. Both subgroups suggest that borneol can improve the ratio between BAX and BCL2. (G) The forest plots: the borneol group vs. the control group on expression of Caspase-3. Expression of Caspase-3 was reported in four studies with 12 comparisons. Meta-analysis showed a significant difference in down-regulating the expression levels of CASP3 but with substantial heterogeneity (nT/nC = 87/87, SMD −1.25, 95% CI: −1.99 to −0.51, heterogeneity χ2 = 40.61, df = 11, I2 = 73%). The above indicators with high heterogeneity have not found their respective resources.
Mechanism of Borneol Intervention in the Late Stage of Ischemic Stroke
In the late stage of ischemic stroke (one week after the occurrence of cerebral ischemia in humans), reactive glial cell hyperplasia and glial scar formation limit the expansion of brain damage and separate the necrotic infarct core from the surrounding normal tissues (Sims and Yew, 2017). The reconstruction of the glial cell groups, the neovascularization of the blood vessels, and the regeneration of the nerve myelin sheath play leading roles in the repair process at this stage. Borneol helps the body recover to a healthy physiological state more quickly by promoting angiogenesis and accelerating the repair of damaged neurons in the late stage of stroke.
Promoting the Growth and Repair of Neurons and Angiogenesis
Animal experiments confirmed that borneol improved the neurological function score and reduced the cerebral infarction area (Wu et al., 2014b; Dong et al., 2018). Immunofluorescence staining showed that borneol also lowered neuronal mortality and promoted neurogenesis (Zhang et al., 2017b; Yu et al., 2020). Tanshinol borneol ester (DBZ) is a novel synthetic compound derived from Dantonic®. DBZ plays a role in inducing angiogenesis in both in vivo and in vitro experiments (Liao et al., 2019). Borneol promotes neurogenesis and angiogenesis in the brain, possibly through the upregulation of endogenous neurotrophic factors and regulation of the Wnt/β-catenin pathway.
Increasing Endogenous Neurotrophic Factors
Ischemic brain injury destroys nerves and cerebral vessels and induces compensatory neonatal reactions in brain tissue, including nerve regeneration and vascular remodeling. Borneol regulates brain derived neurotrophic factor (BDNF), nerve growth factor (NGF), vascular endothelial growth factor (VEGF), fibroblast growth factor 2 (FGF2/bFGF), and glial cell derived neurotrophic factor (GDNF), and promotes repair of nerves as well as remodeling of blood vessels by activating the Wnt/β-catenin pathway.
In a tMCAO rodent model, DL-borneol significantly decreased VEGF mRNA on the first day after cerebral ischemia but increased VEGF mRNA levels on the second and third days (Hu et al., 2005; Ni, 2011). Three kinds of borneol can upregulate the expression of VEGF in a pMCAO rat model after ischemia (Dong et al., 2018). Under physiological conditions, endothelial cells express approximately 10 times less fms related receptor tyrosine kinase 1 (FLT1/VEGFR1) than kinase insert domain receptor (KDR/VEGFR2) (DeVal and Black, 2009). Binding of VEGF to VEGFR2 activates intracellular tyrosine kinases and multiple downstream signals that induce angiogenesis. The inhibition of VEGFR2 signaling disturbs endothelial cell proliferation after stroke (Shimotake et al., 2010). On the contrary, VEGFR1 negatively regulates cell proliferation and reduces angiogenesis (Mendes et al., 2018). Increasing evidence suggests that cerebral ischemia upregulates VEGFR1 expression, which positively correlates with the degree of damage (Yoo et al., 2010; Causey et al., 2012). In a BMECs model treated with OGD, borneol increased the expression of VEGF, reduced the expression of VEGFR1, and tended to increase the expression of VEGFR2 (Yu et al., 2019a). The latest research confirms that L-borneol can promote angiogenesis coupled neurogenesis by regulating Ang1-VEGF-BDNF to play a neuroprotective effect (Ma et al., 2021). In a tMCAO rat model, borneol significantly enhanced the expression of NGF, BDNF, GDNF, and VEGF mRNA after 48°h of reperfusion. Borneol not only increased the expression of NGF, GDNF, and VEGF mRNA but also significantly increased the level of bFGF mRNA after 72 h of reperfusion (Hu, 2004).
Regulation of the Wnt/β-Catenin Pathway
The Wnt/β-catenin pathway regulates neuronal differentiation and microangiogenesis, and this pathway is crucial for endothelial cell maintenance of the BBB homeostasis and normal neural function. The Wnt/β-catenin pathway participates in the proliferation and differentiation of neural stem cells, the formation of axons, the occurrence of cortical patterns, vascular regeneration and remodeling in the nervous system, and the formation of the BBB. Wnt family member 3A (WNT3A), β-catenin, disheveled (Dsh), and lymphoid enhancer binding factor 1 (LEF1) are positive regulatory molecules of the Wnt/β-catenin pathway, while glycogen synthase kinase 3 beta (GSK3B) and APC regulator of WNT signaling pathway (APC) are negative regulators of this pathway (Wen et al., 2016). Three kinds of borneol activate the Wnt/β-catenin signal pathway by regulating the expression of positive and negative regulatory molecules in rats subjected to pMCAO, performing the neuroprotective effect of CNS (Wen, 2017). In another study, the combination of borneol, astragaloside IV, and Panax notoginseng saponins promotes the proliferation of neurons and repairs damaged neurons, enhancing the resistance of rats to cerebral ischemia/reperfusion injury, which is also associated with the regulation of the Wnt/β-catenin signaling pathway (Yang et al., 2019).
DISCUSSION
Summary of Results
Ischemic brain injury is an extremely complex process, but the neuroprotective effect of many drugs is more likely to play a single role in the ischemic cascade reaction. In summary, borneol has protective effects at all three stages of cerebral ischemic injury. In the acute stage of cerebral ischemia, borneol improves cerebral blood flow by relaxing blood vessels and eliciting anti-thrombotic effects, inhibits neuronal excitotoxicity by reducing Glu levels and activating GABAA receptors, improves the ability of the body to resist ROS injury by increasing the activity of antioxidant enzymes, regulates the activity of different types of NOS and antagonizes the neurotoxic effect of NO, reduces the content of intracellular Ca2+, interferes with the process of neuron death, and antagonizes the symptoms of acutely elevated body temperature. In the subacute phase of ischemia stroke, borneol interferes with the expression of inflammatory cytokines, the destruction of BBB, and multiple forms of neuron death. In the late stage of brain injury, borneol promotes neuronal repair and angiogenesis. Furthermore, borneol mobilizes endogenous nutritional factors to hasten self-repair of the body, avoiding the defect of single-target therapeutic agents. Moreover, borneol can promote other drugs to pass through the BBB to enhance their therapeutic effects and play a synergistic neuroprotective effect. Hence, brneol can interfere with neuronal injury after cerebral ischemia through multiple channels.
Implications
Borneol is a naturally occurring product in a class of “orifice-opening” agents used in TCM for resuscitative purpose, and is widely used as an upper ushering drug for various brain diseases in many Chinese herbal formulae (Zhang et al., 2017a; Chen et al., 2019). This is consistent with the findings of many scholars that borneol has a beneficial effect on increasing the bioavailability, tissue distribution, and blood concentration of other drugs, and making other drugs transport through BBB easier (Xiao et al., 2007; Cai et al., 2008; Lu et al., 2011).
Heat-clearing is a traditional effect of borneol as a resuscitation-inducing aromatic medicine (Zou et al., 2017; Wang and Wang, 2018). Some researchers found that oral administration of borneol had a certain improvement effect on fever in the acute phase of stroke, which is consistent with the understanding of “inducing resuscitation with drugs of pungent flavor and cool naturenature” of borneol in TCM clinical practice. But the time-effect, dose-effect relationships, and mechanisms of borneol inhibiting stroke hyperpyrexia deserve a more thorough study.
Oral administration is the most common route in the clinical use of borneol. Borneol is absorbed rapidly into the brain and has the same concentration in the brain as in the blood within 5 min of oral administration (Pan et al., 2014). In mice, a single oral dose of borneol accumulates in organs in this order: lung < muscle < spleen < heart < kidney < brain < liver (Huang et al., 2009). The distribution of borneol in the brain also shows regional specificity, with the highest concentration in the cortex, moderate concentrations in the hippocampus and hypothalamus, and lowest concentration in the striatum (Yu et al., 2013). Besides, the biphasic half-life and elimination of D-borneol and DL-borneol in the plasma were 0.7–8.5 h and 0.8–8.0 h, respectively, (Cheng et al., 2013). Another study found that 10 h after a single dose of 2 g L-borneol, about 81% of borneol is excreted in the form of glucuronic acid binding in urine (Bhatia et al., 2008). These studies suggest that while borneol is easily absorbed, it does not easily accumulate in the body.
Outlooks
In Table 1, we found that borneol administration in ischemic stroke was mainly oral, with some instances of intravenous administration being recorded. However, it has been reported that intranasal administration of borneol had rapid absorption into the blood and brain compared with oral administration while having similar bioavailability compared to intravenous administration (Zhao et al., 2012). Therefore, it is necessary to pay more attention to the nasal administration of borneol in the future research of brain diseases.
TABLE 1 | Summary of borneol intervention for ischemic stroke.
[image: Table 1]It is undeniable that only few patients receive thrombolysis within 6–8 h in the treatment of cerebral ischemia, which results in most patients developing permanent cerebral ischemia (Chalela et al., 2007). Regrettably, most experimental studies being focused on transient ischemic stroke (Mcbride and Zhang, 2017; Ma et al., 2020). This phenomenon can also be seen in Table 1. Thus, the comparative study between permanent cerebral ischemia model and ischemia-reperfusion model has far-reaching clinical value for the differential medication of borneol in the treatment of stroke.
As we all know, there are pharmacodynamic differences between the compounds which are optically active isomers (Wermuth, 2015). Borneol is a bicyclic compound with three chiral carbon atoms and several optical isomers. L-borneol and D-borneol are a pair of optical isomers, and their neuroprotective effects in ischemic injury may be different. Consequently, the comparison of pharmacodynamic differences of different borneols in the intervention of ischemic stroke should be one of the focuses of later work. Besides, it is worth noting that there are many commercial species or isomers of borneol, and the botanical taxonomic names used by researchers are not the same, which makes it difficult to compare the experimental results. Therefore, it is also necessary to clarify the botanical source, spatial structure and drug purity of borneol in future experimental studies.
Limitations
The mechanisms of ischemic brain damage in humans and experimental animals cannot be equal because of species differences. This paper is based on the injury mechanism in humans at different periods (acute stage, subacute stage, and late stage) as a clue to sort out the neuroprotective effect of borneol in experimental models. Therefore, whether borneol can exert the same protective mechanism in clinical practice requires further study.
Some meta-analysis results have high heterogeneity due to experimental animals, the types and doses of borneol, animal models, and other factors. Therefore, exploring the reason that causes substantial heterogeneity and conducting more detailed data analysis will be issues that need to be addressed by relevant practitioners later.
The quality scores for the included studies shown in Table 2. The average quality score of in vivo animal studies for meta-analysis was 4.6. Twenty-six studies were peer-reviewed publications, among them, nine studies were published master’s thesis or PhD thesis. Twenty-six studies declared the random allocation. Three studies reported the masked conduct of experiments. None of the included studies described the blinded assessments of outcome. Twenty-four studies described the use of anesthetic without significant intrinsic neuroprotective activity. Fifteen studies stated they compliance with animal welfare regulations. Twenty-six studies described the experimental animals and the model preparation process in comparatively detail. According to the above quality assessment results, we call for more high-quality studies to confirm the neuroprotective effect and mechanism of borneol in the future.
TABLE 2 | Quality assessment of included studies.
[image: Table 2]CONCLUSION
Although borneol is rarely used alone in the clinical treatment of brain diseases, it cannot be ignored that borneol exerts a significant neuroprotective effect even when used alone in vivo and in vitro studies. The meta-analysis results of various animal experiments further indicated that borneol has an intervention effect in energy metabolism, inflammatory reaction, apoptosis, and necrosis as well as other processes of cerebral ischemic cascade reaction. This possible explanation for the benefits and the success of borneol in preventing enlargement of infarction and improving neurological function score. Overall, the previous review excessively focused on the regulation of borneol on BBB and ignored its overall effect on the treatment of cerebral ischemia. But this review comprehensively highlights the potential application of borneol as a neuroprotective agent against cerebral ischemia. We strongly believe that the research field of borneol anti-ischemic stroke is still promising.
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GLOSSARY
5-HT 5-hydroxytryptamine
5-LOX 5-lipoxygenase
APC adenomatous polyposis coli
BBB blood-brain barrier
BDNF brain-derived neurotrophic factor
bFGF/FGF2 fibroblast growth factor 2
BMEC brain micro-vascular endothelial cell
Cadm2 bell adhesion molecule 2
CAT Catalase
CGRP calcitonin gene-related peptide
CIR cerebral ischemia reperfusion
CNS central nervous system
COX-2 cyclooxygenase-2
CysLT-2 cysteinyl leukotriene receptor-2
Dsh disheveled
EB evans blue
eNOS endothelial nitric oxide synthase
ET-1 endothelin-1
GABA gamma-aminobutyric acid
GDNF glial cell-derived neurotrophic factor
Glu glutamic acid
GSH-Px glutathione peroxidase
GSK-3β glycogen synthase kinase-3 beta
H2O2 Hydrogen peroxide
HnrnpA1 heterogeneous Nuclear Ribonucleoprotein A1
ICAM-1 intercellular adhesion molecule-1
IL-10 interleukin-10
IL-1β interleukin-1β
IL-6 interleukin-6
iNOS inducible nitric oxide synthase
LC3 microtubule-associated protein light chain 3
LEF1 lymphoid Enhancer-Binding Factor 1
LFA-1 lymphocyte function-associated antigen-1
MDA malondialdehyde
MMP 2 matrix metallopeptidase 2
MMP 9 matrix metallopeptidase 9
MPO Myeloperoxidase
mTOR mammalian Target of rapamycin
NF-κB nuclear factor-κB
NGF nerve growth factor
NMDA-R N-methyl-d-aspartate glutamate receptor
nNOS neuronal nitric oxide synthase
NO nitric oxide
NOS nitric oxide synthase
O2− superoxide anion
OGD/R Oxygen-Glucose Deprivation/Reperfusion
OH− hydroxyl radical
p53: tumor protein 53
p62 sequestosome-1
pBCO permanent bilateral carotid occlusion
pCIR permanent cerebral ischemia reperfusion
P-gp P-glycoprotein
ROS reactive oxygen species
SOD superoxide dismutase
tBCO transient bilateral carotid occlusion
TCM traditional Chinese Medicine
TTC 2,3,5-Triphenyltetrazolium chloride
tGCIR transient Global cerebral ischemia reperfusion
TIMP-1 tissue inhibitor of metalloproteinase-1
tMCAO transient middle cerebral artery occlusion
TNF-α necrosis factor-α
VEGF vascular endothelial growth factor
VEGFR1/FLT1 fms related receptor tyrosine kinase 1
VEGFR2/KDR Kinase insert domain receptor
Wnt3a wnt family member 3A
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Post-stroke depression (PSD) is one of the most common stroke complications, which seriously affects stroke’s therapeutic effect and brings great pain for patients. The pathological mechanism of PSD has not been revealed. Jiedu Tongluo granules (JDTLG) is an effective traditional Chinese medicine for PSD treatment which is widely used in clinical treatment. JDTLG has a significant therapeutic effect against PSD, but the mechanism is still unclear. The PSD rat model was established by carotid artery embolization combined with chronic sleep deprivation followed by treating with JDTLG. Neurobehavioral and neurofunctional experiments were engaged in studying the neural function of rats. Histomorphology, proteomics, and western blotting researches were performed to investigate the potential molecular mechanisms related to JDTLG therapy. Oral treatment of JDTLG could significantly improve the symptoms of neurological deficit and depression symptoms of PSD rats. Proteomic analysis identified several processes that may involve the regulation of JDTLG on the PSD animal model, including energy metabolism, nervous system, and N-methyl-D-aspartate receptor (NMDAR)/brain-derived neurotrophic factor (BDNF) signal pathway. Our results showed that JDTLG could reduce glutamate (Glu) level and increase gamma-aminobutyric acid (GABA) level via regulating the NMDAR/BDNF pathway, which may play a vital role in the occurrence and development of PSD.
Keywords: post-stroke depression, traditional Chinese medicine, jiedu tongluo granules, NMDAR/BDNF, neuroprotection
INTRODUCTION
Post-stroke depression (PSD) is one of the most common psychiatric complications of stroke, racked up about 33 percent of stroke survivors (Towfighi et al., 2017). The pathogenesis of PSD is very complex, including biological and social psychological mechanisms (Wang et al., 2018). Several researches provided evidence that it may associate with the neurotransmitter system’s modulation, neuronal plasticity, neuroendocrine activation, and energy metabolism (Villa et al., 2017). However, the pathophysiological mechanisms of PSD remain far from clearness.
Glutamate, N-methyl-D-aspartate (NMDA) receptors (NMDARs), and brain-derived neurotrophic factor (BDNF) are the critical gene nodes in PSD. Glutamate is the primary excitatory neurotransmitter of the central nervous system (CNS) and plays a crucial role in maintaining the nervous system’s homeostasis and function. NMDARs are essential members of the ionic glutamate receptor family. Excess release of glutamate in the brain is one of the causes of ischemic stroke. It is known that excitotoxicity can cause neuronal death after acute stroke and is associated with overactivation of glutamate receptors (Szydlowska and Tymianski, 2010). Increased glutamate-mediated excitotoxicity could also cause PSD (Sanacora et al., 2012), as a previous study suggested that the glutamate may be involved in PSD via infarct formation (Cheng et al., 2014). Besides, BDNF plays a vital role in neuronal plasticity, cognition, learning, and memory. Numerous studies have demonstrated that the BDNF expression level in PSD patients is lower than that without depression. Moreover, antidepressants are known to improve BDNF expression in the brain, which may reduce the symptom of depression (Zhang and Liao, 2020). Inhibition of NMDARs could improve the BDNF function (Tanqueiro et al., 2018). What’s more, in central nervous system neurons, CREB phosphorylation is induced by activation of NMDARs, which lies downstream of Ca2+/Calmodulin dependent protein kinase activation (Deisseroth et al., 1996). Calcium-dependent nuclear signaling via CAMK4 and CREB is critical for neuroprotection (Bell et al., 2013). Thus, gaining a clearer understanding of the complex pathogenesis of PSD is essential for developing better treatments.
