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Background: With dementia significantly increasing hospitalization and disability rates, worldwide aging of the population presents major challenges to public health. The majority of cases of cognitive dysfunction among the elderly, however, are characterized by an identifiable, preventable and treatable vascular component. As such, increased study of preventative methods in the context of dementia is warranted. Traditional Chinese medicine compounds have been reported to be neuroprotective and improve cognitive function via a variety of mechanisms. Shen Ma Yi Zhi granule (SMYZG) is one such collection of compounds that has been proven clinically effective. Pharmacological mechanisms of action, pharmacokinetics and clinical applications of SMYZG have been previously studied using a variety of vascular dementia animal models. SMYZG activates and regulates four main signaling pathways relevant to vascular dementia including the AMPK/PPARα/PGC-1α/UCP2, Nrf2/HO-1, HIF-1/VEGF/Notch, and VEGF/Flk-1/p8 MAPK pathways. Furthermore, SMYZG influences anti-inflammatory and anti-oxidant stress responses, reverses demyelination of brain white matter and vascular endothelium, regulates pericyte function and normalizes mitochondrial metabolism. Neuroprotective effects of SMYZG, as well as those promoting regeneration of vascular endothelium, have also been reported in studies of rat models of vascular dementia. Future research concerning SMYG is warranted for development of vascular dementia preventative management strategies.
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Introduction

Cognitive impairment significantly impairs thought, communication, comprehension, and memory formation processes. Vascular risk factors are among the leading etiologies of cognitive impairment among the elderly. Therapies capable of effectively delaying, preventing or treating cognitive decline, however, remain to be developed for clinical use. Recently, a number of studies have reported success in treating Alzheimer’s disease and vascular dementia with traditional Chinese medicine compounds as demonstrated using behavioral tests, histopathological examinations and indexes relevant to neurotransmitter catabolism. Importantly, these studies underscored the excellent potential that traditional Chinese medicine compounds have in future clinical use (Lecordier et al., 2021).

Shen Ma Yi Zhi granule (SMYZG), a Chinese herbal prescription, was demonstrated effective in treating vascular disease (Chang Surui, 2020). This compound consists of ginseng (Panax Ginseng C.A. Mey), Gastrodia elata (Gastrodia elata Bl), Euonymus alatus [Euonymus alatus (Thunb.) Sieb], and Ligustici (Ligusticum chuanxiong Hort). Pharmaceutical, pharmacodynamic and toxicological have been finished to determine the pharmaceutical extractions routing. In vivo studies have similarly been conducted (Li, 2017; Kun et al., 2020; Sun et al., 2021a,b; Lijuan et al., 2022). Importantly, aqueous extracts of SMYZG were reported to not only be neuroprotective but also beneficially affect learning and memory, hippocampal structure, central cholinergic system function as well as suppress the inflammatory and oxidative stress responses based on 2-VO and MID models; the primary active functional components were reported to be ginsenosides, gastrodin, ferulic acid, and quercetin (Nan-Nan et al., 2019). Toxicological studies revealed no negative effects on organs or critical biological parameters. Furthermore, SMYZG was awarded a National Invention Patent (Meixia, 2020) and recorded in the national registry of Chinese medicine preparations (No. Z20200005000).



Chemistry of Shen Ma Yi Zhi granule


Preparation processes

Shen Ma Yi Zhi granule is composed of ginseng (Panax Ginseng C.A. Mey), Gastrodia elata (Gastrodiaelata Bl), Euonymus alatus [Euonymus alatus (Thunb.) Sieb], and Ligustici (Ligusticum chuanxiong Hort) in a respective 3:3:3:2 ratio. All components meet the standards set forth by the Chinese Pharmacopoeia Commission (2015). Constituent weighting is achieved using the analytic hierarchy process (AHP) method. Orthogonal and single factor analyses were applied for optimization of extraction and purification technology used to prepare SMYZG by measuring yield rates of extraction and transition probability of gastrodin, p-hydroxybenzylalcohol, and ferulic acid. Briefly, Gastrodia elata, Euonymus alatus, and Ligustici slices are mixed, with water added to the mixture three times for 1 h each time. Ten times the amount of water per compound is added the first time while eight times the amount of water is added the second and third times. Ginseng slices are soaked in water for compound extraction twice and at 2 h per time; 12 times the amount of water is added to the ginseng the first time and 10 times the second. Mixing the extracts together in the Drug Manufacturing Room of Xiyuan Hospital, Chinese Academy of Chinese Medical Sciences, produces a crude drug extract of 2.44 g (Figure 1).
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FIGURE 1
Detailing of herbal Shen Ma Yi Zhi granule (SMYZG) components. (A) Panax Ginseng C.A. Mey; (B) Gastrodia elata Bl; (C) Euonymus alatus (Thunb.) Sieb; (D) Ligusticum chuanxiong Hort. Sources for the images within this figure: 699pic.com and Chinese Pharmacopoeia.




Chemical components of Shen Ma Yi Zhi granule

Ginseng (Panax Ginseng C.A. Mey), a root of Panax (Araliaceae), contains panaxosides A, B, C, D, E, and F, volatile oil, Ginseng ene, vitamin B1, vitamin B2, nicotinic acid, niacinamide, pantothenic acid, choline, maltase, invertase, esterase, and a variety of amino acids (Jian and Shao-wa, 2021). Gastrodia elata (Gastrodiaelata Bl), i.e., dried Gastrodia elata plant content, contains compounds such as Gastrodia elata glucoside and Gastrodia elata ether glucoside (Wei et al., 2021). Euonymus alatus [Euonymus alatus (Thunb.) Sieb], the twig outgrowths of celastraceae plants, contains compounds such as stigmast-4-en-3-one, quercetin, β-sitosterol, dehydrodicatechin, aromadendrin, d-catechin, 4 β-sitosterone, alatamine, and wilfordine (Lei et al., 2015; Rui-xi et al., 2015; Yanxiu et al., 2021). Ligustici (Ligusticum chuanxiong Hort), i.e., dried Ligusticum plant content, contains compounds such as tetramethylpyrazine, perlolyrine, ligustilide, wallichilide, senkyunolide, vanillic acid, caffeic acid, protocatechuic acid, and ferulic acid (Jiangang et al., 2019; Li Qian, 2020; Zhonghui et al., 2020).

Importantly, there are four major clinically effective components of SMYZG, including b-D-glucopyranoside (3b, 12b)-3,12-dihydroxydammar-24-en-20-yl, 4 -(hydroxymethyl)phenyl-β-D-glucopyranoside, 4H-1-benzopyran-4-one, 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-flavone, 2–propenoic acid and 3-(4-hydroxy-3-methoxyphenyl). Molecular structures are detailed in Figure 2.
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FIGURE 2
Molecular structures of (A) panaxoside/C36H62O8, (B) ferulic acid/C10H10O4, (C) gastrodin/C13H18O7, and (D) Quercetin/C15H10O7.


High-performance liquid chromatography parameters of SMYZG, shown in Figure 3, are as follows: chromatographic column, Tnature C18 column (4.6 mm × 250 mm, 5 min); drug elution times: 0–5 min, 0–14%; 6–10 min, 14–19%; 11–15 min, 19–20%; 16–20 min, 20–24%; 21–25 min, 20–24%. Mobile phase: methanol (A) approximately 0.1%; acetum (B) approximately 0.1%. Flow rate: 0.25 ml/min. UV detection wavelength: 321 nm. Injection volume: 5 μl (Figure 3).
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FIGURE 3
Shen Ma Yi Zhi granule (SMYZG) sample chromatogram absorption peaks and HPLC retention times.





Clinical studies concerning Shen Ma Yi Zhi granule

Vascular dementia (VaD), the second commonest form of dementia after Alzheimer’s disease (Huang et al., 2016), is primarily characterized by poor athletic performance, executive functioning, information processing, concentration, and memory (O’Brien et al., 2003; Hachinski et al., 2006; Moorhouse and Rockwood, 2008). Diagnosis is not always straightforward as a number of non-specific signs and wide variety of risk factors are often present among older patients. In contrast to Alzheimer’s, VaD generally manifests more acutely with executive functioning gradually declining and memory impairment fluctuating (Hachinski et al., 2006; Moorhouse and Rockwood, 2008). Functional regions (vascular control areas) involved in cortical dementia are shown in Figure 4.
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FIGURE 4
Functional regions (vascular control areas) involved in cortical dementia.


Wu et al. (2017) recruited 60 mild and moderate VaD patients previously diagnosed according to Chinese guidelines for diagnosis and treatment of vascular cognitive impairment (Cognitive Impairment Committee NBCM, 2019), then observed the hemorheological indexes and tested their cognitive functioning. Mini-Mental State Exam (MMSE) scores of patients treated with SMYZG were found to have markedly improved; as such, SMYZG treatment was concluded to effectively improve cognition among this patient population. And it increased erythrocyte deformability, inhibited platelet function, reduced blood viscosity and improved the blood rheology.

One randomized controlled trial (Zhang et al., 2020) evaluating the clinical effectiveness of treating VaD patients with SMYZG in combination with Ginkgo biloba tablets revealed that this regimen increases MMSE scores, decreases Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog) scores, improves patient memory, attenuates mood fluctuations and improves ADL capacities. Furthermore, these compounds were noted to increase blood levels of both nitric oxide (NO) and vascular endothelial growth factor (VEGF) and thus improve endothelial function. In experimental group, the level of neuronspecific enolase (NSE) decreased and the level of brain-derived neurotrophic factor (BNDF) increased indicated that SMYZ had a certain clinical effect in nourishing nerves and repairing damaged nerves.



Model animal experiments

Selection of suitable animal models is key in successful experimental design and is also critical to result accuracy and objectivity. At least 10 methods of creating VaD animal models have been reported and include procedures such as vessel occlusion (VO), lacunar infarct embolization (MID) and photochemical induction (Lin et al., 2014). Studying multiple VaD animal models is therefore helpful in evaluating pharmacological mechanisms more precisely.


2-VO rat model data

The 2-VO rat model leads to chronic cerebral hypoperfusion and subsequent development of secondary cerebrovascular pathophysiological alterations, critical risk factors for VaD pathogenesis (Zhang et al., 2018). Advantages of this model include lower levels of injury inflicted on animals and rapid operating time. This model simulates hypoperfused (Tomimoto et al., 2003; Farkas et al., 2007) and hypoxic (Hu et al., 2017) states of the human brain, especially in structures related to recognition such as the hippocampus and cerebral cortex. These brain regions are more easily affected by oxidative stress, with resultant structural neuronal and cholinergic system damage significantly impairing learning, memory, and behavior (Luo et al., 2019; Zhu et al., 2019; Fan et al., 2020). Relevant mechanisms of these pathological processes are closely related with those of chronic cerebral ischemia (CCI) (Cheng et al., 2019).

Frequency of Morris water maze platform searching, frequency of original platform crossing and percentage of time spent swimming in the quadrant of the original platform location among rats in SMYZG treatment groups increased significantly. These data underscore that SMYZG improves learning and memory function among 2-VO rats. Importantly, SMYZG repairs 2-VO rat cortical damage by improving the loose arrangement of pyramidal cells, reducing axonotmesis and neuronal shrinkage, protecting the morphology and structure of neuronal mitochondria, as well as increasing the number of neuronal mitochondrial and surrounding microvasculature density.



MID rat model data

Multiple cerebral infarction, also known as white matter disease, is most commonly caused by systemic disease or brain lesions (Kalaria, 2016). Cerebral small vessel disease (CSVD) is related to the occurrence and development of MID and is one of the most common causes of VaD. MID patients with cognitive impairment frequently exhibit significant small vessel ischemic changes along with areas of cerebral infarction (Jiang et al., 2021). Many studies have utilized sludged blood or kelp microgelation (KMG) to construct MID rat models (Qun and Yongjun, 2015). Successful model construction is demonstrated by confirmation of multiple deep lacunar infarctions. Model rats exhibit obvious post-operative cognitive disorders (Qun and Yongjun, 2015).

Zhou et al. (Hao, 2020) utilized KMG for MID rat model construction. Among SMYZG treatment group rats, escape latency and swim distance in the platform quadrant were significantly shortened; the frequency of original platform crossing and percentage of swimming time, as well as percentage of swimming distance in the original platform quadrant were all significantly increased. Wen et al. reported that SMYZG ameliorates neuronal pathogenesis, shortens distances between pyramidal cells, increases Nissl body quantities, attenuates mitochondrial dysfunction and improves endoplasmic reticular function in the MID rat model (Li, 2017).



APOE–/– mice data

The Apolipoprotein E knock-out (ApoE–/–) mouse model is widely used to study atherosclerosis. ApoE–/– mice possess risk factors such as cerebral arteriosclerosis and lipometabolic disturbances. Blood-brain barrier disruptions and synaptic injury are among the pathological characteristics seen in this mouse model, as in VaD. Masliah et al. (1997) reported that 3-month-old ApoE–/– mice exhibit poorer learning and memory functionality as compared to control mice. Other studies similarly reported ApoE–/– mice to manifest neuropathologic changes resulting in worsened memory formation, among others. Along with worsened defense against oxidative damage in the ApoE–/– mouse brain, antioxidant enzyme levels decrease (Shea et al., 2002) and the hippocampus is significantly affected (Charles et al., 2000).

Screening of proteins expressed in vascular endothelium involved in brain lacunar infarcts (Wang et al., 2018) revealed pathologic changes in cerebral vascular endothelial cell permeability and vasodilation among ApoE–/– mice. Proteomics and network pharmacology suggests that SMYZG improves cognition via regulation of eNOS and CAV1 expression (Qiong et al., 2019).




Mechanistic studies concerning prevention of vascular dementia by Shen Ma Yi Zhi granule

Vascular dementia is commonly caused by hypoxic-ischemic brain damage via a number of mechanisms. Multiple infarcts can occur in the setting of numerous cardiovascular and cerebrovascular diseases as well as thrombotic conditions.


Effect on cholinergic levels

Central cholinergic system dysfunction induces hippocampal neuronal loss, decreased choline acetyltransferase and acetyl cholinesterase activity, and decreased muscarinic and nicotinic receptor density. Resultant neuronal damage manifests with memory and learning disorders (Jiamou et al., 2020; Ying et al., 2022).

The phenolic compounds erulic acid and alkaloid ligustrazine found in Ligustici are not metabolized and freely permeate the blood-brain barrier to reach the hippocampus (Mancuso and Santangelo, 2014; Koh, 2015; Qian and Zengchun, 2019). Like acetyl cholinesterase inhibitors, these compounds increase the amount of acetylcholine and exert neuroprotective effects (Yunfeng and Huixia, 2011). Gastrodin extract treatment was reported to shorten mouse escape time and platform search distance, as well as increase the amount of cerebral acetylcholine and alleviate dysmnesia induced by scopolamine (Chunni et al., 2014). Ginseng (Ying et al., 2014; Md et al., 2018), and in particular ginsenosides, play important roles in protecting against oxidative stress and regulating cholinergic signaling. Most notably, ginsenoside Rb1 was reported to increase hippocampal antioxidant levels (Rui-xi et al., 2015; Zhu et al., 2019). Quercetin extracted from Euonymus alatus was similarly reported to increase acetylcholinesterase levels (Rui-xi et al., 2015; Sharma et al., 2021; Poonam et al., 2022).



Effect on levels of inflammatory mediators

Neuroinflammation promotes VaD pathogenesis and imbalances in proinflammatory and antinflammatory factor secretion is relevant to involved pathomechanisms. A number of inflammatory markers have attracted attention as potential novel biomarkers due to changes in their levels early in VaD pathology. The inflammatory cascade is activated (Roux et al., 2001; Wyss-Coray and Mucke, 2002) by TNF-α, a monokine mainly produced by monocytes and macrophages. Belkhelfa et al. (2018) reported levels of TNF-α and IL-1β in the VaD hippocampus to be significantly higher as compared to those of control individuals. Their interaction with TLR-4, a receptor distributed mainly on the microglial cell surface, results in proinflammatory factor activation and neurodegeneration. Importantly, SMYZG decreases levels of IL-1β and TNF-α in VaD model rats.

Ferulic acid, a component of Ligustici, likely functions via ERK signaling (Guifang et al., 2021; Yuanyuan et al., 2021) to repress microglial activation and neuroinflammation. Ginsenosides (Bo et al., 2019) decrease levels of TLR3 and TRIF mRNA, resulting in activation of the TLR3/TRIF pathway and attenuation of inflammation in VaD rats. Gastrodia elata (Huan et al., 2017) ameliorates oxidative stress and inflammation and promotes humoral immunity, while quercetin (Poonam et al., 2022) decreases IL-6, IL-10, TNF-α, and acetylcholinesterase levels in VaD rats, attenuating endothelial dysfunction associated with hypertension.

Studies based on 2-VO rats suggest (Sun et al., 2020; Lijuan et al., 2022) that the level of 1L-1β and TNF-α increased in the model group, while decreased in SMYZ groups and had dose-effect relationship. Indicated that SMYZ can improve the learning and memory ability of rats with vascular cognitive disorder by inhibiting inflammatory response and improving oxidative stress state.



Effect on antioxidative stress system

The oxidative stress response increases the level of reactive oxygen species depletes antioxidative compound stores and negatively impacts neuronal survival (Agdeppa et al., 2003), thus damaging synaptic activity in the area of involvement. Alterations in subsequent neurotransmission result in cognitive impairment (Tönnies and Trushina, 2017).

Ginsenosides are known to exhibit antioxidative properties (Dongmin et al., 2020); the ginsenoside Rg1 was reported to reduce oxidative injury and attenuate cognitive impairment (Chen et al., 2018). In addition, this compound was reported to exert positive effects in the setting of cerebral ischemia-reperfusion injury (Chu et al., 2019). Ferulic acid is neuroprotective primarily via mechanisms that decrease intracellular oxidative stress (Jianliang et al., 2015; Ling et al., 2019). Both LT and aqueous extract of Ligustici decrease malondialdehyde (MDA) levels in hypoxic neurons and increase superoxide dismutase activity. Gastrodia extract passes through the blood-brain barrier and exerts effects directly on brain tissue to normalize hemangiectasis and increase blood flow to the ischemic area (Chunyan et al., 2009), thereby lessening neuronal injury. This extract also reduces cellular calcium overload and decreases toxic effects of excitatory amino acids to produce an anti-apoptotic effect (Yunlin, 2006; Qihai et al., 2011; Aili, 2018). Debin and Shaofen (2006) reported that flavonoids prevent MDA generation via decreasing levels of H2O2; quercetin (Wei Si-Can and Tian-lai, 2020) was found to decrease MDA levels and increase superoxide dismutase activity.

Studies based on 2-VO rats suggested (Yu Cao, 2019; Sun et al., 2020) that the level of SOD, GSH, and GSH-Px decreased significantly, the level of MDA increased in the model group. While the level of SOD, GSH, and GSH-Px increased, the level of MDA decreased in SMYZ groups. Indicated that SMYZ can depress activation and proliferation of glial cells in hippocampal CA1 region, and improve mitochondrial ultrastructure.



Effect on cerebral white matter myelination

Cerebral white matter lesions are the most common pathological marker of VaD (Prins and Scheltens, 2015; Alber et al., 2019), manifesting in myelin discontinuity (Hill and Grutzendler, 2019). Levels of myelin basic protein, a membrane protein found on the serosal myelin surface, is significantly related to the severity of myelinoclasis. It also serves as an important indicator of demyelinating disease severity and remyelination (Choi et al., 2016; Nasrabady et al., 2018). White matter lesions occur due to a number of etiologies such as hypoxia, oxidative stress and the resultant inflammatory response, blood-brain barrier permeability and neurovascular unit disorder (Li Zehui, 2020).

The ginsenoside Rb1 was previously reported to improve symptoms of neurologic impairment by increasing lacunar infarct density in areas of infarction via the promotion of angiogenesis-related factor expression, such as VEGF and Ang-2 (Xiao et al., 2019). This compound was also reported to promote cortical neuronal stem cell proliferation and differentiation toward neuroglia–like cells (Wang et al., 2009). In vitro studies of LT (Qin et al., 2018) revealed that phthalide compounds such as ligustilide and senkyunolide A facilitate the penetration by certain medications of the blood-brain barrier. Ligustilide protects damaged nerves by attenuating cerebral ischemia-reperfusion injury via antioxidant and anti-apoptotic activity (Peng et al., 2007; Li et al., 2017). Studies on models of corneal endothelial injury (Guofeng et al., 2012) revealed that LT protects the endothelia via amelioration of cell damage by inhibiting expression of COX-2 and NF-κB proteins, as well as decreasing MAPK phosphorylation. Phenolic compounds found in Gastrodia were reported to exert neuroprotective effects by decreasing hippocampal NO content and NOS activity, reducing nNOS and iNOS expression and promoting eNOS expression (Xiaohua et al., 2011; Table 1).


TABLE 1    Pharmacologic effects of active ingredients composing Shen Ma Yi Zhi granule (SMYZG).
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Signaling pathways relevant to vascular dementia treatment by Shen Ma Yi Zhi granule

Mechanistic studies of VaD have investigated apolipoprotein, tau and lipid metabolism, as well as immune and oxidative stress responses. Although amyloid-ß is currently considered to be the initiator of pathological changes in the setting of Alzheimer’s disease, genetic susceptibility factors mediating reactions to amyloid-ß such as metabolic processes, immunity and lysosomal function are of vital importance in the pathogenesis of VaD and Alzheimer’s.


Effect on mitochondrial metabolism

Chronic cerebral hypoperfusion refers to cerebral low-flow ischemia and hypoxic conditions due to angiostenosis. Chronic cerebral hypoperfusion is itself a risk factor for cognitive impairment and patients suffering cognitive decline commonly suffer significant cerebral hypoperfusion (Cao et al., 2016; Kalaria, 2016; Kazumata et al., 2019), and vice versa (Jessica et al., 2017).

Gastrodin was reported to increase neuronal oxygen metabolism, neuronal levels of ATP, promote neuronal glucose uptake and utilization, enhance memory and decrease lactate generation in the setting of ischemia (Meikang et al., 2010). The ginsenoside Re was reported to regenerate damaged neurons and improve cognition in rats via normalization of mitochondrial physiology (Wang et al., 2009).

Shen Ma Yi Zhi granule improves neuronal mitochondrial metabolism in 2-VO rats via the AMPK/PPARα/PGC-1α/UCP2 pathway (Sun et al., 2021b). Levels of AMPK, PPARα, PGC-1α, and ATP5A protein and mRNA were reported to be increased in the setting of SMYZG treatment, while levels of UCP2 gene expression were reported to be decreased (Figure 5).
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FIGURE 5
Signaling pathways of Shen Ma Yi Zhi granule (SMYZG) in the context of vascular dementia (VaD) treatment. Sources for the images within this figure: 699pic.com and Chinese Pharmacopoeia.




Effect on anti-oxidative stress and ant-inflammatory signaling

Oxidative stress and inflammation directly damage cells (Beydoun et al., 2022). Bioactive products in the setting of oxidative stress initiate the inflammatory response (Wang et al., 2007) and are known to significantly aggravate cerebral injury. Astrocytes supply neuronal energy (Elkabes et al., 1996; Nakajima et al., 2001; Changhai and Rui, 2007; Gardiner et al., 2009), improve neuronal function, and promote memory generation and consolidation via secretion of BNDF (Allen et al., 2013). The hippocampal inflammatory response is the main pathologic characteristic of VaD (Stefaniak and O’Brien, 2016; Price et al., 2018). Nrf2 and HO-1, key signal molecules of the Nrf2/HO-1 pathway, exert anti-oxidative and ant-inflammatory effects (Wang et al., 2015).

The ginsenoside Rb1 improves learning and memory via attenuation of the hippocampal inflammatory response in a rat model of cerebral ischemia-reperfusion (Wang et al., 2009). Senkyunolide I reduces cerebral inflammation caused by oxidative stress and glucose deprivation as well as reoxygenation. Flavonoids and total steroids found in Euonymus alatus were found to possess signaling capabilities relevant to maintenance of oxygen free radical levels (Debin and Shaofen, 2006). Studies on VaD rats revealed that quercetin (Wei Si-Can and Tian-lai, 2020) administration resulted in increased neuronal lactate dehydrogenase activity and ATP levels as well as inhibition of cerebral NOS activity. Neuronal NO and lactate dehydrogenase levels as well as serum ET-1 levels were reported to be decreased, while serum levels of calcitonin gene-related peptide increased, thus promoting physiological neuronal metabolism and functioning. SMYZG (Kun et al., 2020; Wei Si-Can and Tian-lai, 2020) improves cognitive function and exerts neuroprotective effects by promoting the proliferation of reactive astrocyte-type cells via upregulation of the Nrf2/HO1 pathway.



Effect on the neurovascular unit

The neurovascular unit consists of the blood-brain barrier, neurons and glial cells including astrocytes, oligodendrocytes microglia. The neurovascular unit is a fairly novel concept that has attracted interest for consideration in research of stroke treatment (Muoio et al., 2014). The neurovascular unit together with pericytes as well as the corneal epithelial cells are critically important in the pathogenesis of ischemic cerebrovascular and hemorrhagic cerebral vascular diseases (Ozgur et al., 2017).


Effect on pericyte signal

Pericytes play critical roles in areas of lacunar infarction (Mark, 2009). Pericytes function to regulate blood-brain barrier permeability, clearing cellular components (Ferland-McCollough et al., 2017), maintaining homeostasis of cerebral vascular and protecting the central nervous system.

Surgeries (Sun et al., 2021a) can cause vascular injury and angiogenic instability via downregulation of Ang1 and PDGFR-β protein expression in corneal epithelial cells of brains among MID rats. SMYZG was reported to promote Ang1 and Ang1 mRNA expression in pericytes, increase neuronal PDGFR-β and PDGFR-β mRNA levels, and increase NG2 and NG2 mRNA levels. These results underscore that SMYZG protects pericytes and improves neurovascular homeostasis.



Effect on angiogenesis signaling

Vascular endothelial growth factor, astrocytes, Ang-1, Notch, and pericytes were found to synergistically interact to stimulate regeneration and maturation of blood vessels (Li, 2017; Kun et al., 2020). The hypoxia inducible factor-1 (HIF-1)-VEGF and Notch pathways are two main signaling pathways in angiogenesis. HIF-1 is one transcription factor relevant to intracellular oxygen homeostasis that is evoked by hypoxia. VEGF, another neuroprotective factor increased in neuronal tissue in the setting of cerebrovascular trauma, decreases blood-brain barrier permeability and promotes angiogenesis (Lian Jin et al., 2011). The Notch gene plays a key role in HIF-1/VEGF/Notch signaling and thus promotes blood vessel regeneration (Luttun et al., 2002; Yin, 2016).



Effect on endothelial cells and synaptic plasticity in the context of lacunar infarction

Endothelial cells of the blood-brain barrier are important early in the pathogenesis of VaD. Injury of proteins involved in neural synaptic plasticity is also important in cognitive impairment. Endothelial cells regulate neuronal activation via secretion of compounds such as VEGF, BDNF, and NO. Similarly, endothelial cells regulate synaptic plasticity via VEGF/Flk-1/p8 MAPK signaling.

Studies (Lian Jin et al., 2011; Li, 2017; Xuemei et al., 2019) of VaD rat models reported that SMYZG promotes expression of P38MAPK, NMDAR1, PSD-95, VEGF, and FLK-1 mRNA and protein in rat neuronal tissue, promotes expression of choline acetyltransferase, inhibits MMP9 expression. SMYZG was reported to improve cognition via inhibition of neuroglial cell activation and proliferation in the CA1 region. SMYZG also improves endothelial cellular function, activates VEGF/Flk-1/P38MAPK signaling and improves synaptic plasticity (Table 2).


TABLE 2    Likely signaling pathways of Shen Ma Yi Zhi granule (SMYZG).
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Conclusion and perspectives

Vascular dementia (Gorelick et al., 2011) is a common, highly heterogeneous condition that manifests due to stroke, neurovascular trauma or cerebrovascular disease. The four major subtypes of VaD that can be further subclassified include MID, post-stroke dementia, subcortical ischemic vascular dementia and mixed dementia (Skrobot et al., 2016a,b, 2018; Hao et al., 2021). VaD is the second commonest dementia after Alzheimer’s, and although Alzheimer’s is characterized by episodic disturbances in memory, both conditions are clinically similar and challenging to distinguish (Laukka et al., 2004). Interestingly, VaD and Alzheimer’s were reported to commonly coexist in patients suffering cognitive impairment (Schneider et al., 2005; Sonnen et al., 2007; Launer et al., 2008; Wu, 2019). And end-stage VaD patients share the similar pathological basis with AD patients (Wu, 2019). As interest in VaD research increases, particular focus on treatment improvement, pathological mechanism elucidation and conduction of prospective drug development studies is warranted (Cognitive Impairment Committee NBCM, 2019; Hao et al., 2021).

Chronic cerebral hypoperfusion is the main etiological mechanism of VaD (Cao et al., 2016; Jessica et al., 2017; Kazumata et al., 2019), with half of VaD patients suffering subcortical white matter infarction (Kalaria, 2016). However, white matter lesions are considered to also be an etiology for chronic cerebral hypoperfusion and a pathologic characteristic common in both Alzheimer’s and VaD (Figure 6).
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FIGURE 6
Possible pathomechanism of vascular dementia (VaD). Sources for the images within this figure: 699pic.com and Chinese Pharmacopoeia.


The concept of the neurovascular unit underscores the relationship between VaD and other cerebrovascular diseases. Investigation of interactions among neurons, glial cells and the cerebral vasculature should be encouraged from a holistic perspective. A variety of active compounds compose SMYZG such as ferulic acid, LT, ginsenoside Rg1, ginsenoside Rb1, gastrodin, and quercetin, as well as a number of flavonoids. Treatment targets have been reported to include dementia-associated proteins (e.g., beta-secretase, PS-1), apoptosis-associated factors (e.g., TLR3, TRIF), vascular endothelium- -associated factors (i.e., VEGF), components of cholinergic signaling (e.g., acetylcholinesterase, choline), inflammatory factors (e.g., IL-6, IL-10, NF-α) and factors important in oxidative stress (e.g., MDA, SOD, GSH, NO, iNOS). To further clarify effects of SMYZG in the clinical setting, multi-center randomized controlled trials with large sample sizes are required. Clinical monitoring of SMYZG blood levels as well as investigation of pharmacokinetic properties, are also warranted.

This article reviewed previously published data from studies using different animal models relevant to the pharmacological mechanism, pharmacokinetics and clinical applications of SMYZG, as well as the pathophysiological characteristics of VaD. Important processes ameliorated by SMYZG treatment include neuronal oxidative stress, cerebral white matter demyelination, pericyte function, neuronal mitochondrial metabolism, cerebral endothelial function and neuroinflammation. Relevant signaling pathways include the AMPK/PPARα/PGC-1α/UCP2, Nrf2/HO-1, HIF-1/VEGF/Notch, and VEGF/Flk-1/p8 MAPK pathways.

In this manuscript, we collected around 10 years reports for SMYZ of VaD prevention and treatment. For future applications, more approaches need to be designed in further studies along with the development of proteomics, metabonomics, transcriptomics, network pharmacology, and interdisciplinary research. To identify active ingredients based on the sense of system biology. To evaluate pharmaceutical and pharmacological effects of active ingredients based on metabonomics. To research complex components of herbal medicines by establishing combination-activity relationship (CAR) according to the relevance of herbal combination and bioactivity based on systems modeling (Liu et al., 2016; Liu, 2017). Various metabolites will be produced during the whole process after oral administration of SMYZ to form pharmaco-metabonomics (Xiao, 2014; National Medical Products Administration, 2020). We shall test active components in plasma, prototype components, gut bacteria and metabolites with approaches like nuclear magnetic resonance (NMR), gas chromatography-mass spectrometry (GC-MC) and ultra performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS). This methods are conducted by modern equipments that are characterized by high resolution, high-throughput and high sensitivity. Using of all above mentioned technologies is consistent with concept of holism of Traditional Chinese Medicine (TCM).

Chinese medicines are complicated chemical systems based on systematic chemical separation, biological expression, separation and preparation of herb components. For further study, our research group will put more efforts on figuring out the compatibility regularity and integrating multi-components. The basic pharmacology, mechanism of action and the relationship between active components and clinical efficacy of the drug must be determined including toxicologic effects. Upgrade the preparation technique and make new traditional Chinese medicines with controllable quality, low toxic and clearly mechanisms.
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Introduction: The second most prevalent cause of dementia is vascular dementia (VaD). Furthermore, acupuncture is a relatively safe and effective traditional therapy for individuals with VaD. We performed a network meta-analysis to assess the effectiveness and safety of various acupuncture therapies for VaD based on existing research.

Methods: We searched six electronic databases to screen for randomized controlled trials (RCTs) comparing different acupuncture treatments in VaD patients. The Cochrne tool (Review Manager 5.3) was used to evaluate the risk of bias of the included RCTs. Based on the Grading of Recommendations Assessment, Development and Evaluation framework, we assessed the confidence in the evidence using the Confidence In the results from Network Meta-Analysis approach. We used the frequency approach to perform the network meta-analysis. Data were analyzed using R 4.1.1.

Results: In total, we included 46 eligible studies. The results of the network analysis showed that the combined interventions of moxibustion (MB) with body acupuncture (BA) (MB + BA) and electroacupuncture (EA) with scalp acupuncture (SA) with BA (EA + SA + BA) were more effective in improving cognitive functions and activities of daily living compared with SA or BA alone. However, in the subgroup analysis, EA + SA + BA showed better efficacy in short- and mid-term acupuncture compared with other acupuncture therapies.

Conclusion: Combined acupuncture therapy may be a safe and effective intervention for individuals with VaD, and MB + BA and EA + SA + BA appear to be the most effective interventions. However, because the analysis of this study was based on low-to-moderate evidence, there remains no strong supporting evidence. Thus, high-quality, large-scale, and long-term studies should be conducted in the future to assess the effectiveness and safety of acupuncture in VaD.

Systematic review registration: https://www.crd.york.ac.uk/prospero/, identifier: CRD42022354573.
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  vascular dementia, electroacupuncture, scalp acupuncture, body acupuncture, moxibustion, cognitive function, ability of daily life, frequentist network meta-analysis


Introduction

Vascular dementia (VaD) is the second most prevalent cause of dementia (Yang et al., 2022), accounting for roughly 15% to 20% of dementia cases in North America and Europe, and about 30% of dementia cases in Asia (Wolters and Ikram, 2019). The risk of VaD doubles every 5.3 years, with the incidence rate increasing with age. Age-related dementia has become one of the major health problems worldwide (Iadecola et al., 2019). According to the World Health Organization, 35.6 million individuals worldwide suffer from dementia, and this figure is anticipated to quadruple by 2050 (World Health, 2012), which would place a huge burden on families, primary caregivers, and the economic cost to society. In the United States, such costs have exceeded those of cancer and heart disease (Hurd et al., 2013). Although the average cognitive impairment rates of VaD and Alzheimer's disease are similar, the mortality rate is higher in VaD than that in Alzheimer's disease (Kua et al., 2014). Therefore, there is an urgent need to identify suitable treatments for VaD.

VaD is characterized by progressive deterioration of memory and other cognitive functions due to cerebrovascular disease. The major cause of VaD is chronic cerebral hypoperfusion (Wang et al., 2020) and tissue hypoxia (Iadecola et al., 2019) after cerebral ischemia, which enhances the permeability of the blood-brain barrier permeability and plasma protein extravasation into the brain, resulting in a severe inflammatory response and oxidative stress, further leading to white matter damage (Rouhl et al., 2012). Although several advancements have been made in understanding the relationship between cerebrovascular disease and dementia, the underlying pathogenesis of VaD remains poorly understood. Currently, beneficial therapies include cholinesterase inhibitors and memantine, which are licensed drugs for Alzheimer's disease (O'Brien and Thomas, 2015). Several large studies have shown that cholinesterase inhibitors and memantine are effective in the treatment of VaD; however, the magnitude of their effectiveness is limited. Therefore, the regulators and guideline panels of these trials have recommended that memantine and cholinesterase inhibitors are inappropriate for the treatment of patients with VaD (Joshua et al., 2018). The same phenomenon is observed with N-methyl-D-aspartate antagonists (Orgogozo et al., 2002; Wilcock et al., 2002). For these reasons, alternative approaches, including acupuncture, have been adopted for VaD.

Acupuncture, which is a traditional Chinese medical therapy, is one of the most commonly employed non-pharmacological therapies, and has been used in many countries for the treatment of neurological disorders (Wu et al., 2010; Wan et al., 2016). Accumulated evidence has also shown that acupuncture can improve the symptoms of VaD through its antioxidant, anti-inflammatory, and anti-apoptotic effects (Ye et al., 2017; Yang et al., 2018; Zhu et al., 2018). The network meta-analysis (NMA) method is effective for comparing and ranking various therapies; therefore, this study aimed to assess the efficacy and safety of different acupuncture techniques for the treatment of patients with VaD, and to determine the most suitable method for the acupuncture treatment of VaD.



Methods

This review was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses for Network Meta-Analyses (Moher et al., 2009; Page et al., 2021). In addition, our study protocol has been registered with the International Prospective Register of Systematic Reviews (PROSPERO) (registration number: CRD42022354573).


Search strategy for identification of studies

We conducted a systematic search of six databases, including PubMed, Cochrane Library, Embase, Web of Science, MEDLINE, and China National Knowledge Infrastructure, from their establishment on July 31, 2022. The following keywords were used during the search: (acupuncture therapy, acupuncture, acupuncture treatment, electro-acupuncture, needling, scalp acupuncture, electrostimulation, body acupuncture, electroacupuncture, moxibustion) and (dementia, vascular dementia, infarct dementia, post-stroke dementia, and vascular cognitive impairment). We adjusted and specified the retrieval strategies according to the different databases. The specifics of the search strategies are listed in the Supplementary Appendix 1.



Study selection

Two reviewers (JYW and SRC) independently evaluated the included studies. Any discrepancies were reviewed by a third reviewer (ZZ) and resolved by discussion among all the reviewers. Included studies fulfilled the following criteria: (i) randomized controlled trials (RCTs); (ii) included patients who matched the established diagnostic criteria for VaD, including the Diagnostic and Statistical Manual of Mental Disorders, the National Institute of Neurological Disorders and Stroke, and the Association Internationale pour la Recherche et l'Enseignement en Neurosciences criteria, Hachinski Ischemic Score ≥ 7, and the outcomes of computed tomography or magnetic resonance imaging; (iii) types of acupuncture included were electroacupuncture (EA), scalp acupuncture (SA) (including traditional SA and modern SA) (Jian-Li et al., 2019), body acupuncture (BA), and moxibustion (MB); and (iv) the control group received sham acupuncture, blank control, wait-list control and anti-dementia medications (for whom the observation group used acupuncture combined with anti-dementia medications). Studies that met the following criteria were excluded: (i) comprised of patients with Alzheimer's disease or dementia caused by other factors; (ii) included patients with Hachinski Ischemic Score < 7; (iii) included patients with a score > 8 on the Cornell Scale for Depression in Dementia and who were diagnosed according to the Diagnostic and Statistical Manual of Mental Disorders criteria as having evident mental depression, or patients with other mental diseases or disorders; and (iv) included patients with severe neurological deficits or serious medical conditions, such as dysopia, aphasia and dysacusis, and malignancy.



Data abstraction

Two reviewers (JYW and QYH) independently extracted data from the included RCTs. The extracted data included study characteristics such as first author, title of study, participants (sex, age, month of diagnoses, sample sizes), study design (randomization, blinding), interventions, controlled interventions, outcome measures, results and adverse events, we recorded these characteristics in advance. The four categories of acupuncture treatments were EA, SA, BA, and MB. The control groups included patients receiving anti-dementia medications, for whom the observation group used acupuncture combined with anti-dementia medications; sham acupuncture; blank control; wait-list control. Any discrepancies were evaluated by a third reviewer (JXY) and resolved by discussion among all the reviewers.



Outcomes

The Mini-Mental State Examination (MMSE) and Hasegawa Dementia Scale (HDS) were defined as the primary efficiency outcome measures. When more than one measure of cognitive function was used in a study, we preferentially used the MMSE in all cases for inclusion in our meta-analysis. However, due to the high similarity in scoring criteria, total score and content between MMSE and HDS (Kim et al., 2005; Senda et al., 2020), we included a very small number of HDS scores to analyze together. The Barthel Index of ADLs and activities of daily living (ADLs) were identified as the secondary efficacy outcome indicators.



Quality assessment

Two independent reviewers (SRC and WW) evaluated the identified trials. The revised Cochrane risk-of-bias tool for randomized trials (Review Manager 5.3) was used to assess the bias risk of the included RCTs. Any disagreements were reviewed by a third reviewer (QYH) and resolved by discussion among all the reviewers.



Data synthesis and analysis

A pairwise meta-analysis was performed in this study using the random-effects model in Stata 14 (StataCorp LLC, College Station, Texas 77845, USA). Then, the “netmeta” version 0.9–2 of the R-4.1.1 software was used to conduct a frequentist NMA (Rücker, 2012; Krahn et al., 2013) in this study. To display and describe the geometric features of different acupuncture treatments, we used the “networkPlot” function of Stata 14 (College Station, Texas 77,845 USA) to draw and generate network graphs. Different nodes represented different treatments, and edges represented head-to-head comparisons between different treatments. We used the “decomp.design” function to evaluate the consistency of entire network, homogeneity within designs, and homogeneity/consistency between designs. We used a node-splitting method (Rücker and Schwarzer, 2015) to evaluate the inconsistency between direct and indirect comparisons. The different interventions were ranked in accordance with the P-score, which were based only on the standard errors of the network and point estimations. These scores, which gauge the degree of certainty between comparisons of different interventions, are averaged across all competing treatments (Brehm et al., 2009).

We calculated pooled estimates and 95% confidence intervals (95% CIs) by performing a random-effects NMA. Generally speaking, when studies use the same evaluation method to assess our results of interest, the mean difference in the change scores between the final and baseline scores on the scale was regarded as a treatment effect to evaluate the outcomes. Since lower scores represented more severe cognitive impairment, the final minus the baseline scores served as the change scores definition. One treatment was considered more effective than the other if the corresponding estimate of the mean difference in the change score was positive and the 95% CI did not include zero.

Moreover, to investigate the probable sources of heterogeneity more thoroughly in this study, we performed subgroup analyses according to different acupuncture treatment durations. Based on the duration of treatment, all results from the included studies were divided into three groups i.e., short-term (1 ≤ × ≤ 30 days), mid-term (30 < × ≤ 60 days), and long-term (× > 60 days).



Assessing confidence of the evidence

Confidence in the results from Network Meta-Analysis (CINeMA) was used to assess the confidence of the evidence in all the trials, and ratings were assigned using the CINeMA application (Nikolakopoulou et al., 2020).

CINeMA evaluates six domains as follows: within-study bias, reporting bias, indirectness, imprecision, heterogeneity, and incoherence. With the exception of reporting bias, which is classified as suspect or undetected, they are graded as no concerns, some concerns, or major concerns. The conclusions are then presented for each treatment comparison across these six dimensions as high, moderate, low, or very low confidence (Papakonstantinou et al., 2020).

All or most comparisons from industry-funded trials were considered to be at a risk of reporting bias. For comparisons with poor network connections, indirection is downgraded. For imprecision, the threshold was set to a mean difference of 0 for continuous comparisons.




Results


Study identification

For the present study, a total of 1,814 studies were identified. After reviewing the titles and abstracts, 102 studies were chosen for further review. Of these, 50 were excluded: 14 did not report the related data, 13 did not include the relevant target populations, 11 were not RCTs, and 12 did not investigate the target interventions. After qualitative synthesis, 8 studies were excluded. In total, 46 RCTs met the inclusion criteria and were included in this meta-analysis study (Huang et al., 1992, 2007, 2012; Liu et al., 1997, 1998, 2016; Lai et al., 1998; Li et al., 1999, 2014; Lun et al., 2003; Lai and Huang, 2005; Wu, 2006; Xu, 2006; Zhang et al., 2006, 2008; Ling et al., 2007; Chu et al., 2008; Han, 2009; Peng, 2009; Wang, 2009, 2014; Zhao et al., 2009; Teng, 2011; Yin et al., 2011; Teng and Lai, 2012; Zhou and Zhou, 2012; Dai et al., 2013a,b; Gao et al., 2013; Sheng et al., 2013; He and Guo, 2014; Shi et al., 2014; Jin, 2015; Li, 2015; Luo et al., 2015; Xie and Junming, 2016; Chen, 2017; Sheng and Cai, 2017; Wang and Wang, 2018; Wang et al., 2018; Feng, 2020; Guo, 2020; Ouyang, 2020; Yao, 2020; Zhu, 2020; Han et al., 2021). The detailed selection process is illustrated in Figure 1.
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FIGURE 1
 Flowchart of literature selection on systematic reviews on acupuncture for treating vascular dementia.




Characteristics of the included studies

The aggregated characteristics of the included RCTs are shown in Table 1.


TABLE 1 The aggregated characteristics of the included RCTs.
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The included studies were released between 1992 and 2022. Forty-six of the RCTs originated in China. Thirty-seven studies were published in Chinese, whereas nine studies were published in English. Thirty RCTs were two-arm trials, 13 were three-arm trials, and three were multi-arm trials. Courses of acupuncture and other therapies ranged from 4 to 12 weeks in the included studies.



Quality of evidence

Figure 2 presents the evaluation results of the risk of bias (Supplementary Appendix 2). All 46 included studies were RCTs. Methods for generating random sequences were clearly stated in 30 studies, of which 3 studies (Liu et al., 1997; Sheng and Cai, 2017; Wang et al., 2018) were classified as high risk of bias due to the use of hospital or clinical record numbers as sequence numbers. The remaining 16 studies demonstrated an unclear risk of bias, as the random sequence generation method was not specified. Fifteen studies demonstrated a low risk of bias and the remaining 31 studies showed an unclear risk of bias in allocation concealment.
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FIGURE 2
 Risk of bias summery for 46 included studies.


Due to the specificity of the interventions evaluated in this review, blinding between patients and clinicians was difficult to implement. Thirteen studies showed a low risk of bias and 33 studies showed an unclear risk of bias in the blinding of the participants and personnel. Fourteen studies showed a low risk of bias and 32 studies showed an unclear risk of bias in the blinding of outcome assessment.

Thirteen studies showed a low risk of bias in incomplete outcome data, whilst 33 studies showed an unclear risk of bias for incomplete outcome data. Regarding selective outcome reporting, one study (Guang-Xia et al., 2014) demonstrated a high risk of bias because it did not report pre-determined outcomes, 35 studies showed a low risk of bias, and the remaining 10 studies showed an unclear risk of bias. Twenty-eight studies showed an unclear risk of bias due to other bias.



Outcome analysis of cognitive function
 
Pairwise meta-analysis

We performed a pairwise meta-analysis of cognitive function and the results are shown in Supplementary Appendix 3. The results of the pairwise meta-analysis showed that although each acupuncture therapy had certain advantages compared with the control group (among which the advantages of MB + BA and EA + SA were larger), there was no significant difference in any of the comparisons.



Network meta-analysis

The network plot is shown in Figure 3. Eight interventions were involved i.e., EA + SA + BA, SA + BA, EA + SA, SA, BA, MB + BA, MB, and control.


[image: Figure 3]
FIGURE 3
 Network plot of cognitive function.


Forty-six studies, which contributed 3,731 patients in the main NMA, reported changes in cognitive function scores using the MMSE and HDS. The results of the NMA of different interventions are shown in Table 2. Compared to the control group, MB + BA (1.31, 95% CI: 0.18–2.44), EA + SA + BA (1.17, 95% CI: 0.53–1.81), SA + BA (0.92, 95% CI: 0.52–1.33), SA (0.88, 95% CI: 0.45–1.31), EA + SA (0.84, 95% CI: 0.50–1.19), and BA (0.53, 95% CI: 0.06–1.00) showed better improvement in cognitive function.


TABLE 2 Results of network meta-analysis for all possible treatment effects (cognitive function).
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Compared to simple SA and BA, the combined interventions EA + SA + BA (0.29, 95% CI: −0.46–1.04 and 0.64, 95% CI: −0.06–1.34, respectively) and SA + BA (0.05, 95% CI: −0.51–0.61 and 0.40, 95% CI: −0.04–0.84, respectively) showed better improvement in cognitive function. Compared to simple MB, the combined intervention MB + BA (0.50, 95% CI: −0.57–1.57) showed better improvement in cognitive function. SA may be more effective in relieving dementia symptoms than BA (0.35, 95% CI: −0.22–0.92). However, there were no appreciable differences between these acupuncture therapies in terms of improving cognitive function. However, acupuncture combined with EA or MB was better than SA or BA alone. Moreover, MB + BA showed the greatest possibility of becoming the most effective intervention for improving cognitive function (P-score = 0.80, Figure 4).


[image: Figure 4]
FIGURE 4
 Forest plot compared with the control group (cognitive function).




Inconsistency between direct and indirect comparisons of cognitive function scores

Inconsistency between direct and indirect comparisons was assessed using a node-splitting model, showing no inconsistencies among the studies (P > 0.05). Details of the results are presented in Table 3.


TABLE 3 Node-splitting analysis of inconsistency (cognitive function).

[image: Table 3]



Subgroup analysis

An improvement in cognition scores in the short-term (1 ≤ × ≤ 30 days) was reported in 16 trials; 22 trials reported an improvement in cognition scores in the mid-term (30 < × ≤ 60 days), and eight trials reported an improvement in cognition scores in the long-term (× > 60 days). Data from different treatments were evaluated separately in accordance with different treatment durations in each subgroup. There were eight different interventions in the short-term. Paired meta-analysis showed that EA + SA + BA vs. BA (1.13, 95% CI: 0.43–1.84), SA + BA vs. EA + SA + BA (−0.93, 95% CI: −1.52– −0.35), control vs. EA + SA + BA (−1.53, 95% CI: −2.78– −0.27), and control vs. EA + SA (−0.88, 95% CI: −1.48– −0.28) were all statistically significantly different (Supplementary Appendix 7). In the NMA, the EA + SA + BA treatment showed the best improvement in cognitive function (0.96), followed by MB + BA (0.84), EA + SA (0.61), MB (0.54), SA + BA (0.46), SA (0.37), and BA (0.22). The details are illustrated in Figure 5. There were significant differences in the curative effects between EA + SA + BA and SA + BA (0.93, 95% CI: 0.37–1.49), SA (1.02, 95% CI: 0.24–1.80), and BA (1.17, 95% CI: 0.52–1.82, Supplementary Appendix 7).
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FIGURE 5
 Forest plot compared with the control group of cognitive function (short-term).


For the mid-term, there were no statistically significant differences between the groups in the paired meta-analysis (Supplementary Appendix 7). In the NMA, the highest probability of enhancing cognitive function was observed for EA + SA + BA, with a probability of 0.88, followed by SA and SA + BA with probabilities of 0.71 and 0.70, respectively (Figure 6, Supplementary Appendix 7). For the long-term, eight studies with five treatments (SA + BA, SA, EA + SA, control, and EA + SA + BA) were included. However, we failed to perform the corresponding network analysis because of the long-term network was disconnected.
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FIGURE 6
 Forest plot compared with the control group of cognitive function (mid-term).


Nine studies (Lai et al., 1998; Ling et al., 2007; Huang et al., 2012; Luo et al., 2015; Liu et al., 2016; Xie and Junming, 2016; Sheng and Cai, 2017; Feng, 2020; Ouyang, 2020) reported change scores using syndrome differentiation score of vascular dementia; however, failed to perform the corresponding network analysis due to the limited number of studies included.




Outcome analysis of living ability
 
Pairwise meta-analysis

We performed a pairwise meta-analysis of living ability and the results are shown in Supplementary Appendix 3. The results of the pairwise meta-analysis showed that although each acupuncture therapy had slight advantages compared with the control group, there was no significant difference in any of the comparisons.



Network meta-analysis

The network plot is shown in Figure 7. Eight interventions were involved: EA + SA + BA, SA + BA, EA + SA, SA, BA, MB + BA, MB, and control.
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FIGURE 7
 Network plot of living ability.


Thirty studies with 2,486 patients in the main NMA reported changes in ADL scores using the ADLs and Barthel index. The results of the NMA of different treatments are shown in Table 4. Compared to the control group, MB + BA (1.97, 95% CI: 0.95–2.99), EA + SA + BA (1.04, 95% CI: 0.37–1.71), EA + SA (0.87, 95% CI: 0.51–1.24), and SA + BA (0.72, 95% CI: 0.24–1.19) showed better improvement in ADLs. However, other acupuncture treatments showed no significant difference compared to the control group. MA + BA may be more suitable for improving the activity of daily living compared to MB (1.38, 95% CI: 0.44–2.32) and BA (1.53, 95% CI: 0.59–2.47). Furthermore, combined acupuncture MB + BA (P-score = 0.99) and EA + SA + BA (P-score = 0.76, Figure 8) are likely to be the best intervention to improve the ADLs of patients with VaD.


TABLE 4 Results of network meta-analysis for all possible treatment effects (living ability).
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FIGURE 8
 Forest plot compared with the control group (living ability).




Inconsistency between direct and indirect comparisons of life function scores

Inconsistency between direct and indirect comparisons was assessed using a node-splitting model, showing no inconsistencies among the studies (P > 0.05). Details of the results are presented in Table 5.


TABLE 5 Node-splitting analysis of inconsistency (living ability).
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Adverse events

Forty participants from eight studies (Zhang et al., 2008; Huang et al., 2012; Shi et al., 2014; Wang, 2014; Wang et al., 2018; Feng, 2020; Ouyang, 2020; Yao, 2020) reported the presence of adverse events. The main adverse effects reported in the acupuncture group were “discomfort at the acupuncture site” (16 patients), “skin bruising at acupoints” (15 patients), “fainting during acupuncture treatment” (seven patients), and “bleeding at acupuncture points” (two patients). These symptoms are mild and persist for a short period of time.



Confidence in evidence

The confidence ratings for these comparisons with CINeMA (Supplementary material) were mostly low to moderate confidence. This was mainly because of within-study bias, lack of precision, and/ or heterogeneity. Poor reporting of the randomization and blinding procedures explained the concerns of within-study bias. The relatively small number of studies with direct evidence included in all the comparisons explains the imprecision. The observed heterogeneity is likely because of the small number of trials in some comparisons, whereas some of the RCTs focused on different subgroups of VaD.




Discussion

To the best of our knowledge, this study is the first NMA to explore the efficacy of different acupuncture treatments for VaD. The MMSE scale (Cui et al., 2019) is currently the most widely used neuropsychological scale for clinical cognitive function screening, which can comprehensively reflect the cognitive state and cognitive characteristics of patients. Cognitive impairment is a core symptom of VaD; therefore, we chose to assess changes in cognitive impairment as the primary efficiency outcome of this review. In addition, the decline in the ability to perform ADLs is also one of the main symptoms of VaD; thus, we choose the ADLs as secondary efficacy outcome indicators. We used direct and indirect evidence to evaluate the relative effects of different acupuncture therapies on cognitive function and the ability to perform ADLs in patients with VaD. Based on the currently available data, our NMA suggests that combined acupuncture interventions (EA + SA + BA and MB + BA) show better efficacy in improving cognitive function and the ability to perform ADLs compared with MB, SA, and BA alone. SA was more effective than BA in improving cognitive function. Using a subgroup analysis of cognitive function, we found that EA + SA + BA achieved the best effect among the therapies analyzed for both the short- and mid-terms. However, for the short-term, EA + SA was more effective than SA + BA, whereas the opposite was true for the mid-term. This may be why there is a certain degree of heterogeneity in our review. Furthermore, the efficacy of EA in improving the ADLs was better than that of non-EA treatments.

Based on the analysis of adverse reactions from all included studies, all included acupuncture treatments were relatively safe for patients with VaD. Although some cases of adverse reactions have been reported, these adverse reactions are mild, and there is no direct association between adverse reactions and interventions. Therefore, these cases were justified.

Numerous studies have reported that VaD may be caused by hypoperfusion (Ruitenberg et al., 2005) and hypoxia (Fernando et al., 2006) after cerebral ischemia, resulting in alterations in blood–brain barrier permeability (Candelario-Jalil et al., 2011; Wardlaw et al., 2013), oxidative stress, and inflammation (Gallacher et al., 2010; Rouhl et al., 2012), which in turn can lead to white matter damage (Iadecola et al., 2019). The exact mechanism by which EA + SA + BA and MB + BA show better therapeutic efficiency in patients with VaD is still not fully understood. However, studies have shown that EA can enhance the secretion of brain-derived neurotrophic factors to exert neuroprotective effects after cerebral ischemia (Tao et al., 2016). EA can reduce oxidative stress and anti-apoptotic cell death by increasing superoxide dismutase activity in the brain (Wang et al., 2011). MB can inhibit apoptosis and oxidative stress and improve vascular endothelial growth factor inflammation (Lai et al., 2022). MB may improve cognitive function in VaD patients by inhibiting hippocampal neuronal apoptosis (Yang et al., 2021). SA can improve blood supply to the brain and enhance neuronal metabolism (Chen et al., 2020). EA + SA can improve the learning and memory ability of VaD rats by down-regulating inflammatory factors, reducing neuronal apoptosis, and improving synaptic plasticity (Ma et al., 2022). SA + BA can improve cognitive function by inhibiting brain oxidative stress and inflammation, alleviating neuronal death in VaD rats (Du et al., 2018). Therefore, we speculate that the reason why EA + SA + BA and MB + BA are superior to other acupuncture treatments may be that the combination therapy brings together the advantages of individual acupuncture treatments. However, to determine whether these findings are attributed to simple additive effects or due to the interaction of multiple signaling pathways in vivo requires further research.


Limitations

This study had the following limitations: (i) the included RCTs were mainly conducted in China, (ii) Reliability of results may be affected by incomplete reporting of test details, (iii) testing indexes other than the scale could not be included because of the limited number of studies, and (iv) due to the limited number of studies retrieved, we could not extend our review more beneficially, such as whether the analysis results varied by patient sex (male vs. female), or whether effect size corresponds to the atherosclerotic cardiovascular disease (ASCVD) burden.

The lack of long-term follow-up studies makes it hard to conclude substantial implications of the study. The disease cycle in patients with VaD usually has longer chronic progression. More evidence is required to confirm whether acupuncture has long-term efficacy in addition to short-term improvement in cognitive function.




Conclusion

Combined acupuncture therapy may be an effective and safe intervention for patients with VaD, and MB + BA and EA + SA + BA emerged as the most effective interventions in this study. EA + SA + BA shows the best efficacy when the course of acupuncture is short or moderate. However, because the analysis in this study was based on low-to-moderate evidence, there is no strong supporting evidence in this regard. High-quality, large-scale, long-term studies should be performed in the future to investigate the efficacy and safety of acupuncture in VaD.
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Introduction: Isorhynchophylline is one of the main active ingredients from Uncaria rhynchophylla, the effects and mechanisms of isorhynchophylline on stress-induced emotional disorders and cognitive impairment remain unclear.

Methods: Long-term potentiation (LTP) in vivo was used for synaptic plasticity evaluation; chronic unpredictable mild stress (CUMS) model was used to evaluate the effect of isorhynchophylline on stress induced emotional disorders and cognitive impairment; sucrose preference test (SPT), open field test (OFT), and elevated plus maze (EPM) were used to evaluate emotional disorders; morris water maze (MWM) test was used to evaluate cognitive impairment; Western blotting (WB) was used to the expression of proteins; high performance liquid chromatography (HPLC) was used to quantify neurotransmitters; Nissl staining was used to identify pathological changes induced by stress.

Results: In this study, we found that isorhynchophylline improved corticosterone-induced in vivo LTP impairment significantly, indicating positive effects on stress. Therefore, 28-day CUMS model was adopted to evaluate the anti-stress effects of isorhynchophylline. The results showed that isorhynchophylline improved CUMS-induced weight loss, anxiety- and depression-like behaviors, and spatial memory impairment. Isorhynchophylline reduced CUMS-induced corticosterone elevation. N-methyl-D-aspartic acid (NMDA) receptors play an important role in the process of emotion and memory. Glutamate and the expression of GluN2B increased in the CUMS mice, while D-serine and the expression of serine racemase (SR) decreased significantly, and isorhynchophylline restored these changes to normal level.

Conclusion: These results indicated that isorhynchophylline ameliorated stress-induced emotional disorders and cognitive impairment, modulating NMDA receptors might be one of the underlying mechanisms.
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1 Introduction

Stress is broadly defined as an anticipated disruption of homeostasis or a threat to wellbeing (Kim and Diamond, 2002; McEwen, 2007; Ulrich-Lai and Herman, 2009). A number of stress-associated diseases have been identified in humans, such as hypertension, diabetes, gastric-intestinal ulceration (Kim et al., 2006). High-intensity stress could not only cause anxiety and depression symptoms (Willner, 2017; Lupien et al., 2018), but also increase the risk of various neurological disorders (McEwen, 2000; Radahmadi et al., 2014). Alleviating the symptoms like anxiety and depression is the primary treatment in clinic, the commonly used drugs are serotonin reuptake inhibitors, such as sertraline and fluoxetine (Giacomini et al., 2016; Noorafshan et al., 2019; Rauch et al., 2019). Recently, the N-methyl-D-aspartate (NMDA) receptors antagonist ketamine or its S (+)-isomer has been used for the treatment of stress-induced depressive disorders and post-traumatic stress disorder (PTSD) in both humans and animals (Feder et al., 2014; Brachman et al., 2016; McGowan et al., 2018; Wang et al., 2022). However, the current drugs could only alleviate stress-induced emotional disorders like anxiety and depression with little improvement on stress-induced cognitive impairment, and these drugs might even cause cognitive impairment in long-term use (Luo et al., 2021).

Isorhynchophylline is one of the main active ingredients from Uncaria rhynchophylla. Uncaria rhynchophylla, a traditional Chinese medicine, which is mainly used to treat cardiovascular and central nervous systems diseases, such as lightheadedness, convulsions, numbness, and hypertension (Shi et al., 2003). Modern pharmacological researches reveal that isorhynchophylline has multiple neural protective effects. Isorhynchophylline could improve cognitive impairment in Alzheimer’s disease (Xian et al., 2014a), D-galactose (Xian et al., 2014b), aluminum chloride (Li et al., 2018) and ischemia (Kang et al., 2004) animal models. Isorhynchophylline could also ameliorate neural plasticity deficits caused by many factors, such as ischemia, D-galactose and aluminum chloride (Kang et al., 2004; Xian et al., 2014b; Li et al., 2018). Reducing beta-amyloid peptide (Aβ)-induced neurotoxicity, neuronal apoptosis and tau protein hyperphosphorylation (Xian et al., 2012, Xian et al., 2013, 2014a) contributed to isorhynchophylline’s neural protective effects. NMDA and 5-HT2 receptors (Kang et al., 2002, 2004) were the potential targets for isorhynchophylline. Recently, it has reported that isorhynchophylline had antidepressant-like effects (Xian et al., 2017, 2019). These results indicate that isorhynchophylline has potential effects on stress-induced emotional disorders and cognitive impairment. Thus, this study is to investigate whether isorhynchophylline has protective effect against stress-induced emotional disorders and cognitive impairment.

Corticosterone is both the biomarker and effector molecule of stress in rodents. Excess corticosterone could cause cognitive (Dominguez et al., 2019) and neural plasticity impairments (Wang et al., 2021; Huang et al., 2022). Therefore, corticosterone induced long-term potentiation (LTP) impairment was used for preliminary evaluation of isorhynchophylline. Then the 28-day chronic unpredictable mild stress (CUMS) model was adopted to confirm whether isorhynchophylline could alleviate emotional disorders and cognitive impairment, and finally observing the effect of isorhynchophylline on CUMS-induced dysfunction of NMDA receptor.



2 Materials and methods


2.1 Animals and drug treatment

Two-month-old male C57BL/6J mice, which is commonly used for CUMS model (Lu et al., 2019), were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. Mice were kept in plastic cages and allowed free access to food and water under standard housing conditions (room temperature 23 ± 1°C and humidity of 55 ± 5%) with a 12-h light/12-h dark cycle. Experiments started after 7 days acclimating to the laboratory environment. The Institute of Animal Care and Use Committee of the National Beijing Center for Drug Safety Evaluation and Research approved all the experiments (No.: IACUC-DWZX-2021-590).

For in vivo electrophysiology, 50 mg/kg corticosterone (CORT, TCIchemicals, Shanghai, China) was used to mimic stress 60 min before high frequency stimulation (HFS). Both intracerebroventricular and intragastric administration were used in this study. Intracerebroventricular administration only used for preliminary evaluation; intragastric administration, which is like clinical routine, was used for further evaluation. For intracerebroventricular administration, 2 μg per animal (isorhynchophylline) was used; For intragastric administration, 20/40/80 mg/kg isorhynchophylline was used.

For intracerebroventricular injection, the coordinates are: −0.22 mm from Bregma, 1 mm lateral to the sagittal suture and 2.5 mm deep from the skull surface, according to Mouse Brain in Stereotaxic Coordinates (Franklin and Paxinos, 2008). A syringe pump, at a rate of 1 μl/min, was used to deliver the drug into the right lateral ventricle. The needle was left in place for 1 min after discontinuation of plunger movement to prevent backflow.

For CUMS, mice were separated into three groups, which were Control group (Control), chronic unpredictable mild stress group (CUMS) and chronic unpredictable mild stress + isorhynchophylline group (Iso). Isorhynchophylline was intragastric administered 20 mg/kg/day from the −7 to 28 d. Mice in Control and CUMS groups were given equal volumes of 0.5% sodium carboxymethyl cellulose (Sigma-Aldrich Corporation).



2.2 In vivo LTP recording

In vivo LTP recording was conducted as previously described (Huang et al., 2013). Mice were anesthetized with pentobarbital sodium,then fitted with ear cuffs and placed in a stereotaxic frame. A stimulating electrode (stainless steel bipolar) was placed in the perforant path (PP), the evoked potentials were recorded with a stainless-steel electrode in the cell body layer of dentate gyrus (DG). The WinLTP program1 was used to initiate the electrical stimulus and record the data. After obtaining a stable stimulus–response curve baseline at fixed current intensity, the current intensity was regulated to evoke a 1/3–1/2 maximum population spike (PS) amplitude. After recording the 30 min baseline, LTP was induced by high-frequency stimulus (HFS) (250 Hz, three trains 10 s apart, eight 0.1 ms pulses in each train), and PSs were recorded for another 60 min. The mean PS amplitudes during 0–30 min was normalized to 100% as baseline; the relative PS amplitudes (31–90 min) were normalized relative to the baseline period before HFS.



2.3 Chronic unpredictable mild stress procedure

According to the previous description (Willner, 2017; Liu M. Y. et al., 2018), the CUMS procedure was conducted for 28 days. CUMS-treated mice were subjected to 14 stressors with a random schedule. These stressors include food deprivation (24 h), water deprivation (24 h), cage tilt (24 h, 45°), dark during the day (12 h), lights on at night (12 h), damp bedding (24 h), no bedding (24 h), noise stimulation (1 h, 100 dB), electric shock (1 h, 0.8 mA, 5 s/min), tail pinch (1 min), tail suspension (30 min), cage shake (1 h, 220 r/min), restrained in tube (2 h) and cold water swimming (6 min, 10 °C), the detailed schedule is shown in Table 1.


TABLE 1    The protocol of 28 days chronic unpredictable mild stress.
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2.4 Behavior tests


2.4.1 Sucrose preference test (SPT)

The SPT was according to previous description (Liu M. Y. et al., 2018). Four days before CUMS, all animals were habituated to drink sucrose solution (1%, w/v) by replacing normal water for 2 days (48 h). The position of the bottles was changed several times during the period. During test, all mice were deprived of food and water for 24 h, starting at 10 a.m. 24 h later. Each animal was provided with 1% sucrose solution and normal water individually for 1 h, and the weights of sucrose solution and water consumed were recorded accordingly.



2.4.2 Open field test

The OFT was performed as described previously (Huang et al., 2017). The arena was partitioned into peripheral area and central area. After 30 min acclimation in the test room, mice were allowed to explore the open field for 5 min and then they were returned to home age. Central area duration and visits were recorded as indicators of anxiety and exploratory behaviors.



2.4.3 Elevated plus maze (EPM)

The elevated plus-maze apparatus was elevated 100 cm above the floor. The maze consisted of two open arms (50 cm × 10 cm) and two closed arms (50 cm × 10 cm × 10 cm) joined by a central square (10 cm × 10 cm). mice were put in the central square and allowed to explore for 5 min, then they were returned to home age.



2.4.4 Morris water maze (MWM) test

The MWM test was performed as described previously (Vorhees and Williams, 2006). The learning phase contained four trials per day for five consecutive days and the probe trial was carried out on the sixth day. During the learning phase, mice were allowed to find the platform for 60 s, if the mouse failed to find the platform on time, it was guided to the platform and remained on the platform for 15 s. During the probe trial phase, mice were given a 60 s exploring period in the pool without platform, the latency and time in the target quadrant were regarded as indicators of memory.

The order of these tests is: Sucrose Preference Test, Open Field Test, Elevated plus Maze, Morris Water Maze Test.




2.5 Corticosterone evaluation

Plasma corticosterone was measured by an enzyme-linked immunosorbent assay kit (Cloud-Clone Corp, USA) according to the Instruction manual.



2.6 Western blotting (WB)

Western blotting was performed as described previously with minor modifications (Taylor and Posch, 2014). Ten mg hippocampal samples were homogenized in 0.1 ml lysis buffer and then centrifuged at 15,000 g for 15 min at 4°C. The concentrations of protein were determined by Bradford protein assay kit (PR102, Galen Biopharm International Co., Ltd.). Equal amounts of protein were boiled in loading buffer (100 mM Tris–HCl of pH 6.8, 4% sodium dodecyl sulfate, 200 mM DTT, 0.2% bromophenol blue, and 20% glycerol) for 5 min before loading on a SDS polyacrylamide gel. Electrophoresis was performed at 60 V for 30 min and then 100 V for 90 min, followed by wet transfer onto a nitrocellulose membrane at 100 V for 60 min. The membrane was blocked for 60 min in blocking solution (5% non-fat dry milk, 0.05% Tween-20, phosphate buffered saline) and then incubated at 4°C overnight with rabbit anti-SR antibody (1:1000, Sigma-Aldrich) and rabbit anti-NR2A/B antibody (1:1,000, Sigma-Aldrich). After 30 min washes with 0.05% Tween-20, PBS, the primary antibodies were detected with the horseradish peroxidase-conjugated secondary antibodies and chemiluminescent HRP substrate (Thermo Fisher Scientific Inc., Waltham, MA, USA). Band density values were normalized to β-actin.



2.7 High performance liquid chromatography (HPLC)

HPLC was performed as described previously with minor modifications (Grant et al., 2006). Hippocampal samples were homogenized in methanol and centrifuged for 15 min at 15,000 g at 4°C. The calculated amount of OPA was dissolved in 5 mL of methanol in a volumetric flask and diluted to the mark with a borate buffer solution (PH = 9.3). The sample was derivatizated for 35 min before loading sample. The mobile phase contains a buffered solution containing 0.1 M NaH2PO4, 20 m 0.1 mM Na2EDTA and its pH was adjusted to 5.8 with phosphoric acid. The flow rate was 0.75 ml/min, the detector potential was + 0.75 V with respect to the calomel reference electrode and the sensitivity was set at 50 nA full-scale detection. Chromatographic column is an Agilent reversed-phase chromatographic column (C-18, 4.6 mm × 250 mm, 5 μm).



2.8 Nissl staining

The mice brains were removed after anesthesia and fixed in 4% paraformaldehyde. The sections (4 μm) were stained using 0.5% cresyl violet acetate (Beyotime, China). The integrated optical density (IOD) of Nissl bodies was quantified by using Image J software (Version 1.48, National Institutes of Health).



2.9 Statistical analysis

The data are presented as the mean ± SEM. GraphPad Prism 6.0 (Inc., La Jolla, CA, USA) was used to plot and analyze the data. Student’s t-test was used to analyze two groups and one-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparisons test was used when comparing more than two groups. A two-way repeated measures ANOVA was adopted to analyze the changes of body weight during CUMS and MWM escape latency during learning phase. P < 0.05 was considered as statistically significant.




3 Results


3.1 Effects of isorhynchophylline on hippocampal LTP in corticosterone-treated mice

The average values of the relative PS amplitudes in CORT-treated mice were significantly lower than that in the control mice, while isorhynchophylline (2 μg, i.c.v.) significantly reverse the decreased PS amplitudes (one-way ANOVA followed by Dunnett’s tests; F2,12 = 52.66, P < 0.001; Cort vs. control: P < 0.001; 2 μg Iso vs. Cort: P < 0.001; n = 5; Figures 1A, B).
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FIGURE 1
Effects of isorhynchophylline on hippocampal LTP in corticosterone (CORT)-treated mice. (A) The time course of average relative PS amplitudes. (B) The average relative PS amplitudes post-HFS (31–90 min). Isorhynchophylline (2 μg, i.c.v) significantly improved CORT-induced LTP impairment. CORT/vehicle was injected 60 min before HFS and isorhynchophylline was administrated 30 min before CORT/vehicle. (C) The time course of average relative PS amplitudes. (D) The average relative PS amplitudes post-HFS (31–90 min). Isorhynchophylline (40/80 mg/kg, i.g.) significantly improved CORT-induced LTP impairment. (E) The time course of average relative PS amplitudes. (F) The average relative PS amplitudes post-HFS (31–90 min). Isorhynchophylline (20/40/80 mg/kg for seven days, i.g.) significantly improved CORT-induced LTP impairment. The data are presented as mean ± SEM. ***P < 0.001 compared to the Control group; #P < 0.05, ###P < 0.001 compared to the corticosterone group.


Subsequently, we observed the effect of single administration of isorhynchophylline (20/40/80 mg/kg, i.g.) on corticosterone-induced LTP impairment. Results showed the average values of the relative PS amplitudes in CORT-treated mice were significantly lower than that in the control mice, while 40 and 80 kg/mg isorhynchophylline significantly reverse the decreased PS amplitudes and 20 mg/kg isorhynchophylline showed no effect (one-way ANOVA followed by Dunnett’s tests; F4,20 = 6.204, P = 0.002; Cort vs. control: P < 0.001; 20 mg/kg Iso vs. Cort: P = 0.105; 40 mg/kg Iso vs. Cort: P = 0.013; 80 mg/kg Iso vs. Cort: P = 0.014; n = 5; Figures 1C, D).

Then, we observed the effect of administration of isorhynchophylline (20/40/80 mg/kg, i.g.) for 7 consecutive days on corticosterone-induced LTP impairment. Results showed that 20, 40 and 80 kg/mg isorhynchophylline significantly reverse the decreased PS amplitudes by corticosterone (one-way ANOVA followed by Dunnett’s tests; F4,20 = 9.177, P < 0.001; Cort vs. control: P < 0.001; 20 mg/kg Iso vs. Cort: P < 0.001; 40 mg/kg Iso vs. Cort: P = 0.026; 80 mg/kg Iso vs. Cort: P = 0.021; n = 5; Figures 1E, F).

These results showed that both central and peripheral administration of isorhynchophylline significantly improved corticosterone-induced LTP impairment, indicating potential effects on stress.



3.2 Effects of isorhynchophylline on emotional disorder in CUMS mice

The body weight in the control group kept increasing stably; the body weight in the CUMS group was significantly lower than that of the control group on the 7th, 14th, 21st, and 28th day, and isorhynchophylline improved the body weights on the 28th day (two-way repeated measures ANOVA followed by Dunnett’s tests; Time: P < 0.001; Treatment: P < 0.001; Day 1: CUMS vs. control: P = 0.578; Iso vs. CUMS: P = 0.856; Day 7: CUMS vs. control: P = 0.039; Iso vs. CUMS: P = 0.837; Day 14: CUMS vs. control: P < 0.001; Iso vs. CUMS: P = 0.708; Day 21: CUMS vs. control: P < 0.001; Iso vs. CUMS: P = 0.979; Day 28: CUMS vs. control: P < 0.001; Iso vs. CUMS: P = 0.015; n = 10; Figure 2A).
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FIGURE 2
Effects of isorhynchophylline on body weight, sucrose preference, open field test and elevated plus maze in CUMS mice. (A) Isorhynchophylline significantly alleviated CUMS-induced body weight loss. (B) Isorhynchophylline significantly increased sucrose preference index in CUMS mice. (C) Isorhynchophylline significantly decreased total distance in CUMS mice. (D) Isorhynchophylline significantly increased central retention time in CUMS mice. (E) Isorhynchophylline significantly increased open arm times in CUMS mice. (F) Isorhynchophylline significantly open arm entries in CUMS mice. The data are presented as mean ± SEM. **P < 0.01, ***P < 0.001 compared to the Con group; #P < 0.05, ##P < 0.01 compared to the CUMS group.


For SPT test, the results showed the sucrose preference index of mice in the CUMS group was significantly lower than that in the control group, and isorhynchophylline improved the sucrose preference indexes (one-way ANOVA followed by Dunnett’s tests; F2,27 = 8.566, P = 0.001; CUMS vs. control: P = 0.003; Iso vs. CUMS: P = 0.002; n = 10; Figure 2B).

For OFT test, the results showed that the total distance increased in CUMS group significantly, while the central retention time is higher than that of the CUMS group, and isorhynchophylline improved theses changes in OFT (one-way ANOVA followed by Dunnett’s tests; For total distance: F2,27 = 8.784, P = 0.001; CUMS vs. control: P < 0.001; Iso vs. CUMS: P = 0.022; For central retention time: F2,27 = 7.509, P = 0.003; CUMS vs. control: P = 0.002; Iso vs. CUMS: P = 0.013; n = 10; Figures 2C, D).

For EPM test, the results showed that the open arm time and open arm entries were significantly decreased in CUMS group, and isorhynchophylline improved theses changes in EPM (one-way ANOVA followed by Dunnett’s tests; For open arm time: F2,27 = 6.655, P = 0.005; CUMS vs. control: P = 0.003; Iso vs. CUMS: P = 0.029; For open arm entries: F2,27 = 6.401, P = 0.005; CUMS vs. control: P = 0.004; Iso vs. CUMS: P = 0.021; n = 10; Figures 2E, F).

These results suggested that isorhynchophylline effectively alleviated anxiety- and depression- like behaviors of mice caused by CUMS.



3.3 Effects of isorhynchophylline on the spatial memory in CUMS mice

During the learning phase, the escape latency of mice in each group showed a downward trend and there was no statistical difference among groups (Figure 3A). During the probe phase, the escape latency in the CUMS group was significantly longer than that in the control group, and isorhynchophylline improved the latency significantly (one-way ANOVA followed by Dunnett’s tests; F2,27 = 5.770, P = 0.008; CUMS vs. control: P = 0.011; Iso vs. CUMS: P = 0.014; n = 10; Figure 3B). The time in the target quadrant of the CUMS group was significantly shorter than that of the control group, and isorhynchophylline improved the time in the target quadrant significantly (one-way ANOVA followed by Dunnett’s tests; F2,27 = 7.769, P = 0.002; CUMS vs. control: P = 0.045; Iso vs. CUMS: P = 0.001; n = 10; Figure 3C). There was no difference in the swimming speed of the mice in each group during the probe phase (Figure 3D).
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FIGURE 3
Effects of isorhynchophylline on the spatial memory in MWM test in CUMS mice. (A) The escape latency of mice in learning phase. (B) The escape latency in probe trial was significantly decreased by isorhynchophylline in CUMS mice. (C) The time spent in the target quadrant was significantly increased by isorhynchophylline in CUMS mice. (D) There was no difference in swimming speed in each group. The data are presented as mean ± SEM. *P < 0.05 compared to the con group;  #P < 0.05,  ##P < 0.01 compared to the CUMS group.


The above results suggested that isorhynchophylline effectively improved the spatial memory deficit in mice caused by CUMS.



3.4 The mechanisms of isorhynchophylline on CUMS mice

The plasma corticosterone in the CUMS group was significantly increased compared with control, and corticosterone in the isorhynchophylline group was significantly lower than that in the CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 13.16, P < 0.001; CUMS vs. control: P = 0.009; Iso vs. CUMS: P < 0.001; n = 5; Figure 4A). The hippocampus glutamate in the CUMS group increased compared with control, and the glutamate in the isorhynchophylline group was significantly lower than that in the CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 12.37, P = 0.001; CUMS vs. control: P = 0.011; Iso vs. CUMS: P < 0.001; n = 5; Figure 4B). The hippocampus D-serine, the NMDA receptors co-agonist, was significantly reduced in the CUMS group, and the content of D-serine in the isorhynchophylline group was higher than that of the CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 3.215, P = 0.076; CUMS vs. control: P = 0.048; Iso vs. CUMS: P = 0.299; n = 5; Figure 4C).
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FIGURE 4
Effects of isorhynchophylline on plasma corticosterone, glutamate, SR, D-serine, GluN2A and GluN2B in CUMS mice. (A) Isorhynchophylline significantly decreased the serum corticosterone level in CUMS mice. (B) Isorhynchophylline significantly decreased the hippocampal glutamate level in CUMS mice. (C) Isorhynchophylline increased the level of D-serine in CUMS mice. (D) Isorhynchophylline significantly increased the expression of SR in CUMS mice. (E) Isorhynchophylline significantly decreased the expression of GluN2A in CUMS mice. (F) Isorhynchophylline significantly decreased the expression of GluN2B in CUMS mice. The data are presented as mean ± SEM. *P < 0.05, **P < 0.01 compared to the Con group;  #P < 0.05,  ##P < 0.01,  ##P < 0.001 compared to the CUMS group.