In recent years, Traditional Chinese Medicine (TCM), as a primary form of complementary and alternative therapy, has been recognized to be effective and safe in treating depression (Jun et al., 2014). The Chinese herbal preparation named Jiedu Tongluo granules (JDTLG) is a patented complex Chinese medicine formulation (No: 201510419571.3) (Zhao et al., 2018). It has shown that JDTLG is effective for the recovery of body function and depression in PSD patients. An earlier study showed that JDTLG could significantly improve depression-like behavior in animal stroke models (SongWT and Ren, 2015). However, the underlying mechanism was poorly understood until now. This study hypothesized that glutamate excitotoxicity is the pathogenic mechanism of PSD, and JDTLG may have an antidepressant effect and neuroprotection function in the PSD animal model. Therefore, the present research explores the therapeutic effects of JDTLG in the PSD animal model and uncovers the potential mechanism of neuroprotection through the NMDAR/BDNF signaling pathway.
MATERIALS AND METHODS
Preparation and Analysis for JDTL Granules
JDTLG was provided by Huashen Pharmaceutical Co., Ltd. (Beijing, China, #20131230), which was composed of Panax ginseng C. A. Mey. (Ren Shen) 12.5 g/100 g, Scutellaria baicalensis Georgi (Huang Qin) 12.5 g/100 g, Ginkgo biloba L. (Yin Xing Ye) 25 g/100 g, Hypericum perforatum L (GuanYe Lian Qiao) 12.5 g/100 g, Gardenia jasminoides J. Ellis (Zhi Zi) 12.5 g/100 g, Gastrodia elata Blume (Tian Ma) 12.5 g/100 g, Conioselinum anthriscoides “Chuanxiong” (Chuan Xiong)12.5 g/100 g. The main compounds of JDTLG were identified according to the Chinese Pharmacopeia specifications (2010 Edition). To obtain the bioactive ingredient of ginsenoside (Ma et al., 2017), samples of JDTLG were separated on XB-C18 column (4.6 × 250 mm, 5 µm), mobile phases consisted of solvents A (acetonitrile) and B (pure water). A gradient eluting program was selected as follows: 0–35 min, 19%A with 81%B; 35–55 min, linear-gradient elution19–29%A and 81–71%B; 55–70 min, maintaining 29%A and 71%B for 15 min; 70–100 min, linear-gradient 29–38%A and 71–62%B. The flow rate was 1.0 ml/min, and the detection wavelength was 203 nm. To obtain Baicalin (Li et al., 2004), samples of JDTLG were separated on a TopsilTM C18 column (4.6 × 250 mm, 5 µm), and used methanol-water-phosphoric acid (47:53:0.2) as the mobile phase; the detection wavelength is 280 nm, the flow rate is 1.0 ml min−1, the column temperature controlled at 30°C. Reference substances of Ginsenoside Rg1, Ginsenoside Re, and Baicalin bought from the National Institutes for Food and Drug Control (Beijing, China). Reference substances of Ginsenoside Rb1 bought from Chengdu Pusi Biological Technology Co., Ltd. (Beijing, China).
Animals
We used male SD (Sprague Dawley) rats (License No. SCXK 2016-0011) weighing 200–220 g supplied by the Beijing Vital River Laboratory Animal Technology Co., Ltd. Rats were reared at 25 ± 1°C and 65 ± 5% temperature and humidity, with a 12 h light-dark cycle. All rats were adapted to the environment for about one week and had free access to food and water. Try to minimize animal suffering during experiments. The Committee approved the procedures and ethics guidelines for Experimental Animal Use and Care of Xiyuan Hospital, China Academy of Chinese Medical Sciences, Beijing, China.
Rats were randomly assigned to five groups (n = 10): control group, model group, fluoxetine (10 mg kg−1) group (Liang et al., 2015; Sun et al., 2017), JDTL low group (2 g kg−1) and JDTL high group (4 g kg−1). The JDTL Granules and fluoxetine were intragastrically administrated from the first day of the surgery until the behavioral test. Rats in the control and the model group were given the same volume of drinking water. The dosage of drugs was updated according to the weight of rats weekly. Fluoxetine hydrochloride obtained from Lilly (NO. 5198A, Suzhou, China).
Microsphere-Induced Cerebral Embolism
Microsphere-induced cerebral embolism was performed using the previously described method (Zhang et al., 2018). After intraperitoneal injection of 40 mg kg−1 chloral hydrate, the right common carotid artery and the rats’ external carotid were temporarily clamped with vascular clamps. The microspheres (106–212 µm in diameter, UVPMS-BY2, Cospheric, United States) were suspended in rat serum at a concentration of 1 mg ml−1, and 0.2 ml of this suspension was injected into the right internal carotid artery. After injection, loosened the clamp and sutured the puncture wound. The right common and external carotid arteries resumed blood supply to the brain after 2–3 s. Rats in the control group were injected with the same volume of rat serum without microspheres.
Chronic Sleep Deprivation
The procedure of chronic sleep deprivation (CSD) was adopted from the previously published method with modifications (Alhaider et al., 2010; Wang et al., 2017; Ma et al., 2018). All rats have received a 7 days adaptation before MCE surgery and taken CSD from the third day after cerebral ischemia except the control group. The animals subjected to CSD were placed in regular containers for 16 h (16:00–8:00) per day for 4 weeks, and each CSD animal was placed on a circular platform. Six platforms were located in a rectangle container filled with room-temperature water, with 150 mm between the two platforms. During sleep deprivation, low muscle tone caused animals to fall into the water, forcing them to climb back onto the platform and stay awake. Animals in the control group were placed in identical rectangle containers without water to allow them to sleep under the same conditions. Animals were transferred to cages for the remaining 8 h/day (8:00–16:00). During the sleep deprivation, rats had free access to water and food, which hang on the container cover.
Evaluation of Neurological Deficit
The neurological deficit scored according to Longa’s five-point scale (Longa et al., 1989). Scores were calculated for each group on days 1, 14, 28 during sleep deprivation. The following neurological deficit scoring system was used: 0, no neurological deficit (normal); 1, inability to extend forepaw fully (mild); 2, unable to move linearly and spiraling to one side (moderate); 3, unable to bear weight and fall to one side at rest (severe); and 4, no spontaneous locomotor activity or lose consciousness (critical). An uninformed researcher performed all neurological assessments.
Behavioral Test
Open Field Test
The open-field test was used to assess general activity level, including locomotor activity and exploratory behavior. The test equipment was a black rectangular structure (100 × 100 × 40 cm3) divided into 16 squares. Rats were initially placed in the test chamber center and observed for 5 min. Within 5 min, the total number of squares crossed with all paws was counted to assess the locomotor activity, and the number of forefeet leaving the ground was measured to evaluate exploratory behavior. The equipment was cleaned up with 10% alcohol solution after each session (Arslan et al., 2016).
Tail Suspension Test
The tail suspension test was carried out before and after the sleep deprivation procedure as previous reports (Kumar and Mondal, 2016). The animals were suspended 50 cm above the ground and secured with tape about 1 cm from the tail. The test lasted 6 min, and the animals’ immobility was quantified during the last 4 min of each test. Rats were considered immobile only when they were passively suspended and remained motionless.
Sucrose Preference Test
The sucrose preference test was performed before and after the sleep deprivation procedure as previous reports (Xu et al., 2016). First, all rats were conditioned to 1% sucrose solution, 24 h of exposure to two bottles of sucrose solution, another 24 h of exposure to one bottle of sucrose solution and one bottle of water. After the adaptation, rats were deprived of water and food for 24 h. Then sucrose preference test was conducted for 1 h. During this period, rats were housed in individual cages, with free access to two bottles, one containing 200 ml 1% sucrose solution and the other 200 ml water. The sucrose preference test was measured as a percentage of sucrose solution consumed relative to the total liquid intake.
Hematoxylin-Eosin Staining
Histopathology was performed after the completion of behavioral tests. Rats were sacrificed after deep anesthetization with an intraperitoneal chloral hydrate injection (40 mg kg−1). Brain tissues were fixed in 4% paraformaldehyde at 4°C for 24 h, dehydrated in a graded series of alcohols, then embedded in paraffin, and cut into 5 µm-thick sections (Zhang et al., 2018). The sections were stained with H&E and assessed on a light microscope (Olympus FV1200, Tokyo, Japan).
Electron Microscopy
Hippocampus slices of the ischemic hemisphere were cut into 1 mm cubes and were immediately fixed in 2.5% glutaraldehyde at room temperature for 2 h. The pieces were washed with PBS, incubated in PBS solution containing 1% osmium tetroxide for 1 h, dehydrated with ethanol, stained with 1% uranyl acetate for contrast, and embedded in EPON resin. After ultrathin sectioning by Leica EM-UC 6, the specimen sections were stained with uranyl acetate and alkaline lead citrate and observed under a transmission electron microscope (HITACHIH-7500) (Zhang et al., 2018).
Cerebral Tissue Samples Preparation for LC-MS Analysis
The rats’ cerebral tissue was incubated in lysis buffer for 2 h at 4°C, containing NaCl 150 mmol/L, 50 mm Tris-Cl pH 7.5, 1 mm EDTA, and 1% Nonidet P-40. Then the sample was lyzed by ultrasound for 3 cycles of 30 s and centrifuged at 12,000 rpm for 15 min. The supernatant was collected and treated with 10 mM of DTT for 30 min followed by 5 mm iodacetamide for 30 min. After that, the protein sample was digested with trypsin overnight (Fornasiero et al., 2018; Wang et al., 2006).
LC-MS/MS Analysis and Data Analysis
The peptides samples were separated on a column packed with C18 Luna beads and then analyzed using a nanoflow liquid chromatography-tandem mass spectrometry. The solvent system was made up of water (solvent A) and acetonitrile (solvent B). The peptides were eluted from 4% B to 35% B in 90 min. The mass spectrometry data was used for protein identification against the UniProt Rattus norvegicus protein database. Protein quantitation was analyzed using MaxQuant software. For the searches, oxidation (M) and acetylation (protein N-term) were set as the variable modifications. Two missed cleavages were allowed. Bioinformatics analysis was performed using Gene Ontology (http://www.geneontology.org/), UniProt Database (https://www.uniprot.org/), Kyoto Encyclopedia of Genes and Genomes, KEGG Resources (https://www.genome.jp/kegg/) and DAVID Bioinformatics Resources (https://david.ncifcrf.gov/conversion.jsp) (Ma et al., 2018). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD025480.
Glu and GABA Assays
Rats were sacrificed after completion of behavioral tests, and cerebral cortex slices were homogenized and centrifuged according to the manufacturers’ instructions. Glu and GABA concentrations in the cerebral cortex were measured with Glu (EGLT-100, BioAssay systems) and GABA (201712, Bio-swamp) ELISA kits. The results are expressed as the means ± standard deviation.
Western Blotting
The Western blotting procedures were carried out as previously described (Zhang et al., 2018). The brain tissue protein was extracted by RIPA buffer (Beyotime, China) mixed with protease and phosphatase inhibitor mixture (MCE, United States). Protein concentration was determined by using a protein assay solution (Bio-Rad). Identical quantities of protein were denatured with protein loading buffer, loaded onto 10% SDS–PAGE gels, and transferred to polyvinylidene difluoride (PVDF) membranes by electroblotting. The PVDF membranes were blocked by 5% bovine serum albumin (BSA) in TBST buffer for 1°h, and the following antibodies were used to incubate overnight at 4°C: GRIN2B (Abcam, 1:1,000 dilution), CAMK4(ABclonal, 1:1,000 dilution), CREB1 (ABclonal, 1:1,000 dilution), BDNF(ABclonal, 1:1,000 dilution), NTRK2 (Proteintech, 1:1,000 dilution) and ACTB (Sigma, 1:5,000). Reactive bands were detected using ECL detection reagent (Thermo Fisher Scientific, MA, United States) following the instructions. All the experiments reported in this study were carried out three times, and the results were repeatable.
qPCR
According to the instructions, the total RNA in brain tissue was extracted by using Trizol reagent (Thermo Scientific, United States). A NanoDrop 2000 spectrophotometer (Thermo Scientific, United States) was used to determine the concentration and purity of RNA. The absorbance ratio (A260/280) of all samples ranged from 1.8 to 2.0, and Prime Script RT Master Mix (Takara, Dalian, China) was used to reverse transcribing 2 μg total RNA into cDNA according to the specification. qPCR was performed using the QuantiFast® SYBR® Green PCR Master Mix (Qiagen, Germany) with specific primers and expression of each sample in Light Cycler®480ⅡReal-time PCR instrument (Roche, Swiss), which was internally normalized against Actb. Primers used were as follows: Grin2b: forward 5′- AGCCCGACTAATTCCAAGGC-3′and reverse: 5′- TTG​TCT​TTC​AGG​CTC​ACG​CT-3′; Camk4: forward 5′- TGGAGGCAGTTGCTTACCTG-3′and reverse: 5′- GGT​TCC​ACA​CAC​CGT​CTT​CA -3′; Creb1: forward 5′- CCAGGGAGGAGCAATACAGC-3′and reverse: 5′- TGT​CCA​TCA​GTG​GTC​TGT​GC-3′; Bdnf: forward 5′- ATTAGCGAGTGGGTCACAGC-3′and reverse: 5′- TGG​CCT​TTT​GAT​ACC​GGG​AC-3′; Ntrk2: forward 5′- ACGGGGACCTCAACAAGTTC-3′and reverse: 5′- CTG​CGA​TTT​GCT​GAG​CGA​TG-3′; Actb: forward 5′- CCA​ACC​GTG​AAA​AGA​TGA​CC-3′ and reverse: 5′- ACC​AGA​GGC​ATA​CAG​GGA​CA-3′; Relative expression fold change was calculated using the2−△△Ct method (Livak and Schmittgen, 2001).
Statistical Analysis
All statistical data were expressed as mean ± standard deviation (SD), which were analyzed using GraphPad Prism software (San Diego, CA, United States). One-way analysis of variance (ANOVA), followed by Newman–Keuls post hoc test, was used to compare all groups’ differences. Each experiment was repeated at least three times. p < 0.05 was considered statistically significant.
RESULTS
Qualitative Analysis of Bioactive Compounds in JDTL Granules
High-performance liquid chromatography (HPLC) was used to determine the contents of representative chemical components in JDTLG. Figure 1 shows the chromatograms of the main identified components of JDTLG. In Table 1, the calibration curves’ equations and the quantitative limits of these components are determined. All calibration curves showed good linear regression (R2 > 0.99). The results’ precision and accuracy tests are listed in Table 2. The concentration of the main compound is calculated by using the calibration curve of the internal standard.
[image: Figure 1]FIGURE 1 | Representative chromatogram of the primary compounds in JDTLG: (A) 1. Ginsenoside Rg1, 2. Ginsenoside Re, 3. Ginsenoside Rb1; (B) 4. Baicalin.
TABLE 1 | Linear range, R2, and limits of quantification of calibration curve used to determine the main identified compounds.
[image: Table 1]TABLE 2 | Contents of the main identified compounds in JDTL Granules.
[image: Table 2]JDTL Granules Ameliorated PSD-Induced Neurological Deficits and Depressive Symptoms
The schedule of our research procedure was shown in Figure 2. Body weights of the rats were observed every two weeks during the CSD phase. As shown in Figure 3A, MCE + CSD induced bodyweight decrease since the second week compared to the control group (p < 0.05). In comparison, JDTL granules and fluoxetine attenuated the fourth week’s bodyweight reduction (p < 0.01). Additionally, the model group's neurological deficit scores were higher on the second and the fourth week (p < 0.05), which exerted a delayed functional recovery. However, JDTL granules and fluoxetine treatment significantly ameliorated the neurological deficit (p < 0.05, Figure 3B).
[image: Figure 2]FIGURE 2 | Schedule of experimental procedures.
[image: Figure 3]FIGURE 3 | JDTL Granules Ameliorated PSD-Induced Neurological Deficits and Depressive Symptoms. (A) Bodyweight. (B) Neurological deficit scores. (C–E) Neurobehaviorals (C) OFT, (D) TST, (E) SPT. All data were expressed as mean ± SD, n = 10. ##p < 0.01, #p < 0.05 vs. Control group, **p < 0.01, *p < 0.05 vs. Model group.
What’s more, several behavioral tests were conducted to determine the antidepressant effects of JDTL granules on the PSD rats. The horizontal and vertical frequency tested the locomotor activity and exploratory behavior. Rats in the model group displayed a significant decrease in locomotor activity and exploratory behavior (p < 0.01 or p < 0.05), whereas JDTL granules and fluoxetine treatment reversed the reduction of locomotor activity (p < 0.05 or p < 0.01, Figure 3C). As for the TST, rats treated with JDTL granules and fluoxetine show a shorter immobility time compared with the model group (p < 0.05 or p < 0.01, Figure 3D). We also tested the rats’ sucrose preference and found that JDTL granules and fluoxetine could increase the rats’ sucrose preference, compared with the model group (p < 0.05, Figure 3E).
Histological and Ultrastructural Changes Associated With JDTL Granules Treatment
Histological changes of brain neurons can reveal the structural and functional changes of the brain. We engaged HE staining of brain neurons for all groups (Figure 4A). In the control group, the neurons in the hippocampal CA3 area were normal in morphology, structurally intact. Moreover, the cells were arranged neatly. The cytoplasm was clearly visible. However, in the model group, the cell gap was enlarged with a scattered arrangement. The number of cells was reduced. The nucleus was condensed and deep stained with degeneration and necrosis. Moreover, JDTL granules and fluoxetine treatment clearly reduced the degree of cell damage in hippocampal neurons.
[image: Figure 4]FIGURE 4 | Histological and Ultrastructural Changes Associated with JDTL Granules Treatment. H&E staining of the hippocampal CA3 area [(A), ×40]. Cells were structurally intact and with clear cytoplasm in the control group. In the model group, degeneration and necrosis occurred with reduced cells, scattered arrangement (arrow), and condensed and deep stained nucleus. Minor damage was observed in JDTL granules and fluoxetine groups. Ultrastructural characteristics of the nucleus [(B), ×20,000] and mitochondria [(C), ×40,000] in the hippocampal area. The control group neurons were with intact shape and uniform chromatin in the nucleus. Furthermore, the mitochondria were apparent and remained intact. The model group’s nucleus showed nuclear pyknosis, and the mitochondria deform, swell, and vacuolization (arrow). The treatment of JDTL granules and fluoxetine reduced the damage.