The expression of SR, a key synthetase of hippocampal D-serine, was significantly decreased in the CUMS group, while the expression of SR in the isorhynchophylline group was significantly higher than that in the CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 9.771, P = 0.003; CUMS vs. control: P = 0.003; Iso vs. CUMS: P = 0.007; n = 5; Figure 4D). The expression of hippocampal GluN2A in the CUMS group showed an increasing trend, and the expression of GluN2A in the hippocampus in the isorhynchophylline group was significantly lower than that of the CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 3.664, P = 0.057; CUMS vs. control: P = 0.171; Iso vs. CUMS: P = 0.038; n = 5; Figure 4E). The expression of GluN2B in the CUMS group was significantly higher than that in the control group, and the GluN2B expression in the isorhynchophylline group was significantly lower than that in the CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 6.32, P = 0.013; CUMS vs. control: P = 0.016; Iso vs. CUMS: P = 0.020; n = 5; Figure 4F).

Nissl staining results showed that the IOD of Nissl bodies was significantly lower in the CUMS group than that in the control group, and IOD of Nissl bodies in isorhynchophylline group was significantly higher than that in CUMS group (one-way ANOVA followed by Dunnett’s tests; F2,12 = 5.230, P = 0.023; CUMS vs. control: P = 0.028; Iso vs. CUMS: P = 0.031; n = 5; Figure 5).
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FIGURE 5
Effects of isorhynchophylline on Nissl staining in hippocampus. The data are presented as mean ± SEM. *P < 0.05 compared to the Con group;  #P < 0.05 compared to the CUMS group.





4 Discussion

When endogenous or exogenous environmental stimuli is perceived as aversive, or threatening, the systemic neuroendocrine response is activated, this process is called stress response (Lucassen et al., 2014). Stress can activate the HPA axis, and glucocorticoids are one of the main biomarkers for stress (Akirav, 2004; Mora et al., 2012). There are 2 types of receptors for glucocorticoids, the mineralocorticoid receptor (MR) and the glucocorticoid receptor (GR) (Reul and de Kloet, 1985). Both MR and GR expressed in hippocampus (Reul and De Kloet, 1986), and related to stress-induced cognition impairment and emotional disorders. Stress or glucocorticoids have been shown to modulate cognitive function and synaptic plasticity (McEwen and Sapolsky, 1995; Diamond et al., 1996; Kim et al., 1996; Sandi et al., 1997; Cao et al., 2016). Long-term stress has also been shown to induced morphological changes in the hippocampus (Lee et al., 2009; Schoenfeld and Gould, 2012). In addition, hippocampus also important to anxiety (Barkus et al., 2010) and depression (Sahay and Hen, 2007). Therefor this study focused on hippocampus.

The level of corticosterone was assessed as a biomarker of stress in rodents, it was reported that chronic stress could induce plasma corticosterone increasing sustainedly (Bernatova et al., 2018). Sustained corticosterone rise is a key factor for stress-induced memory deficits (Dominguez et al., 2019). It was also reported that corticosterone itself could cause hippocampal synaptic plasticity and cognitive impairment (Pavlides et al., 1993; Howland and Wang, 2008). Therefore, corticosterone was adopted to mimic stress. Results showed that single administration of corticosterone via subcutaneous injection impaired hippocampal LTP in mice in vivo significantly, both intracerebroventricular and intragastric administrated of isorhynchophylline reversed corticosterone-induced LTP impairment, suggesting that isorhynchophylline may have protective effect against stress-induced synaptic and cognitive impairment. Previous study reported that intragastric administration of isorhynchophylline 20 mg/kg for 7 days had anti-depression effects (Xian et al., 2017), and 20 mg/kg isorhynchophylline was sufficient to reverse corticosterone-induced LTP impairment in this study. So 20 mg/kg isorhynchophylline was adopted for further observing its effect on emotional disorders and cognitive impairment caused by chronic stress.

Chronic unpredictable mild stress is widely used to investigate stress induced disorders, such as depression and cognitive impairment (Shang et al., 2017; Willner, 2017; Antoniuk et al., 2019). Therefore, CUMS was adopted in this study. Results showed that CUMS caused weight loss, in accord with previous study (Willner et al., 1996), and isorhynchophylline significantly alleviated CUMS-induced weight loss. The plasma corticosterone was assessed as a biomarker of stress, previous research showed that attenuating corticosterone on the day of memory assessment prevented chronic stress-induced spatial memory impairments (Wright et al., 2006), our results also showed that isorhynchophylline decreased elevated corticosterone in CUMS mice, indicating that isorhynchophylline may reduce stress response. SPT was used to evaluate depression-like behavior, results showed that CUMS caused depression-like behavior, in accord with previous reports (Qiao et al., 2016; Liu W. et al., 2018), and isorhynchophylline alleviated CUMS-induced depression-like behavior in line with reported results (Xian et al., 2017). For anxiety-like behavior, OPT and EPM were adopted. The results showed that isorhynchophylline significantly enhanced the exploratory behavior of CUMS mice, suggesting that the anxiety symptoms were efficiently relieved by isorhynchophylline. MWM test is the most commonly used experiment to evaluate spatial learning and memory (Vorhees and Williams, 2006). CUMS-induced cognitive impairment has been widely reported (Gu et al., 2014; Shen et al., 2018, 2019), our results also showed that CUMS caused spatial memory deficit in mice and isorhynchophylline reversed this impairment. These results indicates that isorhynchophylline improved both emotional disorder and cognitive impairment.

Synaptic structure is the biological basis of learning and memory (Luscher and Malenka, 2012), normal synaptic transmission requires presynaptic glutamate and D-serine to bind to NMDA receptors to maintain synaptic plasticity and cognitive function (Hardingham and Bading, 2010). It’s reported that chronic stress induced glutamate elevation (Garcia-Garcia et al., 2009; Hill et al., 2012; Willner, 2017) and NMDA receptors expression increasing (Liu et al., 2019; Lorigooini et al., 2020) in hippocampal tissue, indicating hyperfunction of NMDA receptors. On the other hand, chronic stress induced D-serine deficit (Wang et al., 2017), indicating hypofunction of NMDA receptors. Our previous studies provide possible explanation for this paradox. Previous data showed that acute stress or corticosterone administration may cause hypofunction of NMDA receptors by inhibiting D-serine release, despite of increasing glutamate (Wang et al., 2021). Long-term hypofunction of NMDA receptor, on the condition of chronic stress, might cause compensatory NMDA receptor expression, as showed in published data (Liu et al., 2019; Lorigooini et al., 2020) and this study. Isorhynchophylline improved LTP impairment by corticosterone via ICV administration, indicating isorhynchophylline improved corticosterone induced NMDA receptors hypofunction. Additionally, isorhynchophylline restored CUMS induced glutamate and D-serine disturbance, and modulated the expression of serine racemase (SR) and NMDA receptors. Altogether, these results indicate that modulating the function of NMDA receptor may be involved in the effect of isorhynchophylline on alleviating cognitive deficits induced by CUMS (Figure 6).
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FIGURE 6
Sketch map for the mechanisms of isorhynchophylline on CUMS induced emotional disorders and cognitive impairment.




5 Conclusion

In conclusion, isorhynchophylline has protective effect against stress-induced emotional disorders and cognitive impairment simultaneously, restoring the function of NMDA receptors to normal might be one of its mechanisms. Nevertheless, the underlying mechanisms are more complex than it was described above and further investigations are needed.
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Objective: To analyze the effects and mechanisms of berberine in the treatment of aging-related cognitive dysfunction based on network pharmacology methods, molecular docking techniques, and animal experiments.

Methods: A mouse model of cognitive dysfunction was constructed by subcutaneous injection of D-galactose (D-gal) for 10 weeks, and the neuroprotective effects of berberine on aging-related cognitive dysfunction mice were evaluated by the Morris water maze (MWM) and immunofluorescence staining. The targets of berberine were obtained by SwissTargetPrediction, GeneCards, and PharmMapper. Putative targets of cognitive dysfunction were obtained by GeneCards, TTD, and DrugBank database. The STRING database and Cytoscape software were applied for protein-protein interaction (PPI) analysis and further screening of core targets. The DAVID database was used for Kyoto Encyclopedia of Genes and Genomes (KEGG) and gene ontology (GO) enrichment analysis to clarify the biological processes and pathways involved in the intersection targets, and AutoDockTools was adopted for molecular docking verification of core targets. Finally, the core genes were validated using real-time quantitative PCR.

Results: The MWM results showed that treatment with berberine significantly improved spatial learning and memory in mice with cognitive decline induced by D-gal. Immunofluorescence staining indicated that berberine modified the levels of aging-related markers in the brain. A total of 386 berberine putative targets associated with cognitive dysfunction were identified based on the public database. The core targets of berberine for improving cognitive function, include Mapk1, Src, Ctnnb1, Akt1, Pik3ca, Tp53, Jun, and Hsp90aa1. GO enrichment and KEGG pathway enrichment analyses indicated that the mechanism of berberine in the treatment of aging-related cognitive dysfunction is attributed to pathways such as PI3K-AKT and MAPK pathways. In vivo experiments further confirmed that Akt1, Ctnnb1, Tp53, and Jun were involved in the neuroprotective actions of berberine.

Conclusion: This study reveals the multi-target and multi-pathway effects of berberine on regulating aging-related cognitive dysfunction, which provides preclinical evidence and may promote new drug development in mitigating cognitive dysfunction.
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berberine, cognitive dysfunction, D-galactose, RT-qPCR, network pharmacology


1. Introduction

Cognitive dysfunction, also known as cognitive impairment (CI), is characterized by memory loss, learning disabilities, and a decreased ability to concentrate on a particular task. The spectrum of CI can range from mild cognitive deficits that are not clinically detectable to dementia (Luchsinger, 2012). Dementia is usually diagnosed when acquired cognitive impairment becomes severe enough to impair social and/or occupational functioning (Hugo and Ganguli, 2014). The CI leads to a reduced quality of life in older adults and increases the risk of dementia and mortality (Park et al., 2013; Hu et al., 2020). The population aged 80 years and older is the fastest-growing segment of the global population, and prevention of age-related cognitive dysfunction is one of the greatest challenges facing healthcare today.

Mild cognitive impairment (MCI) is considered to be a state between normal cognitive aging and early dementia (Petersen, 2004). Notably, approximately 16% of subjects diagnosed with MCI returned to normal or near-normal cognition after approximately 1 year (Koepsell and Monsell, 2012). In a meta-analysis evaluating the rate of progression from MCI to dementia in 41 cohort studies stratified by population studies and clinical trials, more than half of the participants did not progress to dementia within 10 years, and the annual conversion rate for dementia and Alzheimer’s disease (AD) was approximately 7% (McGirr et al., 2022). In addition to the modification of some modifiable risk factors, treatment with traditional Chinese medicine (TCM) may play a role in the recovery of cognitive function.

Berberine (BBR) is an isoquinoline alkaloid, mainly found in the rhizome of Coptis sp., and the cortex of Berberis sp., and Phellodendron sp. Numerous studies have demonstrated multiple pharmacological effects of BBR, including anti-inflammatory (Jeong et al., 2009), anti-proliferative (Choi et al., 2008), hypoglycemic (Zhang et al., 2010; Pirillo and Catapano, 2015), hypocholesterolemic (Pirillo and Catapano, 2015), and anti-hypertensive effects (Bova et al., 1992). Previous studies have shown that BBR has antioxidant properties as well as protective effects against neurodegenerative diseases (Cheng et al., 2022), improving the cognitive decline associated with diabetes in db/db mice (Li et al., 2018). Recent studies have highlighted the anti-aging effects of BBR (Xu et al., 2017; Dang et al., 2020), which is considered to be one of the greatest risk factors for neurodegenerative diseases. Taken together, it will be of interest to explore the protective effects of BBR in neurodegenerative diseases.

D-galactose (D-gal) is an aldohexose naturally existing in the body, including in the brain (Nagy and Pohl, 2015). D-gal predisposes to aging and long-term systemic administration has been used to artificially produce brain aging phenotypes in animal models, which causes the onset of behavioral and cognitive deficits (Shwe et al., 2018). Several studies have illustrated that D-gal-induced brain aging not only contributes to memory deficits, neuronal degeneration, and apoptosis, but also increased oxidative stress, and mitochondrial dysfunction, which has many similarities to human brain aging (Banji et al., 2014). All these deficits eventually lead to cognitive decline. The amelioration of cognitive dysfunction by BBR has been observed in animal models of AD (Durairajan et al., 2012; Panahi et al., 2013). BBR has previously been observed to reduce the levels of endogenous oxidants and DNA damage response (Zhao et al., 2013), with potential effects of anti-aging (Dang et al., 2020; Li et al., 2022). However, the effects of BBR on cognitive impairment during aging have not been sufficiently investigated. In the current study, we investigated whether BBR reverses D-gal-induced aging and improves cognitive function in mice. The flow chart of this study is shown in Figure 1.
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FIGURE 1
The flowchart of this study. Morris water maze: *p < 0.05 Control vs. Model; #p < 0.05 BBR-L/H vs. Model; RT-qPCR verification: *p < 0.05, **p < 0.01, and ***p < 0.001 vs. Model.




2. Materials and methods


2.1. Animals and general procedures

Eight-week-old male ICR mice (n = 32) were housed in eight cages. All animals were allowed free access to food and water and maintained at constant temperature (22 ± 3°C) and humidity (50 ± 10%) during a 12-h light/dark cycle. The project was authorized by the Ethics Committee of Xiyuan Hospital, China Academy of Chinese Medical Sciences (No. 2021XLC035-3).

After 1 week of adaptive rearing, D-gal-induced cognitive dysfunction was performed by subcutaneous injection of D-gal for 10 weeks according to a previously described procedure (Sun et al., 2018; Daroi et al., 2022). Similarly, BBR was administered orally as previously described (Ma et al., 2021; Wang et al., 2022) to observe the protective benefits against aging-related cognitive impairment. Mice were randomly divided into the following four groups (n = 8 per group). (1) Control: subcutaneous injections of saline and oral distilled water, (2) Model: subcutaneous injections of D-gal (150 mg/kg/d) and oral distilled water, (3) BBR-L: subcutaneous injections of D-gal (150 mg/kg/d) and BBR orally (50 mg/kg), (4) BBR-H: subcutaneous injections of D-gal (150 mg/kg/d) and BBR orally (100 mg/kg).



2.2. Drug

Berberine (BBR), purity ≧98% (LDSW220209-1), provided by Shaanxi Lande Biotechnology Co., Ltd. D- (+) galactose (ST1218-50 g) purchased from Shanghai Beyotime Biotechnology Co., Ltd. Pentobarbital sodium salt (P3761) was purchased from Sigma, USA.



2.3. Morris water maze test

The Morris water maze (MWM) experiment was conducted for 6 days during the 10th week of dosing. The water maze apparatus consisted of a circular pool (120 cm in diameter and 50 cm in height), an automatic camera, and a computerized analysis system. The pool was divided equally into four quadrants, and a 12-cm diameter platform was placed in the first quadrant and filled with an appropriate amount of water so that the top of the platform was 1 cm below the water’s surface. An appropriate amount of ink was poured into the water and mixed, and the water temperature was maintained at (23 ± 1)°C during the experiment. The MWM experiment consisted of two parts: navigation experiments and spatial probe experiments. On the day before the start of the experiment, each mouse was placed in the pool (without a platform) and swam freely for 90 s to adapt to the environment. The experiment started with 5 days of positioning navigation: each mouse was trained four times per day at 20-min intervals, with clockwise changes of entry points during the four training sessions. The mice were placed in the water facing the wall of the pool and the time between entering the water and finding the escape platform was recorded using a video tracking system, i.e., escape latency. If the platform could not be found for 90 s, the mice were manually guided to the platform for 10 s. On day 6, the spatial exploration experiment was started: the escape platform for the positioning navigation experiment was removed, and the mice were placed in the water facing the wall of the pool (the entry point was the midpoint of the third quadrant), and the number of times they crossed the original platform area within 90 s was recorded, i.e., the number of times they crossed the platform.



2.4. Tissue preparation

Brain tissue was taken after MWM. Mice were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital, and the brain was quickly removed from the skull. Three animals in each group were randomly selected. Each brain was divided into left and right halves through a mid-sagittal incision, and the left one was fixed with 4% paraformaldehyde for performing immunofluorescence staining. The remaining cortex was snap-freezing in liquid nitrogen and then transferred to −80°C for further analyses.



2.5. Immunofluorescence staining

Paraffin sections were dewaxed in xylene and rehydrated in ethanol and distilled water. After antigen retrieval with EDTA, sections were blocked in 3% BSA for 30 min at room temperature. The blocked solution was gently shaken off and the primary antibody, namely, Anti -CDKN2A/p16INK4a Rabbit pAb) (GB111143, Servicebio, Wuhan, China) was added to the sections and incubated overnight at 4°C. The next day, a secondary antibody (Cy3 conjugated Goat Anti-Rabbit IgG, GB21303, Servicebio, Wuhan, China) was added and incubated at room temperature for 1 h. After DAPI (G1012, Servicebio, Wuhan, China) stained the nuclei, the sections were dried slightly and then sealed with anti-fluorescence quenched sealing tablets. Images of the cortex were captured at ×20 magnification with a fluorescence microscope (Nikon DS-U3, Nikon).



2.6. Key targets screening for BBR to improve cognitive dysfunction


2.6.1. Identification of candidate targets for cognitive dysfunction

Three public disease-gene-related databases were used to retrieve important targets for Cognitive Dysfunction, including GeneCards1 (Safran et al., 2021), DrugBank2 (Wishart et al., 2018), and TTD (Zhou et al., 2022).3 The search term “cognitive dysfunction” or “cognitive impairment” is used to screen potential disease targets for cognitive dysfunction, and the disease targets obtained from the three databases were combined and de-duplicated. UniProt4 was used to standardize the gene names.



2.6.2. Identification of candidate targets for BBR

To identify the corresponding targets of BBR, target prediction of BBR was performed through three public databases, including GeneCards (see text footnote 1) (Safran et al., 2021), SwissTargetPrediction5 (Daina et al., 2019), and PharmMapper6 (Wang et al., 2017), while all targets were restricted to Homo sapiens. The genes obtained from these three databases were aggregated and duplicates were removed. The UniProt (see text footnote 4) (UniProt Consortium, 2020) database was used to standardize the gene names.



2.6.3. Construction of protein-protein interaction networks

Candidate target genes of BBR were intersected with CI-associated target genes to obtain intersecting genes and draw Venn diagrams, and these genes corresponding to both drugs and diseases were considered potential therapeutic targets. Online STRING 11.57 (Szklarczyk et al., 2021) was used to construct protein-protein interaction (PPI) networks. All networks were built with Cytoscape v3.8.2, software for analyzing and visualizing biological networks. The core networks were analyzed based on degree, betweenness centrality, close-ness centrality, and average shortest path length. In the network, the nodes represent the targets, while the edges represent the connections between them.



2.6.4. Enrichment analysis of GO and KEGG pathways

DAVID Bioinformatics Resource 20218 (Sherman et al., 2022) was used to analyze gene ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment for key targets involved in biological process, cellular component, molecular function, and signaling pathway. The bioinformatics online analysis platform9 was used to visualize the enrichment analysis results.




2.7. Molecular docking

The molecular structures of BBR were captured in the Traditional Chinese Medicine System Pharmacology database and Analysis Platform (TCMSP)10 (Ru et al., 2014) and the molecular structures (crystal structures) of the target proteins were obtained from the PDB database (Protein Data Bank).11 The molecular structures of BBR were captured in TCMSP (see text footnote 10) and the molecular structures (crystal structures) of the target proteins were obtained from the PDB database (Protein Data Bank, see text footnote 11). Pre-docking molecular processing was performed using AutoDockTools 1.5.7 software, and the pdbqt files were acquired. Molecular docking was performed using AutoDock Vina 1.1.212 software, and the affinity score was calculated, with a smaller value indicating a stronger bonding force. PyMOL2.4.0 software13 was used to visualize the molecular docking results and calculate the Root Mean Square Deviation (RMSD) to verify the reliability, and the docking results were considered reliable with RMSD < 2A.



2.8. RT-qPCR

Total RNA was extracted from the mice’s cerebral cortex using an RNA extraction kit (Servicebio, Wuhan, China, G3640-50T). Reverse-transcription of RNA to cDNA was performed using ReverTra Ace qPCR RT Master Mix (TOYOBO, FSQ-201) according to the manufacturer’s instructions. Real-time qPCR was conducted on an ABI 7500 system using Applied Biosystems SYBR-Green PCR Master mix (Thermo Fisher Scientific, Inc., USA). The total reaction volume was 10 μL and primer sequences are shown in Table 1. The following amplification steps were used: initial denaturation at 95°C for 10 min, followed by 40 denaturation cycles at 95°C for 15 s, and elongation at 60°C for 60 s. Gapdh was used as a housekeeping gene. Relative mRNA expression was calculated using the 2–ΔΔCt method. Three replicates were performed for each group.


TABLE 1    Primers used for quantitative real-time PCR.
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3. Statistics

Data were presented as mean ± SEM. MWM task data were analyzed using repeated-measures analysis of variance (ANOVA). The results of Mauchly’s test of sphericity were first used to determine whether there was a correlation between the repeated measures data and if there was a correlation (p ≤ 0.05), a multivariate ANOVA was performed, or the Greenhouse–Geisser correction was applied. Pairwise comparisons between different subgroups at the same time point were performed using multivariate ANOVA. For data that did not involve repeated measures, two independent samples t-test or Mann–Whitney U-test was used for analysis. p < 0.05 was considered statistically significant. All statistical analyses were performed with SPSS software version 26.0. GraphPad Prism 8 was used for generating data plots.



4. Results


4.1. Effects of BBR on cognitive dysfunction

The MWM test is the most widely used laboratory behavioral test to assess cognitive deficits in rodents and the experimental protocol of MWM is as described previously (Vorhees and Williams, 2006). In the navigation test, as shown in Figure 2A, the escape latency of all mice gradually decreased with the increasing number of training sessions, indicating that their ability to locate the platform was enhanced. Compared with the control group, the escape latency of mice in the model group increased, with significant differences on days 3 and 5 (p < 0.05). The escape latency of mice in the BBR-L and BBR-H groups was diminished compared to the model group and exhibited a significant difference on day 5 (p < 0.05). In the exploratory experiment on day 6 (Figure 2B), the times of crossing the original platform were significantly reduced in the model group compared to the control group (p < 0.05). Both the BBR-L and BBR-H groups experienced an elevation in the number of mice crossing the original platform compared to the model group, with the BBR-H group showing a significant difference (p < 0.05). Collectively, these data suggest that we successfully induced aging-related cognitive dysfunction in mice, and more critically, we found that berberine ameliorated this cognitive impairment, although more studies are necessary to clarify the mechanisms involved.
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FIGURE 2
The results of Morris water maze (MWM) and immunofluorescence. (A) The escape latency. (B) The times across the platform (All data are mean ± SEM with n = 8, *p < 0.05 Control vs. Model; #p < 0.05 BBR-L/H vs. Model). (C) Immunofluorescence staining of P16 (×20, red = p16, blue = DAPI, scale bar 50 μm).




4.2. BBR reduces the expression of P16 in brain tissue of cognitive dysfunctions mice

Aging is a common risk factor attributed to various neurodegenerative diseases, and aging of the brain eventually leads to CI. P16, a tumor suppressor gene can be considered the best biomarker of cellular senescence (Kim and Sharpless, 2006). Immunofluorescence staining of brain tissue for P16 at the end of administration to determine that D-gal caused aging-related cognitive dysfunction in mice. As shown in Figure 2C, P16 expression was significantly increased in the D-gal group compared with the control group, indicating that D-gal induced brain aging in mice. However, the administration of BBR altered the expression of senescence marker. Compared with the D-gal group, P16 expression was reduced in both the low- and high-dose groups of BBR. In conclusion, the above results suggest that BBR has anti-aging potential in the brain.



4.3. Results of network pharmacology study


4.3.1. Target network analysis

To further elucidate the mechanisms and targets of BBR for improving cognitive function, we conducted a network pharmacology study. We applied three public disease gene-related databases, including GeneCards, DrugBank, and TTD, to retrieve major targets for CI/cognitive dysfunction. Ultimately, a total of 7,984 recognized CI-associated genes were explored (Supplementary Table 1). To identify the corresponding targets for BBR, we aggregated all predicted targets from GeneCards, SwissTargetPrediction, and PharmMapper. Finally, 470 targets for BBR were obtained (Supplementary Table 2).



4.3.2. PPI network construction and core gene screening for BBR and CI

By intersecting candidate target genes of BBR with CI-related target genes, we identified genes intersecting with drugs and diseases as potential targets. The Venn diagram (Figure 3A) showed that there were 386 potential targets associated with both BBR and CI. Intersecting genes of BBR and CI were imported into the STRING database to construct the PPI network. We set the highest confidence level of 0.900 for the minimum required interaction score and hid the unlinked nodes in the network (Figure 3B). All network visualizations were implemented by Cytoscape. As shown in Figure 3C, the PPI network contains 317 nodes and 1,961 edges. Based on Degree and betweenness centrality, we selected the top 8 genes as hub genes (Figures 3C–E). These hub genes may represent the key molecular targets in the anti-CI action of BBR. Accordingly, eight core target genes were obtained (Figure 3E), including Mapk1, Src, Ctnnb1, Akt1, Pik3ca, Tp53, Jun, and Hsp90aa1.
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FIGURE 3
The screening process of core genes between cognitive impairment (CI) and berberine (BBR). (A) Venn diagram of CI and BBR overlapping genes. (B) Intersecting genes after screening. (C) Protein-protein interaction (PPI) network of intersecting genes. (D) PPI network of significant targets extracted from Panel (C). (E) PPI network of candidate BBR targets for CI extracted from Panel (D).




4.3.3. Enrichment analysis of BBR-CI target networks

Gene ontology (GO) analysis is commonly used to comprehensively characterize the contribution of genes in an organism, including biological processes, cellular components, and molecular functions. BBR therapeutic targets associated with CI were included in the analysis, and the results are shown in Figure 4A. KEGG is a database resource for understanding the high-level function and utility of biological systems from genomic and molecular level information. According to the KEGG pathway enrichment analysis (Figure 4B), the PI3K-Akt signaling pathway and MAPK signaling pathway were significantly enriched.
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FIGURE 4
Gene ontology (GO) function and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of berberine (BBR) in the treatment of cognitive impairment (CI). (A) The GO function analysis, includes biological process (BP), cellular component (CC), and molecular function (MF). (B) Top 20 pathways in the BBR anti-CI bubble diagram of KEGG pathway enrichment.





4.4. BBR-core targets molecular docking

Molecular docking of BBR and its corresponding core targets are achieved by AutoDock Vina software. It is generally believed that the smaller the affinity, the more stable the conformation of ligand-receptor binding and the higher the possibility of interaction. The molecular docking results demonstrated that BBR had a small affinity for all eight core targets (Table 2), indicating a favorable binding activity. The docking results are presented in Figure 5.


TABLE 2    Molecular docking results of 8 core targets and berberine (BBR).
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FIGURE 5
The molecular docking results of berberine (BBR) and key targets. BBR and (A) Mapk1; (B) Src; (C) Ctnnb1; (D) Akt1; (E) Pik3ca; (F) Tp53; (G) Jun; (H) Hsp90aa1.




4.5. RT-qPCR validation of core genes

Further RT-qPCR was performed on brain tissues from mice in the four groups. The results (Figure 6) demonstrated that the expression of Ctnnb1, Akt1, Pik3ca, and Hsp90aa1 was significantly lower in the model group compared with the control group (p < 0.05), the expression of Src showed a decreasing but not significant trend and the expression of Tp53 and Jun was significantly higher (p < 0.05, p < 0.01, respectively). Compared with the model group, the expression of Src, Ctnnb1, Akt1, Pik3ca, and Hsp90aa1 exhibited an increasing tendency in both the BBR-L and BBR-H groups, in which the expression of Ctnnb1 and Akt1 was significantly higher in the BBR-H group (p < 0.05). Tp53 and Jun expression showed a decreasing trend and were significantly lower in the BBR-H group (p < 0.05, p < 0.001, respectively). Unfortunately, statistically significant results for Mapk1 were not observed in our study.
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FIGURE 6
The results of RT-qPCR (All data are mean ± SEM with n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Model).





5. Discussion

This study investigated the role and mechanism of BBR on aging-related spatial learning memory deficits due to D-gal with the assistance of network pharmacology and molecular docking techniques. Aging is considered to be the most important risk factor for neurodegenerative diseases, including AD. D-gal-induced aging mouse models have been widely used in aging studies, and long-term administration of D-gal induces aging, manifests neurological deficits, and shows significant spatial learning and memory deficits in the MWM test (Wei et al., 2008).

Based on a network pharmacological analysis, we constructed an animal model of aging-related cognitive impairment by subcutaneous injection of D-gal to evaluate the effects of BBR. Chronic administration of low doses of D-gal has been shown to induce changes that mimic the natural aging process in animals, including cognitive impairment (Wei et al., 2005). In our study, MWM behavioral tests were applied to detect changes in cognitive status after 10 weeks of subcutaneous injection of D-gal. We found that BBR treatment improved D-gal-induced learning and memory deficits. Previous studies have shown that BBR displays significant memory improvement activity in multiple animal models of memory deficits through various mechanisms, such as anti-inflammatory, anti-oxidative stress, cholinesterase inhibition, and anti-amyloid effects (Yuan et al., 2019). In addition, we explored the expression levels of aging markers and found that D-gal resulted in increased expression of the aging marker P16, and BBR administration ameliorated these changes. These results are consistent with previous studies (Dang et al., 2020). Administration of BBR for 6 months significantly improved cognitive deficits and insulin resistance in naturally aged rats (Yu et al., 2018). BBR emphasizes the induction of neuroprotective effects against Adriamycin-induced cognitive decline by modulating brain growth factors and exerting anti-inflammatory, anti-apoptotic, and antioxidant effects (Shaker et al., 2021). These results further support the ameliorative role of BBR in aging-related cognitive dysfunction.

Cognitive dysfunction is a common disorder in older individuals, and the incidence of MCI increases significantly with age (Petersen et al., 2018). MCI is a cognitive state between normal aging and dementia, and studies have shown that individuals with MCI are approximately three times more likely to progress to dementia over the next 2–5 years than age-matched controls (Petersen et al., 2018). It is well known that no drug is available to modify the disease process in AD, the most common type of dementia. Of particular note, it has been reported that 12.2% of MCI patients recover normal cognitive function within 3 years (McGirr et al., 2022). There are reasonable grounds to believe that reversing MCI to reduce the burden of dementia is a viable area of interest. There is compelling evidence to suggest that BBR was effective in improving cognitive function in Diabetes-related cognitive impairment and AD (Akbar et al., 2021; Hao et al., 2022). A spectrum of studies has demonstrated the ameliorative role of BBR in AD pathologies and cognitive dysfunction (He et al., 2017; Cai et al., 2018; Lin L. et al., 2020; Wu et al., 2021; Ye et al., 2021). BBR may improve cognitive impairment through a variety of mechanisms, including anti-inflammatory, anti-oxidative stress, improvement of insulin resistance, and inhibition of endoplasmic reticulum stress (Patil et al., 2015; Yu et al., 2018; Wang et al., 2019; Yuan et al., 2019; Shaker et al., 2021; Wu et al., 2021). Our study is the pioneer in exploring the mechanism by which BBR improves cognitive dysfunction with the assistance of network pharmacology and molecular docking techniques. To identify the therapeutic targets of BBR against CI, we identified 7,984 CI-validated targets and 470 BBR therapeutic targets using network pharmacology. We identified 386 potential targets associated with BBR and CI. In addition, BBR therapeutic targets associated with CI were used for GO and KEGG analyses. The results of GO analysis and KEGG analysis showed that BBR may exert its effects through MAPK and PI3K/Akt signaling pathways. Previous studies have shown that BBR can increase the levels of proteins located on neurosynapse through the MAPK signaling pathway (Zhou et al., 2016)and exert neuroprotective effects against tau protein hyperphosphorylation through PI3K/Akt pathway (Lin J. Y. et al., 2020).

The top 8 targets screened by network pharmacology were Mapk1, Src, Ctnnb1, Akt1, Pik3ca, Tp53, Jun, and Hsp90aa1. Molecular docking showed that the core targets dovetailed well with BBR, and RT-qPCR validated that the anti-aging-related cognitive dysfunction of BBR may be achieved by modulating Akt1, Ctnnb1, Tp53, and Jun. PI3K/Akt signaling pathway plays an essential role in regulating cell growth, proliferation, and survival. Akt activated by PI3K promotes cell growth and survival through the phosphorylation of multiple cytoplasmic proteins during senescence (Lin J. Y. et al., 2020). A previous study showed that berberine-induced PI3K/Akt activation exerts a protective effect by causing dephosphorylation of tau proteins and ameliorating neuronal axonal damage (Wang et al., 2018). In addition, BBR blocks Aβ production by activating the PI3K/Akt signaling pathway in vitro (Durairajan et al., 2012). Although our study only detected statistical differences in Akt1, Pik3ca showed the same trend of alteration, and it has also been shown that BBR can reduce tau hyperphosphorylation in 3 × Tg AD mice via the Akt/glycogen synthase kinase-3β (GSK3β) pathway (Chen et al., 2020). The Ctnnb1 gene encodes β-catenin, a pivotal component of the Wnt signaling pathway that plays a significant role in the regulation of cell proliferation, differentiation, and apoptosis (Liu et al., 2022). Wnt signaling declines with age in the rat brain (Jessberger et al., 2009) and has been identified in the cerebral cortex of AD patients (Folke et al., 2019). Targeting recovery of the Wnt/β-catenin signaling pathway is a promising therapeutic strategy for AD (Jia et al., 2019). The Tp53 gene produces the P53 protein, which functions as a transcription factor involved in cell cycle control, DNA repair, and regulation of cellular senescence and body aging (Rufini et al., 2013). A study reveals that BBR can depress the expression of P53 in primary neurons to keep cells in G0/G1 phase (Chai et al., 2013). c-Jun is an inducible transcription factor known to play a key role in neuronal cell death and survival (Raivich et al., 2004). Activated c-Jun expression is increased in the AD brain (Anderson et al., 1994; Raivich et al., 2004) and is present in the neurogenic fiber tangles of the AD brain (Pearson et al., 2006). Our results are in good agreement with previous studies and we support that BBR functions from multiple targets to improve cognitive function. In future studies, it is imperative to validate and explore our results more thoroughly and extensively.