Morphology study of electron microscopy in the hippocampal area generates a detailed evaluation of the nucleus (Figure 4B) and mitochondria (Figure 4C). The neurons in the control group were with intact shape and uniform chromatin distribution in the nucleus. The mitochondria were apparent and remained intact. While the nucleus of the model group showed nuclear pyknosis and nuclear membrane structure disintegrates. The mitochondria deform and swell with the sputum rupture and the vacuolization. JDTL granules treatment reduced brain tissue elements’ damage in a dose-dependent manner, and this tissue had a more viable appearance.
LC-MS/MS Analysis
We engaged label-free quantitative proteomic technology to study protein expression levels of PSD rat models’ brain tissue. As the statistics revealed, 3,503 non-redundant proteins were identified in the three groups of rat brain tissue. Among the proteins, 3,254, 3,231, and 3,295 proteins were detected in the control group, the model group, and the JDTL granules group. 2,969 proteins were detected in all three groups, constituting 84.9% of the total proteins (Figure 5A).
[image: Figure 5]FIGURE 5 | Summary statistics of LC-MS/MS analysis. (A) Area-proportional Venn diagram depicts the overlap of the identified proteins of Control, Model, and JDTLG groups. (B) Heat map analysis of the DAPs among the three groups. (C–E) Molecular functional assignments, cellular component and biological process of the DAPs according to gene ontology analysis.
We set 2-folds as the apparent abundance alteration and detected 881 proteins that were up or down-regulated by PSD and recovered by JDTL granules (Figure 5B). These proteins were identified as the different abundance proteins (DAPs) involving in PSD. Gene ontology analysis revealed that DAPs involving in the molecular function of catalytic activity, protein binding, transporter activity, and so on (Figure 5C). The DAPs were located on several parts, including cytoplasm, membrane, organelles, cell junction, and so on (Figure 5D). Biological process analysis demonstrated that PSD might significantly affect metabolism, protein localization, biological regulation, the immune system, and other processes. Furthermore, JDTL granules may involve PSD through these processes (Figure 5E).
Functional Enrichment of the DAPs
To further analyze the biological mechanisms involving in the DAPs, we engaged the DAVID, KEGG, and UniProt databases to study the proteins’ biological processes. As shown in Figure 6, the DAPs’ biological functions focus on three biological processes, energy metabolism, nervous system, and several signaling pathways. Based on the results of brain histochemical staining and electron microscopy analysis, we focused the therapeutic targets of JDTL granules on nerve cells’ energy metabolism and related NMDAR-CAMK4-BDNF pathways. NMDAR-CAMK4-BDNF pathways involve energy metabolism and some signal pathways, including cAMP, PI3K-Akt, Ras, and so on.
[image: Figure 6]FIGURE 6 | Biological process enrichment of the DAPs. Different colors represent different biological processes: blue for energy metabolism, red for the nervous system, and green for several signaling pathways. The number of every column implied the number of proteins classified in each pathway.
JDTL Granules Inhibits GRIN2B and Activates BDNF Pathway in Ipsilateral Cortex
As the functional enrichment in Figure 6 shows, GABAergic synapse, Glutamatergic synapse, Cholinergic synapse, and dopaminergic synapse are detected. GABAergic synapse dysregulation has been implicated in many brain disorders. We tested the expression levels of Glu and GABA of rat brains using ELISA kits.
The changes in Glu and GABA levels in the brain tissues were illustrated in Figure 7B (n = 10). It was found that the Glu levels were significantly higher in the model group (p < 0.01, vs. control group). JDTL granules and fluoxetine treatments notably reduced the Glu levels (p < 0.05, vs. model group). Additionally, the GABA was remarkably reduced in the model group (p < 0.01, vs. control group). JDTL granules and fluoxetine treatments significantly increased the GABA compared to the model group (p < 0.05).
[image: Figure 7]FIGURE 7 | JDTL Granules Inhibits GRIN2B and Activates BDNF Pathway in Ipsilateral Cortex. (A,C–F) Representative immunoblots of GRIN2B, CAMK4, CREB1, BDNF, and NTRK2 in all rats’ ipsilateral cortex (n = 3). (B) The changes in Glu and GABA levels of brain tissues (n = 10). Data are described as mean ± SD. #p < 0.05, ##p < 0.01 vs. control group. *p < 0.05 vs. model group.
We tested the protein expression level of the NMDAR/BDNF pathway-related proteins. And found that GRIN2B protein was significantly increased in model rats (p < 0.05), whereas JDTL granules and fluoxetine decreased the expression of GRIN2B (p < 0.05). BDNF is a crucial protein on neuron protection, and CAMK4 is a BDNF relative protein. We found that CAMK4 was a reduction in the model rats, while JDTL granules and fluoxetine increased the CAMK4 level (p < 0.05). What’s more, the expression of the downstream proteins of CREB1, BDNF, and NTRK2 was reduced in the model group (p < 0.05), whereas JDTL granules and fluoxetine treatment increased the expression level of CREB1, BDNF, and NTRK2 (p < 0.05) (Figures 7A,C–F ) (n = 3).
Gene Expressions of NMDAR/BDNF Pathway in Ipsilateral Cortex
The relative mRNA levels of Grin2b, Camk4, Creb1, Bdnf, and Ntrk2were detected by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). We observed the strong activation of the Grin2b in the model group (p < 0.05) and a notable reduction in both granules and fluoxetine treatment groups (p < 0.05, Figure 8A). On the other hand, Camk4, Creb1, Bdnf, and Ntrk2 were significantly up-regulated in granules and fluoxetine treatment groups (p < 0.05, Figures 8B–E) (n = 3), which was corresponding to the protein levels.
[image: Figure 8]FIGURE 8 | Gene Expressions of NMDAR/BDNF Pathway in Ipsilateral Cortex. (A–E) Relative mRNA levels of Grin2b, Camk4, Creb1, Bdnf, and Ntrk2 in the brain tissue. Data are described as mean ± SD, n = 3. ##p < 0.01, #p < 0.05 vs Control group, **p < 0.01, *p < 0.05 vs Model group.
DISCUSSION
In the present study, animals were exposed to chronic sleep deprivation (CSD) after ischemic stroke to elicit experimental post-stroke depression. Sleep consists of two main stages of non-REM and REM sleep (Acosta, 2019). REM sleep is closely associated with depression. During the REM sleep phase, loss of muscle tone caused rats to fall into the water and wake up, which will cause major depressive disorders involving anxiety, anhedonia, and behavioral despair. What’s more, exposure to chronic sleep deprivation after stroke exacerbates neurological deficits, depressive-like symptoms and stimulates excitatory neurotoxicity reactions. Long-term sleep deprivation may lead to sleep disturbance and depression while reducing BDNF levels (Schmitt et al., 2016). The results indicated that the model group suffered from CSD after MCE surgery with apparent depression and neurological deficits. JDTL granules’ effect was evaluated and compared with fluoxetine (Jin et al., 2017), which showed JDTL granules had a significant effect on PSD. Our findings demonstrated that apart from the improvement of neural function recovery, JDTL granules may also notably attenuated depressive-like symptoms. However, the underlying therapeutic mechanism of JDTL granules remains unclear. Therefore, we investigated the excitatory neurotoxicity and NMDAR/BDNF signaling pathway.
We use microsphere-induced cerebral embolism combined with the chronic sleep deprivation model in this study. Embolic stroke models can cause cerebral stroke clinical symptoms, one of the models mimicking human stroke most closely (Fluri et al., 2015; Sommer, 2017). Chronic sleep deprivation can cause disruptions in circadian rhythms (Soreca, 2014), which give rise to the development of depression (Kalmbach et al., 2017; Ma et al., 2019). The combination of these two methods can reflect the disability and depression symptoms of PSD patients.
Glutamate is the primary excitatory neurotransmitter in the brain, while GABA is the primary inhibitory neurotransmitter. The balance of glutamatergic and GABAergic is essential for normal neurologic function (Guerriero et al., 2015). After a stroke, glutamate in the brain increases. Excessive glutamate stimulates glutamate receptors, leading to swelling and apoptosis of nerve cells, which in turn leads to neurological disorders (Castillo et al., 1996; Han et al., 2008). Hence, limiting secondary brain damage accompanied by excessive glutamate concentrations is an important component of stroke management (Gruenbaum et al., 2020). The glutamatergic system similarly plays a key role in mood disorders, such as anxiety (Riaza Bermudo-Soriano et al., 2012), depression (Lin et al., 2019; Sanacora et al., 2012), dementia (Butterfield and Pocernich, 2003), and other psychiatric diseases. Glutamate and GABA systems are becoming targets for the development of mood disorders drugs (Krystal et al., 2002). We observed that the change of glutamatergic synapse and GABAergic synapse were involved in the brain of post-stroke depression rats. The glutamate level was increased in the brain of MCE + CSD rats. However, the GABA level was decreased on the contrary. Correspondingly, the glutamate receptor (NMDAR) was also over-activated in the model group due to increased glutamate stimulation. Several researches indicated that antidepressants might exert their behavioral effects around the glutamate system (Sanacora et al., 2008; Chen et al., 2019; Duman et al., 2019). Following previous findings, we noticed that JDTL granules could reverse the brain’s level alteration of glutamate and GABA. Thus, the results showed that the improvement of JDTLG on PSD should be attributed to its neuroprotection via regulating excitotoxicity.
BDNF is the most abundant and widely distributed neurotrophin in the central nervous system. Animal models have been used to conduct extensive research on behavioral and emotional changes (Duman and Monteggia, 2006; Serra et al., 2017). BDNF serves as a critical transducer of antidepressants that have been linked to the antidepressant drug and the neuroplastic changes of depressive symptoms (Bjorkholm and Monteggia, 2016). The transcription of BDNF mRNA can be regulated by neuronal activity through Ca2+ influx, via Ca2+ permeable glutamate receptors (mainly NMDAR receptors) and voltage-gated Ca2+ channels; Zafra et al., 1991; Ghosh et al., 1994; Osteen et al., 2004). The classical cellular signaling pathway of CaM/CAMK4/CREB is closely associated with neuroprotective function. Ca2+ influx triggers phosphorylation of CREB, which binds to the key Ca2+ responsive element. The Ca2+ responsive element may activate BDNF transcription. The release of BDNF may stimulate NTRK2 receptors on GABAergic interneurons, which may increase GABA input to neural precursors, thus stimulating their differentiation and maturation into neurons and balancing the glutamate excitotoxicity (Waterhouse et al., 2012). Our observation suggests that GDTL Granules and fluoxetine might protect neurons via modulating the NMDAR/BDNF signaling pathway.
Although therapeutic effects of JDTL granules were observed in PSD rats, there are still some limitations. Firstly, the observation period is not long enough, and a more extended study period and sufficient samples may identify more trusted results. Secondly, fluoxetine is a representative of SSRI antidepressants. Though fluoxetine could also treat glutamate toxicity in the hippocampus (Ludka et al., 2017; Lazarevic et al., 2019), more detection of relative molecular will be better to increase the reliability of the results. Besides, we only explore the pharmacological effects of JDTLG on the glutamatergic system. The mechanism deserves further study in the future.
CONCLUSION
In summary, we observed a significant neurological function recovery and antidepressants effect of JDTLG. The current investigation indicates that JDTLG can modulate excitotoxicity and alleviate depressive behavior. The beneficial effects of JDTLG treatment may be mediated by the activation of the NMDAR/BDNF signaling pathway.
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Background: Cyclophosphamide is a common tumor chemotherapy drug used to treat various cancers. However, the resulting immunosuppression leads to leukopenia, which is a serious limiting factor in clinical application. Therefore, the introduction of immunomodulators as adjuvant therapy may help to reduce the hematological side effects of cyclophosphamide. Lvjiaobuxue granule has been widely used in the clinical treatment of gynecological diseases such as anemia and irregular menstruation. Recently, it has been found to increase the function of white blood cells, but its mechanism of action is still unclear. We aimed to reveal the mechanisms of Lvjiaobuxue granule against acute leukopenia by an integrated strategy combining metabolomics with network pharmacology.
Methods: Subcutaneously inoculated 4T1 breast cancer cells to prepare tumor-bearing mice, intraperitoneal injection of cyclophosphamide to establish a 4T1 tumor-bearing mice leukopenia animal model, using pharmacodynamic indicators, metabolomics, network pharmacology and molecular biology and other technical methods. To comprehensively and systematically elucidate the effect and mechanism of Lvjiaobuxue granule in improving cyclophosphamide-induced leukopenia in 4T1 tumor-bearing mice.
Results: Lvjiaobuxue granule can improve the blood routine parameters and organ index levels of the leukopenia model of 4T1 tumor-bearing mice. Metabolomics studies revealed that 15 endogenous metabolites in the spleen of mice were considered as potential biomarkers of Lvjiaobuxue granule for their protective effect. Metabonomics and network pharmacology integrated analysis indicated that Lvjiaobuxue granule exerted the leukocyte elevation activity by inhibiting the branched-chain amino acids (BCAAs) degradation pathway and increasing the levels of valine, leucine and isoleucine. The results of molecular biology also showed that Lvjiaobuxue granule can significantly regulate the key enzymes in the catabolism of BCAAs, which further illustrates the importance of BCAAs in improving leukopenia.
Conclusion: Lvjiaobuxue granule exerts obvious pharmacological effects on the leukopenia model of 4T1 tumor-bearing mice induced by cyclophosphamide, which could be mediated by regulating the branched-chain amino acid degradation pathway and the levels of valine, leucine and isoleucine.
Keywords: lvjiaobuxue granule, leucopenia, metabolomics, biological targets network, branched-chain amino acids
INTRODUCTION
Cyclophosphamide is the most common cancer chemotherapy agent and used in anticancer for various types of cancer, especially breast cancer (Futamura et al., 2017; Hung et al., 2017). Unfortunately, immunosuppression induced by cyclophosphamide causes the occurrence of leukopenia, which is a seriously limiting factor in a clinical application (Deng et al., 2018; Sun et al., 2018). Therefore, introducing immunomodulatory agents as supportive therapy might be useful in alleviating the hematotoxicity side effects of cyclophosphamide.
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After constant efforts, the treatment against the side effects of chemotherapy still leaves much to be desired. In recent years, prescriptions are composed of a combination of multiple drugs, which are considered to be a promising treatment strategy to improve the anti-tumor effect and reduce the side effects of chemotherapy drugs (Mellor et al., 2010). Traditional Chinese Medicine (TCM) prescriptions are usually made up of different kinds of herbs, which have the advantages of low toxicity and multiple targets (Gu et al., 2014). Through overall and multi-target therapies, it has a comprehensive therapeutic effect in multi-factorial diseases.
Lvjiaobuxue granule is a new kind of good medicine for the treatment of Qi and blood deficiency and fatigue. It fills the blank of Colla corii asini, Angelica sinensis (Oliv.) Diels and other compound preparations in the treatment of deficiency of Qi and blood. It is known as the “Holy Medicine in Blood” and widely used in the clinical treatment of gynecological diseases such as anemia, irregular menstruation and so on. Besides, a large number of clinical studies have found that it has the effect of increasing white blood cells (Li and Fan, 1998; Yu, 1999; He et al., 2018). However, the research on drug pharmacological effects and mechanism of action is relatively rare. Lvjiaobuxue granule generally comprised of six herbs: Colla corii asini (Equidae; Equus asinus L. skin), Astragalus mongholicus Bunge (Fabaceae; Astragalus mongholicus radix), Codonopsis pilosula (Franch.) Nannf (Campanulaceae; Codonopsis pilosula radix), Rehjnannia glutinosa (Gaertn.) DC (Orobanchaceae; Rehjnannia glutinosa root), Atractylodes macrocephala Koidz (Asteraceae; Atractylodes macrocephala rhizoma) and Angelica sinensis (Oliv.) Diels (Apiaceae; Angelica sinensis radix) at a ratio of 36:30:30:20:15:10.
Specific immune function can be stimulated by Colla corii asini (Equidae; Equus asinus L. skin) in cyclophosphamide-induced mice (An et al., 2018). The compatibility of Astragalus mongholicus Bunge (Fabaceae; Astragalus mongholicus radix) and Angelica sinensis (Oliv.) Diels (Apiaceae; Angelica sinensis radix) [Such as Danggui-buxue Tang is the famous prescription and could increase the quantity of bone marrow mononuclear cells and peripheral blood leukocytes, enhance immunity and improve microcirculation (Zhang et al., 2019)]. Some other previous studies have also demonstrated that Codonopsis pilosula (Franch.) Nannf (Campanulaceae; Codonopsis pilosula radix), Rehjnannia glutinosa (Gaertn.) DC (Orobanchaceae; Rehjnannia glutinosa root) and Atractylodes macrocephala Koidz (Asteraceae; Atractylodes macrocephala rhizoma) exhibited effects of leukocyte elevation and immuno-enhancement (Huang et al., 2018; Tang et al., 2018). Moreover, all the above herbs in the Lvjiaobuxue granule are commonly and safely used in the formula of TCM, and rare adverse reactions were reported in clinical applications. However, the action mechanism of Lvjiaobuxue granule in the treatment of leukopenia was still poorly understood.
In recent years, metabolomics is used to clarify the scientific effects related to the effectiveness mechanism, material basis and compatibility of TCM. It will provide the technical support for the evaluation of the effectiveness of TCM, the basis of prescription substances and the understanding essence of TCM syndromes (Hu et al., 2018; Wang et al., 2018; Sun et al., 2019). However, traditional metabolomics could only reflect the terminal variation of disease and treatment (Simón-Manso et al., 2013; Singh et al., 2017). Network pharmacology as an alternative system-level method to find new drug candidates, through the entire drug-disease network, looking for multi-target drugs to reduce side effects. Network pharmacology alone can only predict the possibility of compound-target combinations and pathway analysis (Gertsch, 2011; Zhong et al., 2018). Therefore, we integrated metabolomics with network pharmacology. Metabolomics was applied to determine the influences of Lvjiaobuxue granule on leukopenia and to identify the essential metabolites. Subsequently, network pharmacology was used to analyze the proteins and reactions that regulate metabolites, as well as the targets of Lvjiaobuxue granule. In general, this strategy made up for the lack of experimental verification in network pharmacology and the lack of upstream molecular mechanisms and drug binding targets in metabolomics. This strategy will hopefully contribute to a better understanding of the therapeutic principle of natural compounds for the treatment of leukopenia.