6. Conclusion

Taken together, the results of this study suggest that BBR is able to attenuate spatial learning and memory impairment by inhibiting the expression of aging markers in the brain of the D-gal-induced senescence mice. Further network pharmacology and RT-qPCR validation suggest that this anti-aging effect may be achieved through the regulation of genes such as Akt1, Ctnnb1, Tp53, and Jun. These findings provide new evidence for the anti-aging protective effects of BBR and offer potential therapeutic directions for cognitive dysfunction. However, the specific targets of BBR in its anti-aging effects are not known, which is the main limitation of this study. Therefore, further studies are needed to identify whether BBR plays a role in improving cognitive function through improving the aging of specific cell types in the CNS and to elucidate the mechanism.
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Glutamine (Gln) is an immunomodulatory protein that mediates oxidative stress, inflammation, and apoptosis, but has not been reported in the treatment of hyperoxia (Hyp)-induced brain injury. The aim of this study was to determine whether Gln could improve hyp-induced brain injury in neonatal rats to and later learning and memory dysfunction, and to explore its possible mechanisms. We prepared a model of neonatal rat brain injury caused by normobaric hyperoxia while administered with Gln for 7 days for evaluation. Learning memory function was assessed with the Morris water maze test. Histological analysis, protein expression analysis, oxidative stress and inflammation level analysis were performed using hippocampal tissue. Gln treatment significantly reduced brain tissue water content, oxidative stress levels, microglia activation and inflammatory factor expression, and attenuated tissue damage and apoptosis in the hippocampal region. Gln ameliorates hyp-induced learning, memory impairment in neonatal rats in water maze test. It also increased MKP-1 protein expression and decreased p-p38, p-ERK and p-JNK. Therefore, it is hypothesized that Gln may exert neuroprotective effects by increasing MKP-1 expression to negatively regulate MAPK signaling, with potential cognitive improvement in hyp-induced brain injury.
Keywords: glutamine, hyperoxia, hippocampus, learning and memory impairment, inflammation, MKP-1, MAPK
INTRODUCTION
Gln, an L-alpha-amino acid, is the most abundant non-essential amino acid in the body. It is an important nutrient for the conversion of some amino acids and biomolecules and is frequently used as a source of energy for some rapidly dividing cells (Hu et al., 2020). Gln is used clinically as an immunotropic modulator (Kim, 2011) in the treatment of various diseases such as hyp-induced acute lung injury (Perng et al., 2010), traumatic brain injury, bronchial asthma, and ulcerative colitis. Gln stores are depleted and rapidly released in the presence of stressors, causing a decrease in intracellular Gln levels. Supplementation of Gln via an external source increases expression of glutathione, which in turn reacts directly with reactive oxygen species (ROS) to prevent oxidative damage (Oliveira et al., 2010), effectively reduces ROS and inflammatory factor levels (Gong et al., 2017), and promotes neurotrophic factor expression and neurogenesis, thereby improving cell survival.
Oxygen therapy is one of the most common and important treatments used in the resuscitation of preterm infants. However, at the critical stage of life, increased oxygen levels may affect the process of brain development. ROS are formed in excess during oxygen therapy, causing oxidative stress and leading to cellular inflammation and apoptosis (Sifringer et al., 2013); neuronal development is also adversely affected (Al et al., 2020). Preterm infants are particularly susceptible to ROS-induced damage as their antioxidative systems are not completely developed at birth, and during childhood, these infants are at a tenfold risk of developing cognitive and learning disabilities as well as behavioral abnormalities (Hintz et al., 2018). Studies have shown that early postnatal intervention via administration of Gln may increase the volume of cerebral structures, improve brain development in preterm infants, and reduce occurrence of adverse outcomes such as neurocognitive dysfunction and attention deficit hyperactivity disorder (ADHD) in later life (de Kieviet et al., 2014). Therefore, it is necessary to develop a safe and effective neuroprotective drug for preterm infants with hyp-induced brain injuries.
MAPK pathway is increasingly recognized as playing a key role in regulating ROS production (Lv et al., 2020). Phosphatase-1, or MKP-1 (dual specificity phosphatase 1, also known as DUSP1), inactivates this pathway and is essential for the control of inflammation. MKP-1 not only suppresses inflammation by dephosphorylating the MAPK family of proteins at key modulation sites, but is also involved in negative feedback regulation and homeostatic function in cellular transduction. Regulation of the activity of related factors in the MKP-1/MAPK signaling pathway may be critical for preventing and counteracting neuroinflammation and apoptosis. Studies have shown that the anti-inflammatory and anti-apoptotic effects of Gln in acute lung injury are mediated by the MAPK signaling pathway (Huang et al., 2021). Additionally, Gln regulates the MAPK pathway via upregulation of MKP-1, which balances the inflammatory response (Kim et al., 2022).
To test the hypothesis that Gln may regulate the MKP-1/MAPK pathway and cause a decrease in oxidative stress, inflammation, and apoptosis, thereby preventing brain damage, learning difficulties and memory dysfunction caused by hyp-induced injury, in this study we investigated the protective role of Gln in hyp-induced brain injury in neonatal rats and its association with the MKP-1/MAPK signaling pathway using a neonatal rat brain subjected to normobaric hyperoxia as a model.
MATERIAL AND METHODS
Main reagents
MKP-1 (#sc-373841), p-p38 (#sc-166182), p38 (#sc-81621), p-JNK (#sc-6254), JNK (#sc-7345), p-ERK (#sc-7383), ERK (#sc-135900), BDNF (#sc-65514), Synapsin Ia (#sc-376623), MBP (#sc-376995), Bax (#sc-20067), Bcl-2 (#sc-7382) antibodies were purchased from Santa cruz biotechnology (United States). Goat anti-rabbit IgG/horseradish enzyme labeling (#16K22C) was purchased from Boster Biological Technology (Wuhan, China), and goat anti-mouse IgG/horseradish enzyme labeling (#ZB-2305) was purchased from Zhongshanjinqiao biotechnology (Beijing, China). β-actin antibody (bsm-33036m) (1:1000) was purchased from Beijing Boaosen Biotechnology Co., Ltd. (Beijing, China). L-glutamine (G8540) was purchased from Sigma-Aldrich (United States). Rat IL-1β (SBJ-H0417), IL-6 (SBJ-H0465), TNF-α (SBJ-H0038) ELISA kit reagent kits were purchased from Nanjing Sempega Biotechnology Co. (Nanjing, China). ROS (MM-43700M2), GSH-PX (MM-20251R2), SOD (MM-20387R2), MDA (MM-0385R1) ELISA kits were purchased from Jiangsu Meimian Industrial Co., Ltd. (Yancheng, China). TUNEL kit was purchased from Promega (United States). H-E staining kit was purchased from Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China). Iba-1 antibody was purchased from Santa cruz biotechnology (United States). DAB kit was purchased from Beijing Boaosen Biotechnology Co., Ltd. (Beijing, China).
Animals and experimental procedures
SD neonatal rats, weighing 6.7–8.2 g, were used in this study, provided by the Animal Section of Yanbian University. All animals were kept together with their dams in per cage on a 12 h light/dark cycle in a temperature-controlled room (22°C ± 1°C) with free access to water and food.
60 newborn rats were randomly divided into four groups (n = 15) 1 day after birth: control group (Con: 21% O2), normal drug group (Con + Gln: 21% O2), Hyp group (Hyp: 85% O2) and drug group (Hyp + Gln: 85% O2). The Hyp and Hyp + Gln groups were placed in glass chambers and oxygen concentrations were measured twice daily with a digital oximeter, and nitrogen dioxide and water were absorbed with soda lime. The dams were rotated between the hyperoxia- and normoxia-exposed pups every day to avoid undersupply of the young. Gln was dissolved in 0.9% Nacl to be used. Gln (1 μg/g B.W) was administered intraperitoneally to newborn rats in the Con + Gln and Hyp + Gln groups at the same time each day, and the same volume of 0.9% NaCl was administered intraperitoneally to newborn rats in the Con and Hyp groups at the same time for 7 days.
At P7, each group of randomly selected newborn rats (n = 3) was anesthetized, fixed on the operating table, and the thoracic cavity was exposed. After injection of chilled PBS solution from the apex of heart, the tissue was fixed by injection of 4% paraformaldehyde. The brain tissue was then quickly removed, immersed in 4% paraformaldehyde solution for 24 h and fixed, and subjected to histopathological analysis (HE staining, immunohistochemistry, TUNEL staining) after tissue pruning, dehydration, transparency, paraffin embedding and conventional sectioning. In each group, newborn rats (n = 3) were randomly selected and executed after anesthesia, and a pair of hippocampal tissues were rapidly isolated on ice, treated with liquid nitrogen and placed in an ultra-low temperature refrigerator at −80°C for backup (ELISA, Western Blot). And each group of newborn rats (n = 3) was then randomly selected and executed after anesthesia, and brain tissue was removed to determine the water content of brain tissue. At P30, each group of neonatal rats (n = 6) began the Morris water maze experiment (Figure 1).
[image: Figure 1]FIGURE 1 | The experimental procedure. Newborn rats were randomly divided into four groups: Con, Con + Gln, Hyp and Hyp + Gln. The Hyp and Hyp + Gln groups were placed in 85% O2 for 7 days, Con and Con + Gln groups were placed indoor (21% O2). Gln [1 μg/g (B)W] was administered intraperitoneally to newborn rats in the Con + Gln and Hyp + Gln groups at the same time each day, and the same volume of 0.9% NaCl was administered intraperitoneally to newborn rats in the Con and Hyp groups at the same time for 7 days. At P7, each group of randomly selected newborn rats for histopathological analysis (n = 3), determine the water content of brain tissue (n = 3) and protein analysis (n = 3). At P30, each group of neonatal rats (n = 6) began the Morris water maze experiment. Con, control; Hyp, hyperoxia; Gln, glutamine; P0, postnatal day 0; P7, postnatal day 7; P30, postnatal day 30; IHC, immunohistochemistry; WB, western blot; MWM, morris water maze experiment.
Brain water content measurement
Newborn rats were selected at random from each group (n = 3), and following ether anesthesia, the brain tissues were immediately removed and weighed. The wet weight (W) of the brain tissues was marked and baked in a 60°C oven. The dry brain tissue weight (D) is measured when there is no weight change for two consecutive days. The brain tissue water content (%) was determined using the formula [(W-D)/W] 100%.
Assay for oxidative stress parameters
Hippocampal tissues were removed and washed with pre-cooled saline, dried on filter paper. The hippocampal samples with saline solution were homogenized at a ratio of 1:9 (g/mL) in a homogenizer, and the supernatant was collected by centrifugation at 3,000 rpm for 10 min. Hippocampus oxidation index was determined using malondialdehyde (MDA), ROS, superoxide dismutase (SOD) and glutathione (GSH) Elisa kits. The MDA level was measured by the absorbance of the sample at 532 nm, expressed as nmol/mg protein. The SOD level was measured by the absorbance of the sample at 550 nm, expressed as unit/mg protein. The ROS level was measured by the absorbance of the sample at 525 nm, expressed as RFU/mg protein. The GSH level expressed as ng/mg protein. All results were normalized by the total protein concentration in each sample.
ELISA assay
The hippocampal samples with saline solution were homogenized at a ratio of 1:9 (g/mL) in a homogenizer, and the supernatant was collected by centrifugation at 3,000 rpm for 10 min. The expression levels of TNF-α, IL-1β and IL-6 in hippocampus tissue were determined using quantitative ELISA kits according to the manufacturer’s instructions.
Morris water maze (MWM) test
To observe the ability to reflect spatial learning and memory, the MWM test was conducted at P30-P34. The Morris water maze apparatus consisted mainly of a 160 cm-wide, 60 cm-high circular pool with a black interior and a water level 30 cm deep, which was kept at 20°C ± 1°C. A cylindrical platform with a diameter of 12 cm wide was set 1 cm below the water surface of the third quadrant. In the first phase, spatial learning ability was tested (localization-navigation test): each rat was tested four times a day (with a 2-min break in between) for 4 days. In each test, newborn rats (n = 6) were placed in the water facing the wall of the tube from quadrants 1 to 4 sequentially, swam for a maximum of 2 min to find the platform, and remained on the platform for 20 s. If the platform was not found within 2 min, they were guided to the platform for 20 s and the escape latency was recorded as 2 min. In the second phase, spatial memory was examined (spatial exploration test): the platform was removed and the rats were all placed in the water along the pool wall from the same quadrant and the swimming time and distance in the target quadrant and the number of times they crossed the platform in 2 min were recorded. The experimental process was recorded and analyzed by the data acquisition system.
Histopathological assessment of brain injury
The brain tissues were fixed in 4% PFA solution for 24 h, and then dehydrated with graded alcohol. Brain tissue was embedded in paraffin and sliced at a thickness of 5–7 μm. H&E staining kit was used according to the instructions. Finally, the sections were sealed with neutral gum.
TUNEL staining
Brain tissue sections were dewaxed and treated with proteinase K working solution to permeabilize the cell and nuclear membranes and 3% H2O2 methanolic closure solution. The sections were incubated with TUNEL reaction mixture for 1 h at 37°C protected from light, and then reacted with anti-fluorescein antibody for 30 min protected from light. The sections were then incubated for 5 min using a 4, 6-diamidino-2-phenylindole (DAPI) (Santa Cruz, United States) solution. The apoptotic cells were quantitatively assessed, with three animals examined per group and three slices per hippocampal sample. TUNEL-positive hippocampal neurons of the CA1 zone were identified and counted under ×200 magnification, and the average number of positive apoptotic hippocampal neurons in the CA1 of three brains in a group was calculated.
Immunohistochemical staining
The slides underwent dewaxing, dehydration, rehydration, antigen repair in boiling sodium citrate buffer, cold confirmed to room temperature and then rinsed in PBS. After 15 min of endogenous peroxide blocker blockade, the slides incubated with primary antibody Iba-1 (1:500) overnight at 4°C. After rewarming at room temperature for 1 h, PBS rinsing, they were then incubated with secondary antibodies (anti-goat anti-rabbit; Servicebio, Wuhan, China) at room temperature for 30 min. PBS rinsing them again and DAB color development for 5 min. The CA1 and CA3 regions of the hippocampus were analyzed. The images (200x, 400x) were captured by the microscope system (Leica, Germany). The experiment was repeated three times. The average number of activated microglia in the CA1 and CA3 area of three hippocampal in a group was calculated under ×400 magnification.
Western blotting
To investigate the expression of proteins by western blot analyses, hippocampal tissue samples were lysed in a protein cell lysis buffer (RIPA buffer (Solarbio, #R0010, Beijing, China): PMSF (Solarbio, #P0100, Beijing, China): phosphatase inhibitor (BestBio, #BB 1907, Shanghai, China) = 100:1:1). The protein concentration of the samples was determined using a bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, #1859078, Shanghai, China). The samples were boiled for 10 min, and proteins were separated by electrophoresis using a 10% or 12% sodium dodecyl sulfate (SDS)-polyacrylamide gel. Then, proteins transferred to PVDF membranes (SigmaAldrich, #PR05505, United States). The membrane was blocked with 5% skim milk (diluted with TBST), incubated with primary antibody overnight at 4°C. The membrane was washed three times with 0.1% TBST, and incubated with secondary antibody for 1.5 h and then washed again with TBST. Then, the membranes were detected with an enhanced chemiluminescence kit (Boster, 16K22C02, China). The samples were wrapped in plastic wrap and transferred into the dark room. The processes of developing and fixing were done after the exposure of X-ray film. The results were scanned by a gel imaging system and analyzed by using ImageJ software. The grayscale value of each band was normalized to the grayscale value of the β-actin band, and the relative expression of the proteins was determined. The primary antibody included MKP-1 (1:1000), p-p38 (1:1000), p38 (1:1000), p-JNK (1:1000), JNK (1:1000), p-ERK (1:1000), ERK (1:1000), BDNF (1:1000), Synapsin Ia (1:1000), MBP (1:1000), Bax (1:1000), Bcl-2 (1:1000). The secondary antibodies include Goat anti-rabbit IgG/horseradish enzyme labeling (1:5000) and goat anti-mouse IgG/horseradish enzyme labeling (1:5000).
Statistical analysis
SPSS26.0 software was used for statistical analysis, and GraphPad Prism 8.0.1 software was used to crate figures. Values are presented as mean ± standard deviation, and statistical significance was determined by one-way ANOVA followed by Tukey and Bonferroni tests. Univariate repeated measures ANOVA was used to analyze escape latency (MWM) for independent group comparisons. p < 0.05 was considered statistically significant.
RESULT
Gln ameliorates hyp-induced elevated brain water content and hippocampal histopathological changes
In this study, brain edema was observed in each group by measuring brain tissue water content. As shown in Figure 2C, the brain tissue water content in the Hyp group was significantly higher (p < 0.001) than that in the Con group and that in the Hyp + Gln group was significantly lower (p < 0.01) than that in the Hyp group. Con (72.11 ± 0.12), Con + Gln (71.94 ± 0.32), Hyp (77.41 ± 0.37), Hyp + Gln (74.66 ± 0.29) (n = 3).
[image: Figure 2]FIGURE 2 | Gln ameliorates hyperoxia-induced cerebral edema and brain tissue damage. (A) Morphological changes of CA1 area of hippocampus in each group. Scale bar = 100 µm, 50 µm (B) Morphological changes of CA3 area of hippocampus in each group. Scale bar = 100 µm, 50 µm (C) Changes of brain water content in each group. Con (72.11 ± 0.12), Con + Gln (71.94 ± 0.32), Hyp (77.41 ± 0.37), Hyp + Gln (74.66 ± 0.29). ###p < 0.001 vs. the Con, **p < 0.01 vs. the Hyp (n = 3). p < 0.05 was considered statistically significant. Areas of severe histopathological changes were marked by black arrows.
In addition, H&E staining was used to evaluate the success of the model preparation and to determine whether Gln ameliorates hyp-induced brain tissue damage. As shown in Figures 2A, B, the cells in the hippocampal CA1 and CA3 areas of neonatal rats in the Con and Con + Gln groups had regular morphology, neat arrangement, large and round nuclei, uniform nuclei color, and clear nucleoli. Compared with the Con group, the morphology of hippocampal CA1 and CA3 pyramidal cells in the Hyp group was less regular, with solid nuclei, cytoplasmic cavities, and a more diffuse arrangement of pyramidal neurons. However, the Hyp + Gln group showed improved cell morphology and arrangement and fewer cells with nuclear fixation. These results suggest that Gln ameliorated hyp-induced brain tissue damage and edema.
Gln improves oxidative stress after hyp-induced injury
The supernatant of the hippocampal tissue homogenate from each group of neonatal rats was tested using relevant kits to observe changes in oxidative stress levels. The results showed that total ROS levels (p < 0.05) (Figure 3A) and MDA levels (p < 0.01) (Figure 3B) were significantly higher and GSH (p < 0.01) (Figure 3C) and SOD (superoxide dismutase) levels (p < 0.01) (Figure 3D) were considerably lower in the Hyp group than in the Con group. However, the Hyp + Gln group showed significantly lower ROS (p < 0.05) and MDA (p < 0.01) content and considerably higher GSH (p < 0.05) and SOD (p < 0.01) content than the Hyp group. These results suggest that Gln reduces the level of oxidative stress induced by hyp. ROS: Con (5851.05 ± 90.01), Con + Gln (5880.49 ± 303.02), Hyp (8160.46 ± 380.24), Hyp + Gln (6899.07 ± 184.10); MDA: Con (3.50 ± 0.21), Con + Gln (3.30 ± 0.23), Hyp (13.23 ± 0.78), Hyp + Gln (8.13 ± 0.29); GSH: Con (44.03 ± 2.54), Con + Gln (43.47 ± 2.58), Hyp (27.60 ± 0.44), Hyp + Gln (32.43 ± 1.53); SOD: Con (133.37 ± 2.49), Con + Gln (132.87 ± 1.00), Hyp (98.77 ± 1.78), Hyp + Gln (110.70 ± 1.36) (n = 3).
[image: Figure 3]FIGURE 3 | Gln improves oxidative stress after hyperoxia injury. (A) Total ROS content in hippocampus. Con (5851.05 ± 90.01), Con + Gln (5880.49 ± 303.02), Hyp (8160.46 ± 380.24), Hyp + Gln (6899.07 ± 184.10). (B) MDA content in hippocampus. Con (3.50 ± 0.21), Con + Gln (3.30 ± 0.23), Hyp (13.23 ± 0.78), Hyp + Gln (8.13 ± 0.29). (C) GSH content in hippocampus. Con (44.03 ± 2.54), Con + Gln (43.47 ± 2.58), Hyp (27.60 ± 0.44), Hyp + Gln (32.43 ± 1.53). (D) SOD content in hippocampus. Con (133.37 ± 2.49), Con + Gln (132.87 ± 1.00), Hyp (98.77 ± 1.78), Hyp + Gln (110.70 ± 1.36) (n = 3). #p < 0.05, ##p < 0.01 vs. the Con, *p < 0.05, **p < 0.01 vs. the Hyp. p < 0.05 was considered statistically significant.
Gln inhibits microglia activation and inflammation caused by hyp
Microglia were marked out with Iba-1, and microglia activation in CA1 (Figures 4A, C) and CA3 (Figures 4B, D) regions of hippocampus was observed and analysed in each group. In the Con and Con + Gln groups, scattered un-activated microglia, with thin, elongated cells and few branches were observed in a resting state in the hippocampal region. In the Hyp group, microglia had enlarged cytosomes, short and thick branches and protrusions, and the number of activated cells was significantly increased (CA1: p < 0.01, CA3: p < 0.01), suggesting microglial activation. However, Gln administration significantly reduced microglial activation after hyp (CA1: p < 0.05, CA3: p < 0.01). CA1: Con (3.00 ± 0.58), Con + Gln (3.33 ± 0.33), Hyp (9.33 ± 0.88), Hyp + Gln (5.67 ± 0.67). CA3: Con (3.33 ± 0.33), Con + Gln (3.67 ± 0.33), Hyp (9.00 ± 0.58), Hyp + Gln (5.00 ± 0.58) (n = 3).
[image: Figure 4]FIGURE 4 | Gln inhibits microglia activation caused by hyperoxia. (A) Activation of microglia in the hippocampus (CA1) of each group. (B) Activation of microglia in the hippocampus (CA3) of each group. (C) Quantification of activated microglia (CA1). Con (3.00 ± 0.58), Con + Gln (3.33 ± 0.33), Hyp (9.33 ± 0.88), Hyp + Gln (5.67 ± 0.67) (D) Quantification of activated microglia (CA3). Con (3.33 ± 0.33), Con + Gln (3.67 ± 0.33), Hyp (9.00 ± 0.58), Hyp + Gln (5.00 ± 0.58) (n = 3). ##p < 0.01 vs. the Con. *p < 0.05, **p < 0.01 vs. the Hyp. p < 0.05 was considered statistically significant. Activated microglia were marked by black arrows.
To verify whether Gln could inhibit the inflammatory response caused by hyp, we examined the expression of TNF-α (Figure 5A), IL-1β (Figure 5B), and IL-6 (Figure 5C) in hippocampal tissues. Exposure to hyp significantly increased the expression levels of TNF-α (p < 0.0001), IL-1β (p < 0.0001), and IL-6 (p < 0.0001), showing that hyp induces an inflammatory response. However, these changes were significantly reversed after Gln application (TNF-α: p < 0.001, IL-1β: p < 0.01, IL-6: p < 0.01). TNF-α: Con (2.73 ± 0.84), Con + Gln (2.69 ± 0.41), Hyp (9.70 ± 0.15), Hyp + Gln (5.67 ± 0.22). IL-1β: Con (2.65 ± 0.08), Con + Gln (2.68 ± 0.08), Hyp (11.16 ± 0.44), Hyp + Gln (7.33 ± 0.60). IL-6: Con (2.38 ± 0.05), Con + Gln (2.42 ± 0.02), Hyp (7.71 ± 0.30), Hyp + Gln (4.94 ± 0.16) (n = 3).
[image: Figure 5]FIGURE 5 | Gln inhibits inflammation caused by hyperoxia. (A) TNF-α content in hippocampus. Con (2.73 ± 0.84), Con + Gln (2.69 ± 0.41), Hyp (9.70 ± 0.15), Hyp + Gln (5.67 ± 0.22). (B) IL-1β content in hippocampus. Con (2.65 ± 0.08), Con + Gln (2.68 ± 0.08), Hyp (11.16 ± 0.44), Hyp + Gln (7.33 ± 0.60). (C) IL-6 content in hippocampus. Con (2.38 ± 0.05), Con + Gln (2.42 ± 0.02), Hyp (7.71 ± 0.30), Hyp + Gln (4.94 ± 0.16) (n = 3). ####p < 0.0001 vs. the Con, **p < 0.01, ***p < 0.001 vs. the Hyp. p < 0.05 was considered statistically significant.
Gln inhibits neuronal apoptosis in rats with hyperoxia-induced brain injury
TUNEL staining was performed to evaluate the inhibitory effect of Gln on apoptosis (Figure 6A). The results showed that the number of TUNEL-positive cells increased significantly after exposure to hyp (p < 0.01), while Gln administration exerted an inhibitory effect on hyp-induced apoptosis (p < 0.05) (Figure 6B). Con (0.67 ± 0.33), Con + Gln (1.67 ± 0.33), Hyp (3.67 ± 0.33), Hyp + Gln (2.33 ± 0.33) (n = 3).
[image: Figure 6]FIGURE 6 | Gln inhibits neuronal apoptosis in rats with hyperoxia-induced brain injury. (A) TUNEL staining of hippocampal tissue. Scale bar = 50 µm (B) Hippocampal Apoptosis Index (AI). Con (0.67 ± 0.33), Con + Gln (1.67 ± 0.33), Hyp (3.67 ± 0.33), Hyp + Gln (2.33 ± 0.33) (C) Representative images of Western blotting analysis of Bax, Bcl-2 and Caspase-3 of each group. (D) Ratio of Bcl-2 to Bax. Con (1.29 ± 0.10), Con + Gln (1.34 ± 0.13), Hyp (4.50 ± 0.79), Hyp + Gln (2.24 ± 0.20). (E) Caspase-3 content in hippocampus. Con (0.57 ± 0.04), Con + Gln (0.56 ± 0.06), Hyp (0.93 ± 0.05), Hyp + Gln (0.66 ± 0.01) (n = 3). #p < 0.05, ##p < 0.01 vs. the Con, *p < 0.05, **p < 0.01 vs. the Hyp. p < 0.05 was considered statistically significant.
To further clarify the apoptosis of hippocampal tissues in each group, caspase-3, Bax and Bcl-2 was determined by western blotting (Figure 6C). The results showed that the Bax/Bcl-2 ratio (p < 0.05) and caspase-3 content (p < 0.01) were significantly increased in the Hyp group; in contrast, it considerably improved in the Hyp + Gln group (Bax/Bcl-2: p < 0.05; Caspase-3: p < 0.01) (Figures 6D, E). Bax/Bcl-2: Con (1.29 ± 0.10), Con + Gln (1.34 ± 0.13), Hyp (4.50 ± 0.79), Hyp + Gln (2.24 ± 0.20); Caspase-3: Con (0.57 ± 0.04), Con + Gln (0.56 ± 0.06), Hyp (0.93 ± 0.05), Hyp + Gln (0.66 ± 0.01) (n = 3).
Gln increases BDNF, Synapsin-1 and MBP expression in hippocampal tissue of rats with hyp-induced brain injury
To evaluate whether the neuroprotective effect of Gln is related to synaptic plasticity, impaired myelin formation, and the absence of neurotrophic factors, the expression of brain-derived neurotrophic factor (BDNF), synapsin I, and myelin basic protein (MBP) was examined after homogenizing hippocampal tissue obtained from each group of rats (Figure 7A). The results showed that the expression of synapsin I (p < 0.05), MBP (p < 0.05) and BDNF (p < 0.05) proteins decreased significantin the Hyp group. In the Hyp + Gln group, the expression of these proteins was significantly higher than that in the Hyp group (synapsin I: p < 0.05; MBP: p < 0.01; BDNF: p < 0.01). This indicated that Gln increased synapsin I (Figure 7B), MBP (Figure 7C) and BDNF (Figure 7D) expression in the hippocampal tissue of rats with hyp-induced brain injury to improve neural outcomes. Synapsin-1: Con (0.72 ± 0.09), Con + Gln (0.67 ± 0.06), Hyp (0.33 ± 0.05), Hyp + Gln (0.55 ± 0.03); MBP: Con (0.69 ± 0.11), Con + Gln (0.68 ± 0.09), Hyp (0.37 ± 0.01), Hyp + Gln (0.59 ± 0.04); BDNF: Con (0.99 ± 0.13), Con + Gln (0.98 ± 0.12), Hyp (00.55 ± 0.03), Hyp + Gln (0.88 ± 0.05) (n = 3).
[image: Figure 7]FIGURE 7 | Gln increases BDNF, synapsin-1 and MBP expression in hippocampal tissue of rats with hyperoxia-induced brain injury. (A) Representative images of Western blotting analysis of synapsin-1, MBP and BDNF of each group. (B) Synapsin-1 content in hippocampus. Con (0.72 ± 0.09), Con + Gln (0.67 ± 0.06), Hyp (0.33 ± 0.05), Hyp + Gln (0.55 ± 0.03). (C) MBP content in hippocampus. Con (0.69 ± 0.11), Con + Gln (0.68 ± 0.09), Hyp (0.37 ± 0.01), Hyp + Gln (0.59 ± 0.04). (D) BDNF content in hippocampus. Con (0.99 ± 0.13), Con + Gln (0.98 ± 0.12), Hyp (00.55 ± 0.03), Hyp + Gln (0.88 ± 0.05). (n = 3). #p < 0.05 vs. the Con, *p < 0.05, **p < 0.01 vs. the Hyp. p < 0.05 was considered statistically significant.
Gln amelioration of hyp-induced brain injury may be related to the MKP-1/MAPK signaling pathway
The MAPK signaling pathway is closely associated with oxidative stress, inflammation, and apoptosis. To assess the role of Gln in a model of hyp-induced brain injury and its association with the MKP-1/MAPK signaling pathway, we examined the expression of MKP-1/MAPK signaling pathway-related proteins (Figure 8A). The results showed that compared with the Con group, MKP-1 expression (p < 0.05) (Figure 8B) was slightly increased, and p-p38/p38 (p < 0.05) (Figure 8C), p-ERK/ERK (p < 0.01) (Figure 8D), and p-JNK/JNK (p < 0.01) (Figure 8E) expression was significantly decreased in the Hyp group. Compared with the Hyp group, the Hyp + Gln group showed increased MKP-1 protein expression (p < 0.01) and significantly decreased p-p38/p38 (p < 0.05), p-ERK/ERK (p < 0.05), and p-JNK/JNK (p < 0.01) expression. MKP-1: Con (0.28 ± 0.01), Con + Gln (0.28 ± 0.01), Hyp (0.32 ± 0.01), Hyp + Gln (0.84 ± 0.11); p-p38/p38: Con (0.71 ± 0.00), Con + Gln (0.73 ± 0.05), Hyp (1.29 ± 0.17), Hyp + Gln (0.77 ± 0.02); p-ERK/ERK: Con (0.53 ± 0.04), Con + Gln (0.53 ± 0.03), Hyp (0.83 ± 0.04), Hyp + Gln (0.66 ± 0.04); p-JNK/JNK: Con (0.93 ± 0.03), Con + Gln (0.91 ± 0.04), Hyp (1.23 ± 0.01), Hyp + Gln (1.03 ± 0.02) (n = 3).
[image: Figure 8]FIGURE 8 | Gln amelioration of hyperoxia-induced brain injury may be related to MKP-1/MAPK signaling pathway. (A) Representative images of Western blotting analysis of MKP-1, p-p38, p38, p-ERK, ERK, p-JNK, and JNK of each group. (B) Quantification of MKP-1. Con (0.28 ± 0.01), Con + Gln (0.28 ± 0.01), Hyp (0.32 ± 0.01), Hyp + Gln (0.84 ± 0.11). (C) Ratio of p-p38 to p38. Con (0.71 ± 0.00), Con + Gln (0.73 ± 0.05), Hyp (1.29 ± 0.17), Hyp + Gln (0.77 ± 0.02). (D) Ratio of p-ERK to ERK. Con (0.53 ± 0.04), Con + Gln (0.53 ± 0.03), Hyp (0.83 ± 0.04), Hyp + Gln (0.66 ± 0.04). (E) Ratio of p-JNK to JNK. Con (0.93 ± 0.03), Con + Gln (0.91 ± 0.04), Hyp (1.23 ± 0.01), Hyp + Gln (1.03 ± 0.02). (n = 3). #p < 0.05, ##p < 0.01 vs. the Con, *p < 0.05, **p < 0.01 vs. the Hyp. p < 0.05 was considered statistically significant.
Gln ameliorates neurobehavioral deficits in rats with hyp-induced brain injury
The Morris water maze assesses spatial learning and long-term memory. To further assess the neuroprotective effect of Gln, the neurobehavioral function of each group of adolescent rats was examined using the MWM experiment (P30-34). The escape latency (Figure 9A) showed a decreasing trend with increasing time in all groups. Gln administration failed to shorten escape latency after hyp-induced injury on the first day of testing. However, the mean escape latency was significantly shorter (p < 0.05; p < 0.01) in the Hyp + Gln group from Days three to four. These results suggest that rats in all groups had the ability to learn and remember. These abilities were impaired to varying degrees by hyp-induced brain injury; however, Gln improved the spatial learning abilities of rats with hyp-induced brain injury. In the observation of the swimming path on Day 5, it was found that the Hyp group rats crossed the platform position (Figure 9B) less (p < 0.001) often than the Con group did, and the percentage of distance traveled in the target quadrant (Figure 9C) was less (p < 0.01) than that of the Con group. In the Hyp + Gln group, the number of platform crossings increased (p < 0.01) compared to that in the Hyp group, and the percentage of distance traveled in the target quadrant increased (p < 0.01) compared to that in the Hyp group. These results suggest that hyp-induced brain damage during the neonatal period affects memory capacity in adolescent rats. However, administration of Gln significantly improved the duration spent in the plateau quadrant, suggesting that Gln effectively alleviated memory impairment induced by hyp. No significant difference was observed in the mean swimming speed between groups (Figure 9D). Latency to escape: Con (101.96 ± 7.86, 21.63 ± 4.05, 18.07 ± 3.71, 12.94 ± 3.68), Con + Gln (101.76 ± 10.43, 23.10 ± 4.09, 18.85 ± 4.16, 12.66 ± 3.85), Hyp (110.78 ± 4.19, 70.39 ± 13.85, 58.48 ± 8.53, 47.28 ± 4.24), Hyp + Gln (102.54 ± 8.82, 58.89 ± 8.76, 35.25 ± 5.99, 26.22 ± 4.50); Times crossing platform: Con (6.50 ± 0.62), Con + Gln (6.17 ± 0.70), Hyp (1.50 ± 0.56), Hyp + Gln (4.00 ± 0.37); Distance spend in the target quarter: Con (58.97 ± 5.46), Con + Gln (47.82 ± 4.06), Hyp (34.12 ± 4.42), Hyp + Gln (52.19 ± 2.92); Swim speed: Con (23.04 ± 1.22), Con + Gln (23.39 ± 1.58), Hyp (21.95 ± 2.37), Hyp + Gln (22.96 ± 0.86) (n = 6).
[image: Figure 9]FIGURE 9 | Gln ameliorates distant neurobehavioral deficits in rats with hyperoxia-induced brain injury. (A) Latency to escape in MWM. Con (101.96 ± 7.86, 21.63 ± 4.05, 18.07 ± 3.71, 12.94 ± 3.68), Con + Gln (101.76 ± 10.43, 23.10 ± 4.09, 18.85 ± 4.16, 12.66 ± 3.85), Hyp (110.78 ± 4.19, 70.39 ± 13.85, 58.48 ± 8.53, 47.28 ± 4.24), Hyp + Gln (102.54 ± 8.82, 58.89 ± 8.76, 35.25 ± 5.99, 26.22 ± 4.50). (B) Times crossing platform in MWM. Con (6.50 ± 0.62), Con + Gln (6.17 ± 0.70), Hyp (1.50 ± 0.56), Hyp + Gln (4.00 ± 0.37). (C) Distance spend in the target quarter in MWM. Con (58.97 ± 5.46), Con + Gln (47.82 ± 4.06), Hyp (34.12 ± 4.42), Hyp + Gln (52.19 ± 2.92). (D) Swim speed in MWM. Con (23.04 ± 1.22), Con + Gln (23.39 ± 1.58), Hyp (21.95 ± 2.37), Hyp + Gln (22.96 ± 0.86) (n = 6). ##p < 0.01, ###p < 0.001 vs. the Con, *p < 0.05, **p < 0.01 vs. the Hyp. p < 0.05 was considered statistically significant.
DISCUSSION
Long-term hyperoxia treatment can lead to behavioral abnormalities and neurocognitive and learning deficits in preterm infants, which is thought to be related to damage to hippocampal neurons caused by oxidative stress, inflammation, apoptosis, and reduced expression of neurotrophic factors (Sifringer et al., 2015). Spatial cognition and memory are inseparable from hippocampal function, and alterations in hippocampal structure and function are associated with reduced spatial, social, and mathematical abilities (Banker et al., 2021). We found that hyperoxia caused brain tissue edema and hippocampal damage in neonatal rats, with significant deficits in spatial memory and learning ability observed during adolescence. Gln is an in vivo antioxidant precursor substance with multiple regulatory mechanisms and known antioxidant potential (Cetinbas et al., 2010), and its neuroprotective potential has been demonstrated in animal models of neonatal brain injury, including hypoxia-induced neuroinflammation. Gln ameliorates spatial learning and memory dysfunction in neonatal brain injury caused by hyperoxia. The neuroprotective effects of Gln appear to be associated with its anti-inflammatory and anti-apoptotic effects after attenuation of oxidative stress, which is beneficial for long-term brain development (de Kieviet et al., 2012). Thus, Gln is a promising drug for the treatment of hyp-induced brain injury.
Oxidative stress is a key factor in the complex cascade of brain injury mechanisms. In preterm infants, whose antioxidant systems are not yet well-developed, the excessive ROS generated in a hyperoxic environment trigger an inflammatory response that induces prostaglandin production and leads to the formation of intercellular interstitial edema (Lapi et al., 2020). Microglia, a major component of the immune defense system of the central nervous system, are overactivated by multiple diseases and external stimuli (including traumatic brain trauma and neurological infections) (Loane and Byrnes, 2010), and in response secrete ROS to induce oxidative stress and inflammatory responses, which can lead to further neurological diseases. It was found that increased levels of pro-inflammatory cytokines in the hippocampus, such as IL-6, IL-1β, and TNF-α, activate microglia and lead to neurotransmitter alterations, causing dysfunction in spatial learning and cognitive faculties (Hernández-Rabaza et al., 2016). Gln, a precursor of the endogenous antioxidant glutathione, has antioxidant potential and the ability to balance oxidative stress (Cetinbas et al., 2010). It may exert neuroprotective effects through inhibition of excessive inflammatory responses. In this study, administration of Gln was seen to significantly reduce hyp-induced edema in brain tissue, ameliorate hippocampal damage, decrease microglial activation, significantly decrease MDA and ROS levels, and significantly increase SOD and GSH levels. The results suggest that in the developing brain, Gln may have antioxidant activity against hyp-induced oxidative stress, inhibit microglial overactivation, and inhibit the synthesis and release of pro-inflammatory cytokines, thus exerting a protective effect by reducing neuronal inflammation and damage.
Many proteins also play important roles in the development and treatment of brain injury. BDNF is an important protein that can influence neuroplasticity, affecting cognition, brain structure and function (Roy et al., 2020). Synapsin I, the most abundant protein in synaptic vesicles, is involved in synaptic development and transmission, regulation of neurotransmitter release (Lu et al., 2018), neurodevelopment, and neuronal growth. It plays a key role in information processing and transmission and is thought to have a positive impact on learning and memory consolidation (Zhu et al., 2018). MBP is the main protein in the myelin sheath of the central nervous system, where it maintains sheath stability, structure, and function (Krugmann et al., 2020). MBP is involved in the myelination process as a major component of the myelin membrane in the CNS, and changes in MBP levels may reflect the degree of white matter damage in astrocytes, which has been identified as a sensitive and specific marker of brain damage in recent years (Zhou et al., 2015). Oxidative stress, inflammatory responses, and apoptosis triggered by hyperoxia in the developing brain are believed to have a major effect on the survival of immature oligodendrocytes (which are highly sensitive to oxygen concentration), leading to impaired myelin formation (Brehmer et al., 2012). We found that hyperoxia leads to decreased levels of BDNF, synapsin I, and MBP in the hippocampus, in agreement with previous findings (Kim et al., 2016). However, Gln may also play a therapeutic role by increasing neurotrophic factor levels and regulating signals related to synaptic plasticity.
MAPK mediates cellular responses to external stimuli and regulates a variety of cellular activities such as cell proliferation, differentiation, apoptosis, and neuronal plasticity (Keshet and Seger, 2010). Evidence suggests that the MAPK signaling pathway can regulate oxidative stress (Chen et al., 2020) and microglial activation (Na et al., 2014) to suppress inflammatory factor production. It is also involved in apoptosis (Hsieh et al., 2021). Negative regulation of MAPK activity is achieved through MKP. MKP-1 expression is upregulated both when oxidative damage occurs (Patterson et al., 2009) and on administration of neuroprotective drugs (Jeanneteau et al., 2010). MKP-1 is known to reduce levels of pro-inflammatory cytokines (Zhang et al., 2012) and apoptosis by accelerating MAPK inactivation, thus improving neuronal function by decreasing phosphorylation of JNK, ERK, and p38 (Horita et al., 2010). Gu et al. showed that Gln inhibited ROS production, increased antioxidant enzyme activity, and ameliorated intestinal inflammation and oxidative damage by reducing the activation of the MAPK pathway. In keeping with previous findings, we found that the administration of Gln increased MKP-1 expression, inhibited phosphorylation of JNK, ERK, and p38, and reduced oxidative stress, inflammation, and apoptosis. Therefore, we speculate that Gln may induce MKP-1 and thereby inhibit activation of the MAPK signaling pathway, leading to a reduction in oxidative stress, inflammation, and apoptosis in cells and attenuating hyp-induced damage to cerebral tissue.
CONCLUSION
This study shows that in newborn rats with hyp-induced brain injury, Gln has potent anti-inflammatory and antioxidant activities, reduces hippocampal damage and neurological dysfunction, ameliorates hyp-induced brain injury, and decreases apoptosis, thus alleviating learning difficulties and memory dysfunction in newborn rats with hyp-induced brain injury. Our results suggest that the molecular mechanism underlying these effects may be related to the MKP-1/MAPK signaling pathway (Figure 10). This study provides a theoretical basis for the possible pathological mechanisms underlying hyp-induced newborn neurological injury and its prevention. In summary, Gln has a neuroprotective effect in neonatal brain injury caused by hyperoxia and has potential as a drug candidate.
[image: Figure 10]FIGURE 10 | Graphical abstract. Hyperoxia can lead to behavioral abnormalities and neurocognitive and learning deficits in newborn rats, which is thought to be related to damage to hippocampal neurons caused by oxidative stress, inflammation, apoptosis, and microglial overactivation. Gln may induce MKP-1 and thereby inhibit activation of the MAPK signaling pathway, leading to a reduction in oxidative stress, inflammation, and apoptosis in cells and attenuating hyperoxia-induced damage to cerebral tissue, and improve learning and memory dysfunction.
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Natural product-based bioactive agents in combination attenuate neuroinflammation in a tri-culture model
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Introduction: Neuroinflammation is an important pathological event contributing to the onset and progression of neurodegenerative diseases. The hyperactivation of microglia triggers the release of excessive proinflammatory mediators that lead to the leaky blood-brain barrier and impaired neuronal survival. Andrographolide (AN), baicalein (BA) and 6-shogaol (6-SG) possess anti-neuroinflammatory properties through diverse mechanisms of action. The present study aims to investigate the effects of the pair-combinations of these bioactive compounds in attenuating neuroinflammation.
Methods: A tri-culture model with microglial N11 cells, microvascular endothelial MVEC(B3) cells, and neuroblastoma N2A cells was established in a transwell system. AN, BA and 6-SG used alone (25 µM) or in pair-wised combinations (12.5 + 12.5 µM) were subjected to the tri-culture system. Upon the stimulation of lipopolysaccharides (LPS) at 1 μg/mL, tumor necrosis factor-alpha (TNF-α) and interleukin 6 (IL-6) levels were determined by ELISA assays. Immunofluorescence staining was applied to investigate the nuclear translocation of nuclear factor kappa B p65 (NF-κB p65) on N11 cells, expressions of protein zonula occludens-1 (ZO-1) on MVEC cells and phosphorylated tau (p-tau) on N2A cells, respectively. The endothelial barrier permeability of MVEC cells was assessed by the Evans blue dye, and the resistance from the endothelial barrier was measured by transepithelial/endothelial electrical resistance (TEER) value. Neuronal survival of N2A cells was determined by Alamar blue and MTT assays.
Results: Combinations of AN-SG and BA-SG synergistically lowered the TNF and IL-6 levels in LPS-induced N11 cells. Remarkably, the combined anti-neuroinflammatory effects of AN-SG and BA-SG remained significantly greater compared to their individual components at the same concentration level. The molecular mechanism of the attenuated neuroinflammation was likely to be mediated by downregulation of NF-κB p65 translocation (p < 0.0001 vs. LPS stimulation) in N11 cells. In the MVEC cells, both AN-SG and BA-SG restored TEER values, ZO-1 expression and reduced permeability. Furthermore, AN-SG and BA-SG significantly improved neuronal survival and reduced expressions of p-tau on N2A cells.
Discussion: The AN-SG and BA-SG combinations showed greater anti-neuroinflammatory potential than those used alone in mono- and tri-cultured N11 cells, thereby further protecting endothelial tight junction and neuronal survival. Taken together, AN-SG and BA-SG may provide improved anti-neuroinflammatory and neuroprotective activities.
Keywords: neuroinflammantion, herbal compound formulation, tri-culture, BBB, neuroprotection
1 INTRODUCTION
Neurodegenerative diseases are a group of conditions, including motor neuron disease, Alzheimer’s disease, Parkinson’s disease and Huntington’s disease, characterized by the progressive loss of structure or function of neurons (Fumia et al., 2022). According to World Health Organization, there are more than 55 million people suffering from dementia worldwide (World Health Organization, 2022). Due to the rapid growth of the aging population, neurodegenerative diseases are predicted to be the top disease burden in 2050 (Nichols et al., 2022). The conventional treatments for neurodegenerative diseases are largely symptomatic and present very limited effectiveness in curing or preventing the disease. Thus, it is imperative to explore effective therapeutic options (Yang et al., 2021a).
Neuroinflammation is inflammation occurring in the central nervous system (CNS). It is a pathological event that is related to the onset of neuronal damage and contribute to the progression of neurodegeneration and cognitive impairment (Guzman-Martinez et al., 2019). Neuroinflammation is primarily initiated by the activation of glial cells (mainly microglia) and consequential expression of proinflammatory mediators (Adriani et al., 2017; Bhowmick et al., 2019). Upon the activation, microglia secrete proinflammatory mediators/cytokines such as nitric oxide (NO), tumor necrosis factor (TNF)-α and interleukin (IL)-6 (Ha et al., 2012), of which the overproduction in a chronic condition can contribute to the impairment of the blood-brain barrier (BBB) and result in higher permeability of toxins (Takata et al., 2021). The breakdown of the BBB allows further immune cell recruitment, which then attack the myelin around nerves and result in nerve damage leading to escalated neuroinflammation (Kempuraj et al., 2016). In addition, emerging evidence has shown that the crosstalks among various groups of glial cells, and between microglia and neuron within the neurovascular unit (NVU) are important in the pathogenesis of neuroimmunomodulation in CNS (De la Fuente, 2008; Fernández et al., 2008; Maccioni et al., 2009; Maccioni et al., 2018). Although the understanding of how microglia-neuron cellular interaction occurs in CNS neuroinflammation remains limited, a recent study has shown that microglia-mediated neuroinflammation is linked with neuronal injury and phosphorylation of tau and tauopathies (Guzman-Martinez et al., 2019). The physiological function of the tau protein can be altered by the chronic stimulation of glial cells, which leads to the activation of enzymes that phosphorylate tau, then reduced neuronal capacity (Wyss-Coray and Mucke, 2002). All these interactions and positive feedback loop between the tau pathology and the activation of glial cells cause continuous neuroinflammatory cycles eventually leading to neurodegeneration (Morales et al., 2014).
Robust in vitro and in vivo models that can measure the multifaceted interactions are key to the understanding of complex pathophysiology of neuroinflammation and to the development of therapeutic interventions. Research has been devoted to establishing co- and tri-culture models as a practical in vitro tool for screening brain-targeted drug candidates before animal testing. For example, Park et al. (2018) established a three dimensional human tri-culture system (neuron, astrocyte, and microglia) modeling neuroinflammation, which demonstrated that the induced microglial recruitment released pro-inflammatory cytokines and chemokines, and resulted in the death of neurons and astrocytes . Our previous study established a tri-culture model (microglial, endothelial and neuronal cells) to simulate the NVU environment under neuroinflammation. It was observed that the activated microglia directly provoked the damage of the endothelial tight junction and triggered neuronal loss (Zheng et al., 2021).
The current treatment of neurodegenerative diseases largely focuses on symptomatic relief. Cholinesterase enzyme inhibitors such as galantamine, donepezil, rivastigmine, and N-methyl d-aspartate antagonists (i.e., memantine) have shown to improve memory, thinking, judgment and other thought processes. However, none of these treatments could prevent or stop the progression of the diseases (Van Bulck et al., 2019). Moreover, the etiologic and underlying pathophysiology of neurodegenerative diseases are variable and includes different factors (Leroi et al., 2006), and thus the multi-component and multi-target approach (as opposed to mono-component and mono-target therapy) may offer a better solution to combat the diseases (Liu et al., 2017). Herbal medicines have been extensively explored in recent years regarding their biological activities and potential therapeutic benefits for neurodegenerative disorders (Mohd Sairazi and Sirajudeen, 2020) (Mecocci et al., 2014; Makkar et al., 2020). Emerging evidence has shown that some herbal medicines and their bioactive components used in combination can illustrate synergistic and multi-target effects (Liebner et al., 2018; Choi et al., 2011; Lin, 2011; Calfio et al., 2020). Yang et al. (2021b) demonstrated that a herbal combination of Aconitum carmichaelii Debx. (Fuzi) and Zingiber officinale Rosc. (Ganjiang) exhibited a multi-target behavior against neuroinflammation as evidenced by reduced productions of IL-6, TNF-α, reactive oxygen species, NO, and prostaglandins E2 in microglia BV2 cells which were likely to be attributed to the interactions of their bioactive components.
Andrographolide (AN), a major bioactive component of Andrographis paniculata, exhibits a wide range of biological activities, including anti-inflammatory, antioxidant, anti-neuroinflammatory, and neuroprotective effects (Zhang et al., 2021). The mechanisms underlying its anti-neuroinflammatory effect were found to be associated with the inhibition of nuclear factor kappa B p65 (NF-κB) signaling and the activation of NLR family pyrin domain containing 3 (Li et al., 2018). Baicalein (BA), a flavone subclass of flavonoids, is a major bioactive constituent in the roots of Scutellaria baicalensis (Yang et al., 2019). This compound has been shown to possess various biological characteristics, including anti-bacterial, anti-hypertensive, and anti-neuroinflammatory effects (Zhang et al., 2017). BA was shown to reduce the levels of a broad range of pro-inflammatory cytokines, such as IL-1, TNF-α, and IL-6, via the NF-κB signaling inhibition (Zhang et al., 2017). 6-shogaol (6-SG), a pungent component derived from ginger Zingiber officinale Rosc., is another promising bioactive agent that exhibits neuroprotective and anti-inflammatory properties (Park et al., 2013). 6-SG was shown to significantly suppress TNF-α and NO levels through downregulation of cyclooxygenase (COX-2), p38 mitogen-activated protein kinase (MAPK), and NF-κB signaling pathways in the lipopolysaccharides (LPS)-induced microglia BV2 cells and a neuroinflammatory mouse model (Ha et al., 2012). It appears that AN, BA and 6-SG all possess anti-neuroinflammatory properties, with the NF-κB signaling as the common pathway. However, it is plausible that their combined use can generate a multi-target behavior against neuroinflammation in NVU attributed to their versatile pharmacological actions.
This study aims to explore the anti-neuroinflammatory effects of AN-SG and BA-SG combinations on protecting neurons and endothelial tight junctions in an LPS-induced neuroinflammation tri-culture model.
2 MATERIALS AND METHODS
2.1 Cell culture
2.1.1 Cell lines
The mouse brain microvascular endothelial cell line MVEC(B3) was obtained from Dr Jia Li, Macquarie University. Mouse microglia N-11 (N11) and mouse neuroblastoma Neuro 2A cell lines (N2A) were kindly donated from Professor Gerald Muench, School of Medicine, Western Sydney University. They were cultured in complete Dulbecco’s modified Eagle medium (DMEM, Lonza, Australia) supplemented with 10% foetal bovine serum (FBS, Thermo Fisher Scientific, Australia) and 1% penicillin.
2.1.2 Cell culture for the single cell line
N11 cells, MVEC cells and N2A cells were incubated at 37°C, 5% CO2 in 95% air in a vented flask T75 cm2 (Sigma-Aldrich, Australia), respectively. Cultured cells up to passage 35 with approximately 90% confluency were digested with 0.25% trypsin (Thermo Fisher Scientific, Australia) to perform experiments.
2.1.3 Mono-culture and tri-culture system
For mono-culture, N11 cells (1.0 × 106 cells/mL) were seeded in 96-well plates with DMEM containing 10% FBS. A tri-cultured neuroinflammation model was established using transwell polycarbonate membrane cell culture inserts in a 24-well plate (Corning®Costar®Transwell® Cell culture inserts, Sigma, Australia) with slight modification (Zheng, et al., 2021). The transwell with insert membrane was placed upside down and coated with 1% polylysine (Sigma, United States) for 1 h. Then 200 µL of N11 cells (2.0 × 106 cells/mL) were seeded on the top of the transwell with DMEM containing 10% FBS and kept upside down in the incubator to ensure N11 cells adhered to the top of the transwell by the surface tension. In parallel, 500 µL of N2A cells (1.0 × 106 cells/mL) were seeded in a fresh 24-well plate with DMEM containing 10% FBS. After 4 h, the transwell with N11 cells was inverted and placed within a 24-well plate immersed with 375 µL DMEM containing 10% FBS in each well, and the MVEC cells (1.0 × 106 cells/mL) were seeded with 250 µL DMEM containing 10% FBS in the same insert of N11 cells.
2.2 Drug preparation and lipopolysaccharides-induced neuroinflammation
The natural compounds, AN, BA and 6-SG (purity >98%), were purchased from Chengdu Biopurify (China). The identity and purity were confirmed by high-performance liquid chromatography (Supplementary material 1). Each compound was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 100 mM. They were serially diluted with DMEM serum-free media before adding to the cells. After the three cell lines were cultured together in the transwell system for 24 h, the system was treated with individual AN, 6-SG, and BA at 25 μM, combined AN-SG [AN (12.5 µM) +6-SG (12.5 µM), the total concentration of 7.83 μg/mL], and BA-SG [BA (12.5 µM) + 6-SG (12.5 µM), total concentration of 6.83 μg/mL] or media with vehicle control (0.1% DMSO) for 1 h before the activation of LPS, 1 μg/mL. The cells and cell supernatant were then subjected to bioassays after 24 h.
2.3 Measurement of nitrite (NO2−) production using the griess reaction
After 24 h of LPS stimulation, the supernatants in the upper and lower compartment (90 µL) in the tri-culture system were collected for the measurement of nitrite (NO2−) level by mixing with an equal amount of the Griess reaction (1% sulfanilamide in 5% phosphoric acid and N-(1-naphthyl)-ethylene diamine dihydrochloride) (Tsikas, 2007; Yoon, et al., 2010). The measurement of nitrate/nitrite concentration or total nitrate and nitrite concentration (NOx) is routinely used as an index of NO production (Moncada et al., 1991; Sun et al., 2003). Griess assay has been popularly used to measure the nitric oxide (NO) level (Bohl and West, 2000; Saha et al., 2004; Schmölz et al., 2017). Nitrite production was determined by measuring the optical density at 540 nm using a microplate reader (BMG Labtech Fluostar Optima, Mount Eliza, Victoria, Australia). The concentration of nitrite was determined using a standard curve generated with sodium nitrite (NaNO2). The rest of the cell supernatant was subjected to TNF-α and IL-6 ELISA assay.
2.4 TNF-α and IL-6 ELISA assay
The levels of IL-6 and TNF-α in the supernatant from the mono-cultured N11 cells, the upper and lower compartment of the tri-culture system were measured using commercial ELISA kits (murine IL-6 ELISA kit, cat. No. 431304, Biolegend; murine TNF-α ELISA kit, cat. No. 900- K45, Biogems) according to manufacturers’ instructions. The absorbance was measured at 410 nm with a microplate reader (BMG Labtech Fluostar Optima, Mount Eliza, Victoria, Australia). The concentrations of IL-6 and TNF-α were calculated using standard curves.
2.5 Transendothelial electrical resistance values
The transendothelial electrical resistance (TEER) values in the tri-culture 24-well systems were measured by an epithelial volt/ohm resistance meter (ERS-2, cat. no. MERS00001; Merck) according to the manufacturer’s instruction. The background TEER value was measured in the blank well with medium only. The final results were calculated by TEER in each group subtracted from the background TEER values. The values are shown as Ω × cm2.
2.6 Evans blue permeability test
After the various treatments for 24 h in the tri-culture system, the medium in the lower compartment was replaced with 0.5 mL phosphate-buffered saline (PBS), and the upper compartment was filled with 0.2 mL of 0.25% Evans blue (Sigma, Australia). After 0.5 h’s incubation, the solution in the lower compartment was tested for absorbance at 450 nm using a microplate reader (BMG Labtech Fluostar Optima, Mount Eliza, Victoria, Australia).
2.7 Alamar blue and MTT assays
Cell viability of N2A cells in the tri-culture system was evaluated 24 h after the LPS stimulation. After removing the supernatants, the N2A cells were incubated with 100 µL of Alamar Blue (0.01 mg/mL resazurin) (Schober, et al., 2021). The plate was then incubated for another 2 h in a humidified incubator at 37°C. The optical density of each well was measured from excitation of 545 nm and emission of 595 nm using a microplate reader (BMG Labtech Fluostar Optima, Mount Eliza, Victoria, Australia).
The N2A cells were also co-incubated with MTT solution (0.5 mg/mL in PBS) 24 h after the LPS stimulation for 2 h at 37°C with 5% CO2. DMSO was then added to dissolve the insoluble formazan crystal. The absorbance was measured at 510 nm using a microplate reader. The density of formazan formed in control (medium with the vehicle) cells was taken as 100% of cell viability. The cell viability of the measured sample was determined using the equation: Cell viability % = absorbance of treated cells/absorbance of cells and medium only (blank control) * 100%
2.8 Immunofluorescent staining
The N2A cells were seeded on a 1 cm cover slide in the 24-well. The tri-culture system was established and treated overnight using the same protocol as described above. Each cell line was washed with cold PBS and fixed with 4% paraformaldehyde for 20 min at room temperature. Triton-X 100 (0.1%) was added to cells for 20 min and followed by blocking with 3% Bovine Serum Albumin (BSA, Scientifix, Australia) for 1 h. Primary antibodies were then added to the system, including zonula occludens-1 (ZO-1; 1:100, cat no. 13663S), phosphorylated tau (p-tau; 1:200, cat no. 49561) or NF-κB p65 (p65; 1:100, cat no.8242), all purchased from Cell Signaling Technologies, United States. The cells were then washed with PBS three times and each cell line was then stained with mixed secondary antibodies, including donkey anti-mouse IgG Alexa Fluor 488 (green; 1: 1,000, cat no. A32766), donkey anti-goat IgG Alexa Fluor 680 (yellow; 1: 250, cat no. A32680) and donkey anti-rabbit IgG Alexa Fluor 594 (red; 1: 1,000, cat no. A32754), all purchased from Thermo Fisher Scientific, Australia. The insert membrane was cut for the collection of either the N11 or the MVEC cells. Cotton was used to swap the other side of the membrane of the cell line and then put on the new slide. Finally, the anti-fade mounting medium with DAPI (Sigma, Australia) was added to the cells and subjected to immunofluorescent imaging using an Inverted Leica TCS SP5 laser scanning confocal microscope (School of Medicine, Western Sydney University, Australia).
2.9 Statistical analysis
Statistical analysis was conducted using GraphPad Prism 9.0 software (GraphPad Software Inc., United States). The data was shown as mean ± standard error of the mean (SEM) from at least three individual experiments. The relative half maximal inhibitory concentration (IC50) values were determined from the constructed dose-response curves. The responses generated by nitrite, TNF and IL-6 assays were normalised to 0%–100%, where the averaged responses of blank control and LPS were normalised to 0% and 100% respectively. The IC50 value was then determined by the concentration that corresponds to 50% of the effect level. The statistical comparison between groups was conducted by one-way analysis of variance (ANOVA) with Tukey test, and p < 0.05 was considered statistically significant. The interaction of the substances in the ELISA experiment was ascertained using the combination index (CI) model. The data obtained from the dose-response curves in reducing IL-6 and TNF-α was entered into the Compusyn software 2.0 (ComboSyn, Inc., United States), which produced the isobologram figure, CI values, and CI-fraction affected (Fa, here refereed to IL-6/TNF-α inhibition) curve (El Hassouni et al., 2019).
3 RESULTS
3.1 Enhanced anti-neuroinflammatory activities of AN-SG and BA-SG
3.1.1 Restored cell viability by AN-SG and BA-SG
Firstly, the cell viability of N11 cells in the mono-culture and tri-culture system treated by the individual and combined bioactive was examined. As shown in Figures 1A, B, AN and 6-SG (0.78–100 µM) did not exhibit any obvious cytotoxicity, which were all above 88.27% compared with the vehicle control (blank). Particularly, 6-SG showed the highest cell viability throughout the tested concentrations, which ranged from 92.72% ± 2.17% to 104.13% ± 4.85%. The treatments of BA and AN appeared to slightly affect the cell viability, which ranged from 89.07% ± 5.93% to 97.92% ± 0.85%, and 88.27% ± 8.34% to 96.25% ± 0.34%, respectively. BA at 3.125 and 6.25 µM showed significantly impaired cell viability compared to the blank control (p < 0.05). Interestingly, combinations of AN-SG and BA-SG did not show any obvious cytotoxicity. AN-SG seemed to lower reduction in cell viability compared to that of AN alone, and a similar trend was shown in BA-SG compared to that of BA alone.
[image: Figure 1]FIGURE 1 | Cell viability of N11 cells in the mono-culture treated by AN, BA, 6-SG and their combinations, AN-SG and BA-SG. (A) The dose-response curve of the cell viability treated by AN, 6-SG and AN-SG at 0.78–100 µM in N11 cells. (B) The dose-response curve of the cell viability treated by BA, 6-SG and BA-SG at 0.78–100 µM in N11 cells. (C) Cell viability of N11 treated by AN, 6-SG and AN-SG at 25 µM. (D) Cell viability of N11 treated by BA, 6-SG and BA-SG at 25 µM *p < 0.05 vs. Blank (cells with vehicle control) analysed by one-way ANOVA with Tukey test. Data are shown as mean ± SEM (n = 3).
In particular, the cell viability of mono-cultured N11 cells treated by AN, BA, 6-SG, AN-SG, and BA-SG at 25 µM were tested (Figures 1C, D). It was obvious that LPS stimulation significantly affected the cell viability of N11 cells compared to the vehicle control (79.00% ± 2.64% vs. blank 100%, p < 0.05). All the treatments did not exhibit any cytotoxicity at 25 µM compared with the blank, with cell viability all above 95.28% ± 8.59%. Particularly, AN-SG 25 µM (12.5 + 12.5 µM, 7.83 μg/mL), BA-SG 25 µM (12.5 + 12.5 µM, 6.83 μg/mL) maintained the cell viability at 97.89% ± 11.48% and 102.76% ± 7.14%.
3.1.2 Synergistic inhibition of IL-6 and TNF-α productions by AN-SG and BA-SG on mono-cultured N11 cells
Next, the IL-6 and TNF-α inhibitory effects of AN-SG were tested in LPS-induced mono-cultured N11 cells compared with AN and 6-SG used alone (Figures 2A, D). LPS-stimulated cells demonstrated significantly increased amounts of IL-6 (12.29 ± 1.13 ng/mL vs. 2.06 ± 0.08 ng/mL, p < 0.0001) and TNF-α (78.52 ± 0.35 ng/mL vs. 14.25 ± 0.14 ng/mL, p < 0.0001) compared to that of the blank control. All the individual and combined treatments showed dose-dependent reductions of IL-6 and TNF-α compared to that of LPS (all p < 0.0001) on mono-cultured N11 cells. AN-SG and BA-SG (0.39–100 µM) appeared to be more potent than their individuals used alone at all tested concentrations. The IC50 value of AN-SG in inhibiting IL-6 was determined to be 1.18 ± 0.38 µM, which was significantly lower than that of AN (3.54 ± 1.19 µM, p < 0.01) or 6-SG (5.46 ± 1.41 µM, p < 0.01). Similarly, the IC50 value of AN-SG in inhibiting TNF-α was also the lowest (3.47 ± 0.64 µM) compared to that of AN (7.24 ± 1.90 µM, p < 0.05) or 6-SG (13.93 ± 6.37 µM, p < 0.001).
[image: Figure 2]FIGURE 2 | The AN-SG combination exhibited synergistic effects on inhibition of LPS-induced IL-6 and TNF-α productions in mono-cultured N11 cells. AN, 6-SG and AN-SG dose-dependently inhibited LPS-induced IL-6 (A) and TNF-α (D) in N11 cells (n = 3). The synergistic IL-6 (B) and TNF-α (E) inhibitory effects of AN-SG were determined by the CI-Fa curves. CI values represent the interaction in AN-SG, with CI < 1, CI = 1 and CI > 1 referring to synergy, addition and antagonism, respectively. Fa on the X-axis is defined as the fraction effect level, and herein it refers to the IL-6 and TNF-α inhibitory effect, respectively. Isobologram analysis of AN-SG in IL-6 (C) and TNF-α (F) inhibition when the default set of Fa values at 0.50, 0.75 and 0.90. Data are shown as mean ± SEM.
At 25 μM, the IL-6 production of AN-SG (2.51 ± 0.81 ng/mL) was significantly lower than that of the LPS stimulation (12.29 ± 1.13 ng/mL, p < 0.0001). In addition, IL-6 production by AN-SG was significantly lower than that of AN (4.14 ± 0.71 ng/mL, p < 0.01) or 6-SG (4.28 ± 0.77 ng/mL, p < 0.01). The TNF-α release of AN-SG (24.76 ± 1.41 ng/mL, p < 0.0001 vs. LPS) was also significantly lower than that of AN (34.22 ± 3.14 ng/mL, p < 0.05) or 6-SG (44.89 ± 2.63 ng/mL, p < 0.001) at 25 µM. Thus, this concentration was selected for AN, 6-SG and AN-SG to be tested in the tri-culture system.
The CI model was performed to evaluate whether the enhanced activity of the AN-SG combination was due to a synergistic interaction. In Figure 2B, the CI values ranged from 0.24 to 0.97 when the Fa was above 0.15 (15%–97% IL-6 inhibitory effect), suggesting a strong synergy of AN-SG combination in inhibiting IL-6. The isobologram (Figure 2C) also suggested a synergistic interaction between AN and 6-SG in reducing LPS-stimulated IL-6 with Fa values at 0.50, 0.75 and 0.9 (representing 50%, 75% and 90% of the IL-6 inhibition). Similarly, in Figure 2E, AN-SG synergistically inhibited TNF-α with CI values ranging from 0.56 to 0.97 when the Fa was above 0.4 (40%–97% TNF-α inhibitory effect). The results of the isobologram (Figure 2F) also supported this finding with Fa values at 0.50, 0.75 and 0.9.
The IL-6 and TNF-α inhibitory effects of BA-SG were examined in LPS-induced mono-cultured N11 cells against their individual components. Compared with LPS-stimulation, all the BA, 6-SG and BA-SG produced dose-dependent IL-6 and TNF-α inhibitory effects (Figures 3A, D). The IC50 value of BA-SG in inhibiting IL-6 was determined to be 1.44 ± 0.37 µM, which was significantly lower than that of BA (3.65 ± 0.90 µM, p < 0.05) or 6-SG (5.46 ± 1.41 µM, p < 0.01). Similarly, the IC50 value of BA-SG for the TNF-α inhibition was also the lowest (3.26 ± 1.09 µM) compared to that of BA (6.52 ± 2.93 µM, p < 0.05) or 6-SG (13.93 ± 6.37 µM, p < 0.01).
[image: Figure 3]FIGURE 3 | The BA-SG combination exhibited synergistic inhibitory effects on LPS-induced IL-6 and TNF-α productions in mono-cultured N11 cells. BA, 6-SG, and BA-SG dose-dependently inhibited LPS-induced IL-6 (A) and TNF-α (D) in N11 cells (n = 3). The synergistic IL-6 (B) and TNF-α (E) inhibitory effects of BA-SG were determined by the CI-Fa curves. CI values represent the interaction in BA-SG, with CI < 1, CI = 1 and CI > 1 referring to synergy, addition and antagonism, respectively. Fa on the X-axis is defined as the fraction effect level, and herein it refers to the IL-6 and TNF-α inhibitory effect, respectively. Isobologram analysis of BA-SG in IL-6 (C) and TNF-α (F) inhibition when the default set of Fa values at 0.50, 0.75, and 0.90. Data are shown as mean ± SEM.
At 25 μM, BA-SG exhibited significant IL-6 inhibitory effects (2.47 ± 0.78 ng/mL, p < 0.0001) compared LPS stimulation only. In particular, the IL-6 production of BA-SG was significantly lower than that of BA (4.14 ± 0.63 ng/mL, p < 0.05) or 6-SG (4.28 ± 0.77 ng/mL, p < 0.05) alone. The TNF-α reduction by BA-SG was also significantly greater than that of BA (42.08 ± 3.62 ng/mL, p < 0.05) or 6-SG (44.89 ± 2.63 ng/mL, p < 0.05) alone at 25 µM. Thus, this concentration was selected for BA, 6-SG and BA-SG to be tested in the tri-culture system. CI and isobologram models (Figures 3B–F) demonstrated a synergistic effect of BA-SG in inhibiting IL-6 and TNF-α at the concentration range of 0.78–100 μM and 0.39–100 µM (CI < 1) were observed. The isobologram also supported the observed synergy of the BA-SG combination in reducing LPS-stimulated IL-6 (Figure 3C) and TNF-α (Figure 3F) when Fa values were at 0.50, 0.75, and 0.9.
3.1.3 Enhanced inhibitory effects of AN-SG and BA-SG on nitrite, IL-6 and TNF-α productions in tri-culture system
In the tri-culture model, nitrite, IL-6 and TNF-α inhibitory effects of AN-SG against LPS stimulation were compared to that of AN or 6-SG alone at 25 µM. As shown in Figure 4A, LPS generated an excessive amount of nitrite in the upper compartment at 29.71 ± 0.97 ng/mL (p < 0.0001 vs. blank control: 0.24 ± 0.13 ng/mL). The combination of AN-SG [AN (12.5 µM) + 6-SG (12.5 µM), total concentration of 7.83 μg/mL] significantly lowered the level of nitrite to 15.16 ± 1.06 ng/mL (p < 0.0001 vs. LPS stimulation) and the reduction was significantly greater than that of AN (20.09 ± 0.71 ng/mL) or 6-SG (20.30 ± 2.42 ng/mL) alone at the same concentration level (p < 0.001 vs. AN, p < 0.001 vs. 6-SG). Similarly, BA-SG [BA (12.5 µM) + 6-SG (12.5 µM), total concentration of 6.83 μg/mL] significantly reduced nitrite to 7.78 ± 3.16 ng/mL, which was significantly greater than BA (16.49 ± 2.09 ng/mL) or 6-SG (19.56 ± 3.14 ng/mL) (p < 0.0001 vs. LPS stimulation, p < 0.001 vs. BA, p < 0.0001 vs. 6-SG) (Figure 4B).
[image: Figure 4]FIGURE 4 | AN-SG and BA-SG generally exhibited greater effects in reducing nitrite, IL-6 and TNF-α productions than that of the individual component in the tri-culture system. AN-SG inhibited nitrite (A), IL-6 (C), and TNF-α (E) productions and BA-SG inhibited nitrite (B), IL-6 (D) and TNF-α (F) productions in LPS-activated tri-culture model in both upper and lower compartments. Data are shown as mean ± SEM (n = 3). Figures generated by Graphpad prism 9.0. The statistical comparison between groups was conducted by one-way ANOVA analysis and Tukey test for group comparison. s: p < 0.0001 vs. Blank, a: p < 0.0001 vs. LPS, b: p < 0.05 vs. combinations, c: p < 0.01 vs. combinations, d: p < 0.001 vs. combinations, e: p < 0.0001 vs. combinations.
The stimulation of LPS also generated an excessive amount of nitrite in the lower compartment to 23.23 ± 1.40 ng/mL (p < 0.0001 vs. blank control: 0.24 ± 0.17 ng/mL, Figure 4A). The combination of AN-SG significantly lowered the level of nitrite to 15.16 ± 1.06 ng/mL (p < 0.0001 vs. LPS stimulation), and the single compounds, AN and 6-SG also reduced nitrite productions to 15.52 ± 0.71 ng/mL and 15.57 ± 0.29 ng/mL, respectively. However, the combined activities of AN-SG were not significantly higher than that of the single components. Similarly, BA-SG significantly reduced nitrite to 11.00 ± 3.86 ng/mL, which was significantly greater than BA (19.34 ± 1.09 ng/mL) or 6-SG (16.81 ± 2.44 ng/mL) (p < 0.0001 vs. LPS stimulation, p < 0.01 vs. BA, p < 0.05 vs. 6-SG, Figure 4B).
As shown in Figures 4C–F, LPS-stimulated cells produced significantly higher IL-6 (12.53 ± 3.70 ng/mL vs. 2.04 ± 0.11 ng/mL, p < 0.0001) and TNF-α (79.67 ± 0.10 ng/mL vs. 15.35 ± 0.01 ng/mL, p < 0.0001) in the upper compartment compared to that of the blank control. AN-SG significantly lower the IL-6 production (Figure 4C, 1.66 ± 0.62 ng/mL, p < 0.0001 vs. LPS) and TNF-α productions (Figure 4E, 20.40 ± 0.03 ng/mL, p < 0.0001 vs. LPS) in the upper compartments. Furthermore, the IL-6 reduction by AN-SG was greater than that of AN (4.86 ± 0.51 ng/mL, p < 0.0001) or 6-SG (3.40 ± 0.57, p < 0.01) alone (Figure 4C). Similarly, in the Figure 4E, the TNF-α reduction by AN-SG was greater than that of AN (37.36 ± 3.89 ng/mL, p < 0.0001) or 6-SG (38.13 ± 0.20 ng/mL, p < 0.0001), alone.
Similarly, in the tri-culture model, the nitrite, IL-6 and TNF-α inhibitory effects of BA-SG against LPS stimulation were compared to that of BA or 6-SG at 25 µM. The combination of BA-SG significantly lowered the IL-6 production (Figure 4D, 2.64 ± 0.70 ng/mL, p < 0.0001 vs. LPS) and TNF-α productions (Figure 4F, 29.00 ± 6.36 ng/mL, p < 0.0001 vs. LPS) in the upper compartments. However, there was no significant difference in the IL-6 reduction compared between BA-SG to BA (3.83 ± 0.52 ng/mL, p > 0.05) or 6-SG (2.63 ± 0.94 ng/mL, p > 0.05) in the Figure 4D. The TNF-α reduction by BA-SG was greater compared to BA (38.57 ± 0.56 ng/mL, p < 0.01) or 6-SG (38.13 ± 0.26 ng/mL, p < 0.01) either (Figure 4F). A similar trend of the IL-6 and TNF-α reduction was also found in the lower compartments, in which all the individual and combined activities showed significant and comparable effects.
3.1.4 Enhanced effects of AN-SG and BA-SG in inhibiting NF-κB p65 translocation of N11 cells in the tri-culture model
The results of our previous study suggested that in the tri-culture model, the LPS-induced neuroinflammation was mediated by the NF-κB p65 translocation in the microglia cells (Zheng et al., 2021). In this study, the effects of AN-SG and BA-SG in inhibiting neuroinflammation on N11 cells in the tri-culture model was examined on the NF-κB p65 translocation by immunofluorescence staining.
As shown in Figure 5, the blank control showed that the NF-κB p65 (green fluorescence) was mostly expressed outside the nucleus (DAPI, blue fluorescence). In response to the LPS stimulation, increased expressions of NF-κB p65 were observed in the nucleus, as evidenced by the overlapping green in the blue fluorescence, suggesting that LPS triggered the increased translocation of NF-κB p65 to the cell nucleus after the 0.5 h’s incubation. All the individual and combined treatments appeared to inhibit the translocation to various degrees (Figures 5A,B). The statistical analysis (Figure 5C) demonstrated that AN-SG downregulated the integrated intensity of nuclear positive NF-κB p65 (77.96 ± 19.95, vs. LPS = 210.23 ± 28.00, p < 0.0001). The nuclear positive NF-κB p65 of AN-SG was significantly lower than that of AN (104.07 ± 24.78, p < 0.05) or 6-SG (140.93 ± 27.60, p < 0.001). BA-SG also significantly suppressed NF-κB p65 translocation (85.16 ± 8.91 vs. LPS = 210.23 ± 28.00, p < 0.0001), which the nuclear positive integrated intensity was significantly lower than that of BA (129.16 ± 19.34, p < 0.0001) or 6-SG (140.93 ± 27.60, p < 0.0001) alone (Figure 5D).
[image: Figure 5]FIGURE 5 | AN-SG and BA-SG exhibited greater effects in inhibiting LPS-induced NF-κB nuclear translocation than the individual component in the N11 cells of the tri-culture model. (A) AN-SG and (B) BA-SG for the immunofluorescence staining of NF-κB p65. Images were taken using a confocal microscope with × 63 magnification. Blue: DAPI in the nucleus, green: NF-κB p65 in the N11 cells. Scale bar = 20 μm. (C, D) Statistical analysis of the NF-κB p65 translocation activities by AN-SG and BA-SG using ImageJ. Data are shown as mean ± SEM (n > 3). &&&& p < 0.0001 vs. Blank, ***p < 0.001, ****p < 0.0001 vs. LPS, #p < 0.05, ###p < 0.001, ####p < 0.0001 vs. combination, by one-way ANOVA analysis and Tukey test for group comparison in GraphPad Prism 9.
3.2 Enhanced effect of AN-SG and BA-SG in protecting endothelial tight junction of MVEC cells in the tri-culture system
In the MVEC cells of the tri-culture system, LPS exposure induced impaired endothelial tight junction as evidenced by a significant reduction of the TEER value in the LPS stimulated group (162 ± 12 Ω) compared with the blank control (207 ± 18 Ω, p < 0.01). As shown in Figure 6A, AN restored the TEER value to 181 ± 12 Ω (p < 0.05 vs. LPS), and 6-SG also increased the TEER value to 176 ± 6 Ω (p < 0.01 vs. LPS). However, AN-SG demonstrated the highest effect in restoring TEER value (205 ± 12 Ω, p < 0.01 vs. LPS), which was greater than that of AN and 6-SG alone (both p < 0.01).
[image: Figure 6]FIGURE 6 | AN-SG and BA-SG demonstrated a more prominent effect in protecting the endothelial tight junction of MVEC cells in the tri-culture system against LPS-stimulated neuroinflammation. The measurements of TEER (A), Evans blue absorbance (C) and tight junction protein ZO-1 (E) for AN-SG, and TEER (B), Evans blue absorbance (D) and tight junction protein ZO-1 (F) for BA-SG in the LPS-activated tri-culture model. Immunofluorescence staining of ZO-1 in the MVEC cells of the tri-culture model. Images were taken using a confocal microscope with ×63 magnification. Blue: DAPI in the nucleus; yellow: ZO-1 in the microvascular endothelial cells. Scale bar = 10 μm && p < 0.01 vs. Blank, *p < 0.05, **p < 0.01 vs. LPS, #p < 0.05, ##p < 0.01 vs. combination, by one-way ANOVA analysis and Tukey test for group comparison in GraphPad Prism 9. O.D.: optical density.
The increased Evans blue absorbance also suggested the damaged endothelial tight junction upon the LPS simulation in the LPS group (0.28 ± 0.08) compared with the Blank group (Blank: 0.20 ± 0.06, p < 0.01, Figure 6C). Both AN and 6-SG alone significantly lowered the Evans blue absorbance to 0.22 ± 0.03 and 0.20 ± 0.04, respectively, p < 0.01 vs. LPS. AN-SG also lowered Evans blue absorbance (AN-SG: 0.21 ± 0.07, compared with LPS (p < 0.01). However, the combined treatment was not significantly stronger than the individual treatment.
In Figure 6B, both BA and 6-SG significantly increased the TEER value to 177 ± 5 Ω and 176 ± 6 Ω, respectively (p < 0.05 and p < 0.01 vs. LPS). BA-SG significantly restored TEER values (BA-SG: 190 ± 6 Ω, p < 0.01 vs. LPS) and showed greater ability than that of the BA (p < 0.01) and 6-SG (p < 0.05) alone. Similarly, BA-SG further lowered Evans blue absorbance (0.17 ± 0.02) than BA (0.22 ± 0.04) or 6-SG (0.20 ± 0.03) used alone (p < 0.05, Figure 6D).
The impaired tight junction in MVEC cells was further demonstrated by the immunofluorescence staining of ZO-1 upon the stimulation of LPS (Figures 6E, F). The tight junction protein ZO-1 in the blank tri-culture system was shown as a complete honeycomb structure, but the integrity was damaged after the LPS exposure for 24 h at 1 μg/mL. The single compounds AN, BA and 6-SG, and the AN-SG and BA-SG combinations increased the yellow honeycomb structure compared with the LPS and single component treatment. However, a prominent improved tight junction was seen after the treatment of AN-SG and BA-SG combinations. Compared with the AN and 6-SG used alone, AN-SG showed increased yellow honeycomb for the ZO-1 protein expression. Similarly, the BA-SG combination showed increased yellow honeycomb for the ZO-1 protein expression compared with the single compounds BA and 6-SG.
3.3 Enhanced effects of AN-SG and BA-SG in protecting neuronal survival and attenuating tau phosphorylation in the tri-culture model
3.3.1 Enhanced effects of AN-SG and BA-SG in restoring neuronal survival of N2A cells
The effects of AN, BA, 6-SG, AN-SG or BA-SG at 25 µM on cell viability of N2A cells in the tri-culture system was tested using Alamar blue and MTT assays. In Figure 7A, the Alamar blue assay demonstrated that the cell viability of N2A cells in the LPS group was significantly reduced compared with the blank group (88.23% ± 1.05% vs. Blank = 100%, p < 0.0001) after 24 h’ exposure. All treatments of AN (95.90% ± 2.20%, p < 0.01), 6-SG (93.89% ± 1.46%, p < 0.05) and AN-SG (101.71% ± 3.96%, p < 0.001) significantly restored the cell viability compared with that of LPS. In particular, AN-SG demonstrated the highest cell viability compared to AN (p < 0.05) or 6-SG (p < 0.01) alone. Similarly, in Figure 7B, all the single compounds BA (92.23% ± 4.22% vs. LPS, p < 0.05), 6-SG (94.12% ± 1.46% vs. LPS, p < 0.05) and combination BA-SG (100.21% ± 1.39% vs. LPS, p < 0.001) significantly restored the cell viability. BA-SG displayed the highest cell viability compared to BA or 6-SG (both p < 0.05).
[image: Figure 7]FIGURE 7 | AN-SG and BA-SG exhibited greater restored cell viability in N2A cells of the tri-culture system against the LPS stimulation compared with their corresponding individual component. The Alamar blue assay was evaluated for (A) AN-SG and (B) BA-SG, and the MTT assay on (C) AN-SG and (D) BA-SG. Data are shown as mean ± SEM (n > 3). && p < 0.01, &&&& p < 0.0001 vs. Blank, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 vs. LPS, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 vs. combination, by one-way ANOVA analysis and Tukey test for group comparison in GraphPad Prism 9.
MTT assay was conducted to confirm the data obtained from the Alamar blue assay, which showed a similar trend. In Figure 7C, LPS significantly decreased the cell viability compared with the blank group (87.74% ± 1.19% vs. Blank = 100%, p < 0.0001). AN (92.31% ± 2.68%, p > 0.05), 6-SG (95.55% ± 2.31%, p < 0.01) and AN-SG (101.83% ± 1.72%, p < 0.0001) significantly restored the cell viability compared with that of LPS. AN-SG demonstrated a higher cell viability level compared with AN (p < 0.01) or 6-SG (p < 0.05) alone. Similarly, in Figure 7D, BA-SG (102.97% ± 2.26% vs. LPS, p < 0.0001) also showed significantly enhanced cell viability, which was greater than that of BA (p < 0.0001) or 6-SG (p < 0.001) alone.
3.3.2 Enhanced effects of AN-SG and BA-SG in reducing tau phosphorylation in N2A cells of tri-culture system
Immunofluorescent staining of p-tau protein in N2A cells was conducted to examine the capacity of AN-SG and BA-SG to attenuate p-tau expression in the LPS-induced neuroinflammation tri-culture system. As shown in Figure 8, the phosphorylation of tau protein (red fluorescence) increased significantly in the N2A cells after the LPS exposure for 0.5 h compared to that of the blank control group (Blank: 1.00 ± 0.08, LPS: 5.70 ± 0.20, p < 0.0001). AN, 6-SG and AN-SG appeared to decrease the tau phosphorylation compared with the LPS (Figure 8A). The statistical analysis (Figure 8C) demonstrated that all the treatments have significantly reduced the p-tau accumulation compared with LPS (p < 0.05). Particularly, the p-tau accumulation in AN-SG (1.16 ± 0.01) was significantly lower than that of AN (1.62 ± 0.05) or 6-SG (1.53 ± 0.04) individually (p < 0.05, respectively).
[image: Figure 8]FIGURE 8 | AN-SG and BA-SG exhibited greater p-tau reduction in N2A cells of the tri-culture system against the LPS stimulation compared with their corresponding individual component. Immunofluorescence staining of p-tau for (A) AN-SG and (B) BA-SG groups after the exposure of LPS for 0.5 h. Images were taken by a confocal microscope with × 63 magnification. Blue: DAPI in the nucleus. Red: p-tau in tri-cultured N2A cell lines. Scale bar = 10 μm. Use ImageJ to quantity the tau protein phosphorylation activity. (C, D) Statistical analysis of the p-tau expression by AN-SG and BA-SG using ImageJ. Data are shown as mean ± SEM (n > 3). &&&& p < 0.0001 vs. Blank, ***p < 0.001 vs. LPS, #p < 0.05 vs. combination, by one-way ANOVA analysis and Tukey test for group comparison in GraphPad Prism 9.
Similarly, it was obvious that BA, 6-SG and BA-SG decreased tau phosphorylation compared with the LPS treatment (BA: 1.55 ± 0.06, 6-SG: 1.53 ± 0.04, BA-SG: 1.14 ± 0.02, p < 0.001, respectively, Figures 8B, D). However, BA-SG demonstrated a more effective p-tau reduction compared with the BA or 6-SG alone (p < 0.05, respectively).
4 DISCUSSIONS
This study investigated the anti-neuroinflammatory activities of two combinations, AN-SG and BA-SG, in comparison to that of their individual components in the LPS-stimulated neuroinflammation tri-culture model. Our results demonstrated that these combinations exhibited pronounced effects in suppressing neuroinflammation mediated by N11 microglia cells and, in turn, protecting endothelial tight junction and restoring neuronal cell viability. Noticeably, the combined effects were generally greater than the single component used alone.
Neuroinflammation is a complex inflammatory process in the CNS that plays a vital defensive role against numerous pathogens, toxins, or factors that produce neurodegeneration. Recent research suggested that dysfunctional cell-cell signaling in the NVU is a defining feature of CNS illnesses (Zlokovic, 2005; Benarroch, 2007; Zarekiani et al., 2022). The CNS’s structural and functional integrity is dependent on the function of NVU, which regulates transport across the BBB (Erickson et al., 2020; Pluimer et al., 2020; Salmina et al., 2021). Increasing evidence showed that disruption of functional interactions among the cells in NVU is the early hallmark of Alzheimer’s disease (Montagne et al., 2017; Liebner et al., 2018; Yu et al., 2020).
Our results suggested that the combinations of AN-SG and BA-SG significantly inhibited NO, IL-6, and TNF-α in mono-cultured N11 and the tri-culture cells. Microglia N11 cells are the resident innate immune cells in the NVU and produce several proinflammatory factors (IL-1, TNF-α, NO, PGE2, superoxide) within the brain (Block and Hong, 2005). Among these, high NO levels can increase neuroinflammation leading to tissue damage and neuronal death (Liy et al., 2021). IL-6 is a pleiotropic cytokine that participates in a variety of pathways, including immunological responses, inflammation, hematopoiesis, bone metabolism, and embryonic development (Tanaka et al., 2014). TNF-α is an inflammatory cytokine that promotes apoptosis and activates NF-κB, resulting in the generation of proinflammatory cytokines and glial activation, which leads to neuroinflammation and neuronal death (Jung et al., 2019). NF-κB is the key transcription factor that plays a central role in the neuroinflammatory pathways. It is a crucial regulator of cellular gene transcription that can regulate a variety of cytokines and receptors, such as NO, IL-6 and TNF-α (Zhang and Sun, 2015).
In this study, the single herbal compounds and their combinations effectively inhibited the NF-κB p65 translocation, which partly explains the mechanisms underlying their anti-neuroinflammatory activities. In particular, our results showed that the AN-SG and BA-SG combinations produced greater effects on many neuroinflammatory mediators, including nitrite, IL-6 and TNF-α compared with the single components. To the best of our knowledge, this is the first study that demonstrated the combined effects of AN and 6-SG for anti-neuroinflammatory activity. Our results of the BA-SG combination are somewhat in line with the findings from Suzuki et al., where a combination of aqueous extract of Scutellaria root (BA is a main bioactive ingredient) and 6-SG was shown to produce an advanced effect on cyclic adenosine monophosphate phosphodiesterase inhibitory activity (Suzuki et al., 1991), which may contribute to the attenuated neuroinflammation (Chuang et al., 2017).
In the NVU, astrocytes, microglia and pericytes are directly localized around the endothelial cells to aid the connection between blood supply and metabolic needs and also release several substances that improve and preserve the BBB integrity (Ronaldson and Davis, 2012). Excessive activation of microglia can have a negative impact on the BBB function. In particular, the excessive release of NO and IL-6 from the activated microglia has been demonstrated to impair the BBB’s permeability, enabling potentially toxic chemicals to actively enter the brain (Thiel and Audus, 2001; Mayhan, 2002; Takeshita et al., 2021). The downregulation of paracellular tight-junction proteins such as claudin-5 (CLDN5), occluding, and ZO-1 by reactive microglia and astrocytes are believed to contribute to the leaky BBB (Morris et al., 2018). Numerous studies demonstrated that increased BBB permeability is observed in a variety of neurological and psychiatric disorders, including stroke, epilepsy, amyotrophic lateral sclerosis, Alzheimer’s disease and Parkinson’s disease, implying that the compromised BBB plays a role in the pathogenesis and/or severity of brain diseases (Liu et al., 2015; Patel and Frey, 2015; Małkiewicz et al., 2019; Hussain et al., 2021). Thus, therapeutic targets that could minimize the infiltration and invasion of peripheral chemicals or pathogens into the CNS or reduce damage to the NVU that protect the BBB, hold a high promise for treating chronic neurological illnesses and acute CNS traumas. Our present study showed that AN-SG and BA-SG inhibited the inflammatory mediators of NO, IL-6 and TNF-α, which in turn, led to reduced permeability and restored endothelial tight junction, suggesting their the BBB protective effects against cytokine-mediated damage from microglial cells (Haruwaka et al., 2019). This is consistent with the previous studies where AN and BA were shown to protect against BBB damage induced by the production of pro-inflammatory cytokines, and increase ZO-1 expression to reduce BBB permeability (Zhu et al., 2012; Wang et al., 2022).
Abnormal tau phosphorylation accumulation is a distinguishing characteristic of some neurodegenerative diseases, such as Alzheimer’s disease (Wolfe, 2012). Tau proteins are often seen as microtubule-associated proteins in the brain. They are widely distributed throughout the neurons of the CNS and play a large part in preserving the stability of microtubules in axons (Buée et al., 2000). Abnormal phosphorylation of tau proteins (p-tau) results in impaired microtubule stability and the production of potentially neurotoxic aggregates (Johnson and Stoothoff, 2004). An increasing number of studies indicate that the sustained neuroinflammatory process involving microglia and astrocytes activation significantly contributes to the progression of tau pathology and neurodegenerative diseases, emphasizing the significance of neuroinflammation as a therapeutic target for neurodegenerative diseases (Laurent et al., 2018). In addition, inhibiting microglial inflammatory mediator production was shown to protect neurons and reduce p-tau in the tau transgenic mouse model. Previous animal studies have demonstrated that AN and BA used individually, can reduce p-tau levels (Serrano et al., 2014; Asai et al., 2015; Gu et al., 2016; Patel et al., 2021; Sonawane et al., 2021). The mechanism of action of AN and BA were both related to the activation of the Nrf2-mediated p62 signaling pathway (Serrano et al., 2014; Gu et al., 2018; Sonawane et al., 2021; Shengkai and Yazhen, 2022). However, the evidence for the potential effect of 6-SG to inhibit p-tau level is lacking. Thus, the strengthened p-tau inhibition by AN-SG maybe is predominately caused by AN, which is potentiated by 6-SG. However, if the Nrf2-mediated p62 signaling pathway plays a role in the combined action warrants further investigation. Overall, our results suggested that AN-SG and BA-SG reduced cytokines such as NO, IL-6, and TNF-α, which can protect the BBB tight junction and the neuron survival and lower the p-tau level. These results provide evidence that AN-SG and BA-SG could provide potential benefits for the treatment of neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s disease and multiple sclerosis (Laurent et al., 2018; Singh et al., 2020; Shengkai and Yazhen, 2022). Further study to explore the effects of these combinations on other Alzheimer’s disease-relevant biomarkers, such as Amyloid beta, which is an early event associated with the onset and progression of neurodegeneration (Roy et al., 2020), is warranted.
Previously, we have established the LPS-stimulated neuroinflammation tri-culture model as a quick and practical tool for quick drug-screening targeting neuroinflammation (Zheng et al., 2021). This model was successfully applied in the current study where promising anti-neuroinflammatory, endothelial tight junction protective and neuroprotective effects of three herbal bioactive components and their combinations were demonstrated. However, there are several limitations of this study. Firstly, the study focused on the NF-κB nuclear translation pathway as an associated mechanism of AN-SG and BA-SG against neuroinflammation. Other pathways or key gene targets that play major roles in modulating microglia-induced neuroinflammation, such as Nrf-2/HO-1, nucleotide-binding oligomerization domain-like receptor protein three inflammasome, and mitogen-activated protein kinase pathways, were not investigated (Bernhardi, 2009; Song et al., 2017; Chen et al., 2020; Upadhayay and Mehan, 2021). Secondly, the combinations demonstrated an enhanced effect on the biomarkers related to neuroinflammation, endothelial tight junction and neuronal survival in the in vitro tri-culture system; these effects were not validated in the whole organism. Thirdly, the effects of the herbal components and their combinations were investigated at only one concentration (25 µM) in this study. Lastly, since synergy quantified needs have a range of doses to get linear dose–effect curves (Foucquier and Guedj, 2015), the consequences can only be described as an enhanced effect. Nonetheless, the enhanced effects of the two herbal combinations against neuroinflammation in our study provide valuable evidence to warrant further investigation of these combinations in the animal and human studies as potential therapy options for neurodegenerative diseases.
5 CONCLUSION
The present study evaluated the anti-neuroinflammatory effects of AN, BA, 6-SG and two of their combinations, AN-SG and BA-SG in a tri-culture model. Our findings revealed that AN-SG and BA-SG exhibited greater anti-neuroinflammatory activities in the microglia cells compared to their individual components, and in turn produced a greater endothelial tight junction protection and improved neuronal survival. Future study is warranted to further explore the potential of AN-SG and BA-SG as anti-neuroinflammatory and neuroprotective agents for neurodegenerative diseases in animal and clinical studies.
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Objectives: This study compared different extraction methods of Yizhiqingxin formula (YQF) and its neuroprotective effects based on pharmacodynamic indices such as learning and memory ability, brain tissue histopathology and morphology, and inflammatory factor expression in a mouse model of Alzheimer’s disease (AD).