In this study, we firstly constructed a cyclophosphamide induced leukopenia model in 4T1 tumor-bearing mice, and then used pharmacodynamic indicators, metabolomics, network pharmacology, and molecular biology techniques to comprehensively and systematically clarify Lvjiaobuxue granule improve the effect and mechanism of cyclophosphamide-induced leukopenia in 4T1 tumor-bearing mice.
MATERIALS AND METHODS
Materials
Cyclophosphamide was obtained from Jiangsu Shengdi Pharmaceutical Co., Ltd (Batch No. 18051125, Jiangsu, China). The 0.5 ml EDTA-K2 anticoagulant tube and DMEM high-glucose medium and EDTA trypsin were purchased from Boshide Bioengineering Co., Ltd. Fetal bovine serum was obtained from Shanghai ShengGong Biological Engineering Co., Ltd. D2O was purchased from Norell (Landisville, United States). K2HPO4·3H2O and NaH2PO4·2H2O were obtained from Wuhan Yuancheng Technology Development Co., Ltd (Wuhan, China). Lvjiaobuxue granule was purchased from Jiuzhitang Co., Ltd (Batch No. 201802029, Hunan, China), which production method conforms to the standard of Chinese Pharmacopoeia (2015 edition). Diyu-shengbai tablets were obtained from Chengdu Diao Co., Ltd (Batch No. Z20026497, Chengdu, China). The enzyme-linked immunosorbent assay (ELISA) kits were obtained from MEIMIAN (Jiangsu, China).
Animals and Cell Lines
Inbred strain female (6–8 weeks old) BALB/c mice, weighing 18–20 g, provided by Vital River Laboratory Animal Technology Co., Ltd (Beijing) (License number SCXK-2016–0006). The animals were kept at room temperature (24 ± 1)°C, humidity (60 ± 5)%, and freely eating under the natural rhythm of day and night before the experiments. The murine mammary 4T1 cancer cells were supported by Cell Bank of Shanghai, Chinese Academy of Science (CAS, Shanghai, China). All animal experiments were conducted following the NIH Guidelines for Care and Use of Laboratory Animals (U.S.A) and the Prevention of Cruelty to Animals Act (1986) of China, and all experimental procedures tried to minimize the suffering of experimental animals. The animal use protocol listed below has been reviewed and approved by the Committee of Scientific Research at Shanxi University (CSRSX), and the approved number was SXULL2018012.
Establishment and Treatment of Leukopenia Model in 4T1 Tumor-Bearing Mice
Animals were randomly divided into six cyclophosphamide-induced groups: control group (C), model group (M), low dose of Lvjiaobuxue granule group (LBG-L), moderate dose of Lvjiaobuxue granule group (LBG-M), high dose of Lvjiaobuxue granule group (LBG-H), and Diyu-shengbai tablets group (DST), each group was consist of eight mice. Except control group, the mice in other groups were first inoculated with breast cancer cells under the armpits to establish a tumor model, and then cyclophosphamide was given to establish a leukopenia model. Five days after mice were inoculated with 4T1 cells on the right armpit (107 cells per animal), all mice developed subcutaneous tumors. On the first, third, fifth and seventh day, the model of leukopenia in 4T1 tumor bearing mice was established by intraperitoneal injection of 80 mg/kg cyclophosphamide. The mice in LBG-L, LBG-M, or LBG-H groups were administered Lvjiaobuxue granule (3 g/kg, 6 g/kg, 12 g/kg) suspension daily, and the mice in the DST group were administered Diyu-shengbai tablets (0.14 g/kg) suspension daily. Mice in the control and model groups received an equal volume of vehicle orally. During the whole experiment, the drug was administered while modeling. The treatment lasted for 7 days, and the state of the mice was observed daily (Figure 1A).
[image: Figure 1]FIGURE 1 | Animal modeling flow chart and the effects of LBG on organ indexes (n = 8). (A) Animal modeling flow chart. (B) Spleen index. (C) Thymus index. (D) Liver index. Data are expressed as mean±SD. #p < 0.05 vs. C group; ##p < 0.01 vs. C group; *p < 0.05 vs. M group; **p < 0.01 vs. M group.
Sample Collection and Determination
After 1 h of the last treatment on the seventh day, 0.4 ml blood samples were collected into a 1.0 ml tube with EDTA within via the orbital blood. Animal blood analyzer (HEMAVET950) was applied to evaluate peripheral blood routine parameters of 400 μl whole blood: white blood cell count (WBC), neutrophil count (NE), lymphocyte count (LY), monocytes count (MO), red blood cell count (RBC), hemoglobin (HGB), red blood cell volume (HCT), platelet count (PLT), mean red cell volume (MCV) and mean corpuscular hemoglobin (MCH). On the eighth day, mice were sacrificed, and spleen, thymus and liver tissues were immediately weighed and collected. The calculation formula of the organ index is as follows: organ index = organ weight (mg)/body weight (g). The spleen was quickly transferred to a refrigerator at −80°C and used for metabolomics analysis.
Sample Preparation for NMR Measurements
After thawing the spleen tissue, took about 40 mg, cut it (on ice), added 650 μl of MeOH and H2O (v/v, 2:1) to a 2 ml centrifuge tube, and homogenized and extracted twice on the ice bath. The homogenate centrifuged at 4°C, 13,000 r·min−1 for 15 min. The supernatants were combined, transferred to a 2 ml centrifuge tube and blown with nitrogen. The dried sample was dissolved in 700 μl of phosphate buffer (pH 7.40, containing D2O, 0.1 mol/L, Na2HPO4/NaH2PO4, 0.01% TSP), centrifuged at 13°C, 13,000 r·min−1 for 20 min, 600 μl supernatant was transferred into a 5 mm NMR tube for 1H-NMR analysis.
Metabolomics Analysis
The 1H-NMR spectral data were collected on a Bruker 600 MHz AVANCE III NMR spectrometer (Bruker, Germany). The sample was the Noesygppr 1 day sequence to suppress the water peak. The number of scans was 64 scans, and each scan required an acquisition time of 2.654 s. The specific parameters were as follows: spectral width was 12 345.7 Hz; spectrum size was 65 536 data points; pulse width (PW) was 30° (12.7 µs); fourier transform was 0.3 Hz and relaxation delay time was 1.0 s. The 1H-NMR spectrum of the spleen was corrected for chemical shifts using TSP (δ0.00) as the standard. The spectrum in the region of δ0.60 to 9.49 was divided into 0.01 equal widths and integrated. All resulting integration data are “mass” normalized to eliminate weight differences of spleen tissue.
Statistical Analysis
Simca-P 14.1 (Umetrics, Sweden) was used to perform multivariate data analysis. Firstly, by principal component analysis (PCA) of the normalized data, to identify the degree of dispersion between the control group and the model group, and the outliers were eliminated. Next, partial least-squares discriminant analysis (PLS-DA) was used to distinguish the differences in metabolic profiles among the control, model and drug groups. Orthogonal-projection to latent structure-discriminant analysis (OPLS-DA) was used to find differential metabolites between the control group and the model group. Finally, GraphPad Prism 7 (GraphPad Software, Inc., La Jolla, CA, United States) and SPSS 21.0 (SPSS Software, Inc., Chicago, IL,United States) were used for statistical analysis by two-way ANOVA and Dunnett multiple comparisons. VIP>1 and p < 0.05 were used as differential metabolites.
The data were expressed as the mean±standard deviation (SD) of the mean from at least three independent experiments. p < 0.05 was considered to be statistically significant.
Biological Targets Network Analysis
All components of Lvjiaobuxue granule were collected from the TCMSP database (https://tcmspw.com/tcmsp.php, Version 2). For all ingredients, the initial structure formats (e.g., mol2 and SDF) were transformed into a unified SDF format using the Open Babel toolkit (version 2.4.1). The ingredients with suitable OB ≥ 30%, DL ≥ 0.18 and active or higher contents in the drugs reported in the literature were chosen as candidate ingredients for further research, which were used as a selection criterion for the ingredients in the TCM. All databases and software mentioned above are public.
The PharmMapper server (http://www.lilab-ecust.cn/pharmmapper/) was used for potential target prediction analysis. Metabolite data were imported in Metascape, a plugin of Cytoscape 3.7.1 and subjected to metabolic enzyme analysis. Finally, Cytoscape 3.7.1 software was used to construct the “herb-chemical components-targets-pathway-metabolite” regulatory network of Lvjiaobuxue granule for leukopenia treatment.
Determination of the Levels of BCKDHA and ACADS
To further verify the results of biological targets network, the content of the key rate-limiting enzymes BCKDHA (branched-chain keto acid dehydrogenase E1, alpha polypeptide) and ACADS (acyl-CoA dehydrogenase short chain) on the BCAAs degradation pathway were determined. The content of these enzymes will affect the levels and degradation rate of BCAAs. The levels of BCKDHA and ACADS in the liver tissue lysates were determined by ELISA kits according to manufacturer instructions.
RESULTS
Quality Control of Lvjiaobuxue Granule
To ensure the quality control of Lvjiaobuxue granule used in this study, High Performance Liquid Chromatography (HPLC) analysis was performed. The preparation of Lvjiaobuxue granule chemical determination was referred to China Pharmacopoeia (2020 version). The HPLC system consisted of a Dual-Gradient Analytical LC System (UltiMate 3000, Dionex, United States) equipped with DGP-3600SD Pump, SRD-3600 Degasser, WPS-3000SL Autosampler, TCC-3000RS Column Compartment, DAD-3000 Diode Array Detector and Sedex-75 Evaporative Light-Scattering Detector (ELSD). Peak areas were calculated with Chromeleon 6.8 Chromatography Data System. KromasiL C18 (250 mm × 4.6 mm, 5 μm). Acetonitrile-water (40:60) was used as the mobile phase. The Carrier-gas velocity was 1.0 ml min−1 and the temperature of drift tube was 45°C. Taking Astragaloside IV as an example, the identified results were shown in Supplementary Figure S1.
Effect of Lvjiaobuxue Granule on Blood Routine Parameters and Organ Indexes of 4T1 Tumor-Bearing Mice Induced by Cyclophosphamide
The biochemical indexes of the peripheral blood were observed by evaluating the blood toxicity of cyclophosphamide. The parameters of WBC, NE, LY, MO, RBC, HGB, HCT, and MCH in the model group were significantly lower than those in the control group (p < 0.01; Table 1), and the PLT parameters were significantly higher than those in the control group (p < 0.05; Table 1). The increase and decrease of these peripheral blood routine parameters (especially WBC less than 2.0*109/L, NE significantly reduced) were the main diagnostic criteria of leukopenia, indicating that the model of leukopenia was successfully replicated. Compared to the model group, the expressions of WBC, NE, LY, MO, RBC, HGB, and MCH in the LBG-L, LBG-M and LBG-H were significantly increased (p < 0.05; Table 1). Compared to the control group, the mice in the model group had an enlargement of the liver (p < 0.05; Figure 1D), and reduction of the spleen (p < 0.01; Figure 1C) and thymus (p < 0.01; Figure 1C). The administration of Lvjiaobuxue granule and DST over 7 days reversed the viscera lesions of mice with hematopoietic dysfunction (p < 0.05; Figure 1).
TABLE 1 | Changes in indexes of blood routine examination on leukopenia mice with LBG treatment (n = 8).
[image: Table 1]1H-NMR Metabolomics Analysis and Multivariate Data Analysis
Analysis of 1H-NMR Spectrum of Spleen Tissue
The representative 1H-NMR spectra of the extracts from spleen tissue of mice in control group, model group and LBG-M group were shown in Figure 2. Firstly, the 1H-NMR data were analyzed by chemical shift values, coupling constants and peak splitting conditions, and further identified by Human Metabolome Database [HMDB (http://www.hmdb.ca/)], Biological Magnetic Resonance Data Bank [BMRB (http://www.bmrb.wisc.edu/)] and published literature. In total, 32 endogenous metabolites were identified, belonging to amino acids, organic acids, sugars, lipids, etc. the details of the metabolites were shown in Table 2.
[image: Figure 2]FIGURE 2 | The 1H-NMR spectra of mice spleen tissue in C, M and LBG-M groups.
TABLE 2 | 1H-NMR assignments of major metabolites from mice spleen tissues.
[image: Table 2]Lvjiaobuxue Granule Regulates Metabolic Disorders of Leukopenia Induced by Cyclophosphamide in 4T1 Tumor-Bearing Mice
To explore the metabolites levels in 4T1 tumor-bearing mice with leukopenia induced by cyclophosphamide, the supervised multivariate methods PLS-DA and OPLS-DA were used for processing (Figure 3). The PLS-DA pattern recognition analysis of all the group trends was shown in Figure 3A, in which the control group was completely separated from the model group, and the LBG-L, LBG-M, LBG-H groups were separated from the model group, with a tendency closer to the control group. It was suggested that CTX caused the disorder of mice spleen metabolites. After administration of LBG, the metabolic profile of the mice’s spleen was significantly close to that of the control group, suggesting that LBG may exert a whitening effect by adjusting the metabolites of the spleen.
[image: Figure 3]FIGURE 3 | Pattern recognition of Simca-P 14.1. (A) Results of multiple pattern recognition of spleen metabolites in C, M, LBG groups. PLS-DA score plot (n = 6). (B) Results of permutation tests. R2 = 0.854, Q2 = 0.649. (C) OPLS score plot (n = 6, R2Y = 0.947, R2X = 0.431, Q2 = 0.659) of C group and M group. (D) OPLS (S + V)-plot of C group and M group. Each point in the (S + V)-plot represents an ion. Ions far away from the origin were potential biomarkers.
The validity of the analysis was performed by using 200 permutation tests, in which all R2 and Q2 values were lower than the original ones (Intercepts: R2 = 0.854, Q2 = 0.649) (Figure 3B). Furthermore, differential metabolites between the control and the model groups were discovered by OPLS-DA, which was a supervised pattern recognition method that could improve the discovery effect of differential metabolites (Figure 3C). The corresponding loading (S + V)-plot with color-coded was illustrated in Figure 3D, and the metabolites contributed to the leukocyte elevation effect were identified by corresponding (S + V)-plots and statistical analysis.
The disturbed metabolite variances of the different groups could be related to the decrease and increase of leukocytes. The changes of the differential metabolites between the control and the model groups in mice spleen were shown in Figure 4. Compared with the control group, the elevated levels of TMAO, pyruvate, GPC, taurine, aspartate and glutamate in the model group were evident in the spleen samples. Additionally, lower levels of choline, myo-inositol, tyrosine, valine, iso-leucine, PC, α-glucose, leucine, and phenylalanine in the spleen of the model group were observed. The changes of these endogenous metabolites were considered to be a direct result of the leukopenia. Meaningfully, the levels of metabolites were regulated by LBG treatment (Figure 4), suggesting that LBG may play a role in leukocyte by adjusting the level of metabolites.
[image: Figure 4]FIGURE 4 | (A) Box-plots of the changes of differential metabolites of mice spleens in C, M and LBG groups. Data are expressed as mean±SD. #p < 0.05 vs. C group; ##p < 0.01 vs. C group; *p < 0.05 vs. M group; **p < 0.01 vs. M group. (B) The relative content of the heatmap of differential metabolites in mice spleens. The ribbon −3∼3: represents the relative content of the differential metabolites from low to high.
Correlation Analysis of Differential Metabolites, Blood Routine Parameters and Organ Indexes
Blood routine parameters and organ index were used to evaluate important indicators of leukopenia. Through the correlation analysis with different metabolites, it was helpful to screen the key differential metabolites and clarify the regulatory role of different metabolites on the body. Pearson’s correlation analysis was used to visualize the different metabolites, blood routine parameters and organ index. The correlation map was shown in Figure 5A, where the color reflects the correlation strength and sign, WBC, RBC, HGB, HCT, NE, LY, MO, and MCH were negatively correlated with glutamate, pyruvate, aspartate, GPC, taurine and positive correlations with valine, iso-leucine, leucine, choline, PC, myo-inositol, α-glucose, tyrosine, and phenylalanine. In addition, the fluctuation of spleen index was correlated with different metabolites (p < 0.01) (Figure 5A). The correlation network of blood routine parameters, organ index and differential metabolites based on Pearson’s was shown in Figure 5B, which could be served as differential metabolites for assessing the leukopenia and the effect of Lvjiaobuxue granule.
[image: Figure 5]FIGURE 5 | Correlation analysis of differential metabolites, blood routine parameters and organ indexes. (A) The correlation map of differential metabolites, blood routine parameters and organ indexes. Red and blue represent positive and negative correlations respectively (*p < 0.05, **p < 0.01). (B) Correlation network of differential metabolites, blood routine parameters and organ indexes based on Pearson’s correlation coefficients. Purple, yellow and green nodes represent differential metabolites, blood routine parameters and organ indexes. Red and green lines represent positive and negative correlations. Line thickness reflects the magnitude of the correlation coefficients.
Establishment of “Spleen Differential Metabolite-Target/Metabolic Enzyme-Related Metabolite” Network
The metabolic networks involved in a series of enzymes and genes were constructed by using the Metscape plug-in running on Cytoscape 3.7.1, that the internal correlation of the differential metabolites based on enzyme or gene levels could be better understood (Figure 6). As a result, 154 candidate genes or enzymes related to differential metabolites were tentatively found out, and they will be served as targets for subsequent biological targets network analysis for the construction of targets-metabolites interactions network (Figure 6). Finally, to find the metabolic pathway of identified differential metabolites from leukopenia-associated researches, the enrichment analysis was performed and metabolic pathways were obtained for further investigation.
[image: Figure 6]FIGURE 6 | The metabolic networks involved in enzymes, genes and related-compound were established based on the differential metabolites. Light-blue, blue and pink nodes represent differential metabolites, enzymes/genes and related-compound.
Network Pharmacology and Metabolomics Integration Analysis
Screening Active Compounds of Lvjiaobuxue Granule
In the current study, two ADME-related parameters, including OB and DL, were employed to screen for active ingredients in Lvjiaobuxue granule. After ADME screening, some ingredients that did not meet the screening criteria were selected because of their high content and high biological activity. First of all, a gross of 87, 134, 76, 55, and 125 candidate ingredients were obtained from Astragalus mongholicus Bunge (Fabaceae; Astragalus mongholicuss radix), Codonopsis pilosula (Franch.) Nannf (Campanulaceae; Codonopsis pilosula radix), Rehjnannia glutinosa (Gaertn.) DC (Orobanchaceae; Rehjnannia glutinosa root), Atractylodes macrocephala Koidz (Asteraceae; Atractylodes macrocephala rhizoma) and Angelica sinensis (Oliv.) Diels (Apiaceae; Angelica sinensis radix) respectively. The ingredients were retrieved from these ingredients via the ADME parameters and literature confirmation. Consequently, a total of 32 active ingredients of Lvjiaobuxue granule were filtered out for further analysis (Supplementary Table S1).