Methods: The pharmaceutical components of YQF were extracted using three extraction processes, and the components were analyzed by high performance liquid chromatography. Donepezil hydrochloride was used as a positive control drug. Fifty 7–8-month-old 3 × Tg AD mice were randomly divided into three YQF groups (YQF-1, YQF-2, and YQF-3), a donepezil group, and a model group. Ten age-matched C57/BL6 mice were used as normal controls. YQF and Donepezil were administered by gavage at a clinically equivalent dose of 2.6 and 1.3 mg⋅kg–1⋅d–1, respectively, with a gavage volume of 0.1 ml/10 g. Control and model groups received equal volumes of distilled water by gavage. After 2 months, the efficacy was evaluated using behavioral experiments, histopathology, immunohistochemistry, and serum assays.

Results: The main components in YQF are ginsenoside Re, ginsenoside Rg1, ginsenoside Rb1, epiberberine, coptisine chloride, palmatine, berberine, and ferulic acid. YQF-3 (alcohol extraction) has the highest content of active compounds, followed by YQF-2 (water extraction and alcohol precipitation method). Compared to the model group, the three YQF groups showed alleviated histopathological changes and improved spatial learning and memory, with the effect in YQF-2 being the most significant. YQF showed protection of hippocampal neurons, most significantly in the YQF-1 group. YQF significantly reduced Aβ pathology and tau hyperphosphorylation, decreased expressions of serum pro-inflammatory factors interleukin-2 and interleukin-6 as well as serum chemokines MCP-1 and MIG.

Conclusion: YQF prepared by three different processes showed differences in pharmacodynamics in an AD mouse model. YQF-2 was significantly better than the other extraction processes in improving memory.

KEYWORDS
Yizhiqingxin formula (YQF), Alzheimer’s disease, mice, Chinese medicine, pharmaceutical technology


1. Introduction

Alzheimer’s disease (AD), a type of dementia, is a common clinical neurodegenerative disease in the elderly that seriously affects learning and memory functions as well as daily behavioral abilities and brings a heavy burden to families and society. Studies on AD have shown a plethora of genes that can be grouped into a polygenic risk score (Scheltens et al., 2021); however, there is a lack of effective therapeutic drugs that are known to treat AD. Therefore, traditional Chinese medicine (TCM) compounds and their extracts are important in the prevention and treatment of AD with multichannel and multitarget therapeutic characteristics (Pei et al., 2020). The Yizhiqingxin formula (YQF) is based on the TCM theory of dementia “deficiency, stasis, and toxicity,” and is composed of Panax ginseng C.A.Mey (Renshen), Coptis chinensis Franch (Huanglian), and Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong) in a ratio of 9:5:6. It can significantly improve spatial learning and memory capacity in AD model mice, delay the pathological processes of AD, and exert therapeutic effects by regulating oxidative stress and neuroinflammation, according to basic research (Yang et al., 2019; Ma et al., 2020). It has good potential as a novel drug. To further expand the clinical applications of YQF and develop a safe and effective TCM compound, we designed three compound extraction processes combining the physicochemical characteristics of the medicinal components in the compound, and we selected donepezil hydrochloride, which has definite efficacy in AD, as a control drug for observation. The efficacy of YQF prepared by three different extraction processes was evaluated in the AD mouse model using behavioral and pathological efficacy indexes to evaluate the extraction processes and provide an experimental basis for future studies.



2. Materials and methods


2.1. Animals

In this study, 50 male 3 × Tg AD mice (7–8 months) were used as model mice (No: 14002A), with 10 male wild-type C57/BL6 mice as normal controls. All animals were purchased from Beijing HFK Bioscience Co., Ltd., (Beijing, China). Animal experiments were approved by the Ethics Committee of Xiyuan Hospital of the China Academy of Chinese Medical Sciences (No. 2021XLC032-2). All animals were housed in an specific-pathogen-free animal room at Xiyuan Hospital, Chinese Academy of Traditional Chinese Medicine at 22 ± 3°C with a 12 h/12 h light–dark cycle, 50% ± 10% relative humidity, and ad libitum water and food. Animals were acclimatized to their environment for 1 week before experiments.



2.2. Drugs, chemicals, and reagents

YQF consists of Panax ginseng C.A.Mey (Renshen), Coptis chinensis Franch (Huanglian), and Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong). These herbs were purchased from Hebei Baicao Kangshen Pharmaceutical Co., Ltd., (Hebei, China). Donepezil hydrochloride (production lot No. 2104113; Shenzhen Anlixin, Shenzhen, China) was purchased from Eisai (Tokyo, Japan). Ginsenosides Rg1 reference substance, purity 99.70% (A0237); ginsenosides Re reference substance, purity 99.52% (A0244); ginsenosides Rd reference substance, purity 98.55% (A0245); ginsenosides Rb1 reference substance, purity 98.58% (A0234); ferulic acid reference substance, purity 99.32% (A0050); provided by Chengdu Desite Biotechnology Co., Ltd., Chengdu, China. Ginsenosides Rh2 reference substance, purity 98% (B21729); Ginsenosides Rg2 reference substance, purity 98% (B21727); epiberberine reference substance, purity 98% (B20108); coptisine chloride reference substance, purity 98% (B21438); palmatine reference substance, purity 98% (B21646);berberine reference substance, purity 98% (B21379); and provided by Shanghai Yuanye Biotechnology Co., Ltd., Shanghai, China.



2.3. Instruments and equipment

The following instruments and equipment were used for experiments: Morris water maze (MWM; ZS-001; Beijing Zhongshidichuang Science and Technology Development Co., Ltd., Beijing, China); fluorescence microscope (Eclipse E100; Nikon, Tokyo, Japan); imaging system (DS-U3; Nikon); flow cytometer (NovoCyte D1040; Hangzhou Essen Pharmaceutical Research Co., Ltd., Hangzhou, China); QBplex® EZPrep plate washer (VM1001; Beijing Kuangbo Biotechnology Co. Ltd., Beijing, China).



2.4. Yizhiqingxin formula extraction processes

YQF-1: raw herbs were firstly decocted for 1.5 h in water in an amount of eight times the weight of materials. Then filtered to get the residue and decocted again for 1 h with six times amount of water. Combined filtrates were concentrated to 384 ml (1.04 g/ml). YQF-2: raw herbs were firstly decocted for 1.5 h in water in an amount of eight times the weight of materials. Then filtered to get the residue and decocted again for 1 h with six times amount of water. Combined filtrates were concentrated to 400 ml and ethanol was added to make the alcohol content to 60% (632 ml). The solution was allowed to stand for 24 h and filtered. Then, ethanol was removed, and the total amount of solution was adjusted to 384 ml (1.04 g/ml). YQF-3: Reflux Extracted twice for 2 h each with 75% ethanol in the amount of six times the volume of raw drugs. Combined filtrates and removed ethanol. Then the solution was adjusted to 384 ml. All extracted solutions (1.04 g/ml) were stored at 4°C and equilibrated to room temperature before administration by gavage. After drying, we got YQF-1 powder 58.2 mg/ml, YQF-2 powder 71 mg/ml, and YQF-3 powder 112.2 mg/ml.



2.5. High-performance liquid chromatography (HPLC) analysis of YQF

The reference standards or YQF powder were precisely weighed and dissolved with methanol solution. Inertsil C18 (150 mm × 4.6 mm, 5 μm) was used as the stationary phase for the chromatographic separation. The compounds were identified by individual peak retention times compared to reference substances. The detection wavelength of the main components of Panax ginseng C.A.Mey (Renshen) in YQF was 203 nm, with a column temperature at 35°C. The flow rate was 1 ml/min and the total injection volume was 20 μL. The mobile phase consisted of solvent A (acetonitrile) and solvent B (water) with the following gradient elution: 18% A at 0–40 min; 21% A at 40–42 min; 26% A at 42–46 min; 32% A at 46–66 min; 33.5% A at 66–71 min; 38% A at 71–86 min; 65% A at 86–96 min; 85% A at 96–103 min (Guo, 2014). The detection wavelength of the main components of Coptis chinensis Franch (Huanglian) in YQF was 345 nm, with a column temperature at 25°C. The flow rate was 1 mL/min, and the total injection volume was 5 μL. The mobile phase consisted of 70% solvent A (0.05% trifluoroacetic acid) and 30% solvent B (acetonitrile). The detection wavelength of the main components of Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong) in YQF was 294 nm, with a column temperature at 30°C. The flow rate was 1 mL/min, and the total injection volume was 5 μL. The mobile phase consisted of 60% solvent A (0.05% trifluoroacetic acid) and 40% solvent B (methanol).



2.6. Drug administration

Mice in the YQF-1, YQF-2, and YQF-3 groups were administered clinically equivalent doses of 2.6 g⋅kg–1⋅d–1 (Yang et al., 2019), and donepezil mice were administered clinically equivalent doses of 1.3 mg⋅d–1. The control group and the model group received the same volumes of distilled water by gavage. Gavage was administered once a day for 2 months. Two animals in the model group, One animal in the YQF-2 group and two animals in the YQF-3 group died before the end of the experiments.



2.7. Sample collection and preparation

After behavioral experiments, blood and brain tissues were collected. Blood was placed in centrifuge tubes, left for more than 1 h at room temperature, centrifuged (3,000 rpm, 10 min) to collect the serum, and stored at −80°C for examination. Brains were removed, and sagittally cut into left and right hemispheres, fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned.



2.8. Behavioral experiments

MWM was performed after the end of the gavage. The day before MWM testing, each experimental mouse was placed into the pool without a platform for 60 s to adapt to the environment. For training, spatial navigation experiments were performed for five consecutive days; each mouse was trained twice a day for 60 s each using different entry points. The mice were placed in the water facing the wall of the pool, and the time between entering the water and finding the escape platform (with all limbs on the platform for 6 s; escape latency) was recorded using a video tracking system. On day 6, the escape platform was removed for spatial exploration experiments; mice were placed in the water facing the wall of the pool (at the midpoint of the third quadrant), and the number of times the mouse crossed the original platform area within 60 s was recorded, the time in the target quadrant and distance moved in the target quadrant were also recorded to examine memory of the target quadrant where the original platform was located. A quiet environment with a stable light source and a water temperature of 23 ± 1°C were maintained during experiments.



2.9. Histopathological observation of brain tissue

Brain tissues were embedded in paraffin and sectioned. Then sections were processed as follows: Xylene for 20 min, two times; 100% ethanol for 5 min, two times; 75% ethanol for 5 min; and tap water rinsing. Sections were subjected to hematoxylin–eosin (HE) and toluidine blue (Nissl) staining. Hematoxylin–Eosin Staining Kit (G1003; Wuhan Servicebio Technology Co., Ltd., Wuhan, China) was used for HE staining, and Toluidine blue staining solution (G1032; Wuhan Servicebio Technology Co., Ltd.) was used for Nissl staining.



2.10. Multiplex immunoassays for flow cytometry

IL-2, IL-4, IL-6, IL-12p70, IL-17A, IP-10, MCP-1, MCP-3, IFNγ, RANTES, MIG, Eotaxin, and keratinocyte-derived chemokine (KC) were measured using Mouse Group 1 16-plex kit (C261116; Beijing QuantoBio Biotechnology Co., Ltd., Beijing, China) in this experiment. Briefly, 45 μl/well of serum sample and 45 μl/well of mixed capture beads were added in a 96-well plate, shaken and incubated in darkness for 60 min at room temperature, and washed in 100 μl/well washing buffer for three times. Then, 25 μl/well of biotin-conjugated antibodies was added, shaken and incubated in darkness for 30 min at room temperature, followed by three washings in 100 μl/well washing buffer. Next, 25 μl/well of streptavidin-PE was added, shaken and incubated in darkness for 20 min at room temperature. After three times of washing with 100 μl/well washing buffer, 150 μl/well of Reading buffer was added and the fluorescence signals were detected using flow cytometer (NovoCyte D1040; Hangzhou Essen Pharmaceutical Research Co., Ltd., Hangzhou, China). FCAP Array 3.0 software was used to analyze the levels of chemokines and inflammatory factors.



2.11. Immunohistochemistry

After deparaffinized and gradual hydration through graded alcohols, paraffin sections of brain tissue were immersed in EDTA antigen retrieval buffer (pH 6.0) and maintained at a sub-boiling temperature for 9 min, standing for 7 min and then followed by another sub-boiling temperature for 7 min. Sections were washed three times for 5 min each in PBS (pH 7.4). 3% bovine serum albumin was added to block non-specific binding for 30 min. Sections were incubated with the P-tau (Thr212/Ser214) primary antibody (1:200, MN1060; Thermo Fisher Scientific, Waltham, MA, USA), Aβ primary antibody (1:200, GB11197; Wuhan Servicebio Technology Co., Ltd.), or P-tau (Thr205/Ser202) primary antibody (1:200, GB113883; Wuhan Servicebio Technology Co., Ltd.) overnight at 4°C, washed three times for 5 min each in PBS, and incubated with secondary antibodies (HRP labeled) goat anti-rabbit (1:200, GB23303; Wuhan Servicebio Technology Co., Ltd.) or goat anti-mouse (1: 200, GB23301; Wuhan Servicebio Technology Co., Ltd.) at room temperature for 50 min. After three 5-min washed in PBS, DAB chromogenic agent (G1211; Wuhan Servicebio Technology Co., Ltd.) was added. After nucleus counterstaining and dehydration through graded alcohols, sections were sealed and examined with a microscope.



2.12. Statistical methods

Data were statistically analyzed using SPSS 22.0 software (IBM Corp., Armonk, NY, USA). Quantitative data were normalized and are expressed as mean ± SEM. Comparison between groups were performed using one-way ANOVA, and Least significance difference (LSD) post hoc test. The MWM latency data were analyzed using a repeated-measures analysis of variance. All tests were two-sided with an α of 0.05 and statistical significance threshold of P < 0.05.




3. Results


3.1. Bioactive components of YQF

Yizhiqingxin formula (YQF) consist of Panax ginseng C.A.Mey (Renshen), Coptis chinensis Franch (Huanglian), and Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong) in a ratio of 9:5:6. High-Performance Liquid Chromatography (HPLC) Analysis of YQF showed the main bioactive components in Figure 1. Specifically speaking, ginsenosides Rg1, ginsenosides Re, ginsenosides Rd, ginsenosides Rh2 in Panax ginseng C.A.Mey (Renshen) (Figures 1A, B); epiberberine, coptisine chloride, palmatine, and berberine in Coptis chinensis Franch (Huanglian) (Figure 1C); ferulic acid in Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong) (Figure 1D). Table 1 shows the quantification of bioactive components of YQF. The contents of each component were the most in YQF-3 and the least in YQF-1.
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FIGURE 1
The chromatographic profile of Yizhiqingxin formula (YQF). Major compounds of (A,B) Panax ginseng C. A. Mey (Renshen), (C) Coptis chinensis Franch (Huanglian) and (D) Ligusticum chuanxiong S. H. Qiu, Y. Q. Zeng, K. Y. Pan, Y. C. Tang, and J. M. Xu (Chuanxiong) in YQF compared to reference standards, 1: ginsenosides Rg1; 2: ginsenosides Re; 3: ginsenosides Rb1; 4: ginsenosides Rg2; 5: ginsenosides Rd; 6: ginsenosides Rh2; 7: epiberberine; 8: coptisine chloride; 9: palmatine; 10: berberine; 11: ferulic acid.



TABLE 1    Quantification of bioactive components of Yizhiqingxin formula (YQF).
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3.2. Effects of YQF on learning and memory ability

There were no significant differences in the swimming speeds of within in each group (P > 0.05), and effects on locomotor ability could be excluded. Compared to the control group, the model group showed significantly longer escape latencies (P = 0.000) and significantly fewer platform crossings (P = 0.026), suggesting impaired spatial learning memory ability in AD mice. The following intra-group comparisons were performed: after 5 days of repeated training (twice daily), compared to day 1, escape latency was significantly shorter starting on day 3 in the Donepezil (P = 0.003), YQF-2 (P = 0.014), and YQF-3 (P = 0.039) groups, and day 4 in the YQF-1 group (P = 0.032). Escape latency was reduced to different degrees on the training days, suggesting that experimental mice formed a stable spatial reference memory for the fixed platform position. Between-group comparisons showed that the escape latency in the donepezil group was significantly lower on day 4 than that of the model group (P = 0.003); on the same day, compared to the model group, escape latencies in YQF-2 group were significantly lower (P = 0.029). These results suggested that donepezil and YQF-2 could improve the learning and memory abilities of AD mice. These results are depicted in Figure 2 and Supplementary data 1.
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FIGURE 2
Effects on learning and memory ability in Alzheimer’s disease (AD) mice; Latency data were analyzed by ANOVA with repeated measures design information, and other data were analyzed by one-way ANOVA, presented as mean ± SEM, n = 8–10; *P < 0.05, compared to the model group. (A) Escape latency, (B) swimming speed, (C) platform crossover number, (D) representative swimming paths, (E) time in target quadrant, and (F) distance in target quadrant. ◆P < 0.05 for latency data between groups on the same day compared with the model group, and #P < 0.05 for latency data within groups compared with the first day.




3.3. Histopathological changes of the hippocampus

HE staining was used to observe changes in hippocampal morphology in each group (Figure 3). Compared to the control group, more intensely stained eosinophilic cells were observed in the model group, with a relatively loose cell arrangement, reduced cell number, and unclear or absent nuclei. The donepezil and YQF groups showed different degrees of improvement, with clear cell borders, relatively neat and dense arrangement, clear nucleoli, fewer eosinophilic cells, and more cells with blue-purple cytoplasm, suggesting that the administration of donepezil could reduce neuronal signs of aging and neurodegeneration and repair pathological signs in the hippocampus. The morphologies of the donepezil and YQF-2 groups were clearly different from the other groups.
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FIGURE 3
Pathological morphology of the hippocampus in each group; Hematoxylin–eosin (HE) staining of the CA1 region (A) of the hippocampus and dentate gyrus (DG) region (B) in each group, n = 3.




3.4. Effects of YQF on hippocampal neurons

The effect of YQF on neurons was evaluated using Nissl staining (Figure 4). Morphologically, neurons in the CA1 and dentate gyrus (DG) regions of the hippocampus in the control group were neatly and densely organized, with deep cytoplasmic staining and a high number of Nissl bodies. Neurons in the model group showed relatively lighter blue staining, with a reduced number of Nissl bodies and relatively loosely arranged cells. In the YQF groups, there was stronger cytoplasmic staining and neurons were densely arranged. Quantitatively, in the CA1 region of the hippocampus, neuron numbers were significantly higher in the YQF-1 (P = 0.000) group compared to the model group, while neuron numbers were significantly higher in the donepezil group (P = 0.026) in the DG region of the hippocampus, suggesting that YQF can protect hippocampal neurons to some extent and prevent degenerative necrosis.
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FIGURE 4
Effects on hippocampal neurons in each group; Nissl staining of the CA1 (A,B) and dentate gyrus (DG) regions (C,D) of the hippocampus in each group. Data were analyzed by one-way ANOVA, presented as mean ± SEM, n = 3, *P < 0.05 compared to the model group.




3.5. Effects of YQF on Aβ pathology in the hippocampus

Immunohistochemistry was used to evaluate the effects of YQF on Aβ pathology in the CA1 region of the hippocampus. Compared to the control group, there was significantly more Aβ labeling in the CA1 region in model mice, and positive staining in the CA1 region was significantly lower in the donepezil (P = 0.006), YQF-1 (P = 0.005), YQF-2 (P = 0.001), and YQF-3 (P = 0.001) groups (Figure 5).
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FIGURE 5
Effects on Aβ pathology in the hippocampus in each group; Aβ pathology of the hippocampus CA1 region (A) and quantitative analysis (B) in each group. Data were analyzed by one-way ANOVA, presented as mean ± SEM, n = 3, *P < 0.05 compared to the model group.




3.6. Effects of YQF on tau protein hyperphosphorylation in the hippocampus

Immunohistochemistry was used to evaluate the effects of YQF on tau hyperphosphorylation in the CA1 region of the hippocampus. Compared to the control group, p-tau labeling (Ser202/Thr205) was significantly higher in the model group and lower in the donepezil (P = 0.012), YQF-1 (P = 0.009), and YQF-2 (P = 0.006) groups (Figures 6A, B). And p-tau (Ser214/Thr212) labeling has the same tendency (Figures 6 C, D).
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FIGURE 6
Effects on tau protein hyperphosphorylation in the hippocampus in each group; Immunohistochemically labeled p-tau (Ser202/Thr205) (A,B) and p-tau (Thr212/Ser214) (C,D) in each group. Data were analyzed by one-way ANOVA, presented as mean ± SEM, n = 3; *P < 0.05, compared to the model group.




3.7. Effects of YQF on serum inflammatory factors and chemokines

Serum inflammatory factors and chemokines were evaluated using a high-throughput serum multifactor assay. Regarding the serum inflammatory factors (Figure 7), compared to the control group, serum interleukin IL-2 (P = 0.000), IL-6 (P = 0.000) were significantly higher in the model group and IL-4 was significantly lower in the model group (P = 0.043). The donepezil, YQF-1, YQF-2, and YQF-3 groups showed significantly lower expression of IL-2 and IL-6 (P = 0.000), and with significantly higher IL-4 levels in the YQF-1 group (P = 0.007).
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FIGURE 7
Effects on serum inflammatory factors in each group; data were analyzed by one-way ANOVA, presented as mean ± SEM, n = 6; *P < 0.05, compared to the model group.


Regarding the serum chemokines (Figure 8), compared to the control group, Interferon-gamma induced protein 10 (IP-10) (P = 0.042), monocyte chemotactic protein (MCP)-1 (P = 0.000), monocyte chemotactic protein (MCP)-3 (P = 0.022), Interferon gamma (INFγ) (P = 0.034), and monokine induced by IFN-γ (MIG) (P = 0.000) were significantly higher in the model group, while regulated activation normal T cell expressed and secreted (RANTES), exotaxin, and KC were not significantly different between the control and model groups. The donepezil, YQF-1, YQF-2, and YQF-3 groups showed significantly reduced MCP-1 and MIG levels (P = 0.000), suggesting reduced peripheral inflammation levels. Additionally, the YQF-1 group showed significantly higher RANTES (P = 0.010), γ-inducible protein (IP)-10 (P = 0.003) and Eotaxin levels (P = 0.005).
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FIGURE 8
Effects on serum chemokines in each group; data were analyzed by one-way ANOVA, presented as mean ± SEM, n = 6; *P < 0.05, compared to the model group.





4. Discussion

Patients with AD generally have a long illness duration and poor compliance; therefore, compared to the traditional individual Chinese medicine compound decoction method, the preparations of Chinese medicines based on the established modern Chinese medicine compound extraction processes are stable and convenient to take, which makes them more suitable for “simple, effective, and inexpensive” medicine and long-term use by patients with AD. The development of a Chinese medicine compound with definite efficacy in AD treatment will be beneficial, showing the therapeutic advantages of TCM and meeting the demand for new drug developments. Previous studies have confirmed that crude extract of YQF can effectively improve spatial learning and memory abilities of aged rats and APP/PS1 model mice, improve histopathological and morphological characteristics in rats, significantly increase acetylcholine and IL-10 levels, reduce the expression of inflammatory factors such as TNF-α and IL-6, and activate the BDNF/TrkB pathway to exert neuroprotective effects, suggesting that it has good clinical prospects in the treatment of AD (Yang et al., 2019; Ma et al., 2020).

The water extraction method is close to the “traditional preparation,” with low cost and a simple process, but the scope of its application is small, and many active ingredients with small polarity are not easily extracted, water-soluble components such as polysaccharides, glycosides and alkaloids can be easily extracted. Alcohol precipitation method is a purification and refining method commonly used in water extraction of TCM. By alternating treatment of water and different concentrations of ethanol, alkaloids, glycosides, amino acids, organic acids and other components can be retained, and impurities such as protein, gelatinized starch, lipid-soluble pigment, resin, and some sugars can be removed to further enrich the effective components. Ensure the maximum utilization of raw materials. Ethanol has better solubility, shorter extraction time, and less dissolved water-soluble impurities. Ethanol is a common organic solvent that can increase the extraction rate and is less toxic but flammable. The main active components in Panax ginseng C.A.Mey (Renshen) are ginsenosides, and ethanol extraction can reduce the dissolution of other impurities. The main components of Coptis chinensis Franch (Huanglian) are alkaloids and flavonoids, which have certain solubility in water. For Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong), the following two treatment methods can be used: (1) Extracting Chuanxiong with other herbs by decocting; (2) The volatile oil of Chuanxiong was extracted by steam distillation, and the residue of Chuanxiong was extracted by decocting together with other herbs. Considering that there are few kinds of materials containing volatile oil in YQF, and the content of volatile oil in Chuangxiong is low, in order to simplify the technological process, it is proposed to use the decoction method to extract Chuangxiong together with other herbs. In order to complete the preclinical study of the innovative TCM YQF for the treatment of AD, considering the pharmacological effects of each herb in YQF and the physical and chemical properties of the main components, we designed three preparations, namely “water extraction” (YQF-1), “water extraction and alcohol precipitation method” (YQF-2), and “alcohol extraction” (YQF-3). Specific extraction methods were determined by the Preparation Department of Xiyuan Hospital, Chinese Academy of Traditional Chinese Medicine.

The effective components of the three methods were preliminarily explored and quantitatively analyzed by HPLC (Figure 1 and Table 1). The main components in YQF are ginsenoside Re, ginsenoside Rg1, ginsenoside Rb1, epiberberine, coptisine chloride, palmatine, berberine, and ferulic acid. Different extraction processes have a great impact on the content of the effective components of the extracted drugs. The results showed that YQF-3 (alcohol extraction) has the highest content of active compounds, followed by YQF-2 (water extraction and alcohol precipitation method). The YQF-1 (water extraction) has the lowest content of active compounds. The active components of ginseng, protopanaxatriol saponins Re and Rg1, are more polar, while the protopanaxadiol saponin Rb1 contains more glycosyl groups (hydroxyl groups), making aqueous extraction more efficient. Alcohol extraction can increase the extraction rate of ginsenosides to diol-type saponins (Gong et al., 2014). The alkaloids berberine, epiberberine, xanthophylline, and palmatine, which are the main pharmacologically active components of Coptis chinensis Franch (Huanglian), are more polar and can be extracted with water or ethanol, but the extraction efficiency is higher in ethanol (Liu et al., 2006). Ferulic acid, a phenolic acid, has a high content in Ligusticum chuanxiong S.H.Qiu, Y.Q.Zeng, K.Y.Pan, Y.C.Tang and J.M.Xu (Chuanxiong), its water solubility is poor, but its alcohol solubility is good, and the ethanol extraction rate is relatively high (Yang et al., 2012). Differences in polarity, solubility, and other characteristics of the active ingredients of Chinese herbal medicines have led to slight differences in the compositions and contents of extracts in different solvents, which may be one of the reasons for the differences in the present results.

Ginsenoside Rg1, ginsenoside Re, and coptisine have been detected in the brain of in SAMP8 mice after YQF treatment, showing protective roles (Yang Y. et al., 2017). Impaired learning memory capacity is one of the most significant clinical symptoms of AD, and pathological changes such as Aβ pathology, tau hyperphosphorylation, and inflammation-related indicators can reflect the severity of the disease and are often used as indicators of treatment efficacy. Studies have confirmed that a variety of active ingredients such as ginsenosides, alkaloids, and ferulic acid can play important roles in the prevention and treatment of AD by improving learning and memory and reducing AD pathology and inflammation levels via multiple pathways (Sheng et al., 2015; Yang W. T. et al., 2017; Jung et al., 2009; Singh et al., 2021). Ginsenosides negatively regulate β-secretase activity, where Rb1 and Rb2 exhibit a high binding affinity for β-secretase (Choi et al., 2016), while ginsenoside Re activates PPARγ (Cao et al., 2016), ginsenoside Rg1 suppresses PPARγ-regulated BACE1 activity (Chen et al., 2012), and ginsenoside Rd increases sAPPα expression levels (Yan et al., 2017), which ultimately reduces neurotoxic Aβ production. In addition, ginsenoside Rb1 and Rd can inhibit tau protein hyperphosphorylation (Li et al., 2011; Zhao et al., 2013). Berberine reduces Aβ in the brain of AD mice (Ye et al., 2021; Wang Y. Y. et al., 2021), and reduces the tau hyperphosphorylation in the hippocampus of AD mice (He et al., 2017). Ferulic acid also improved Aβ plaque deposition and spatial memory deficits (Wang N. Y. et al., 2021).

It is of great significance for developing safe, effective, quality-controlled and innovative Chinese medicines to screen and evaluate the rationality of the extraction process by pharmacodynamic indicators. To further explore these preparation processes and their efficacy and provide an experimental basis for future translational studies, the present study evaluated three preparations, namely “water extraction” (YQF-1), “water extraction and alcohol precipitation method” (YQF-2), and “alcohol extraction” (YQF-3), in AD treatment. The 3 × Tg AD mice selected for this study are an ideal AD model showing obvious behavioral abnormalities after 6 months of age and age-related Aβ pathology and tau hyperphosphorylation (Oddo et al., 2003; Billings et al., 2005). In the present study, 7–8-month-old AD mice were evaluated for the efficacy of three YQF extraction processes after 2 months of treatment, showing the following results: (1) different degrees of improved spatial learning and memory and histopathological morphology in AD mice, with more significant effects for YQF-2; (2) different degrees of protective effects on hippocampal neuron morphology, with the most significant effects on CA1 neuron number for YQF-1; (3) the effects of YQF-1, YQF-2 and YQF-3 on Aβ pathology in the CA1 region were both significant (4) reduced hyperphosphorylation of tau Ser202/Thr205 sites, with no effect of YQF-3; (5) reduced expression of serum pro-inflammatory factors IL-2, IL-6 and serum chemokines MCP-1, MIG. Furthermore, YQF-1 not only significantly increased the level of anti-inflammatory factor IL-4 but also increased the expression of pro-inflammatory factor IL-17A. RANTES, IP-10 and Eotaxin were also increased after YQF-1 intervention, but the roles of RANTES, IP-10 and Eotaxin remain controversial in AD.

The present study confirmed the efficacy of YQF as an adjunctive treatment in AD model mice. In general, although the extract contents of the three processes are slightly different, YQF of the three processes can significantly improve the main pathological features of AD, Aβ and hyperphosphorylation of tau protein, and can reduce the level of inflammation in serum. Besides, YQF-2 can significantly improve the learning and memory ability, while YQF-1 and YQF-3 have no significant effect; YQF-1 had a statistically significant protective effect on neurons, and YQF-2 and YQF-3 had the same trend. Limited by the experimental conditions, we only made a rough analysis and quantification of some possible components of YQF. However, the chemical composition of Chinese herbal compounds is complex, there are still many effective components that could not be analyzed in this experiment. Moreover, the number of experimental animals in each group is relatively small, which may also lead to the differences in the above results. In the follow-up studies, more systematic medicinal chemistry and pharmacokinetics studies are needed to optimize the extraction process considering economic costs and the feasibility of industrialization and promotion in addition to comparisons of pharmacodynamics to screen for materials. Different experimental models and efficacy indicators, and expand sample size are also needed to further provide a basis for preclinical research of YQF.
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Post-stroke cognitive impairment, is a major complication of stroke, characterized by cognitive dysfunction, which directly affects the quality of life. Post-stroke cognitive impairment highlights the causal relationship between stroke and cognitive impairment. The pathological damage of stroke, including the increased release of excitatory amino acids, oxidative stress, inflammatory responses, apoptosis, changed neurotrophic factor levels and gene expression, influence synaptic plasticity. Synaptic plasticity refers to the activity-dependent changes in the strength of synaptic connections and efficiency of synaptic transmission at pre-existing synapses and can be divided into structural synaptic plasticity and functional synaptic plasticity. Changes in synaptic plasticity have been proven to play important roles in the occurrence and treatment of post-stroke cognitive impairment. Evidence has indicated that Chinese herbal drugs have effect of treating post-stroke cognitive impairment. In this review, we overview the influence of pathological damage of stroke on synaptic plasticity, analyze the changes of synaptic plasticity in post-stroke cognitive impairment, and summarize the commonly used Chinese herbal drugs whose active ingredient or extracts can regulate synaptic plasticity. This review will summarize the relationship between post-stroke cognitive impairment and synaptic plasticity, provide new ideas for future exploration of the mechanism of post-stroke cognitive impairment, compile evidence of applying Chinese herbal drugs to treat post-stroke cognitive impairment and lay a foundation for the development of novel formulas for treating post-stroke cognitive impairment.
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1. Introduction

Post-stroke cognitive impairment (PSCI), one of the major complications after stroke, occurs in the 3 to 6 months after stroke onset and is characterized by impairment of cognitive function (Mijajlović et al., 2017; Rost et al., 2022). Nowadays, about one-third of stroke survivors manifest considerable cognitive impairment within a few months after stroke (Gorelick et al., 2011). Based on the analysis of the cognitive status of 3,146 patients of stroke (97%) or transient ischemic attack (3%) from eight countries, Lo et al. found that within 2 to 6 months after stroke, 44% of patients were found overall cognitive impairment and 30–35% of stroke survivors had the impairment in a single cognitive domain (Lo et al., 2019). PSCI can affect quality of life, prevent patients from participating in social activities, and increase the burden on families (Zhang and Bi, 2020).

PSCI highlights the causal relationship between stroke and cognitive impairment. Thus, understanding the complex pathological mechanism between stroke events and cognitive disorders is essential for the development of targeted intervention and treatment strategies. Evidence shows that stroke induces synaptic plasticity impairment, which may be a potential mechanism for PSCI (Joy and Carmichael, 2021). Synaptic plasticity refers to the activity-dependent changes in the strength of synaptic connections and efficiency of synaptic transmission at pre-existing synapses (Mateos-Aparicio and Rodríguez-Moreno, 2020). It can be divided into structural synaptic plasticity and functional synaptic plasticity (Figure 1). Structural synaptic plasticity refers to adaptive changes in the synaptic ultrastructure such as number, density, and distribution of synapses, highlighting the strength of synaptic connections (Sadigh-Eteghad et al., 2018). Functional synaptic plasticity refers to the efficacy of synaptic transmission, including long-term potentiation (LTP) and long-term depression (LTD). Synaptic plasticity is closely related to the recovery and improvement of cognitive impairment, the increase in the strength of synaptic connections and efficiency of synaptic transmission directly upregulate the processing and storage of information within the central nervous system, thus improving the cognitive function (Raven et al., 2018).
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FIGURE 1
Synaptic plasticity can be categorized into structural synaptic plasticity (A) and functional synaptic plasticity (B). Structural synaptic plasticity panel (A) refers to the number, density, distribution of synapses, and highlights the strength of synaptic connections. Functional synaptic plasticity panel (B) refers to the efficiency of synaptic transmission, and includes NMDAR-dependent LTP and NMDAR-dependent LTD. GAP-43, PSD-95, Syn, CaMKII, NMDAR, and AMPAR are synaptic plasticity-related proteins, which play important roles in mediating changes in synaptic morphology, structure, and density and in the function of inter-synaptic information transfer.


Currently, there is limited evidence to support the effectiveness of therapeutic strategies in the treatment of PCSI. Considering their overlap with the neuropathological mechanisms of PSCI (Mok et al., 2017), the choice of treatments for PCSI currently relies on the evidence of the drugs used in the treatment of vascular cognitive impairment, vascular dementia, and Alzheimer’s disease (Wang et al., 2021). In terms of Western medicine treatment options, donepezil, an acetylcholinesterase inhibitor, is recommended for improving cognitive function and activities of daily living in PSCI patients, with the character of safe and well-tolerated. Meanwhile, galantamine, the cholinesterase inhibitor, is potentially effective for PSCI but is less safe and less tolerated (Whyte et al., 2008). Additionally, the antioxidant drug dimethyl fumarate has been demonstrated to improve learning and memory function in a rat model of PSCI, possibly by reducing apoptosis and autophagy and exerting anti-oxidative effects via the Nrf2-ARE (Hou et al., 2020), however, reported side effects include a 30% drop in lymphocyte count after administration and an increased risk of infection, which cannot be ignored (Berkovich and Weiner, 2015). Thus, extensive clinical and mechanistic studies are still needed. Non-pharmacological therapies are also the effective strategy for PSCI, such as enriched environments, physical activity, lifestyle interventions, and acupuncture (Liu et al., 2021; Wang et al., 2021), however, large-scale controlled trials are still lacking. Furthermore, Chinese herbal drugs, as a class of natural medicinal products based on the theory of traditional Chinese medicine, are widely used in Asia and play an important role in improving cognitive function in patients with PSCI. In our previous research, python language data was used to optimize and integrate the medication rules of Chinese herbal drugs in the clinical treatment of PSCI, and 214 Chinese herbal drugs with a total frequency of 1,685 times were found (Shen et al., 2022). However, the mechanism of these Chinese herbal drugs in treating PSCI still needs to be further explored and summarized.

Nowadays, strategies that regulate synaptic plasticity have been proven to play an important role in improving cognitive impairment (Bordet et al., 2017), but the specific mechanisms are still unclear. In this review, we overview the influence of pathological damage of stroke on synaptic plasticity, analyze the changes of synaptic plasticity in PSCI, and summarize the applications and the underlying mechanisms of Chinese herbal drugs in the treatment of PSCI from the perspective of synaptic plasticity. This review will provide new ideas for future exploration of the mechanism of PSCI, and compile evidence of applying Chinese herbal drugs to treat PSCI.



2. Pathological damage of stroke influence synaptic plasticity

Stroke is an important cause of PSCI and accompanied with a series of pathological damage (Joy and Carmichael, 2021). During the hyperacute phase of stroke, inadequate perfusion limits the supply of oxygen and glucose. Subsequently, ATP deficiency leads to abnormal ion pump operation, triggering the depolarization of neurons and glial cells, and abnormal extracellular accumulation of glutamate resulting in excitotoxicity (Karaszewski et al., 2009; Castillo et al., 2016). Excessive glutamate release also leads to the excessive activation of N-methyl-D-aspartic acid receptors (NMDAR), increased the inward flow and overload of deficiency calcium (Ca2+), which trigger mitochondrial damage, and a series of oxidative stress responses (Chan, 2001; Iadecola and Anrather, 2011), which are accompanied by inflammatory cytokine release (Taylor and Sansing, 2013). The acute phase in the week following stroke is characterized by neuronal apoptosis and further activation of immune responses (Anrather and Iadecola, 2016). In the subacute phase, alterations in transcriptional growth factor activity and gene expression can impact synaptic plasticity. Approximately 500 different neuronal genes in the peri-infarct region regulate nerve growth factor expression and cytoskeletal rearrangements (Li et al., 2010), influencing the axonal growth and synapse formation. This alteration in plasticity diminishes when entering into the chronic phase and the reduced strength and transmission efficiency of synaptic connections continuously affects brain function (Joy and Carmichael, 2021). A series of pathological damage of stroke, including increased release of excitatory amino acids, oxidative stress, inflammatory responses, apoptosis, changed neurotrophic factor levels and gene expression influence synaptic plasticity (Figure 2), and ultimately participate in the development of PSCI. The specific mechanism is as follows.
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FIGURE 2
The mechanism of the pathological damage of stroke influencing synaptic plasticity.



2.1. Increased release of excitatory amino acid and synaptic plasticity

Glutamate has complex functions in excitatory neurotransmission; in addition to its role as a neurotransmitter, glutamate regulates neuronal survival, neurite growth, and synaptogenesis (Mattson, 2008). However, disturbed clearance of glutamate in the synaptic cleft results in synaptic dysfunction (Postnikova et al., 2021). Glutamate excitotoxicity triggers excessive activation of CDK5, which increases Ca2+ influx in neuronal cells, it will promote dendritic retraction, spine loss, increased endoplasmic reticulum mitochondrial Ca2+, and ultimately neuronal death (Toro-Fernández et al., 2021). These changes manifest clinically as a decline in memory, cognition, and general functioning (McGrath et al., 2022). Moreover, disturbed glutamate system after cerebral ischemia injury, has been indicated to participate in the development of cognitive impairment (Nie and Yang, 2017).



2.2. Oxidative stress and synaptic plasticity

Mitochondria maintain energy supplement to neuronal activity, and play an important role in synaptic plasticity and neurotransmitter synthesis. Because of the high oxygen consumption with restricted antioxidant mechanisms, neurons are vulnerable to oxidative stress, thus, protecting the integrity and survival of neurons from oxidative stress damage is vital (Cenini et al., 2019). Chronic oxidative stress can impact synaptic plasticity in various ways, for example, through the loss of dendritic spines, neurons, or brain repair mechanisms, resulting in the loss of synaptic connections and the ability to process information. Moreover, oxidative stress can also affect gene expression (Bello-Medina et al., 2019). The structure and function of neurons are very sensitive to pathological and physiological changes, and oxidative stress responses and decreased antioxidant capacity can significantly impair learning and memory function by reducing the production of new neurons and altering the structure of dendrites in the hippocampus (Huang et al., 2015).



2.3. Inflammatory response and synaptic plasticity

Homeostatic regulation of synaptic function is the key principle of the nervous system, and molecules associated with inflammatory responses are critical in regulating synaptic plasticity. Cytokines are released by resident myeloid cells to maintain synaptic plasticity. When cytokines release is disordered, neuroinflammation can be triggered which negatively influences the brain networks associated with learning and cognition, contributing to neurodegeneration (Rizzo et al., 2018). Pro-inflammatory cytokines, such as interleukin (IL)–1, and tumor necrosis factor (TNF-α), induce the activation of transcription factor NF-κB and initiate the expression of downstream genes related to inflammation, thus inducing an inflammatory response. These above inflammatory response activates the microglia and astrocytes, can down-regulate synaptic plasticity and synaptic scaling in several core brain areas, such as the cortex, striatum, and hippocampus (Yirmiya and Goshen, 2011; Yang et al., 2013). Evidence indicates that low doses of IL-1 facilitate learning processes, whereas mice with genetic impairments or pharmacological blockade of IL-1 signaling and downregulated levels of IL-1 have decreased cognitive and memory functions (Yirmiya and Goshen, 2011). Likewise, high level of TNF-α impair synaptic plasticity in pyramidal neurons by regulating signaling pathways which are modulated by intracellular Ca2+ stores and synaptopodin (Maggio and Vlachos, 2018). The inflammatory response is the main cause of secondary injury after ischemic stroke.



2.4. Apoptosis and synaptic plasticity

Protection from cerebral ischemia-reperfusion injury can be achieved by reducing the apoptosis rate of ischemic and hypoxic brain cells, regulating the plasticity of synaptic structures by inhibiting the activity of neuronal apoptosis-related factors, and promoting neuronal regeneration (Xia and Lin, 2021). The apoptosis activated at the end of the synapse or in the synapses, leads to the local functional and morphological changes of the synapse, and even spreads to the cell body, ultimately resulting in neuronal death. Evidence indicates that the activation of the caspase family at the end of the synapse is used to respond various stimuli (Mattson and Duan, 1999). Caspases have important functions in apoptosis, and inflammation. After activation by B-cell lymphoma 2 (Bcl-2), apoptotic protease activating factor 1 (Apaf-1) regulates the level of caspase-3 and caspase-9, resulting in the promotion of apoptosis and even affects DNA expression. Restricted and localized caspase activation within neurons also participates in axon and dendrite pruning, neurite outgrowth, and dendrite branch formation, and LTD (Hollville and Deshmukh, 2018). Finally, the low strength and efficiency of synaptic connections induced by caspase manifests as cognitive impairment.



2.5. Neurotrophic factors and synaptic plasticity

A growing number of publications have focused on the relationship between the expression of neurotrophic factors such as brain-derived neurotrophic factor (BDNF) and the nerve growth factor (NGF) and synaptic plasticity. Expression of BDNF and its receptor tropomyosin-associated kinase B (TrkB) supports the morphology, differentiation and regeneration of neurons, axonal growth, and the functions of synapses after neurological injury (Griesbach et al., 2004). BDNF is the main activity-dependent neurotrophin on which active neuronal organization relies. In a synapse-specific manner, BDNF balances the effects of excitatory and inhibitory transmission (Spedding and Gressens, 2008). NGF and its receptors (P75 and TrkA) can regulate cholinergic neuronal markers, facilitate LTP induction in structural synaptic plasticity, increase neurite outgrowth, and promote synaptic plasticity (Conner et al., 2009). Neurotrophic factors regulate synaptic connections and dendritic morphology, thereby influencing synaptic plasticity and cognitive function.



2.6. Gene expression and synaptic plasticity

The development of synapses and the transmission of synaptic signals are regulated by gene expression, and neuronal genes in the peri-infarct region will influence synaptic plasticity. miRNAs regulate gene expression and interact with 3’-untranslated regions of mRNAs to maintain mRNA stability and promote mRNA translation, thereby regulating synaptic activity, as well as protein synthesis and expression (Hu and Li, 2017). Although the expression of synaptic miRNAs is region-specific, they are core ingredients of dendrites, axons, and dendritic spines and can be detected in synaptoneurosomes (enriched because of dendritic spines), synaptosomes (consisting of axon terminals and adherent postsynaptic densities), and postsynaptic densities (Lugli et al., 2008). Different miRNAs play distinct roles in regulating synaptic plasticity. The inactivation of Dicer1 in excitatory hippocampal neurons leads to increases in dendritic spine length, neural excitability, and post-tetanic potentiation (Fiorenza et al., 2016). The knockout of Ncoa3 is accompanied by a reduction in the volume of dendritic spines (Störchel et al., 2015). Substantial evidence indicates that miR-125b, miR-223, miR-137, and miR-146a-5p modulate postsynaptic responses by controlling the abundance of postsynaptic glutamate receptors. Among these, miR-125b controls the expression of the NMDAR subunit GluN2A (Edbauer et al., 2010), whereas miR-223 controls the NMDAR subunit GluN2B and the α-amino-3-hydroxy-5-methyl–4-isoxazole propionic acid receptor (AMPAR) subunit GluA2 (Harraz et al., 2012), miR-137 participates in the decreased expression of the AMPAR subunit GluA1 (Olde Loohuis et al., 2015) and miR146a-5p participates in controlling the number of AMPARs in synapses as well as synaptic transport processes (Chen and Shen, 2013). These miRNAs influence synaptic plasticity, thereby participating in the regulation of cognitive function.




3. Changes of synaptic plasticity in PSCI

Synapses can be regarded as hubs where neurotransmitters are released across the synaptic cleft, and bind to receptors, thereby carrying information from the pre-synaptic neuron to the postsynaptic neuron (Bellot et al., 2014). The strength of synaptic connections and efficiency of synaptic transmission directly affect the processing and storage of information within the central nervous system (Raven et al., 2018).


3.1. Changes of structural synaptic plasticity in PSCI

Alterations in structural synaptic plasticity in the early stage are characterized by the swelling of dendrites and loss of spines (Sigler and Murphy, 2010). The indexes of structural synaptic plasticity such as the dendritic branching, spine density, and mushroom-shaped spines have been confirmed decreased in a mouse model of medial prefrontal cortex ischemia-induced cognitive impairment (Sadigh-Eteghad et al., 2018). With prolonged ischemia duration, clinical evidence indicates that a significant reduction in synaptic density is indicated at 21 ± 8 days after stroke onset (Michiels et al., 2022). Chronic lack of blood supply can also lead to the instantaneous loss of synaptic number (Sigler and Murphy, 2010). The decreased number, density, and distribution of synapses reduce the strength of synaptic connections, which are widely regarded as the basis of learning and memory.



3.2. Changes of functional synaptic plasticity in PSCI

As for the changes of functional synaptic plasticity, on the one hand, postsynaptic depolarization is caused by the voltage-dependent release of magnesium ions, followed by the rapid permeation of Ca2+ ions through the NMDAR to activate Ca2+/calmodulin-dependent protein kinase II (CaMKII), resulting in the insertion of AMPARs into the postsynaptic membrane to enhance postsynaptic responses (Malenka and Bear, 2004). The inhibition of ERK and the activation of GABAA receptor after stroke can reduce the postsynaptic depolarization to decrease hippocampal LTP, thus downregulating the efficacy of synaptic transmission. On the other hand, excessive release of glutamate after stroke finally leads to excessive activation of NMDAR, and then the Ca2+ move quickly through the NMDAR. After that the protein phosphatases calcineurin and protein phosphatase 1 are activated and their expression levels are upregulated, resulting in the internalization of AMPARs (Kauer and Malenka, 2007). The above changes are called LTD, which means that the prolonged low-frequency stimulation results in the decrease in synaptic efficiency. The low efficiency of synaptic connections affects the brain’s ability to take in and process external information from the outside, eventually manifesting as cognitive impairment.



3.3. Changes of synaptic plasticity-related proteins in PSCI

Synaptic plasticity-related proteins refer to those proteins in axon terminals, pre-synaptic membranes, postsynaptic membranes, and synaptic vesicles, include growth-associated protein 43 (GAP-43), postsynaptic density protein 95 (PSD-95), synaptophysin (SYN) and so on. These proteins not only influence synaptic morphology and structure by participating in synaptogenesis and remodeling, but also participate in the function of inter-synaptic information transfer. Participating in long-term plasticity and memory function, GAP-43, a synaptic protein in growth cones, can be regarded as a marker of axonal growth and of morphologic changes in synapses (Baumgärtel and Mansuy, 2012; Nemes et al., 2017). PSD-95, related to receptors and cytoskeletal elements at synapses, increases the number and size of dendritic spines, enhances the maturation of the pre-synaptic terminal, coordinates synaptic maturation, and stabilizes postsynaptic membranes (El-Husseini et al., 2000). As an abundant phosphoprotein present on the membranes of synaptic vesicles, SYN contributes to the development of synapses and increases neurotransmission and spatial memory (Hao et al., 2017). Levels of synaptic plasticity-related proteins GAP-43, PSD-95, SYN have been confirmed to be decreased in a mouse model of PSCI (Sadigh-Eteghad et al., 2018).




4. Chinese herbal drugs via regulating synaptic plasticity to treat PSCI

Because the pathogenesis of PSCI is determined by various factors and their complex interplay, it is necessary to consider developing therapeutic strategies which target the pathological changes of PSCI. Among these, Chinese herbal drugs, as a class of natural medicinal products based on the theory of traditional Chinese medicine, have great potential to improve synaptic plasticity thus improving cognitive function (Bordet et al., 2017). In our previous research, python language data was used to mine the medication rules of Chinese herbal drugs in the treatment of PSCI and the 38 Chinese herbal drugs that were used more than 10 times were excavated (Shen et al., 2022). After scrutinizing the literature about the mechanism of the above 38 Chinese herbal drugs, we summarized the Chinese herbal drugs that reverse cognitive impairment by improving synaptic plasticity. According to the clinical efficacy of traditional Chinese medicine, we divided twelve Chinese herbal drugs into seven classes:deficiency-tonifying Chinese herbal drugs, blood-activating/stasis-resolving Chinese herbal drugs, sedative Chinese herbal drugs, transforming phlegm and treating cough and asthma Chinese herbal drugs, resuscitation-inducing aromatic Chinese herbal drugs, diaphoretic Chinese herbal drugs and liver-smoothing Chinese herbal drugs. Because of the characteristics of multiple components, the therapeutic mechanisms of in Chinese herbal drugs are complex. The active ingredients of Chinese herbal drugs are not only the material basis of the prescription, but also can be studied to clarify the main mechanism. In order to better elucidate the mechanism and promote the further development and application of the Chinese herbal drugs highlighted above, we have paid particular attention to the active ingredients or extracts.


4.1. Deficiency-tonifying Chinese herbal drugs

Deficiency-tonifying Chinese herbal drugs refer to the drugs that can strengthen the body and improve resistance to disease. The commonly used deficiency-tonifying Chinese herbal drugs in treating PSCI include Epimedium brevicornum Maxim, Herba Cistanches, Panax ginseng C. A. Mey., and Radix Angelica Sinensis. The common mechanisms involved are promoting the expression of neurotrophic factors, suppressing oxidative stress, and inhibiting cell apoptosis to regulate synaptic plasticity.


4.1.1. Epimedium brevicornum Maxim

The natural medicine Epimedium brevicornum Maxim mainly contains flavonoids, polysaccharides lignans, alkaloids, and other active ingredient. Among these, icariin is the most useful and active ingredients, which can alleviate vascular cognitive impairment by regulating expression of neurotrophic factors, preventing oxidative stress, inhibiting neuroinflammatory responses, inhibiting apoptosis of nerve cells, and promoting neuronal regeneration (Jiang and Wu, 2020). Previous research showed that the numbers of neurons in the hippocampal CA1 regions of the icariin medium-dose and high-dose groups were higher than those in the model group, indicating that icariin can alleviate neuronal injury and improve structural synaptic plasticity (He et al., 2022). Furthermore, icariin not only increases the levels of acetylcholine and choline acetyltransferase in central cholinergic neural circuits, but also maintains histone acetylation homeostasis, thereby improving cognitive function (Wang, 2013).



4.1.2. Herba Cistanches

In classic works of traditional Chinese medicine, Herba Cistanches is commonly considered as an effective ingredient to improve intelligence. Among the various chemical components of Herba Cistanches, phenylethanoid glycosides represent the most important identified ingredients to uncover and determine the content of Herba Cistanches and to improve cognitive function (Rao et al., 2022). As effective ingredients of phenylethanoid glycosides, verbascoside, and echinacoside play different roles in improving cognition. Verbascoside improves memory impairment by reducing oxidative stress, regulating the mTOR signaling pathway, and inhibiting neuronal cell apoptosis (Li et al., 2019). Echinacoside inhibits the activation of microglia cells and astrocytes, reduces inflammatory responses, and releases anti-inflammatory and neurotrophic factors to enhance memory and learning (Wang et al., 2017; Liang et al., 2019). In addition, echinacoside can inhibit the damage induced by over-release of glutamate by reducing voltage-dependent Ca2+ entry and suppressing protein kinase (Lu et al., 2016).



4.1.3. Panax ginseng C. A. Mey.

Ginsenoside, consisting of ginsenoside Rg1 and ginsenoside Rd are the main active ingredients in Panax ginseng C. A. Mey., which has a variety of neuroprotective effects and causes cognitive improvement after stroke. After a stroke, ginsenoside Rg1 can reduce the NO activity in neurons (He et al., 2014), and downregulate the expression of aquaporin 4 and protease-activated receptor-1 (Zhou et al., 2014; Xie et al., 2015). Moreover, ginsenoside Rd can inhibit the ASK1-JNK pathway and downregulate the expression of caspase-3 (Wang et al., 2014). These two mechanisms may interplay to reduce the damage to neuronal cells. What’s more, ginsenosides can also reduce the damage by free radicals via decreased oxidative stress response.

In terms of restoring cognitive function after stroke, accumulating evidence has indicated that Rg1 can also stimulate the differentiation of neural stem cells, increase the secretion of NGF, and induce axonal regeneration (Li et al., 2015). By increasing the expression of vascular endothelial growth factor and BDNF, ginsenoside Rd can activate PI3K-Akt and ERK12 pathways, increase the expression of regulatory transcription factors and genes, and upregulate the expression of GAP-43, thereby improving synaptic plasticity (Liu et al., 2015). Ginsenoside not only plays a role in reducing neuronal cell damage, but also help recover the cognitive function by improving synaptic plasticity.



4.1.4. Radix Angelica Sinensis

Radix Angelica Sinensis contains the active ingredient Ligustilide, which promotes recovery from cognitive impairment by alleviating neuronal apoptosis and dendritic injury, increasing BDNF and GABA expression to enhance synaptic efficacy (Feng et al., 2012; Xin et al., 2013).




4.2. Blood-activating/stasis-resolving Chinese herbal drugs

Blood-activating/stasis-resolving Chinese herbal drugs refer to drugs of which the main effects are promoting blood circulation and dissipating blood stasis. Blood-activating/stasis-resolving Chinese herbal drugs include Ligusticum chuanxiong Hort, Salvia miltiorrhiza Bunge, and Carthamus tinctorius L., mainly through reducing oxidative stress and inhibiting apoptosis to regulate synaptic plasticity and thereby improve the cognitive function.


4.2.1. Ligusticum chuanxiong Hort

The active ingredients of Ligusticum chuanxiong Hort include tetramethylpyrazine, ligustilide, ferulic acid, caffeic acid, and chlorogenic acid. Tetramethylpyrazine, one of its effective active ingredients, has antioxidant, anti-inflammatory and anti-apoptotic properties. It can regulate autophagy and prevent mitochondrial damage to maintain the energy supplement of neurons, thus it plays a neuroprotective role and enhance synaptic plasticity to improve cognition function (Lin et al., 2022). Tetramethylpyrazine can reduce the over-activation of microglia and the NF-κB signaling pathway, down-regulate the level of TNF-α, and inhibit caspase-3 expression, thereby preventing neuronal apoptosis and promoting cognitive recovery (Liang et al., 2022; Zhang et al., 2022). In addition, tetramethylpyrazine could increase BDNF levels, regulate the expression of the synapse-associated proteins PSD-95, SYN, GAP-43, and SYP by activating the TrkB/ERK/CREB signaling pathway (Tan et al., 2021), and increases PSD-93 and PSD-95 expression by restoring the normal function of the cAMP/PKA/CREB pathway. Thus, tetramethylpyrazine directly regulates synaptic plasticity to accelerate the recovery of cognitive function (Wu et al., 2013).

Other ingredients of Ligusticum chuanxiong Hort also play an important role in the treatment of neurological diseases. For example, ligustilide can prevent oxidative stress, and regulate endoplasmic reticulum stress and autophagy to reduce neurotoxicity, whereas ferulic acid can inhibit microglial activation, prevent oxidative stress, and reverse mitochondrial dysfunction (Zou et al., 2022). Chlorogenic acid can inhibit increases in NO levels, prevent the release of TNF-α, slow down the breakdown of acetylcholine and butyrylcholine in the brain, improve the activity of the mitochondrial complexes I, IV, and V, reduce the mitochondrial glutathione levels, and modulate Ca2+ entry into neurons to protect them from glutamate-induced neurotoxicity (Shen et al., 2012; Mikami and Yamazawa, 2015; Singh et al., 2020). Finally, caffeic acid can prevent oxidative neurodegeneration by inhibiting acetylcholinesterase and cholinesterase activities, thereby slowing down the breakdown of acetylcholine and butanylcholine in the brain (Oboh et al., 2013).



4.2.2. Salvia miltiorrhiza Bunge

Tanshinone IIA, the most utilized active ingredient of Salvia miltiorrhiza Bunge, is regarded as an effective drug candidate with the broad-spectrum potential for the treatment of neuronal damage and cognitive impairment. Tanshinone IIA attenuates neuronal damage by reducing neuroinflammation and oxidative stress, inhibiting cell apoptosis, recovering blood–brain barrier dysfunctions, and even promoting neurogenesis and angiogenesis (Subedi and Gaire, 2021). Moreover, it can attenuate intracellular Ca2+ overload induced by excitatory amino acids, and the impairment of LTP (Wang et al., 2011).



4.2.3. Carthamus tinctorius L.

Hydroxy saffron yellow A is the main active component of Carthamus tinctorius L. and exerts neuroprotective and cognitive regulatory effects (Xing et al., 2016). Hydroxy saffron yellow A can inhibit the release of inflammatory mediators, reduce free radical responses, exert antioxidant effects, and play the anti-apoptotic effects by regulating the PI3K/Akt signaling pathway (Wang et al., 2022). It also regulates hippocampal synaptic plasticity by enhancing the endogenous expression of VEGF, NR1, BDNF, GluN2A, and GluN2B (Zhang et al., 2014), and improving presynaptic neurotransmitter release and postsynaptic AMPA receptor function (Xing et al., 2016). What’s more, it can restore the damaged LTP amplitude at CA3-CA1 synapses (Yu et al., 2018).




4.3. Sedative Chinese herbal drugs


4.3.1. Polygala tenuifolia Willd.

In Polygala tenuifolia Willd., the main ingredients that play a role in improving cognitive impairment are triterpenoid saponins, and oligosaccharide esters (Hong et al., 2017). As the most utilized ingredient to improve cognitive impairment, tenuigenin inhibits acetylcholinesterase activity to improve the cholinergic system, exerts antioxidant effects by reducing malondialdehyde levels and increasing superoxide dismutase activity, and enhances field excitatory synaptic potential amplitude to improve synaptic plasticity (Huang et al., 2013). DISS and tenuifoliside (A, B, and C), as the active ingredient of oligosaccharide esters, can inhibit NOS hyper-activation, increase CREB phosphorylation, regulate BDNF expression, promote neuronal cell proliferation, and improve synaptic plasticity (Shi et al., 2013).




4.4. Transforming phlegm and treating cough and asthma Chinese herbal drugs


4.4.1. Ginkgo biloba L.

The medicinal products derived from the natural medicine Ginkgo biloba L. have been widely used to treat neurological diseases. Among them, EGb 761 and ginkgolide have the effect of improving cognitive function. Although it is not a single active ingredient, EGb 761, is the most commonly used extract derived from Ginkgo biloba L., and its main active ingredients are flavonoids (24% flavone glycosides), terpene lactones (6%) terpene lactones, and ginkgolic acid (< 5 ppm) (Nash and Shah, 2015). EGb 761 has been shown to improve mitochondrial function to increase metabolic rates, enhance the connection of neurons in the hippocampus to improve synaptic plasticity, and reduce blood viscosity to ensure the sufficient blood supply to brain regions, thereby alleviating symptoms of cognitive impairment after stroke (Müller et al., 2012).

As an important active ingredient of Ginkgo biloba L., the application of ginkgolide in improving PSCI has attracted increasing attention. Moreover, ginkgolide can reverse oxidative DNA damage in neurons (Hao et al., 2013), promote Bcl-2/Bax expression, which are important oncogenes involved in apoptosis, reduce the expression of activated caspase-3 and decrease intracellular levels of reactive oxygen species, thereby inhibit cell apoptosis and reduce intracellular oxidative stress response (Xia et al., 2014). Ginkgolide could also repair ultrastructure damage of glial cells in the CA1 region of the rat hippocampus, modulate inflammatory responses, support the formation of neurovascular units, nourish neurons and protect synapses (He et al., 2012).

Yinxing Tongzhi tablets are widely used in clinical practice and consist of flavone glycosides and terpene lactones. When combined with western medicine, reports show that Yinxing Tongzhi tablets regulate inflammatory responses by reducing the expression of pro-inflammatory factors such as IL-6 and IL-8, and protect nerve cells by reducing MBP, S100β, and NSE expression (Pan et al., 2018; Yang et al., 2020).




4.5. Resuscitation-inducing aromatic Chinese herbal drugs


4.5.1. Acorus tatarinowii Schott

α-asarone and β-asarone are regarded as the main ingredients of Acorus tatarinowii Schott that improve cognitive function. α-asarone could restore the metabolic imbalance of free radicals which is closely related to the decline in learning and memory function through reducing the MDA levels in hippocampal brain tissue. Moreover, α-asarone inhibits SOD and NOS activity, downregulates the expression of nNOS proteins, and upregulates nNOS/NO signaling in the hippocampus, thereby increasing synaptic plasticity in the hippocampus (Zhu et al., 2020). Evidence indicates that β-asarone may act via the Arc/Arg3.1 and Wnt signaling pathways to regulate synaptogenesis, attenuate the spine density reduction in the hippocampal CA1 region, and increase the expression of the synaptic plasticity-related factor GAP-43 in the hippocampus (Yang et al., 2016; Sun et al., 2020). Furthermore, β-asarone can inhibit phosphorylation of the JNK signaling pathway in hippocampal neurons, upregulate Bcl-2 expression, and downregulate caspase-3 expression, thereby playing an anti-apoptotic role in hippocampal neurons. Using Python software to analyze the prescription of traditional Chinese medicine in the treatment of PSCI, Acorus tatarinowii Schott was found to be the most clinically applied natural medicine (Shen et al., 2022).




4.6. Diaphoretic Chinese herbal drugs


4.6.1. Radix Puerariae

Puerarin, a major ingredient of Radix Puerariae, reduces the brain infarct size after stroke, attenuates apoptosis via activation of the PI3K/Akt signaling pathway (Han et al., 2012), abrogates NMDAR expression after stroke and prevents the toxic effect of excitatory amino acids (Zhang et al., 2011). In addition, puerarin can repair neuronal disorders, restore the synaptic microstructure, reduce neuronal oxidative stress (ROS/SOD/MDA) levels, improve endothelial dysfunction, and inhibit apoptosis by upregulating pro-apoptotic factors (Bax) and downregulating anti-apoptotic factors (Bcl-2) (Zhu et al., 2021).




4.7. Liver-smoothing Chinese herbal drugs


4.7.1. Rhizoma Gastrodiae

Gastrodin the main active ingredient extracted from Rhizoma Gastrodiae has been widely applied in central nervous system disorders, and is a mature, sustainable industrial product used to treat vascular cognitive impairment (Deng et al., 2022). Gastrodin increases the activity of choline acetyltransferase, decreases the activity of acetylcholinesterase and glutamate, and regulates the brain cholinergic system after stroke (Zhang et al., 2008). Gastrodin also exerts antioxidant effects by modulating the total levels of glutathione peroxidase and thiol and attenuates cellular autophagy by inhibiting Ca2+/CaMKII signaling (Li and Zhang, 2015; Chen et al., 2021). In addition, the AMPK/UCP2 signaling pathway is activated by gastrodin to improve mitochondrial structure and energy metabolism to ensure sufficient energy supply for synaptic transmission (Sun et al., 2021). In addition, gastrodin directly affects neuronal cells. On the one hand, it can inhibit apoptosis in hippocampal neurons via the Nrf2/Keap1-GPx4 signaling pathway (Li et al., 2022). On the other hand, it can induce neural stem cell differentiation by regulating the cAMP/PKA/CREB signaling pathway (Ma et al., 2020). Furthermore, gastrodin can repair axons in the peripheral nervous system and to promote the growth of functional axons and myelin regeneration, and reconstruct the peripheral neural microvascular network (Deng et al., 2022; Yang et al., 2022).





5. Conclusion

PSCI refers to a disorder of cognitive dysfunction after the occurrence of a stroke and mainly manifests as an impairment in the five core cognitive domains, including executive function, attention, memory, language ability, and visual-spatial ability (Wang et al., 2021). PSCI highlights the potential causal relationship between stroke and cognitive impairment. The pathological damage of stroke including the increased release of excitatory amino acid, oxidative stress, inflammatory responses, apoptosis, changed neurotrophic factor levels and gene expression influence synaptic plasticity. The changes of synaptic plasticity in PSCI include the changes of structural and functional synaptic plasticity. Structural synaptic plasticity highlights the strength of synaptic connections while functional synaptic plasticity refers to the improvement or inhibition of the efficiency of synaptic transmission. What’s more, synaptic plasticity-related proteins also reflect the changes of synaptic plasticity. Chinese herbal drugs that integrate their active ingredients or extracts with the mechanism of regulating synaptic plasticity have been proven to play a role in improving cognitive impairment. According to the clinical efficacy in traditional Chinese medicine, the 12 most commonly used Chinese herbal drugs can be divided into seven classes. The above seven classes’ drugs both can play anti-oxidative effects to regulate synaptic plasticity. Except for sedative Chinese herbal drugs, the other six classes of drugs can through inhibiting cell apoptosis to regulate synaptic plasticity. Deficiency-tonifying Chinese herbal drugs and sedative Chinese herbal drugs both promote the expression of neurotrophic factors to regulate synaptic plasticity. In addition, Herba Cistanches, Ligusticum chuanxiong Hort, Salvia miltiorrhiza Bunge and Radix Puerariae can reduce the damage induced by disturbed glutamate system. Herba Cistanches, Epimedium brevicornum Maxim, Salvia miltiorrhiza Bunge and Ginkgo biloba L. regulate inflammatory responses to restore synaptic plasticity, while Ginkgo biloba L. can also reverse DNA damage. In summary, Chinese herbal drugs mainly through anti-oxidative stress effect and inhibition of cell apoptosis to regulate synaptic plasticity thereby treating PSCI, which is consistent with evidence shown in previous studies that oxidative stress and neuronal apoptosis are strongly associated with the development of PSCI (Feng et al., 2013; Zhang et al., 2021). Summarizing the mechanism of Chinese herbal drugs in treating PSCI can guide the selection of drugs and the development the novel formulas.

In this review, we overview the influence of pathological damage of stroke on synaptic plasticity, analyze the important roles of synaptic plasticity changes in PSCI, and summarize those Chinese herbal drugs of which the active ingredient or extracts regulate synaptic plasticity to improve cognitive function. We hope that this review will contribute to the summarize the relationship between PSCI and synaptic plasticity, compile evidence of applying Chinese herbal drugs to treat PSCI, and lay a foundation for the development of novel formulas for treating post-stroke cognitive impairment.
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Alzheimer’s disease (AD) is the most common neurodegenerative disease. There are many studies targeting extracellular deposits of amyloid β-peptide (Aβ) and intracellular neurofibrillary tangles (NFTs), however, there are no effective treatments to halt the progression. Mitochondria-associated endoplasmic reticulum membranes (MAMs) have long been found to be associated with various pathogenesis hypotheses of AD, such as Aβ deposition, mitochondrial dysfunction, and calcium homeostasis. However, there is a lack of literature summarizing recent advances in the mechanism and treatment studies. Accordingly, this article reviews the latest research involving the roles of MAM structure and tethering proteins in the pathogenesis of AD and summarizes potential strategies targeting MAMs to dissect treatment perspectives for AD.
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Introduction

According to Alzheimer’s disease (AD) International, 55 million people worldwide suffer from dementia. The most common type of dementia is AD. The main histopathological characteristics of AD are the accumulation of extracellular deposits of amyloid β-peptide (Aβ) and intracellular neurofibrillary tangles (NFTs). However, there are other biochemical and morphological characteristics present earlier in the course of AD, such as alterations in phospholipid metabolism, the elevation of circulating cholesterol levels, aberrant calcium regulation, reduction of brain glucose levels, and mitochondrial dysfunction. Plaques and tangles have received a lot of attention because they are observable physical entities, however, the other features may be the upstream factors and should not be overlooked (Area-Gomez and Schon, 2017).

Mitochondria-associated endoplasmic reticulum membranes (MAMs) are a special subdomain of the endoplasmic reticulum (ER) that physically and biologically connects mitochondria to ER. ER-mitochondrial communication and MAM functions are increased expressively in AD (Leal et al., 2020). MAMs are generated by the ER side-by-side to the mitochondrial outer membrane linked by a series of tethering proteins (Degechisa et al., 2022). They are not the collection of membranes but the employment of the proteinaceous tethers (Rowland and Voeltz, 2012), which play a key role in many important metabolic processes including the transfer of calcium, mitochondrial dynamics, lipid synthesis, autophagy, apoptosis, and inflammation. MAM dysfunction is also central to the pathogenic mechanisms of AD, especially in the Aβ generation and deposition, mitochondrial dysfunction, imbalanced calcium homeostasis, abnormal lipids metabolism, and abnormal autophagy. This review highlights abnormal MAM structures and tethering proteins in the pathogenesis of AD from these aspects. In addition, we provide a summary of compounds and drugs that target MAM tethering proteins in AD models.



The role of MAMs in Aβ generation of AD

The Aβ peptide is the main component of the AD hallmark amyloid plaques, which is produced by the proteolysis of amyloid beta-precursor protein (APP) by two enzymes: β-site APP cleaving enzyme 1 (BACE1) and the γ-secretase complex. Many studies have shown that MAMs are the main site of Aβ generation. Schreiner et al. (2015) reported that Aβ may be generated directly in MAMs. APP, BACE1, and γ-secretase have all been found in MAMs (Leal et al., 2020). BACE1 cleaves APP to produce sAPPβ and C99. C99 is delivered to MAMs and cleaved to produce Aβ and APP intracellular domain (AICD) by γ-secretase (Montesinos et al., 2020). In addition, it has been reported that the main pathway for Aβ entering mitochondria is MAMs (Del Prete et al., 2017). Knockdown of mitofusin-2 (Mfn2), which is involved in MAM tethering, leads to decreased contact between mitochondria and ER, resulting in lower γ-secretase activity and decreased concentrations of intracellular and extracellular Aβ40 and Aβ42 (Leal et al., 2016). This proves that the increase of MAMs may promote mitochondrial Aβ deposition. Axonal generation of Aβ also plays a key role in AD pathology. In AD models, swollen axons contain high levels of BACE1 (Gowrishankar et al., 2017). An average of 37 ± 4% of the total Aβ40 secreted from each mouse hippocampal neuron is secreted by axons (Niederst et al., 2015). Bhattacharyya et al. showed that down-regulation of MAM assembly by silencing MAM-resident sigma-1 receptor expression resulted in reduced palmitoylated APP cleavage by BACE1, thereby decreasing Aβ generation in neuronal processes and axons (Bhattacharyya et al., 2021).



The role of MAMs in mitochondria dysfunction of AD

The neuronal activity must depend on the energy produced by mitochondria. Mitochondrial death can be observed before the histopathological features of AD appear. MAMs wrap around the location where mitochondria undergo fissuring by recruiting MAM protein inverted formin 2 (INF2) (Steffen and Koehler, 2018). The mitochondrial outer membrane protein FUNDC1 is a MAM protein that recruits dynamin 1 Like (DNM1L)/dynamin-related protein 1 (DRP1) to drive mitochondrial fission (Wu et al., 2016). In an AD mouse model, alterations in MAMs precede changes in mitochondrial dynamics accompanied by aberrations in mitochondrial membrane potential (MMP) and ATP production (Leal et al., 2020). Moreover, the MAMs control mitochondrial Ca2+ intake. Reduced Ca2+ intake affects mitochondrial metabolism, leading to mitochondrial dysfunction. Fernandes et al. (2021) found a decrease in close ER-mitochondria contacts, a reduction of Ca2+ transfer from ER to mitochondria, and impaired mitochondrial function in APPswe cells. γ-secretase activating protein (GSAP) fluorescence staining showed high colocalization with a MAM marker Facl4. Knockdown of GSAP significantly increased mitochondrial basal respiration and total ATP levels, which suggests that GSAP impairs mitochondria function (Xu et al., 2021). In an AD cell model, increased concentration of unprocessed C99 in the MAM region increased sphingolipid turnover and altered the lipid composition of mitochondrial membranes, which can interfere with the normal activity of the respiratory supercomplexes and thus may contribute to the bioenergetic defects in AD (Pera et al., 2017). Atlastin 2 (ATL2) is a protein associated with ER-mitochondria contacts whose expression was significantly increased both in 3 × Tg mice and AD patients. While, knockout of ATL2 rescued the elevated ER-mitochondria contacts back to normal levels, reduced the abnormally elevated mitochondrial superoxide, and significantly increased the MMP (Han et al., 2021).