Construction of “Chemical Components-Targets-Differential Metabolites” Regulatory Network and Correlative Pathways
490 targets of the 32 active ingredients in Lvjiaobuxue granule were predicted using the PharmMapper server, and 28 of them were closely related to differential metabolites of leukopenia with a total frequency of 496 (Supplementary Table S2). Cytoscape software was used to establish the “chemical components-targets-differential metabolites” regulatory network of Lvjiaobuxue granule, which was an indication that the correlations of 32 active ingredients, 28 metabolite-associated target proteins, and 11 differential metabolites were presented in Figure 7. Analysis of the “active ingredients-targets” correlation revealed that multiple compounds could act on the same target, and multiple targets could be affected by the same compound. For instance, the L-amino-acid oxidase could be the target of ferulic acid, caffeic acid, biatractylolide simultaneously, while the compound of catalpol could act on Aldo-keto reductase family one member B1, Eukaryotic translation initiation factor 4E-binding protein 3, and Glucose-6-phosphatase at the same time (Figure 7).
[image: Figure 7]FIGURE 7 | “Active ingredients-targets-differential metabolites” regulatory network of LBG. Yellow nodes represent the active ingredients, green nodes represent the targets, and pink nodes represent differential metabolites.
To assess the molecular mechanisms of Lvjiaobuxue granule effects on leukopenia, the Cytoscape with its plugin ClueGO was utilized for KEGG pathway analysis, followed by the analysis of target-related pathway. A total of nine significant pathways were predicted (p < 0.05), among which the valine, leucine and isoleucine degradation were the most closely related (Table 3). According to the results of biological targets network and metabolomics, the mechanism of increasing leukocyte activity of Lvjiaobuxue granule was preliminarily predicted as follows: Lvjiaobuxue granule can inhibit the valine, leucine and isoleucine degradation and add the levels of valine, leucine and isoleucine (Figure 4A).
TABLE 3 | The results of KEGG correlative pathways of LBG major active ingredient related targets were analyzed by Cytoscape 3.7.1 software.
[image: Table 3]Molecular Docking Verification
KEGG pathway analysis revealed that the decomposition pathway of valine, leucine and isoleucine was the most important way for the Lvjiaobuxue granule to improve cyclophosphamide-induced leukopenia in 4T1 tumor-bearing mice (Table 3), and then constructed the chemical component-target-differential metabolite regulatory network. Supplementary Figure S2 showed 35 compounds, seven metabolite-related target proteins, and three correlation of different metabolites. Furthermore, the SystemsDock (http://systemsdock.unit.oist.jp/iddp/home/index) method was used to evaluate the binding potential between selected valine, leucine and isoleucine degradation pathway targets and the chemical components with top 7° (Degree ≥ 5) (Supplementary Figure S2). The docking score of SystemsDock can directly indicate the protein-ligand binding potential. The 3D structures and PDB ID of the above seven selected targets were gathered from the PDB database (https://www.rcsb.org/) (Supplementary Table S3). The results showed that six targets (ACAA2, BCAT1, BCAT2, DLD, HADHA, and IL4I1) had 3D structures, while the 3D structure of ACAA1 did not exist. As shown in Supplementary Figure S3, the docking scores of 95 pairs of target-compound combinations were mostly greater than native ligand, which showed that they possessed great binding activity.
Experimental Validation of BCAAs Catabolism Pathway by ELISA
To further confirm the results of the biological targets network, we verified the BCAAs catabolism pathway. Two key and irreversible reactions of BCAAs catabolism require the participation of branched-chain keto acid dehydrogenase (BCKDH) complex and acyl-CoA dehydrogenase (ACAD). The levels of BCKDHA and ACADS were significantly increased (p < 0.01) in the model group (Figure 8). After oral administration of Lvjiaobuxue granule, the levels of BCKDHA and ACADS were significantly reduced (p < 0.05 or p < 0.01). The BCKDHA and ACADS enzyme levels in the model group were significantly increased in the catabolism pathway of BCAAs. Abnormal expression of BCAAs degrading enzymes cause BCAAs to overly decomposed in the model group. Lvjiaobuxue granule can reverse the levels of two enzymes, thereby improving the abnormal metabolism of BCAAs. In the leukopenia model group, the abnormal expression of BCAAs degrading enzyme lead to the excessive decomposition of BCAAs.
[image: Figure 8]FIGURE 8 | Expression of ACADS and BCKDHA enzyme levels in mice liver tissue using ELISA analysis. Data are expressed as mean±SD. ##p < 0.01 vs. C group; *p < 0.05 vs. M group; **p < 0.01 vs. M group.
DISCUSSION
In this study, we observed the pharmacological effects profiles of low, moderate and high dose Lvjiaobuxue granule on the increase of leukocytes in 4T1 tumor-bearing mice model of leukopenia induced by cyclophosphamide for the first time. The major new findings were that Lvjiaobuxue granule could improve cyclophosphamide-induced leukopenia in 4T1 tumor-bearing mice, accelerate the recovery of spleen, thymus and liver indices, accelerate the recovery of WBC, NE, LY, Mo, and RBC contents, and the recovery of spleen metabolite levels in the mice spleen caused by leukopenia. Thus, the in vivo treatment with Lvjiaobuxue granule accelerated recovery of leukopenia after chemotherapy in mice. In this study, an integrated approach of metabolomics and network pharmacology was performed to explore the biological mechanisms of Lvjiaobuxue granule in the treatment of cyclophosphamide induced leukopenia in 4T1 tumor-bearing mice. According to the results of network pharmacology and metabolomics, that regulation on the BCAAs catabolism pathway may play a key role in cyclophosphamide induced leukopenia in 4T1 tumor-bearing mice after the treatment of a typical TCM of Lvjiaobuxue granule.
Construction of Leukopenia Model in 4T1 Tumor-Bearing Mice and Dosage Screening of Lvjiaobuxue Granule
Cyclophosphamide, a cell cycle non-specific anti-tumor drug, is one of the most commonly used drugs for establishing an animal model of leukopenia (Huyan et al., 2011; Qu et al., 2016). The cyclophosphamide can easily block the division and proliferation of normal hematopoietic cells, lead to impaired bone marrow regeneration or damage to the hematopoietic system, decrease the number of bone marrow nucleated cells, and decrease hematopoietic reconstitution activity. Among them, leukopenia is the most common result (Fan et al., 2017; Luo et al., 2017). By combing the references, the cyclophosphamide-induced leukopenia model has been relatively mature, but the mouse species, dosage and duration are different, and it is mostly used to stimulate bone marrow suppression and immunosuppression caused by chemotherapy (Huang et al., 2017; Khan, 2017; Zhang et al., 2017; Sun et al., 2018). However, in clinical practice, the cyclophosphamide is used for chemotherapy in cancer patients, while animal models are often used in normal mice, which is different from clinical practice. Therefore, in this study, cyclophosphamide was used for the first time to induce a 4T1 tumor-bearing mice leukopenia model to simulate clinical and pathophysiology.
The research previously conducted a dose screening on the cyclophosphamide-induced leukopenia model, and found that the effect of Lvjiaobuxue granule in increasing leukocytes was not dose-dependent, and the dose of 24 g/kg Lvjiaobuxue granule caused a sharp increase in white blood cells. Exceeding the normal level, affecting the normal level of the body. Among them, 6 g/kg has the most significant effect on white blood cell improvement. Therefore, during the experiment, we chose 3 g/kg, 6 g/kg, 12 g/kg three doses (He, 2018). DST is a pure Chinese medicine preparation composed of Sanguisorba officinalis Linn (Rosaceae; Sanguisorba officinalis radix) single medicine, which can stimulate bone marrow hematopoiesis, promote the proliferation and differentiation of hematopoietic stem progenitor cells, increase the number of blood cells produced, and effectively improve the white blood cell level of leukopenia. Radiotherapy and chemotherapy can cause bone marrow suppression in cancer patients, and their hematopoietic microenvironment will also be destroyed. In addition, DST can prevent the DNA damage of bone marrow hematopoietic cells caused by radiotherapy and chemotherapy, and have the effect of protecting the hematopoietic microenvironment (Jia et al., 2012; Zhu et al., 2020). It has a good clinical effect in the treatment of leukopenia without adverse side effects.
Blood Routine Parameters
Hematopoietic dysfunction including leukopenia, hematopoietic suppression and immunosuppression were observed in patients receiving cyclophosphamide with malignant tumors. The occurrence of leukopenia may be related to hematopoietic stem cell dysfunction, apoptosis of bone marrow cells and imbalance of hematopoietic regulatory factors (Cook and Nutini, 1971; Christen et al., 2017). Thus rebuilding hematopoietic function is the primary problem of adjuvant chemotherapy. In this study, significant decreases in WBC, NE, LY, MO, RBC, and HGB were observed through the impact of cyclophosphamide, and these altered blood routine parameters were regulated by Lvjiaobuxue granule treatment. The cyclophosphamide can degrade to amido nitrogen mustard, acrolein and so on, which bind to the DNA of rapidly growing cells and produce strong toxicity in the cells, while Lvjiaobuxue granule may play a role in leukocyte elevation through the reduction of DNA damage and improvement of bone marrow hematopoietic function (Stroda et al., 2017). In addition, the results of this study identified 15 differential metabolites in nuclear magnetic metabolomics, and the correlation analysis showed that the decreased content of differential metabolites was positively correlated with blood routine index levels, indicating that blood routine test results were correlated with metabolomics. The results were consistent, which verified the reliability of metabolomics results to a certain extent.
Organ Indexes
As the most important immune organs in mammals, spleen and thymus are the places where immune cells grow and proliferate (Zhang et al., 2012). The developmental status of the spleen and thymus directly affects immune function and disease resistance (Duan et al., 2017; Sasaguri et al., 2017; Mahaki et al., 2019). The results of this experiment showed that the spleen and thymus indexes of the high, moderate and low dose Lvjiaobuxue granule groups were significantly higher than those of the model group. It was suggested that Lvjiaobuxue granule could resist the toxic effects of cyclophosphamide on the development of spleen and thymus. Cyclophosphamide is a commonly used chemotherapeutic drug in clinical practice. It kills tumor cells but also destroys normal cells. It is hydrolyzed by excessive phosphatases or phosphatases in the liver or tumors. Therefore, the liver is the main metabolic site of cyclophosphamide. (Lin et al., 2017; Yang et al., 2018). Moreover, the liver is the main drug metabolism organ in mammals. Metabolized cyclophosphamide causes damage to mitochondria and damage to cellular respiration, which affects the onset of lipid peroxidation and an increase in reactive oxygen species (Stankiewicz and Skrzydlewska, 2003; Olayinka et al., 2015). In this study, significant increases in the liver index were observed through the impact of cyclophosphamide, and these altered were regulated by Lvjiaobuxue granule’ treatment. Hence, Lvjiaobuxue granule may play an important role in improving liver index by reducing lipid peroxidation and reactive oxygen species production.
Integration of Metabolomics and Network Pharmacology
Metabolomics are limited to a listing of potential metabolites and related pathways without further exploration of their direct relationships. Network pharmacology can further validate the therapeutic regulation of metabolic networks and facilitate the identification of key targets and biomarkers. The organic combination of network pharmacology and metabolomics effectively explains how Lvjiaobuxue granule can regulate metabolite levels by intervening in metabolic enzymes in the body, thereby improving the mechanism of leukopenia. KEGG analysis results shown that Lvjiaobuxue granule may improve leukopenia in mice by regulating the catabolic pathways of valine, leucine and isoleucine.
BCAAs Catabolism
The BCAAs are essential amino acids for human body, which cannot be synthesized in vivo and can only be obtained from food. BCAAs catabolism has been focused on a great deal of diseases, especially liver cirrhosis, renal failure, sepsis and cancer (Figure 9) (Holeček, 2018). Numerous studies have shown that BCAAs have a positive effect on regulating body weight, muscle protein synthesis, insulin secretion, the aging process, and prolonging the healthy period (Ikeda et al., 2018; Xu et al., 2018; Yamada et al., 2018). BCAAs have been shown to an important role in regulating body metabolism and maintaining energy balance by directly affecting body tissues, such as white adipose tissue, liver tissue and muscle tissue (Lashinger et al., 2011). BCAAs can be used as energy substrates in catabolic states, which can be directly oxidized or converted to glycogen isolipoproteins in the muscle. In contrast, BCAAs stimulate protein synthesis and cell growth in anabolic conditions (De Palo et al., 2001).
[image: Figure 9]FIGURE 9 | Pathway of branched-chain amino acids catabolism found by KEGG Pathway maps. The organism-specific pathways are colored green, where coloring indicates that map objects exist and are linked to corresponding entries. The red stars mark potential targets of LBG in pathways. It is indicated that Lvjiaobuxue granule attenuates cyclophosphamide-induced leukopenia by regulating branched-chain amino acids catabolism pathway.
In the current study, we used 19 potential active ingredients of Lvjiaobuxue granule as a probe to conduct molecular docking with potential targets of BCAAs catabolism, and the molecular docking showed that they possessed great binding activity. A study revealed that astragaloside Ⅳ, formononetin, calycosin and ferulic acid showed promoting hematopoiesis through regulating cyclin-related proteins, promoting cell cycle transformation, and promoting HSC proliferation (Liu et al., 2015). Another study showed that caffeic acid can down-regulated the expression of TLR-2 and HLA-DR, and inhibited the production of cytokines, then exerted an immunomodulatory action on human monocytes (Búfalo and Sforcin, 2015). Studies of receiver biases suggested that the chemical components of the Lvjiaobuxue granule have a better activity of immunity regulation and hematopoiesis. The results of molecular docking showed that there were complex interactions between them, which showed the characteristics of multi-components and multi-targets. In this study, the levels of valine, leucine and isoleucine decreased significantly in the cyclophosphamide-induced mice, which was a suggestion that the leukopenia was associated with the branched-chain amino acids catabolism. Moreover, the branched-chain amino acids were positively correlated with WBC, NE, LY, and MO in the leukopenia mice, which were an indication that they played key roles in the progression of leukopenia. Compared with cyclophosphamide-induced mice, the levels of valine, leucine, and isoleucine can be improved significantly in the Lvjiaobuxue granule groups, which was a suggestion that the Lvjiaobuxue granule could play a key role in the leukocyte elevation effect by inhibiting the BCAAs catabolism. In this study, two key enzymes, the BCKDHA and ACADS enzyme levels in leukopenia, significantly increased in the BCAAs catabolism pathway. Abnormal expression of BCAAs degrading enzymes causes BCAAs overly decomposed in leukopenia model mice. Lvjiaobuxue granule can reverse the levels of two enzymes, thereby improving the abnormal metabolism of BCAAs.
Although this study had systematically explained the mechanism of Lvjiaobuxue granule, there are still the following aspects worthy of further study:
1). At the metabolite level, this study only used 1H-NMR metabolomics technology to reveal the changes in the level of branched-chain amino acids, and only detected the upstream metabolites leucine, isoleucine and valine in the catabolism of BCAAs. Unable to detect its downstream substances. 2). At the genetic level, although this study uses the method of network prediction to find out the genes that affect the changes of metabolites and the genes regulated by Lvjiaobuxue granule, it is still necessary to further determine the accuracy of the prediction results. 3). At the level of enzymes and proteins, this study only used ELISA to determine the content of the key metabolic enzymes ACADS and BCKDHA in the BCAAs catabolic pathway, but it is not known whether the enzyme activity changes when the BCAAs catabolic pathway changes. 4). At the pathway level, this study conducted a systematic study on the regulation of BCAAs from the metabolite to the molecular level. However, both KEGG pathway analysis and metabolomics results show that Lvjiaobuxue granule have effects on other pathways [amino acid metabolism (glutamine, phenylalanine), energy metabolism and choline metabolism, etc.] and metabolites (choline, tyrosine, phenylalanine, etc.) also have a certain effect. In view of the overall regulatory effect of TCM, it is not comprehensive to study only the decomposition pathway of BCAAs.
CONCLUSION
In summary, we first established a model of leukopenia after chemotherapy, which can be used to study the effect of drugs on leukopenia. Determine the method and dosage of cyclophosphamide. This model can reflect the pathophysiological nature of clinical patients. Based on metabolomics and network pharmacology, a new comprehensive strategy was developed to construct an “active ingredients-targets-differential metabolites” network, which involved 32 active ingredients, 28 potential targets, and 11 differential metabolites. KEGG results showed that Lvjiaobuxue granule can improve leukopenia in mice by regulating the decomposition pathway of valine, leucine and isoleucine (BCAAs). The molecular docking results showed that the active ingredients of Lvjiaobuxue granule and the six targets on the decomposition pathway of BCAAs had a high binding force, indicating the reliability of the biological target network analysis results. Molecular biology verification results showed that Lvjiaobuxue granule can significantly reduce the key metabolic enzymes ACADS and BCKDHA in the catabolism of BCAAs, thereby playing a role in the treatment of leukopenia. This research provided data and theoretical support for in-depth study of its mechanism, and lay a foundation for clinical application.
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Chemical structure
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CHy
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Animal models

PTZS inrats; 4-
APS in mice

PTZS and KAS in

mice

PTZS inrats

PTXS in mice

Mice

KAS

Rat

L&PS in rats

PTZS in rats

PTZS in mouse
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PTZS in mice

Iron-induced
experimental
model in rats

NMDAS in rat
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MES in mice

PTZS in mice
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PTZS in mice
BCLS in rats

EMS in mice
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Mechanisms

Activating GABA signaling
pathway; Decreasing MEK
actiity and Glu, C-os
expressions

Inhibiting acetylcholinesterase
and mediating monoaminergic
reguiation

Myorelaxant action agonizing

the benzodiazepine receptor

Curbing benzodiazepine
agonist

Enhancing expression of
GABAA receptors
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receptors

Decreaseing Glu

Increasing impression of GABA
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Modulating the concentrations
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balance
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central nervous system

Effecting GABAergic and
opioid systems
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receptor
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system synaptic transmission

Increasing GABA; Inhibit the
TRPV1 receptor

Blocking GABAA mediated

Promoting GABAA activity
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Modulating neurotransmitter
receptor systems; including
GABAA receptors
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mortality and NMDA

Related to NMDA

Probably through the
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Decreasing GABA-T and
NMDAR1 mRNA. Increasing
GADB5, GADG7

Modulating the excitatory
transmitter glutamate

Improving the activity of
acetylcholinesterase
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Salvia mittorrhiza Bunge
(Lamiaceae)

Crataegus pinnatifda Bunge.
Var. major (Crataegus L)

Abelmoschus manihot (Linn.)
(Malvaceae)

Panax ginseng C. A. Meyer
(Panax L)

Syzygium aromaticurn, L.
(Syringa oblata Lindl)

Green tea (Camella sinensis
(L) Kuntze)

Portulaca oleracea L.
(ourslane)

Curculigo orchioides Gaertn.
(Hypoxidaceae)

Tripterygium wilfordii Hook
F.( Celastraceae)

Uncaria hynchophylla (Vi)
Mig.ex Havil (Rubinaceae)

Ziziphus jujuba Mil. var.
spinosa (Bunge) Hu ex H. F.
Chou (Rhamnaceae)

Aconitum carmichaeli Debx.
(Ranunculaceae)

Pratycodon grandfiorus
(Platycodon)

Cnidium monnier (L) Cuss
(umbefera)

Acorus tatarinowii Schott

(Araceae)

Acorus tatarinowii Schott
(Araceae)

Compounds

Tanshinone IIA

Hesperidin

Isoquercitrin

Ginsenoside Ro3

Eugenol

Linalool

Baccoside A

Citronellol

Triptolide

Rhynchophyline
isorhynchophyline

Sanjoinine

Aconitine

Nantenine

Osthole

a-asarone

p-asarone

H

Chemical structure

oH
10, A0~ O
o
OHO
oH

Animal models

PTZS in rats; 4-
APS in mice

PTZS in mice

PTZS, MES in
mice

L&PS in rats

Granule cell
Sentlab-/- in

zebrafish

C. Elegans at

higher

temperatures

PTXS in mice

KAS in microgia

KAS in mice

NMDAS in rats

Male Wistar rats

PTZS, MES in
mice

MES in mice

PTZS in mice

PTZS in mice

Mechanisms

Increasing presynaptic Ca>*
inflow

Blocking the effects of
enhanced Ca®*

Modulating the GABAA-CI
channel

Decreasing influx of Ca?*

Depressing the transient
and late components of Na*
in the neurons

Improving Na* channels

Regulating T-type calcium
channel (CCA-1) protein

Inhibiting neuronal
excitabilty by regulating
voltage dependent Na*
channels

Increasing Kv1.1
expression of neurons in
hippocampus CA3

Decreasing Ca®*
interal flow

Blocking of intracellular
Ca?* influx

Blocking sodium channels,
low Mg®*

Decreasing Ca?* influx into
the cel

Increasing Kv1.2
expression of neurons in
hippocampus CA3

Regulating voltage gated
sodum ion channel
(NAV1.2 channel)
Inhibiting of Ca® influx
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Xiang et al. (2014)

Xiang et al. (2014)

Sun et al. (2018);

Pan et al. (2012)

Ho et al. (2014);
Wang and Cai
(2018)

Ma et al. (2008)

Zhao et al. (2020)

Xiang et al. (2014)

Xiang et al. (2014)

Yuan et al. (2019)

Yuan et al. (2019)

4-APS, 4-AP induced seizures; KAS, Kainic acid (KA)-induced seizures; L&PS, Lithium & pilocarpine induced seizure; MES, Maximal electroshock-induced seizures; NMDAS, NMDA
induced seizures: PTZS, PTZ-induced seizures; PTXS, Picrotoxin induced seizure.
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Component

Neurotransmitters
Synapses and Receptor

lon channels

Inflammatory cytokines

Immune system
Glial cell

Oxidative stress and
apoptosis

Mitochondrial dysfunction

Genetic factors
Giycogen metabolism

MMP-9, Matrix metalloproteinase-

Specific factors

Imbalance of Glu and GABA

GABA-A, NMDA, 5-HT, AMPA receptor, acetylcholine receptor Enzyme,
modulator, transporter, axonal burst bud

Sodium channel; Potassium channel; HON channel; Calcium channel; Chioride
channel

IL-1, IL-2, IL-4, IL-6, IL-10, TNF-a, cyclooxygenase-2, Platelet-activating factor,
Prostaglandin E2, Adhesion molecules, MMP-9; TLR-1, -2, -3; Chemokines were
increased

Both cellular and humoral immunity are affected. Increasing IgA, IgG, CD8, CD54;
Decreasing CD3, CD4, CD4/CD8

Astrocytes and microglia proliferated and the ability of astrocytes to absorb
potassium ions decreased

ROS was increased, the ratio of Bol-2/Bax was decreased, and the expression
levels of apoptotic proteins cytochrome G and Caspase-3 were significantly
increased

Increasing Ca®* and ATP consumption

SCN1A, SON2A, SCN8A and other mutations
Decreased glycogen degradation, abnormal expression of glucocorticoid

R, Toll-ike receptors.

References

Hirose (2014)
Hirose (2014); Paoletti et al. (2013); Thifs et al. (2019)

Alexander et al. (2016); Contet et al. (2016); Duflocq et al.
(2008); Tang et al. (2016)

Godhwani and Bahna (2016); Kumr et al. (2019)
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Peak No. Identification RT (min) R RI Area pot

1 Terpinen-4-ol 6.1047 1215 1180 0.154

2 Benzylacetone 7.043 1279 1257 0.9063
3 Anethole 7.6871 1321 / 1.4285
4 p-Elemen 9.4867 1430 1394 3.0074
5 Dihydro-a-ionone 9.9068 1452 1417 06224
6 Caryophyllene 10.0958 1462 1446 2.9496
7 trans-a-Bergamotene 10.2709 1471 1433 0.2446
8 Geranylacetone 10.502 1484 / 0.7454
9 Humulene 10.789 1499 1464 0.2634
10 p-Agarofuran 11.2582 1517 / 5.4282
11 p-lonone 11.3772 1521 1516 05671

12 (+)-p-Selinene 115382 1527 1509 08105
13 (-)-a-Selinene 11.7413 1535 1493 1.2873
14 (3R,5aR,95,925)-2,2,5a,9- Tetramethyloctahydro-2H-3,9a-methanobenzo[oloxepine 11.9374 1542 / 0.4209
15 a-Elemol 13.1137 1586 1546 09187
16 Garyophyllene oxide 14.346 1622 1588 1.1901

17 2+((28 4aR)-4a,8-Dimethyi-1,2,3,4,4a,5,6,7-octahydronaphthalen-2-y)propan-2-ol 156414 1655 / 20584
18 (+)-y-Eudesmol 16.0405 1665 1633 20719
19 Agarospirol 16.2156 1669 1645 15116
20 8,8,9,9-Tetramethyl-3,4,5,6,7.8-hexahydro-2H-2,4a-methanonaphthalene 16.5866 1679 / 3.1942
21 Aplotaxene 17.3569 1698 / 133124
22 Aromandendrene 18.3652 1716 1826 0.7836
23 a-Costal 18.5682 1720 1767 09397
24 (+)-4,11(13)-Eudesmadien-12-0l 21.7261 1774 / 25602
25 Phenol,2-ethyl-4,5-cimethyl- 22,0412 1780 / 09532
26 Costol 22,9445 1795 1734 5.1089
27 ()-a-Costol 23.2735 1801 / 32934
28 Dehydrofukinone 254511 1829 / 28459
29 Dihydrodehydrocostus lactone 33.7695 1972 / 1.1565
30 n-Hexadecanoic acid 34.8548 2000 1985 09052
31 Dehydrocostus lactone 35.3939 2026 2007 85016
82 9-Octadecenoic acid 382158 2267 / 0.2981

RI, retention indices; R, retention time.
"Rl calculated from RTs in relation to those of a series C7-Cyo Of n-akanes.
bRI from the literatures (Feng et al., 2016: Chen, 2019: Han et al., 2019; Huang et al., 2018: Shang, 2018: Geng, 2020: Song et al., 2020: Sun et al., 2020).
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Groups

Control group
CUMS group
FH group
CMVO-L group
CMVO-M group
CMVO-H group

5-HT (pg/ug)

124 £ 033
0.78 + 0.25™
1.26 + 0.30##
119+ 0.37#
1.24 +0.39##
1.20 + 0.33#

Ach (pg/ug)

093 +0.25
0.54 +0.17"
0.76 + 0.19
0.77 + 0.15#
0.79 + 0.27#
0.89 +0.32##

DA (ng/ug)

0.82+0.17
047 + 013"
0.72 + 0.31#
067 £0.16
064 +0.28
0.84 + 0.25##

NE (ng/ug)

0.94 + 034
0.57 +0.14°
0.90 + 0.28#
0.91 + 031#
0.94 + 0.28#
1.08 + 0.37##
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Natural drugs

Nandina domestica
Thunb (Berberidaceae)

Glycyrhiza glebra L.
(Fabaceae)

Panax quinquefolius L.
(Araliaceae)

Tiipterygium wilfordi

Hook F.(Celastraceae)

Acorus tatarinowii
Schott (Araceae)

IIMHC, major histocompatibility complex class:

Compounds

Amentoflavone

Carbenoxolone

Ginsenoside
Rb3

Triptolide

a-asarone

Chemical structure

L&PS, Lithium & pilocarpine induced seizure.

Animal models

L8PS in rats

Rat model of ferric ion-
induced posttraumatic
epilepsy

L&PS in rats

KAS in microglia

PTZS in rats

Mechanisms

Inhibition of microgiial activation
and reactive proiferation of

astrocytes

Reduced cortical giial fibrilery
acidic protein and connexin 43
expression

Inhibiting microglal cell
activation and polarization

Inhabiting expression of IMHC Il

Inhibiting microglia cell activation
in rat brain tissue

References

Reng et al
(2020)

Chen et al.
(2013)

Kim and Rhim
(2004)

Sun et al.
(2018)

Yuan and Liu
(2020)
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Natural drugs

Curcuma longa L.
(turmeric)

Raix Puerariae lobatae
(Pueraria DC.)

Nandina domestica
Thunb (Berberidaceae)

Green tea (Camellia
sinensis (L.) Kuntze)

Eclpta prostrata L.
(Asteraceae)

Green tea (Camellia
sinensis (L.) Kunize)

Milk thistle (Silybum
marianum)

Chlorophora tinctoria (L.)

Astragalus spp. (Radix
Astragal)

Citrus reticulata Blanco
(Rutaceae)

Smoke tree (Cotinus
cogaygria)

Gastrodia elata Blume
(Orchidaceae)

Cynanchum otophylum
Schneid
(Asclepiadaceae)

Panax quinquefolius L.
(Araliaceae)

Syringa oblata
Lind! (Oleaceae)

Strawberties (Fragaria X
ananassa, Duch,)

Eucalyptus citriodora
Hook. (Myrtaceae)

Acorus tatarinowii Schott
(Araceae)

Acorus tatarinowii Schott
(Araceae)

Compounds

Curcumin

Puerarin

Amentoflavone

Catechin

Luteolin

EGCG

Silibinin

Morin hycrate

Baicalin

Nobiletin

Fisetin

Gastrodin

Otophylloside

Rb1 ginsenosides

Trans-

Caryophyllene

I-Decanolactone

Isopulegol

a-asarone

pasarone

Chemical structure

Animal models

PTZS and KAS in
mice

PTZ & PS in rats.

L&PS in rats

PTZS in rats

PTZS in mice

L8PS in rats

L&PS in mouse

PTZS in mouse

PTZS in rats

PTZS in mice

Iron-induced
experimental model
in rats

NMDAS in rat

PTZS in mice

PTZS in rat

KAS in mice

PTZS in mice

PTZS in mice

PTZS in mice

PTZS in mice

Mechanisms

Anti-oxidative stress; Decreasing COX-
2,5-LOX, acetylcholinesterase

Decreasing NF-kB; Antioxidant and anti-
apoptotic mechanisms

Decreasing COX-2, NF-xB p65

Ameliorating cognitive impairment and
oxidative stress

Inhibiting oxidative stress

Inhibiting TLR4, NF-«B signaling
pathway; Antioxidant

Decreasing Hif-1a

Modulating the concentrations Na*/K*-
ATP; Antioxidant status

Decreasing Bel-2, GSH, SOD, IL-1B,
Bax, caspase-3, TNF-q, Lipid
peroxidation, nitrite

Antiapoptotic

Inhibiting oxidative injury

Increasing CAT, GSH, SOD

Downregulating Bax/Bcl-2 ratio;
Increasing the expression level of c-fos

Increased GSH levels, decreased MDA
levels, enhanced both the Nrf2 and HO-1
expressions

Preserving the activity of gpx, SOD,
and CAT

Protecting oxidative stress and DNA
damage in mice

Decreasing i lipid peroxidation;
preserving catalase activity in normal
levels; preventing loss of GSH
Regulating the abnormal expression of
neuronal apoptotic factors Bax and Bol-2

Stabiizating mitochondrial membrane
potential

KAS, Kainic acid (KA)-induced seizures: L&PS, Lithium & pilocarpine induced seizure: NMDAS, NMDA induced seizures: PTZS, PTZ-induced seizures.
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(2018)

Diniz et al.
(2015)
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(2018)
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Yuan et al
(2019)





OPS/images/fphar-12-604040/fphar-12-604040-t007.jpg
Natural drugs

Curcumalonga L. (turmeric)

Citrus aurantium L.
(Rutaceae)

Sophora japonica L.
(Fabaceae)

Folium Sennae (Senna)

Achillea millefolium L.
(Yarrow)

Smoke tree (Cotinus
coggyaria)

Dendranthema morifolum
(Ramat.) Tzvelev

Cannabis sativa L.
(Moraceae, hemp)

Herba Menthae
Haplocalycis (Mentha
haplocalyx Briq.)

Origanum vuigare L.
(Lamiaceae Martinov)

Norway spruce (Picea abies
(L) Karst,) trees

Cannabis sativa
(marihuana)

Nepeta cataria L. var.
citriodora (Lamiaceae)
Moschus moschiferus L

The fragrant camphor tree
(Cinnamomum camphora)

Aconitum carmichaeli Debx.
(Ranunculaceae)

Rhizoma Corydalis
(Papaveraceae)

Rauwolfia serpentine
(Sarpagandha)

Piper nigrum L. (Pepper
berries)

Erythrina mulungu Mert ex
Benth (Papiionaceae)

Ligusticum chuanxiong hort
(Umbeliferae)

Peucedanum
praeruptorum dunn
(Umbeliferae)

Heracleum
mentegazzianum s.l. (Giant
hogweed)

Zanthoxylum schinifolum
Sieb. et Zucc. (Rutaceae)

Acorus tatarinowii Schott
(Araceae)

Compounds

Curcumin

Naringin

Rutin

Vitexin

Kaempferol

Fisetin

Linarin

Cannabidiol

Carvone

I-terpinene

Verbenone

Deltad-
tetrahydrocannabinol

Ursolic acid
Muscone
Borneol

Mesaconitine

DI-
Tetrahydropamatine

Raubasine

Piperlongumine

Erythravine

Tetramethyipyrazine

Imperatorin

Umbeliferone

Xanthotoxin

a-asarum

Chemical structure

Suenc— S-on

om0

HsC™ CHs

Animal models

PTZS and KAS in
mice

KAS in mice

PTZS in zebrafish;
KAS in mice

PTZ-CS

Epileptic arosophia

Iron-induced
experimental model
in rats

PTZS in mice

Patients

PTZS in mice

PTZS, MES in mice

PTZS in mice

PTZS in mice

PTZS in mice

Rat

PTZS in mice

Wistar rats

Electrical kindling in
rats

PTZS in mice

PTZS in mice

BCLS in Wistar rats

Epileptic Sprague

Dawey rats

MES in mice

MES in mice

MES in mice

Caco -2 cells

Mechanisms

Inhibit MTORC1 activation; Reduce the
damage of hippocampal neurons and
cognitive dysfunction

Reducing GCD and mtorct activation

Improving epileptoid action

Neuroprotective effects

Inhibition of DNA topoisomerase |
enzyme

Protecting endogenous enzyme level

Preventing CNS excitation or stress

Inhabiting neuronal excitabilty

Inhibiting central nervous system

Raising the threshold of convulsion

Related to RNA expression of COX-2,
BDNF, and C-fos

Improving seizures in chidren

Unknown

Inhibiting the central nervous system
excitability

Anti-bacterial; protecting central
nervous

Regulating the noradrenergic system

Reducing dopamine output

Interacting at benzodiazepine sites with
a benzodiazepine agonist-type actiity

Decreasing the latency to death in mice

Unclear

Increasing neuron cell adhesion

molecule -140

Upregulating of BDNF levels

Unclear

Unclear

Decreased expression of P
glycoprotein and multidug resistance
gene
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BCLS, bicucullne induced seizure; KAS, Kainic acid (KAJ-induced seizures; MES, Maximal electroshock-induced seizures; PTZS, PTZ-induced seizures; PTZ-CS, PTZ induced chronic

seures.
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Compound

Malvidin

Taxifolin

Agathisflavone

2-Ethyl-7-hydroxy-3',4"-

methylenedioxy-6-propyisofiavone

Glabrol

Glabridin

6-methoxyflavone

Vicenin

Isovitexin

Isoliquiritigenin

Dihydromyricetin

Eriodictyol

Hesperetin

6-methylflavanone

3,7-Dinydroxyisofiavan

Oroxylin A

2,5,7,-trihydroxy-6,8-dimethoxyflavone

6-methylapigenin

Skrofulein

Daidzein

Honokiol

Magnolol

Milirone.

Rhusflavone

Galdosol

Camnosic acid

Carnosol

Valerenic acid

Valeranone

Valtrate

Baldrinal

(-a-thujone

Bilobalide

Ginkgolide B

Isocurcumenol

6-hydroxyflavone

on

HOL

<00

H |

oo

Application

Osteoarthritis, Premature senescence, Myocardial infarction

Osteociastogenesis, Antioxidant, Alzheimer’s disease, hyperuricemic

Protecting nerve; anti-oxidative damage and anti-viral

Unclear

Antibacterial

Muscle atrophy, Cardiovascular

Neuropathic allodynia and hypoalgesia, anti-inflammatory

Prostate cancer, vascular inflammation, Radiation protection

Various activties, such as anti-oxidant [12], anti-inflammatory, anti-AD

effects

Cervical cancer, breast cancer, hepatoma cancer, colon cancer, prostate
cancer, human leukemia, oral carcinoma, Cardioprotective,
Hepatoprotective, Antiangiogenic, anti-microbial, anti-anorexia

Antioxidant, anti-inflammatory, protecting cells, reguiating lipid and
glucose metabolism

Antioxidant, anti-inflammatory, anti-cancer, neuroprotective,
cardioprotective, anti-diabetic, anti-obesity, hepatoprotective, and
miscellaneous

Cancer, anti-inflammatory, cataracts, antioxidant and anti-inflammatory

Antioxidant and anticancer

Anti-oxidant, anti-estrogenic, anti-cancerous and anti-inflammatory

Anti-cancer, antinflammation, neuroprotective, anti-coagulation

Antioxidant

Sedative, sleep-enhancing properties, anxiolytic

Anti-prolfferative, anti-cancer, anti-inflammatory, breast cancer,
antioxidative and antiplatelet

Against various neuropathological conditions mainly by its interaction with
the cerebrovascular system, anti-tumor, inhibits choriocarcinoma
proliferation

Antioxidant, alzheimer, anticancer, antineoplastic, anti-inflammatory

Anti-inflammatory, inflammatory bowel disease, Lung cancer,
Hepatocellular carcinoma, Antidepressant

Antileukemic, anti-inflammatory, anti-platelet, resistant lung cancer

Inducing sleep

Antioxidant, Cytostatic and antibacterial

Antioxidant, anti-inflammatory, anticancer activities, antimicrobial,
protecting mitochondria

Anti-carcinogenic, atopic dermatits, gastric tumor, chronic stress,

improved lifespan, healthspan

Anxiety, sleep disturbances, postpartum blues, depression, anti-

inflammatory

Sedative, tranquilizing antihypertensive properties, hyperkinetic behavior
disorders

Breast cancer, ovarian cancer, anti-HIV

Anticonvulsant effects

Polycystic ovary syndrome, malignant glioblastoma, Pro-apoptotic and
anti-angiogenic

Antibacterial, antifungal, anticancer, Dermanyssus gallinae, anthelmintic,

antioxidant, against geotrichum citri-auranti

Gastric ulcer, abates inflammation, insuiln resistance and secretion of
angiogenic factors, alleviates depression

Ischemic stroke, anti-inflammatory and chondroprotective

Antitumour, anti-androgenic

Anxiolytic
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Natural drugs

Radix Puerariae lobatae
(Pueraria DC.)

Nenina domestica Thunb
(Berberidaceac)

Soybean (Glycine max (L.))

Mikk thistle (Siybum
marianum)

Gastrodia elata Blume
(Orchidaceae)

Gardenia jasminoides J.
Els (Fructus Gardenia)

Gardenia jasminoides J.
Elis (Fructus Gardenia)

Herbaceous peony
(Paeonia lactifiora Pall)

Crocus sativus L. (saffron)

The fragrant camphor tree
(Cinnamomum camphora)
Uncaria
rhynchophyla(Miq. Mig.ex
Havil (Rubiaceae)

Piper nigrum L. (pepper
beries)

Ligusticur chuanxiong
hort (Umbeliferac)

Peucedanum
praeruptorum Dunn (Radix
Peucedani)

Compounds

Puerarin

Amentoflavone

Genistein
Silbinin
Gastrodin

Geniposide

Ginsenoside Rb3

Paeoniflorin

Crocin

Bomeol

Rhynchophyline
isorhynchophyline

Piperine o
Tetramethylpyrazine I

Imperatorin

Chemical structure

Animal
models

PTIZ&PSin
rats

L&PS in rats

DHPGS in rats

L&PSin
mouse

NMDAS in rat

EMS inmouse

L&PS in rats

MCC in rats

HRKS in mice

PTZS in mice

KAS in mice

PTZS in both
zebrafish and
mice

Epieptic
Sprague
Dawkey rats

MES in mice

Mechanisms

Decreasing IL-10

Decreasing IL-1p, TNF-a

Effecting both cell-mediated and
humoral components of the adaptive
immune system

Decreasing TNF-a, IL-1p, and IL-6

Decreasing, IL-1 and TNF-a

Decreasing TNF-a, IL-1 levels and
plasma expression of vascular
pseudohemophilia factor

Decreasing IL-1p

Inhibiting the inflammatory response;
protecting neuronal activity

Suppressing formation of advanced
glycation products and brain
inflammatory mediators IL-1B, TNF-a

Anti-inflammatory; anti-bacterial;
protecting central nervous
Decreasing IL-1p

Decreasing TNF-a

Decreasing IL-2, IL-6, TNF-a, Bim

Decreasing TNF-a and IL-6 levels
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Ferulic acid

Correlation coefficients, R.

Regression equation (R?) of the linearity

6.903X - 98.718 (1)
6.903X - 17.161 (0.994)
Y = 17.906X + 9.819 (1)

RSD indicator of
the precision assay
(%)

18
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16

RSD indicator of
the stability assay
(%)

1.0
0.1
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105
80

Short-term result
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Long-term result

OxX0xO0
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Antibody (clone)
Rabbt polycional to APP CT695(CT695)
Botinyiated mouse monociona to human
AB17-24 (4G8)

Rabbt polycional to phosphonyated APP
(Tv668)

AT100 monocional to phospho tau

ATS monocional to phospho tau biotinated

HT7 monocional o total tau biotinated
PHF-1 monoclonal to phospho tau

HT7 monocional to total tau
Mouse monocional to f-actin (C4)
ALZ50 monocional to phospho tau
CP13 monocional to phospho tau
MC1 monocional o phospho tau

AT8 monocional to phospho tau

AT180 monocional to phospho tau

Region specificity
Human, mouse and rat FL-APP and CTFs
nap

Human phosphorylated APP at Thr668
Human, mouse and rat phospho tau
Human, mouse and rat phospho tau

Human specific
Human, mouse and rat phospho tau

Human specific
practin

Human, mouse and ratphospho tau
Human, mouse and ratphospho tau
Human, mouse and rat phospho tau

Human, mouse and rat phospho tau

Human, mouse and rat phospho tau

Antigen

C-terminus 22 amino acid residues of §-APP
pepiide
Amino acids residues 17-24 of A peptide

Phospho epitopes matching to residues.
neighboring T668 of human APP6YS
Epitopes matching to residues neighboring
Thr212, Ser214 phosphoryiated sites
Epitopes matching 1o residues neighboring
Ser 202, Thr 205 phosphorylated sites
Human tau between residue 159 and 163
Epitopes matching to residues neighboring
Ser396 and Ser404phosphonyiated sites
Human tau between residue 159 and 163
Bid gizzard actin

Epitopes matching to residues neighboring
Phospho Ser phosphorylated sites
Epitopes matching 1o residues neighboring
Ser 202 phosphonyated sites

Epitopes matching 1o residues neighboring
Ser 312322 phosphonyiated sites.
Epitopes matching o residues neighboring
Ser 202, Thr 205 phosphonylated sites
Epitopes matching o residues neighboring
“Thr 231 phosphoryiated sites

Source

Thermoscientific, Waltham, MA, Urited States
Biolegend, Dedham, MA, Unted States.

el signaing, Danvers, MA, United States
Thermoscientific Waltham, MA, United States
Thermoscientific Waltham, MA, United States

Thermoscientific Waltham, MA, United States
Pro. Peter Davies Albet Einstein College of
Medicine, Marhasset, NY, United States
Thermoscientific Waltham, MA, United States
Santa Cruz, Dalas,TX, United States

Prof. Peter Davies Albert Einstein College of
Medicine Manhasset, NY, United States

Prof. Peter Davies Albert Einstein College of
Medicine Manhasset, NY, United States

Pro. Peter Davies Albet Einstein College of
Medicine Manhasset, NY, United States
“Thermoscientific Waltham, MA, United States

Thermoscientific Waltham, MA, United States

Use and dilution

WB 1:1000

IHC 1:500

WB 1:1000

IHC 1:500

IHC 1:500

IHC 1:500
WB 1:1000

WB 1:1000
WB: 1:1000
WB 1:1000
WB 1:1000
WB 1:1000
WB 1:1000

WB 1:1000
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Gene

Acto
Nfe2i2
Keapt
Nago1
Gox3
Hmox1

Ogat

Prime

Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer
Forward primer
Reverse primer

Primer sequence (5' to 3)

CACCCGCGAGTACAACCTTC
CCCATACCCACCATCACACC
ATTCCCAGCCACGTTGAGAG
TCCTGCCAAACTTGCTCCAT
TCCATTGAAGGCATCCACCC
GTACATGACTGCCCCGTTCA
CTCAGGTGGCCTGGGATATG
ACAAGTGGGTGGAGGATTGG
CGTGAACGGGGAGAAAGAGC
CTGACTGTGGTCCGGTGGTA
CCATCCCTTACACACCAGCC
GCGAGCACGATAGAGCTGTT
CCCTCTGGCCAACAAAGAAC
GATCCCTTTTTGCGCTTTGC

Product size (bp)

207
128
17
139
198
245

167
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Natural products  Diseases In-vitro/vivo Dose and period of Treatment Mechanism Activation  References

models/human trial treatment time or inhibition
of PI3K/
AKT
pathway
Curcumin AD N2a/WT cells 5 pM for cell line and 1or 6 months. Decrease in Caveolin-1, Activation Sun et al.
PD APP/PS1 transgenic 0.6 g/kg for animals inactivation of GSK-3 and (2017)
mice inhibition of abnorml

excessive tau
phosphorylation, bax and
increase in Bel-2

Dihydromyricetin ~ AD D-gal-induced aging rat  The doses of 100 and 5 weeks Decrease the expression of ~ Activation  Kou et al
model 200 mgkg caspase-3, p53 and p62, (2016)
PD Sprague-dawley rats up-reguiate Bol-2 and

SIRTY actity, suppress
aging-related astrocyte
activation and inhibiting
mTOR signal pathway as
well as down-reguiate

miR-34a
Salidroside AD Transgenic drosophila Concentration of 24h Decrease ap levels and ap  Activation Zhang et al.,
AD models 50,100,200 M deposition, increase AKT (20164)

phosphorylation level
p-mTOR or p-p70S6K level

CS7BL mice Concentration of 0.3 mg/ml  2-12 months  Reduce the aggregation of Wang et al.
APP/PS1 transgenic ap and improve synaptic (2020)
mice structure. Activation of

PIBK/AKT/mMTOR signaling
pathway
Arctigenin AD ICR mice The doses of 10,40, or 16 days Inhibit the production of  Activation  Qietal
150 mg/kg for animals phosphorylated tau, and (2017)

inhibition of the PI3K/ak/
gsk-3p signaling pathway

Schizandrol A AD SH-SY5Y celss or Concentration of 2 ug/mi 24 h Suppress the ratio of Bax/  Activation  Song et al
primary hippocampal Bcl-2 and caspase-3, (2020)
neurons increase of p62, and

decrease of LC3-ILC3-I,
Beclin-1, decreased ratios

of p-TawTau
Ginsenoside Rg2 ~ AD Male sprague-dawiey  The doses of 6 days Increase the Bcl-2/Bax Activaion  Cuietal.,
rats 25,50,100 mg/kg/day ratio, attenuate the cleavage (2020)
of caspase-3, and enhance
the phosphorylation of AKT.
Notoginsenoside AD C57BL/6J mice and Dose of 5 mg/kg/day 6 months. Improve cell viability, reduce ~ Activation Hu et al.
Rt APP/PS1 mice the dieavage of Navb2 by (2020)

BACE1 suppression, and
also correct the abnormal
distribution of Navi.1a

Fructus AD APP/PS1 double- 0.1,0.15,0.3 g/ml for mice, 2 months Increase p-AKT and B- Activation LiY.-h. etal.
broussonetiae transgenic mice and 150 mg/kg for rabbits catenin signaling, decrease (2020)
Rabbits 10 days caspase-3,caspase-9, and

levels of ap and
phosphorylate tau proteins
lcarin AD SAMP8 mice model  The doses of 60mg/kg 22 days Down-regulate the Activation  Wuetal.
of AD expression of BACET to (2020)
reduce the expression of
CYOtOXIC A4z, and
increase the Bol-2/Bax ratio

PD Ovariectomized PD The doses of 50/100/ 13 days Increase the DA content, the Chen et al.
mice, doparminergic 200 mg/kg Bai-2 and attenuate the (2017)
MES23.5 cells increase of bax and

caspase-3 protein levels,
active PIBK/AKT or MEK/
ERK signaling pathway
Baicalein AD PC12 cels Concentration of 40/ 2days Increase the cellviabiltyand  Activation  Gao et al.
60/80 pM niacin level. Inibit ABzs-as- (2020)
induce cytotoxicity by
restraining the levels of
ROS, and increasing the
level of MMP and
mitochondrial respiratory

complex |
PD Sprague-dawiey rats  The doses of 30 mg/kg/day 7 days Reduce procaspase-1, Zhao et al.
9 days caspase-3 and elevate (017)
active caspase-1 levels
Baicalin PD Sprague-dawiey rats  The doses of 25 mg/kg 4 weeks Increase the expression of  Activation  Zhai et al.
mTOR, p-mTOR, AKT, (2019)
P-AKT, GSK-3p, and
P-GSK-3p
Apigenin PD SH-SY5Y cells, C57BL/ 10,040,100 uM for cells 20 and Upregulatethe p-PIBK/PISK ~ Activation  Hucet al.
6 mice and 50 mg/kg/day for mice 15 days ratio and p-AKT/AKT ratio (2018)

while downregulate Bax/
Bcl-2 ratio and caspase-3
activity, improve the
lesioned neurobehavior
Amentoflavone  PD C57BL/6 mice The doses of 50 mg/kg/day 15 days Elevate the viabilty and Activation  Cao et al.
alleviate apoptosis, restore (2017)
the decreased TH
expression, inhibite the
activation of caspase-3 and
P21 but increase the Bel-2/
Bax ratio, activate PIBK/AKT
and ERK signaling

pathways
Puerarin PD SH-SY5Y cells, 1050,100,150200 yM for 12, 7 days  Elevate the viabilty, mitigate ~ Activation ~ Zhang et al.
sprague-Dawley rats ~~ cells and 50 mg/kg for intracelular oxidative stress (2014)
animal and ROS, up-reguiate TH

and VMAT2 expressions,
and dopamine levels,
alleviate behavioral defects

of PD.,
Tovophylin A PD Primary cortical Thedoses of d0mgkg  24h Alleviate MPTP-induced ~ Activation  Huang et al
neurons, C57BL/6 mice behavioral dysfunctions and (2020)

DA neuron loss, increase
the phosphorylation of AKT

and GSK-3p
Berberine PD SH-SY5Y Concentration of 24h Up-regulate the Bcl-2, Activation  Deng et al.
neuroblastoma cells 10,107,107, downregulate the bax and (2020)
102,107,1,10, and caspase-3, activate PI3K/
100 uM AKT signaling pathway
Schisantherin D Differentiated rat SCH (50 M) and 24h Activate the PIBK/AKT/ Activation  Qiet al
pheochromocytoma NKT (10 ) GSK-3/mTOR pathway, (2020)
PC12 cels and inflammatory related

proteins such as NF-«B,
KK, IL-1p, IL-6 and TNF-a

are decreased
Schisandrol A PD C57BL/6J mice The doses of 2 weeks Decrease the focal Activation  Yan etal
10,20.30 mg/kg encephalomalacia and (2019)

inhibite the striatal
degeneration, enhance the
PIBK/AKT pathway, inhibit
the IKK/IkBa/NF-«B
pathway, reduce neuronal
inflammation and oxidative
stress, and enhance the
survival of DAneurons in the

brain of mice
Paeorifiorin PD C57BL/6 mice The doses of 1 week Prevent the THand DAT  Activation  Zhao et al
7.5,15,30 mg/kg protein decrease induced (@017)

by MPTP, prevent the
Striatal p-AKT (Serd73)
protein decrease, attenuate
caspase-3 and caspase-9

activation
Cannabidiol PD The human Concentration of 10uM 24 0r48h  Decrease LC3-! levels, Activation  Gugliandolo
neuroblastoma cellline activate the ERK and AKT/ et al. (2020)
SH-SY5Y mTOR pathways and
modulate autophagy
Lycium barbarum ~ PD C57BL/6 mice The doses of 100 or 21 days Up-reguiate the TH level,  Activation  Wang et al
polysaccharide 200 mgrkg inhibit the oxidative stress in (2018b)

the midbrain, and inhibit the
aggregation of a-synuclein,
downregulated LC3-l and
beciin expression, activate
the AKT/mTOR pathway
through inhibiting PTEN.

Astragalus PD PC12 cell Concentration of 24h Promote the Activation  Tan etal.

polysaccharides 50,100,200 M phosphorylation of AKT and (2020)
mTOR, and up-reguiate the
expression of PTEN.

Crocin PD Adult male wistar rats  The doses of 30 mg/mi/day 1 month Increase activeform of AKT,  Activation ~ Salama et al.
reduce expression and (2020)
activity of Fox03 and GSK-
3p, elevate mRNA-221
expression, decrease pro-
apoptotic caspase-9 and
enhance anti-apoptotic

Bo-2
Asiatic acid PD C57BL6 mice The doses of Increase the Activation  Natargj et al.
25,50,100 mg/kg phosphorylation of PIBK, (017)

AKT, GSK-3p and mTOR,

inhibition of JNK, ERK and

P38 MAPK-mediated

signaling pathways
A, amyloic-§; AKT, protein kinase B; BACE, amyloid precursor protein cleaving enzyme one; Bad, Bol-xL/Bal-2-associated death promoter homologue; caspase-3, cysteine protease
protein; ERK, extracelular signal-reguiated kinase; GSK-3f, giycogen synthase kinase~3f; HO-1, heme oxygenase-1; IKK, IxB kinase; IL-1, interfeukin-1; L6, interleukin-6; JNK, c-Jun
NH(2)-terminal kinase; LC3-I/LC3- the autophagosome-associated protein; MAPK, mitogen-activated protein kinases; MMP, mitochondrial membrane potental; MPTP, 1-methyi-4-
phenyi-1,2,3,6-tetrahycropyricine; mTOR, mammalan terget of rapamycin; NF-x8, nuckear factor-kappa B; ps3, tumor suppressor gene; p62, the atypical protein kinase C-interacting
protein; PI3K, phosphoinositide 3-+inase; PTEN, phosphatase and tensin homolog; SD, Sprague-Dawiey; SIRT1, Silent mating type information regulation two homolog-=1; TNF-a; tumor
necrosis factor-aipha.
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Categories

Flavonoid

Alkaloid

Polyphenols
and acids

Giycoside

Iridoid
glycoside

Saponin

Terpenoids

Others

Natural products

Baicalin

Scutellarin/scutellarein

Apigenin/Vitexin

Icariin

Quercetin

Calycosin

Berberine

Ligustrazine

Daurisoline

Tetrahydropaimatine

Peimine

Curcumin

Resveratrol

Ellagic acid

Asiaticoside

Salidroside

Geniposide

Catalpol

Picroside Il

Ginsenoside R

Astragaloside IV

Andrographolide

Ginkgoiide B

Bomeol

Emodin

Cordycepin

Panax notoginseng
polysaccharide
Angelica polysaccharide

Ginkgo biloba
polysaccharides
Black fungus

polysaccharide
Fucose

Codonopsis pilosula
polysaccharide

Dosage

50, 100, 200 Mg/kg {in vivo),
10 pg/mi (in vitro)

50, 100 mg/kg (in vivo), 0.54 mM
(in vitro)

2-40 mg/kg (invivo), 2.5, 5, 10pM
and 0.5, 2.5, 10 M (in vitro)

10, 80 mg/kg (in vivo), 0.25, 0.5,
1 mg/L (i vitro)

5-25 mg/kg (n vivo), 10 uM
(in vitro)

5-30 my/kg

0.002-100 mg/kg (in vivo),
0.5 pg/ml (in vitro)

10-100 mg/kg (in vivo), 1, 10,
100 mM (in vitro)

5, 10, 20 mg/kg

10, 20, 40 mg/kg

1-6 mg/kg

30-800 mg/kg (in vivo),
1.25-20 uM (in vitro)

20-40 mg/kg (in vivo), 1-50 M
(in vitro)

10-100 mgkg

20, 40, 60 mg/kg

25,50, 100 mg/kg (i vivo), 1, 10,
100 M (i vitro)

5, 10, 20 mg/kg

5,10, 20 mg/kg (n vivo) 0.3 MM,
28mM, 27.6 MM, 275.9mM

(in vitro)

10, 20 mg/kg

10, 20, 40 mgkg

10-50 mg/kg (in vivo), 0.1-10 M
(in vitro)
5mg/kg

1, 2, 4 mg/kg
200 mg/kg

15, 50 mg/kg

5, 10, 20 mg/kg (i vivo), 5, 10,
20, 40, 80 UM (i vitro)

100, 300 mg/kg

30, 45, 60 mg/kg

100, 200, 400 mg/kg

50, 100 mg/kg

80, 160 mg/kg

1,2gkg

Targets/pathway

MDA, SOD, GSH, GSH-Px, caspase-3,
BDNF, NOD2, TNFa, IL-1B, COX-2,
iNOS, NO, PGE2, TLR2/4, NF-kB p65,
MCL-1, Bel-2 MRTF-A, PI3K, ERK1/2
TNF-q, IL-1B, JNK, ERK, p38, iNOS,
eNOS, nNOS, ROS, NOX2, Cx43, SOD,
MDA, NO, caspase-3, Notch-1, NICD,
HES-1, VEGF, bFGF, ACE, ANG I,
AT1R, IL-6

IL-1B, IL-6, TNF-a, IL-10, LDH, SOD,
MDA, NO, eNOS, iNOS, bax, Bal-2,
Caspase-3, PARP, MMP-2, MMP-9,
ROCK2, RhoA, VEGF, BDNF, PI3K/Akt,
ERK, JNK, p38, mTOR, PPAR-y,
Caveolin-1, Beclin1, p62, LC3I, LC3II,
NKCC1, Uk1, Keap1,HO-1,Nrf2, CREB
IL-1 B, IL-6, TNF-a, TGF-1, NF-xB p65,
PPARa, PPARy, IxB-a, IRE1a, XBP1u,
XBP1s, caspase-3, Bal-2, bax

TNF-a, IL-1B, LDH, ERK, akt, EGF,
MMP-9, Claudin-5, ZO-1, p-catenin,
GSK-3p, Axin, LEF1, MDA, SOD, CAT,
caspase-3, Bol-2, Nrf2, NOX4, IxBa, p65
BONF/TrkB, TNF-a, Bcl-2, NBR1, p62,
caveolin-1, claudin-5, NO, ZO-1, MMP-
2, MMP-9, ROS, ER-a, RASD1, Bcl-2,
SIRT1, FOXO1, Bel-2, bax, PGC-1a
PI3K/AKt, p53, cyclin D1, caspase 3,
bad, p55y, BDNF, TrkB, GSK3p, CREB,
claudin-5, NF-kB, HIF-1a

IL-1B, IL-6, TNF-q, IL-10, SOD, GSH-Px,
MDA, p53, Caspase-3, Bel-2, bax,
mTOR, ULK1, BNIP3, Beclin1, LC3 I,
Bax/Bcl-2, HIF-1a, MPO, Nrf2, HO-1,
ERK, IFN-y, TLR4, HMGB1, occludin,
JAM-1. AQP4, MMP9, NO, iNOS,
eNOS, akt, MCP-1, ICAM-1, TLR-4/NF-
b p65

Cyt-C, Caspase 3, Caspase 9, SOD,
MDA, GSH-Px

MPO, NO, ONOQ2-, iNOS, p85, eNOS,
akt, HIF-1, VEGF, TNF-a, occludin, ZO-
1, claudin-5, caveolin-1, MMP-2/9, src,
MLCK, p-MLC, p38, bax, caspase-3,
Bcl-2, PRAP

SOD, MDA, LDH, IL-6, IL-10, IL-18,
ICAM-1, IL-1p, caspase-9, caspase-3,
bax, bel-2, LC3IILC3I, beclint, p62,
PI3K, Akt, mTOR, TNF -a, p-arrestin
MDA, GSH, GSH-Px, SOD, NF-xB p65,
Nrf2, IL-1B, IL-8, JAK2, STATS, akt,
mTOR, LC3-I, LC3-l, p62, TLR4, p-38,
IL-1, IL-6, TNF-a, iNOS, caspase-3, bax,
Bal-2, Bel-XL, COX-2, Nrf2, NO, HO-1,
MEK, ERK, CREB, LDH, MnSOD, AlF,
caspase-9/-3, Trx-2, MPT, MMP-,
ZO1, occludin, HIF-1a, JNK

NF-kb p65, NO, iNOS, eNOS, nNOS,
JINK, GFAP, PI3K/Akt, GSK-3p, CREB,
PGE, COX-1, COX-2, LDH, Bcl-2,
Caspase-3, NQO-1, Sirt1, UCP2, LC3B-
1A, p62, NLRP3, caspase-1, IL-18, Nrf2/
HO-1, Caspase-3, GSH-Px, SOD, CAT,
MDA, TNF-a, IL-1p, IL-6, LDH, MMP-9,
TIMP-1, shh

Bax, bl 2, cyt C, caspase 3, PISK/AK,
NOS, MDA, wnt/B-catenin, ZO-1, AQP 4,
MMP-9

TNF- a, IL-6, IL-1, MCP1, ROS, MDA,
LDH, SOD, bel 2, bax, caspase3, NOD2,
P38 MAPK, NF-kB p65, JNK, ERK, IxBa
Caspase-3, Bel-2, bax, ROS, iNOS,
LDH, PARP, FGF2, cAMP/PKA/CREB,
TNF-q, IL-1B, IL-6, Arg1, TGF, IL-2, IL-
8, akt, HIF-1a, HIF- 2a, HIF- 3a, EPO,
nrf2/HO-1, NF-kB p50, PIBK/PKB, cyt-c,
MMP9, Claudin 5, occludin

LDH, TNF-a, IL-1B, IL-6, IL-8, IL-18,
NLRP3, ASC, caspase-1, raf/mek1/2/
erk1/2, MCP-1, ZO-1, occludin, Claudin-
5, p-catenin, PISK/Akt, Bel-2/Bax, AchE,
NOS, MDA, SOD

ET-1, SOD, MDA, CGRP, EPO, STAT3,
VEGF, JAK2/STAT3, bax, Bel-2, ROS,
NO, iNOS, GSH-Px, GSH

TLR4, TNF-a, NF-kB p65, ERK1/2, ROS,
NOX2, Rac-1 ROCK, MLCK, MMP-2,
claudin-5, MEK/erk1/2-cox2, ROS,
caspase 3, oyt C

PAR-1, akt, nrf2/HO-1, ppary/HO-1,
ERK, JNK, caspase-3/rock1/mic, IL-1p,
IL-6, TNF-a, IxB, NF-xB p65, AQP4, p38
MAPK, MPO, SOD, CAT, HMGB1, Nrf2/
ARE, AMPK/mTOR, AMP/AMPK-GLUT
STAT-3/TNF-/il-1p, JNK3, MPO/TNF-
o/il-1, NF-xB, akt, LC3ILC3I, p62, Fas,
FasL, Caspase-8, bax, Bl-2, bid, oyt C,
Caspase-3, PI3K/Akt, ICAM-1

LDH, caspase-3, ERK1/2, p38 MAPK,
JNK1/2, nrf2/HO-1, Lamin B1

LDH, IL-1p, TNF-a, TLR4, NF-xB, nrf2/
HO-1, NQO1, SOD, akt, BDNF,

EGF, NGF

Bax, Bcl-2, Claudin-56, VEGF, TNF-a,
ROS, NO, iNOS, caspase-3, caspase-9,
ICAM-1, NF-«B p65

ERK-1/2, GLT-1, caspase-3, ERK-1/2,
LDH, Bcl-2, bax, akt, CREB, BDNF,
TNF-a, IL-1B, IL-6, NF-kB p65, IkBa
Bal-2, bax, Caspase-3, p53, MAPK

Bcl-2/Bax, caspase-3, GSH-Px, SOD, IL
10, MDA, TNF-q, IL-1.

SOD, GSH, GSH-PX, MDA, IL-1p, TNF-
a, NF-xB

SOD, GSH, GSH-PX, MDA, IL-1p, TNF-a

ROS, MDA, NO; SOD

MAPK; SOD; MDA IL-1, IL-6, MPO;
TNF-a

Nrf2/HO-1; Bcl-2; bax; bax; AChE, SOD;
GSH-Px
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Gene name Primer sequence (5' — 3)

5-HTia Primer F: TCTCGCTCACTTGGCTCATTG
Primer R: TCCTGACAGTCTTGCGGATTC

CRH Primer F: CTCACCTTCCACCTTCTGAG
Primer R: GGCCAAGCGCAACATTTC

p-actin Primer F: CGGTCAGGTCATCACTATC

Primer R: CAGGGCAGTAATCTCCTTC
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Groups

LBG-L
LBG-M
LBG-H
DST

Groups

C

M
LBG-L
LBG-M
LBG-H
DST

WBC (10°L)

4634058
1.83 025"
3.03 +0.44"
3.33 £ 0.48™
2.60 +0.20"
2.79 +0.36"

HGB (g/L)

149.50 + 2.78
124.50 + 2.56""
135.00 + 593"
132.75 +1.04"
130.25 + 2.82*

128.88 + 5.06

NE (10°/L)

052 +0.11

0.25 +0.04*
054 +0.12*
0.55 +0.14*
0.41+0.16"
0.36 +0.14°

HCT (%)

58.69 + 1.36
49.50 + 2.32%
52.11 +2.08"
51.39 +1.03
49.1 +1.59
50.09 +2.25

LY (10°)

361042
1.45 +0.21%
224 +0.35"
241 +0.38"
1.88 +0.12
208 +0.31"

PLT (10°/L)

539.13 + 54.19
615.75 + 52.30"
605.63 + 40.60
602.25 + 22.28
622.13 + 47.92
612.38 + 58.24

MO (10°/L)

0.18 + 0.04
0.13 £ 0.04*
0.26 + 0.04"
0.36 + 0.10"
0.31 + 0.00"
0.30 + 0.09"

MCV (fL)

58.66 + 0.64
58.89 + 0.40
59.08 + 0.48
59.35 + 0.61
59.68 + 0.53
60.16 + 0.59

RBC (10'%/L)

9.99 + 0.43
8.01 + 0.23"
8.69 + 0.18™
8.63 + 0.12*
8.44 + 0.18™
800 +0.29

MCH (pg)

1556 + 0.37
14.28 + 0.15"
15.59 + 0.24"
15.69 + 0.24"
15.79 £ 0.14"
15.60 + 0.33"

Data are expressed as mean+SD. of eight mice. WBC, white blood cell count; NE, neutrophil count; LY, lymphocyte count; MO, monocytes count; RBC, red blood cell count;
HGB, hemoglobin; HCT, red blood cell volume; PLT, platelet count; MCV, mean red cell volume; MCH, mean corpuscular hemoglobin. *p < 0.05 vs. C group; "*p < 0.01 vs. C group;
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Prunus persica (L) Batsch
Carthamus tinctorius L

Angelica sinensis (Oliv.) Diels
Remannia glutinosa (Gaertn) DC.
Ligusticum chuanxiong Hort.
Paeonia lectilora Pall

Chinese name

Tao Ren
Hong Hua
Dang Gui
Shu Di Huang
Chuan Xiong
Bai Shao

Part used

Semen
Flos
Radix
Radix
Rhizoma
Radix

Weight (g)
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Herbs

Panax ginseng C. A. Mey. (Ren Shen)

Scutellaria baicalensis Georgi (Huang Qin)

Compounds

Ginsenoside Rg1

Ginsenoside Re

Ginsenoside Rb1
Baicalin

Contents (mg/g)

0315
0.343
0.968
13.996
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Ginsenoside Re
Ginsenoside Rb1
Baicalin

Linear range (ug)

0.364~3.64

0.317~3.17

0.324~3.24
0.0925~0.925

Calibration curve

Y =2510% + 2951
Y =30'10% - 18773
Y = 1.710% - 13850
Y =4.0"10°%X - 65,619
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Gene name Forward primer sequence (5'-3) Reverse primer sequence (5'-3)

NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG
IL1B GAAATGCCACC GACAGTG TGGATGCTCTCATCAGGACAG
ACTB GOaCTETATTCCCCTCCATCR: CCAGTTGGTAACAATGCCATGT
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