The role of MAMs in calcium homeostasis of AD

Calcium signaling in neurons is essential for neurotransmission and the maintenance of synaptic plasticity (Skobeleva et al., 2022). Dysregulation of calcium homeostasis disrupts neuronal and synaptic function in AD (McDaid et al., 2020). Ca2+ homeostasis depends on the Sarcoplasmic/endoplasmic reticulum Ca2+ ATPase (SERCA) pumps to regulate Ca2+ uptake from the cytoplasm to the ER and activated inositol 1,4,5-triphosphate receptors (IP3Rs) and ryanodine receptors (RyRs) to enable Ca2+ efflux from the ER (Kawamoto et al., 2012). The IP3R–glucose-regulated protein 75 (Grp75)–voltage-dependent anion channel (VDAC) Ca2+ channeling complex was concentrated in MAMs. Up-regulation of this complex results in increased calcium content. The accumulation of mitochondrial calcium could be prohibited by the IP3R inhibitor (Chen et al., 2021b). The RyR is a Ca2+-release channel protein located in the MAMs and sarcoplasmic reticulum. The RyR3 plays a dual character in AD pathology. Deletion of RyR3 in young APP/PS1 mice increases the excitability of hippocampal neuronal networks and accelerates AD progress. However, in aged APP/PS1 mice, the deletion of RyR3 restored network excitability (Liu et al., 2014). In the 5xFAD mouse model of AD, restricting RyR2 open time blocked the excessive activity of CA1 neurons (Yao et al., 2020). A small-molecule SERCA activator can increase ER Ca2+ and has shown efficacy in APP/PS1 mice, supporting SERCA activation as a therapeutic strategy for AD (Krajnak and Dahl, 2018).



The role of MAMs in lipid metabolism of AD

Lipid metabolism, especially cholesterol metabolism, has been implicated in the synaptic dysfunction of AD (Petrov et al., 2017). Ceramide and cholesterol have been found to increase in the brains of AD patients, normal aging mice, and neurons exposed to Aβ1–42 (Cutler et al., 2004). MAMs are transient lipid rafts that are closely related to cholesterol and phospholipid metabolism (Pera et al., 2020). It has been proven that phospholipid transport between the ER and mitochondria is dependent on membrane integrity including MAMs rather than energy or MMP (Kojima et al., 2016). MAMs are where the enzymatic activities such as acetyl-CoA acetyltransferase 1 (ACAT1) that regulate cholesterol levels reside. ACAT1 gene ablation led to the amelioration of amyloid pathology and cognitive deficits in 3 × Tg AD mice (Bryleva et al., 2010). The concentration of unprocessed C99 at the MAMs is increased in models of AD and cells from AD patients, subsequently associated with the increase in ceramide levels (Pera et al., 2017). GSAP enriched in MAMs regulates lipid homeostasis through the processing of APP (Xu et al., 2021). In a cortical impact mice model of AD, the injured cortex and hippocampus exhibited significant increases in MAM activity, phospholipid synthesis, sphingomyelinase (SMases) activity, and cholesterol turnover (Agrawal et al., 2022). When cholesterol concentrations exceed a certain threshold, SMases are activated and hydrolyze sphingomyelin (SM) to produce ceramides. The cholesterol affinity of APP is involved in limiting APP distribution, conversely, APP senses and balances the membrane cholesterol (DelBove et al., 2019). An increase in MAM-localized C99 triggers the upregulation of SMase activity. The increased cholesterol mobilization observed in AD cells may be an outcome of persistent SMase activity caused by increased MAM-C99, which disrupts cellular lipid homeostasis and causes the alterations in membrane lipid composition commonly happen in AD (Montesinos et al., 2020).



The role of MAMs in abnormal autophagy in AD

Autophagy is a degradation mechanism of cells to remove damaged and senescent organelles and maintain cellular homeostasis. Autophagy plays a vital role in the generation and clearance of Aβ. Abnormal autophagy is involved in the development of AD (Yuan et al., 2022). Activation of autophagy alleviates pathological characters and cognitive deficits in APP/PS1 mice (Yang et al., 2023). The MAMs mark the starting point of autophagosome formation. Mitochondrial fusion protein Mfn2 is a MAM protein responsible for binding the ER and mitochondria. The energy sensor AMP-activated protein kinase (AMPK) interacts with Mfn2 and phosphorylates Mfn2 and induces autophagy (Hu et al., 2021). Autophagy initiation proteins such as autophagy and beclin 1 regulator 1 (AMBRA1) and Beclin 1 are recruited to the MAMs to regulate autophagy, demonstrating that MAM raft-like microdomains play a crucial part in the autophagosome formation (Garofalo et al., 2016). The sigma-1 receptor (Sig-1R) is a receptor with molecular chaperone activity clustered on MAMs. Autophagosome clearance is impaired in Sigma-1 KO cells, possibly due to impaired autophagosome-lysosomal organelle fusion mediated by the complex formed by Sig-1R with STX17 and ATG14. STX17 and ATG14 both appear at the ER-mitochondria contact site (Yang et al., 2019). The combination of vesicle-associated membrane protein-associated protein B (VAPB) and protein tyrosine phosphatase interacting protein 51 (PTPIP51) is identified as one of the MAM tethers. Manipulation of their expression to increase and decrease ER-mitochondrial junctions had significant effects on autophagy (Gomez-Suaga et al., 2017). The decreased expression of MAM tethering protein complexes including VAPB-PTPP51, BAP31-FIS1, and Mfn2-Mfn1 leads to abnormal autophagy, which leads to the decline of cognitive ability (Liu et al., 2022). The role of MAM tethering proteins in several major pathogeneses of AD is summarized in Figure 1 schematically.
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FIGURE 1
Mechanisms related to MAMs in AD.




Strategies targeting MAMs for treating AD

The functions of MAMs are mainly exerted by its numerous tethering proteins. The abnormalities of these proteins eventually lead to the pathological processes of AD through multiple mechanisms. The expression of MAM tethering proteins and the tight connection between mitochondria and ER can be one of the hallmarks of AD progression. The regulation of these proteins to improve the corresponding phenotypes can be used as a strategy and target for AD treatment.

Knockdown of MAM protein GSAP reduced Aβ generation and plaque formation in an AD mouse model (He et al., 2010). Imatinib and imatinib methanesulfonate could prevent Aβ formation by inhibiting GSAP (He et al., 2010; Weintraub et al., 2013; Chu et al., 2014). Lithium treatment reduced abnormal IP3R-dependent ER Ca2+ signaling and enhanced synaptic plasticity in 3 × Tg AD mice (Wiseman et al., 2023). Xestospongin C can ameliorate the Ca2+ overload of primary hippocampal neurons induced by Aβ1–42 and improve the cognitive ability of APP/PS1 mice (Wang et al., 2019). Mecobalamin also reduces ER-mitochondrial calcium flux through IP3R and prevents mitochondrial dysfunction (Wang and Xu, 2019). RyR2 instability plays a vital role in the reduction of ER Ca2+ content, which alters synaptic transmission and plasticity mechanisms. While Dantrolene stabilizes RyR2 thereby reversing most AD-related phenotypes in AppNL-G-F mice (Nakamura et al., 2021). Compound 12a inhibited Ca2+ release and significantly accelerated the cognitive behavior of FAD mice in the Morris water maze test. Moreover, docking simulations testified that 12a could bind to the active site of RyR1 (Dai et al., 2021). A Sig-1R agonist (+) SKF-10,047 could significantly increase mitochondrial movement in cortical neurons of 3 × Tg mice, which might be because it leads to the removal of Sig-1R from MAMs to mitochondria. (+) SKF-10,047 also leads to an increase in the number of mitochondria (Cavendish et al., 2019). Two other Sig-1R agonists ANAVEX2-73 and PRE-084 could prevent mitochondrial respiratory dysfunction in Aβ25–35-injected mice (Lahmy et al., 2014). IRE1α inhibitor 4μ8c can reduce ER-mitochondrial association and restore the normal function of MAMs by inhibiting the expression and interaction of IP3R, Grp75, and VDAC1, thereby restoring ATP content and MMP (Chu et al., 2021). Artesunate could reverse cognitive impairment in APP/PS1 mice by regulating DRP1 to maintain mitochondrial dynamics (Qin et al., 2022). By increasing the expression of the MAM protein Mfn2, Biochanin A could reverse the imbalance of mitochondrial dynamics and abnormal mitophagy in APP/PS1 mice (Hou et al., 2022). Curcumin restores basal mitochondrial respiration and ATP production in thapsigargin-injured SH-SY5Y cells by targeting Mfn2 (Zhou et al., 2022). Besides, Myricetin, Selenomethionine, Leptin, Trans-ferulic acid, Ligustilide, and Albiflorin were also able to regulate Mfn2 and ameliorate mitochondrial dysfunction (Xu et al., 2018, 2019; Zafeer et al., 2019; Cheng et al., 2020; Zhu et al., 2020; Chen et al., 2021a; Yao et al., 2022). Cholesteryl ester produced in MAMs is involved in the pathogenesis of AD. Progesterone reduced the expression of ACAT1 through the ERK1/2 pathway, shortened the abnormally prolonged MAM length, inhibited cholesteryl ester accumulation in the cortex, and improved the cognitive function of APP/PS1 mice (Shi et al., 2021). We summarize potential compounds and drugs that exert anti-AD effects by regulating MAM tethering proteins in Table 1.


TABLE 1    Compounds and drugs targeting MAM tethering proteins for treating AD.
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Discussion

Drug development for AD has continuously been challenged. The most popular AD hypotheses are amyloid cascade, hyperphosphorylation of tau, and mitochondrial cascade. However, numerous studies targeting these hypotheses have not been able to fully elucidate the mechanism of AD or retard its progression. The interaction between different organelles, especially mitochondria and ER in cells has gradually emerged in the study of various diseases (Theurey and Rieusset, 2017; Luan et al., 2021). Cellular dysfunction in the early stage of AD, including Ca2+ homeostasis, mitochondrial dysfunction, oxidative stress, and abnormal autophagy, are all associated with MAM function (Tapella et al., 2022).

As for the amyloid cascade, MAMs are the sites where C99 is cleaved to Aβ. Inhibition of MAMs protein expression and function may reduce Aβ production and extracellular deposition. MAMs recruit proteins such as INF2 and DRP1 to participate in mitochondrial fission, thereby affecting MMP and ATP production. Upregulation of some MAM-resident proteins causes enhanced mitochondria-ER contacts, along with mitochondrial damage such as increased mitochondrial superoxide. The MAM has both protein pumps that allow Ca2+ to flow from the cytoplasm to the ER and Ca2+ to flow from the ER, thus regulating Ca2+ homeostasis. Ca2+ flux also plays a dual role in AD progression. For instance, excessive Ca2+ influx leads to increased ROS production and cell death due to caspase activation; however, attenuated Ca2+ signaling may also be detrimental to ATP production (Filadi and Greotti, 2021; Arnst et al., 2022). Modulation of MAM-resident enzymes such as ACAT1 and MAM-C99 content affects cholesterol levels and lipid homeostasis in AD, along with amyloid synthesis and synaptic transmission. MAMs mark the starting point of autophagy. Decreased expressions of MAM tethering proteins, such as Sig-1R, VAPB-PTPP51, and Mfn2-Mfn1, lead to abnormal autophagy. All these indicate that MAM is an important target that should not be ignored in the study of AD pathogenesis.

Although MAMs have been shown to be closely related to the progression of AD, the molecular pathways are still not fully understood. At present, the research targets of AD drugs targeting MAM proteins are still limited. The mechanisms of interest are mainly in Aβ production, mitochondrial function, calcium homeostasis, and lipid metabolism. Currently, there are few studies on the interaction between MAMs and tau phosphorylation. Besides, although tethering proteins are the main manifestation of MAM function, the observation of MAM structure should not be ignored despite the technical difficulties in the research of AD treatment strategies. We look forward to new studies to further explore the role of the structure and functions of MAMs in the pathogenesis and treatment of AD.
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Adult neurogenesis plays a crucial role in cognitive function and mood regulation, while aberrant adult neurogenesis contributes to various neurological and psychiatric diseases. With a better understanding of the significance of adult neurogenesis, the demand for improving adult neurogenesis is increasing. More and more research has shown that traditional Chinese medicine (TCM), including TCM prescriptions (TCMPs), Chinese herbal medicine, and bioactive components, has unique advantages in treating neurological and psychiatric diseases by regulating adult neurogenesis at various stages, including proliferation, differentiation, and maturation. In this review, we summarize the progress of TCM in improving adult neurogenesis and the key possible mechanisms by which TCM may benefit it. Finally, we suggest the possible strategies of TCM to improve adult neurogenesis in the treatment of neuropsychiatric disorders.
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1. Introduction

Adult neurogenesis is the process of generating functional neurons from neural stem cells (NSCs) (Ming and Song, 2011), which is involved in learning, memory, and emotion and may also be involved in the remodeling of the central nervous system (Taupin, 2005; Lledo et al., 2006; Toda and Gage, 2018). Adult neurogenesis abnormalities play an important role in a variety of neurodegenerative disorders, such as Alzheimer’s disease (AD), Huntington’s disease (HD), and Parkinson’s disease (PD) (Winner and Winkler, 2015; Horgusluoglu et al., 2017; Berger et al., 2020). In addition, adult neurogenesis is associated with emotional illnesses, such as depression (Sahay and Hen, 2007; Vaidya et al., 2007; Berger et al., 2020) and anxiety (Cheung et al., 2016; Toda and Gage, 2018). Stress (Odaka et al., 2017; Schoenfeld et al., 2017) and stroke (Rahman et al., 2021) are also associated with abnormal adult neurogenesis. Considering the role of adult neurogenesis in the pathophysiology of neurological and psychiatric diseases, restoring neurological function by improving adult neurogenesis is one of the main directions in the field of neuroscience.

A lot of work has gone into finding effective medications to boost adult neurogenesis. Recent progress in adult neurogenesis represents a potentially promising target for the treatment of neurological (Taupin, 2008; Matsuda and Nakashima, 2021) and mental conditions (DeCarolis and Eisch, 2010; Jun et al., 2012). Traditional Chinese medicine (TCM) has been used for centuries in China and other Asian countries, such as Korea and Japan. In recent years, TCM, including TCM prescription drugs (TCMPs), Chinese herbal medicine (CHM), and bioactive components extracted from TCM, have been found to have great potential for improving adult neurogenesis in the treatment of neuropsychiatric disorders. In this review, we summarize the effects of TCM on regulating adult neurogenesis and their potential mechanisms and provide the basis for TCM targeting adult neurogenesis in the treatment of neuropsychiatric diseases.



2. Adult neurogenesis: From neural stem cells to therapy


2.1. Biological significance of adult neurogenesis

Neurogenesis is the process by which NSCs proliferate and differentiate to produce new neurons (this process can be seen in Figure 1), which is essential for the development of the brain and the establishment of functional connections. The nervous system of adult mammals has long been considered a non-regenerative tissue. However, in 1965, Altman and Das (Altman and Das, 1965) first observed neurogenesis in adult rats, subsequently, in 1998, Eriksson et al (Eriksson et al, 1998) provided evidence for the existence of adult neurogenesis of human. Over the next decade, the evidence for adult human neurogenesis has been refined (Boldrini et al., 2018; Sorrells et al., 2018; Moreno-Jimenez et al., 2021), confirming that adult neurogenesis exists throughout life (Zhou et al., 2022). With the deepening of adult neurogenesis research, it has been confirmed that adult neurogenesis occurs in two regions of the adult brain: the subgranular zone of the hippocampus (SGZ) and the subventricular zone (SVZ) of the lateral ventricles of adult mammals (Gould, 2007).

[image: Figure 1]

FIGURE 1
 Adult hippocampus of the dentate gyrus. Newly formed neurons in the sub-granular zone of the dentate gyrus pass through several consecutive developmental stages. The radial glial cells can generate proliferating NSCs with transient amplifying characteristics. These NSCs can give rise to neuroblasts that subsequently differentiate into dentate granule neurons. The developmental trajectory is accompanied by the subsequent expression of stage-specific molecular markers.


There is growing evidence that adult neurogenesis is essential for central nervous system (CNS) function. Adult neurogenesis is associated with cognition and emotion (Anacker and Hen, 2017; Alam et al., 2018). Adult neurogenesis is involved in cognition, including memory interference and indexing (Miller and Sahay, 2019), learning (Yau et al., 2015), and forgetting (Akers et al., 2014). Adult neurogenesis is also involved in the regulation of mood (Anacker and Hen, 2017), reduced neurogenesis has been implicated in the pathogenesis of anxiety and depression (Snyder et al., 2011), and increasing adult neurogenesis is sufficient to reduce anxiety and depression-like behaviors (Hill et al., 2015). Meanwhile, researchers have found that adult neurogenesis confers stress resilience (Anacker et al., 2018), and this resilience is necessary for the body to adapt to new environments. In addition, after a brain injury, the new neurons generated by adult neurogenesis are essential for the recovery of neural function (Marques et al., 2019).

It is known that NSCs progress through distinct stages before they become mature neurons, and this process is tightly controlled by cell-intrinsic factors and signals in the neurogenic niche (Johnson et al., 2009; Suh et al., 2009). In short, adult neurogenesis is tightly regulated by cell-intrinsic molecules and extrinsic signaling. Intrinsic signaling involves phosphoinositide 3-kinase (PI3K)/Akt, Notch-Hairy, and enhancer of split (Notch-Hes) signaling, Hedgehog signaling, bone morphogenetic protein signaling, and Wingless/Integrated signaling (Goncalves et al., 2016; Matsubara et al., 2021). Extracellular signaling is mainly from the NSC niche that creates a favorable microenvironment and architecture to sustain NSCs and neurogenesis (Li and Guo, 2021). Such factors as growth factors, neurotrophic factors, and neurotransmitters have also been reported to be part of the regulatory signaling within the hippocampal niche (Goncalves et al., 2016). Importantly, intrinsic and extrinsic signaling crosstalk and act on the CNS to regulate neurogenesis.

As its existence has been questioned in the past, studies have sought to understand how adult neurogenesis affects the human brain in both health and disease. Researchers have also looked at the factors that may affect this process. The above developments greatly promote our understanding of adult neurogenesis and how it might be used to enhance CNS performance and for the prevention and treatment of diseases that affect it.



2.2. Adult neurogenesis and neuropsychiatric diseases

With the growing understanding of the role of adult neurogenesis in the regulation of cognitive function, emotion, and brain repair after injury, the study of the relationship between this process and neuropsychiatric diseases has also made progress. Changes in adult neurogenesis were observed in neurological (such as AD, PD, HD, and stroke) and psychiatric (depression and post-stroke depression) diseases, and adult neurogenesis has been found to be involved in the pathological mechanisms of these diseases. Improving adult neurogenesis has been tried as a means of alleviating neurological and psychiatric disorders.

Alterations in adult neurogenesis have been reported in most neurological disorders, including neurodegenerative diseases and stroke. Since adult neurogenesis is involved in the regulation of cognition (Anacker and Hen, 2017), modulating adult neurogenesis may help to improve cognitive deficits in some neuropsychiatric disorders (Berger et al., 2020). In fact, abnormal adult neurogenesis has been observed in neurodegenerative diseases such as AD, HD, PD, and amyotrophic lateral sclerosis (ALS) (Jordan et al., 2006; Vivar, 2015; Horgusluoglu et al., 2017), which manifest as cognitive decline (Winner and Winkler, 2015; Terreros-Roncal et al., 2021). In contrast to the reduction of neurogenesis in neurodegenerative diseases, the proliferation of NSCs and the production of neuroblasts were activated after stroke. These neuroblasts migrate to the infarcted area, contribute to the repair of the infarcted brain, and form glial scar tissue (Koh and Park, 2017). However, based on comparisons between the density of BrdU-stained cells colabeled with a neuronal marker at 2 and 6 weeks post-ischemia about 80% or more of the new neurons died during this time interval (Arvidsson et al., 2002). Meanwhile, the effect of compensatory neurogenesis in repairing and restoring neural function has been limited. Fortunately, exogenous transplantation of NSCs (Hassani et al., 2012) and drugs (Chen et al., 2016) can be beneficial for neurogenesis and contribute to the recovery of brain function (such as motor balance and cognition) after stroke (Jin et al., 2006), and promoting adult neurogenesis has become an important direction for post-stroke recovery treatment (Marques et al., 2019).

Alterations in adult neurogenesis and reduced size of the hippocampus were reported in most psychiatric disorders, including schizophrenia, major depression, addiction, and anxiety, and in a significant subpopulation of patients with depression (Goncalves et al., 2016). Depressive disorders may be caused by impaired adult hippocampal neurogenesis in adults (Miller and Hen, 2015), and the effects of antidepressants have been found to relate to neurogenesis (Santarelli et al., 2003). Currently, medicine uses antidepressants such as fluoxetine, sertraline, and paroxetine, which could improve impaired cognitive, emotional, and motor function by promoting adult neurogenesis (Li et al., 2009).

However, to date, there isno clinical evidence of an isolated impairment of adult hippocampal neurogenesis in the absence of other abnormalities,but numerous studies have reported alterations in adult neurogenesis that are associated with several neurological and psychiatric disorders, providing a link between adult neurogenesis and human disease (Goncalves et al., 2016).

Since neurogenesis is related to a variety of neurological and psychiatric diseases, researchers have begun to try to alleviate diseases by influencing neurogenesis and have made some progress. The amelioration of diseases by neurogenesis mainly includes intracerebral transplantation and endogenous activation of NSCs (Chrostek et al., 2019; Wang J. et al., 2021). Although clinical data or evidence of a causal relationship between adult neurogenesis and disease are still lacking, a growing body of evidence in rodents and non-human primates indicates that improving adult neurogenesis contributes to restoring brain function in neuropsychiatric disorders. On this basis, research was carried out on the treatment of diseases with NSC transplantation or endogenous activation of NSCs. NSC transplantation could improve AD, PD, depression (Bao and Song, 2018), stroke, and other diseases (Boese et al., 2018). Promoting adult neurogenesis through endogenous activation of NSCs may also have good application prospects through lifestyle interventions or drugs. In lifestyle practice, exercise, environmental enrichment, and even dietary factors have been shown to enhance adult neurogenesis in animal models and can effectively alleviate depression and cognitive decline associated with animal models of mental illness (Hueston et al., 2017; Ma C. L. et al., 2017; Gronska-Peski et al., 2021). Adult neurogenesis is improved by medication for the symptoms of depression (Elder et al., 2006; Zeng et al., 2022), AD (Ye et al., 2016; Stazi and Wirths, 2021), and stroke (Chen et al., 2016), with TCM having the greatest effects on the aforementioned adult neurogenesis-related diseases. Together, these findings show that improving adult neurogenesis is indeed one of the most important ways to treat diseases. TCM has a variety of clinical procedures to treat neurological and psychiatric diseases and brain injuries, and these procedures have a proven track record of success. Improving adult neurogenesis may also be one of the key mechanisms underlying these procedures’ efficacy.




3. The effects of TCM on adult neurogenesis in neurological and psychiatric diseases

TCM has good clinical effects in the treatment of CNS diseases. Some researchers suggest that adult neurogenesis may be the mechanism of TCM for CNS diseases (Ren and Zuo, 2012; Yang et al., 2017; Wang J. et al., 2021; Feng et al., 2022). Thus, TCM has great potential for targeting adult neurogenesis to improve CNS diseases. Indeed, it has been observed that TCM prescriptions (TCMPs), CHMs, and bioactive components derived from TCM could affect adult neurogenesis and improve cognition, alleviate mood, and restore brain function in the animal model. In addition, different TCM may be involved in the regulation of different stages of adult neurogenesis.


3.1. The effects of TCM prescriptions on adult neurogenesis

In recent years, more and more researchers have focused on TCM’s improvement of CNS diseases by targeting adult neurogenesis. Table 1 and Figure 2 show that 28 kinds of TCMPs were reported to improve abnormal adult neurogenesis, which may be related to neurological and psychiatric diseases. Besides, two kinds of TCMPs were also reported to improve adult neurogenesis under normal physiological conditions.



TABLE 1 Effects of TCM prescriptions on neurological conditions and adult neurogenesis.
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FIGURE 2
 Pie chart of TCMPs improving adult neurogenesis and brain function, n = 29. Xiaochaihutang improves adult neurogenesis in stroke and physiological conditions, so it was counted in two cases for two situations.


Traditional Chinese medicine prescriptions could improve neurological diseases, some of which were found to be related to adult neurogenesis. At present, it has been reported that the major neurological diseases improved by TCMPs mainly include AD, stroke, and traumatic brain injury (TBI), and these diseases are all related to abnormalities of neurogenesis. From a functional perspective, promoting adult neurogenesis plays an important role in structural plasticity and network maintenance in AD (Mu and Gage, 2011). Currently, five types of TCMPs are being used in the treatment of AD; four of them improved the cognitive function in AD, and one reduced amyloid-β (Aβ) aggregation and Aβ-mediated pathology. Different TCMPs may improve the behavioral or pathological abnormalities of AD by acting at different stages of neurogenesis. Fuzhisan (Yang et al., 2011) and yokukansan (Azuma et al., 2018) acted at the proliferation level, Shenzao Jiannao oral liquid acted at the proliferation and maturation stages (Xiao et al., 2020), and herbal formula PM012 acted at the differentiation and maturation stages (Ye et al., 2016). Moreover, Jowiseungchungtang (Shin et al., 2018) inhibited Aβ-mediated pathology in an AD animal model (5XFAD) and restored adult neurogenesis in the proliferation and differentiation stages. Nine types of TCMPs have been shown to be effective in treating stroke, which is another common neurological disease. Seven of these TCMPs increased post-stroke brain function, and two of them improved both brain function and cognition after stroke. The above-mentioned nine TCMPs improved the restoration of brain function after stroke by promoting neurogenesis proliferation, differentiation, and maturation. Danggui Shaoyao San (Ren et al., 2015), Huatuo zaizao pill (Duan et al., 2017), and Sanhua decoction (Fu et al., 2020) acted at the differentiation stage. Tongxinluo (Chen L. et al., 2014; Chen et al., 2016) and Gualou Guizhi decoction (Han et al., 2018) all had an effect on the proliferation and differentiation levels. Huang-Lian-Jie-Du decoction (Zou et al., 2016) and Danggui jakyak San (Song et al., 2013) targeted the stages of proliferation, differentiation, and maturation of neurogenesis. Significantly, Buyang Huanwu decoction (Wang et al., 2011; Liu et al., 2013; Chen H. J. et al., 2015; Chen et al., 2020; Zhuge et al., 2020) and Ginseng Angelica shansheng pulvis (Liu et al., 2019) not only improved post-stroke brain function but also improved cognition, which may be related to the action of these two TCMPs on the proliferation, differentiation, and maturation stages of neurogenesis. In addition, after TBI, modified “Shengyu” decoction (Chen M. M. et al., 2015) improved neurological function, and MLC901 (Quintard et al., 2014) restored cognitive function, which may be related to the fact that these two TCMPs promoted the proliferation of the NCS (Figure 2).
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FIGURE 3
 The effect of Chinese herbal medicine on adult neurogenesis and brain function, n = 19.


The most important psychiatric disorder improved by TCMPs is depression. Depression is associated with impairments in adult neurogenesis in the dentate gyrus, while the effects of antidepressants are mediated by increased neurogenesis. Increasing adult hippocampal neurogenesis could reduce anxiety and depression-like behaviors (Hill et al., 2015; Tunc-Ozcan et al., 2019). At present, a total of ten TCMPs alleviated the mental symptoms of depression, with nine of them significantly improving anxiety and depression-like mood after depression; one TCMP not only alleviated mood but also improved cognition. The aforementioned TCMPs that improve cognition and mood in depression may act on different stages of neurogenesis. Kami-shoyo-san (Park et al., 2007), Kososan (Ito et al., 2017), and Wuling capsules (Li et al., 2010) promoted the proliferation stage; Jiaweisinisan promoted the differentiation stage (Wang H. Z. et al., 2021); Kaixinsan promoted the maturation stage (Yan et al., 2016; Dong et al., 2020); Jie Yu Chu fan capsules (Ji et al., 2020), Xiaochaihutang (Zhang et al., 2015, 2016; Ma J. et al., 2017) and Zhengtian capsules (Yang et al., 2020) promoted the proliferation and differentiation stages; Chaihu-Shugan-San (Chen et al., 2018; Zhang et al., 2021) promoted the differentiation and maturation stages. In addition to reducing depressive symptoms, Ninjinyoeito (Murata et al., 2018) also improved cognitive performance, which may be connected to promoting the proliferation and differentiation stages of neurogenesis. Meanwhile, Kososan (Ito et al., 2017) improved mood, but it simply tended to advance the stage of proliferation. In addition, post-stroke depression (PSD) is a significant social and public health issue, and antidepressant preventive and curative treatments are worth investigating (Villa et al., 2018). TCMs not only ameliorated depression by affecting neurogenesis but also alleviated the symptoms of PSD by promoting the maturation of neurogenesis. Both Yi-nao-jie-yu (Tian et al., 2018) and Jieyu Anshen granules (Du et al., 2020) relieved the mood after PSD, restored brain function, and improved cognitive function; this may be related to the fact that these two TCMPs promoted NSC maturation.

In addition, under physiological conditions, Kami-ondam-tang (Hong et al., 2011) is good for cognition, and Xiaochaihutang (Zhang et al., 2015) is beneficial for emotion, which may be related to the fact that these TCMPs are able to promote the differentiation of neural stem cells.

The application of each of the above 29 types of TCMPs is based on the theory of TCM and has been consistently enhanced through the process of practice. As a result, neurogenesis has been improved in a variety of situations. It is evident that each TCMP contains several different herbs, but identifying which ones are the most important may be difficult to explain. Future research will focus on those factors that support adult neurogenesis and have either antagonistic or synergistic effects.



3.2. The effects of Chinese herbal medicine on adult neurogenesis

According to the “jun-chen-zuo-shi” principle of TCM, each CHM in a TCMP is essential and has a specific function (Zhang et al., 2014). The advancement of modern pharmacology has made it easier to further study the active components in TCM that promote adult neurogenesis. Therefore, the effects of CHMs on adult neurogenesis have been widely studied. Table 2 and Figure 3 summarizes the impact of CHMs on adult neurogenesis under different pathological and physiological situations.



TABLE 2 Effects of CHMs on neurological conditions and adult neurogenesis.
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The main neurological diseases that CHMs could improve are AD and stroke, and this improvement in neurological symptoms may be related to neurogenesis. Four CHMs promoted neurogenesis in AD animal models, and three of them improved the cognition of AD animals, but they had different effects on neurogenesis. Acori graminei rhizoma mainly acted on proliferation and differentiation (Ma et al., 2015), Rosmarinus officinalis mainly acted on differentiation (Mirza et al., 2021), and Cyperus rotundus mainly acted on maturation (Shakerin et al., 2020). In addition, Acori tatarinowii rhizoma (Mao et al., 2015) promoted the proliferation and maturation of neurogenesis in AD animal models, but its effect on cognition has not been shown. Five CHMs have improved brain function after an ischemic stroke. The restored brain function after stroke may be related to chuanxiong rhizome-stimulated differentiation (Wang et al., 2020), Borneol (Zhang X. G. et al., 2017), and Renshen Shouwu extract stimulated maturation (Li et al., 2020). Meanwhile, Alpiniae oxyphyllae fructus improved cognition and mood after stroke, which may be related to its promotion of cell proliferation, differentiation, and maturation (He et al., 2020).

Three reports indicate that CHMs improved the neurogenesis of depression Butea superba (Mizuki et al., 2014); Astragali radix, Saposhnikoviae radix, Eucommiae cortex, and Corydalis rhizoma (Sun et al., 2016) all have the potential to lessen depression, and one of the possible mechanisms is the promotion of the proliferation of neurogenesis. In addition, Bupleuri radix is a key component in a number of oriental herbal medicines used to treat stress and other psychiatric illnesses, and these seem to have proliferative effects (Seo et al., 2013).

Six CHMs promote neurogenesis under physiological conditions, and three of these improved learning and memory, with one CHM alleviating emotion and two others promoting neurogenesis (however, their effects on cognition and emotion were not demonstrated). The following three CHMs have been shown to improve learning and memory. Their potential mechanisms may involve sun ginseng, which promotes NSC proliferation and survival (Lee et al., 2013), Korean red ginseng, which promotes NSC differentiation (Ryu et al., 2020), and Cuscuta japonica Choisy, which promotes NSC proliferation, differentiation, and maturation (Moon et al., 2016). Allium macrostemon Bunge (Lee et al., 2010) was beneficial to antidepressant-like activity and promoted the proliferation, differentiation, and maturation of neurogenesis. In addition, Oenanthe javanica encouraged neurogenesis proliferation and differentiation (Chen B. H. et al., 2015), and the root of Polygala tenuifolia encouraged neurogenesis proliferation and maturation (Park et al., 2008), although their effects on cognition and emotion under physiological situations were not demonstrated. In Asia, certain CHMs, such as Korean red ginseng, are used as both medicine and food.



3.3. The effects of bioactive components on adult neurogenesis

The bioactive components were extracted from CHMs due to their structural diversity and biological activities, which make them important sources of clinical drugs. Although there are fewer components in CHMs than in TCMPs, it is still very difficult to determine which components are effective. Therefore, the separation and extraction of bioactive components from CHMs for research provide a more stable outcome and may be conducive to the study of pharmacological mechanisms. The destiny of NSCs may be influenced by bioactive components (Zhang Z. et al., 2018), and bioactive components’ support of adult neurogenesis has attracted extensive attention. Table 3 and Figure 4A show the 17 kinds of bioactive components that were reported to improve adult neurogenesis in connection to physiological or pathological conditions. The effects of bioactive components on adult neurogenesis have been studied at the cellular and animal levels (Table 3).



TABLE 3 The bioactive components of neurological conditions and adult neurogenesis.
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FIGURE 4
 The effect of bioactive components on adult neurogenesis. (A) Pie chart of bioactive components improving adult neurogenesis and brain function, n = 17, L. barbarum polysaccharides improves adult neurogenesis in aging, depression, and physiological conditions, so it was counted in three cases for three situations; baicalin improves adult neurogenesis in depression and stroke conditions, so it was counted in two cases for two situations. (B) Pie chart of bioactive components according to the chemical composition that promotes adult neurogenesis (animal) or contributes to the proliferation and differentiation of NSCs, n = 21.


At present, in vivo experiments have shown that bioactive components are being used to treat neurologic diseases such as stroke, PD, multiple sclerosis, and aging. Five bioactive components improved symptoms after stroke, promoting neurogenesis. Cornel iridoid glycoside (Yao et al., 2009) restored brain function, which may be related to NSC proliferation. Learning and memory after stroke were improved by salvianolic acid B (Zhuang et al., 2012) and Gastrodin (Xiao et al., 2021). This improvement may have been caused by the stimulation of neurogenesis. Astragaloside IV (Chen et al., 2019; Li et al., 2021) not only restored brain function after stroke but also improved cognition, which may have the potential to encourage NSC proliferation, differentiation, and maturation. Baicalin also performed well in regulating proteins in energy metabolism, but had a relatively weak effect in the regulation of proteins in neurogenesis and apoptosis, according to results from proteomics to explore the various protein expression modes in mouse brains after stroke (Zhang et al., 2009). Magnesium lithospermate B (Zhang Z. et al., 2018) improved the cognitive function of PD animal models, which may be connected to NSC growth promotion. Scutellarin (Wang et al., 2016) alleviated behavioral deficits in a mouse model of multiple sclerosis, possibly by inhibiting NSC apoptosis and promoting NSC differentiation into myelin-producing oligodendrocytes. Lycium barbarum polysaccharides (LBP) (Chen W. et al., 2014) prevented cognitive and memory deficits, in addition to decreasing cell proliferation and neuroblast differentiation, in scopolamine-treated rats. Ginsenoside Rg1 prevented cognitive impairment in a rat model of aging (Zhu et al., 2014). This may be related to its ability to protect NSCs/NPCs and promote differentiation. Depression is the primary psychiatric illness alleviated by the bioactive components. Five bioactive components improved the symptoms of depression, with four of them relieving depression-like mood. This may be related to the fact that these four bioactive components can affect the neurogenesis of depression in model mice. Curcumin promoted proliferation (Xu et al., 2007), 2,3,5,4 ‘-Tetrahydroxystilbene-2-O-beta-d-glucoside (Jiang et al., 2018), and LBP (Po et al., 2017) promoted differentiation, and baicalin promoted proliferation, differentiation, and maturation (Jiang et al., 2013; Gao et al., 2018; Zhang et al., 2019). Meanwhile, Helicid (Li et al., 2019) not only relieved post-depression mood but also improved cognition, which may be associated with boosting NSC proliferation. Also, under physiological conditions, bioactive components promoted neurogenesis. For example, Fuzi polysaccharide-1 (Yan et al., 2010) improved mood, which may have been connected to its support of proliferation and maturation. The effect of LBP promoted proliferation (Wang et al., 2015), aromatic Turmerone (Hucklenbroich et al., 2014), and schisandrin A and B (Cai et al., 2020) promoted differentiation, scorpion venom heat resistant peptide promoted proliferation and differentiation (Wang et al., 2014), but the effects above five bioactive components on the behaviors of mice have not been reported.

In vitro, bioactive components mainly promoted the proliferation and differentiation of NSCs. Magnesium lithospermate B (Zhang Z. et al., 2018), angelica polysaccharide (Cheng et al., 2019), and astragaloside IV (Chen et al., 2019) all promoted the proliferation of stem cells; tetramethylpyrazine (Yan et al., 2014) and musk ketone promoted differentiation, while salvianolic acid B (Zhuang et al., 2012) and aromatic turmerone (Hucklenbroich et al., 2014) regulated both proliferation and differentiation. In addition, Epimedium flavonoids promoted axon growth, which is essential for stem cell maturation (Yao et al., 2010). Unfortunately, when pregnant rats were exposed to koumine (Zhou et al., 2020), which was isolated from Gelsemium elegans Benth, the offspring of both male and female c57BL/6 J mice showed a marked reduction in neurogenesis in the hippocampal DG. In addition, the offspring presented cognitive deficits and increased anxiety-like behavior (Yang et al., 2021). Similarly, Saikosaponin-d replicated cell viability and reduced cell growth (Qin et al., 2019).

The structural classification of the aforementioned bioactive components can be seen in Figure 4B. The indicated bioactive components are mainly concentrated in saponin (28.57%), phenylpropanoid (19.05%), and polysaccharide (14.29%), in addition to terpenoids (9.52%), organic acids (9.52%), amino acids (4.76%), alkaloids (4.76%), flavonoids (4.76%), and bioactive substances (4.76%).

As people pay more attention to the role of neurogenesis in diseases, how to improve diseases through drugs that affect neurogenesis has become a hot subject in neuroscience in recent years. TCM has outstanding clinical efficacy in the treatment of neurogenesis-related diseases and is an important source of drugs that affect neurogenesis. TCMPs have a large amount of clinical practice data, such as Xiaochaihutang (Chen et al., 2009) and Buyang Huanwu decoction (Lee et al., 2020). Some herbs, such as medlar, ginseng, and licorice can be used as both medicine and food. Surprisingly, 9 of the 21 CHMs (47.6%) were shown to enhance adult neurogenesis under physiological conditions. When it comes to the different stages of neurogenesis, TCM may regulate more than just the one biological process of adult neurogenesis mentioned above. Figure 5 shows how TCM regulates and plays a vital role in the multi-stage process of adult neurogenesis.
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FIGURE 5
 The influence of TCMPs, CHMs, and bioactive components on adult neurogenesis at different stages.


As shown in Figure 6, there are currently 19 CHMs that are almost present in 26 TCMPs (89.66% of the total number of TCMPs), and further analysis found that 20 CHMs contain 17 types of bioactive compounds (80.95% of the total number of bioactive compounds), which have a high potential for use before clinical application, such as baicalin, which was isolated from the root of Scutellaria baicalensis and has a great neuroprotective effect. More importantly, baicalin has shown highly promising results in two clinical trials (chiCTR180016727 and ChiCTR180016727) on mental health. If we can fully explore the mechanism of its influence on neurogenesis, its clinical application will advance even further.
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FIGURE 6
 TCMPs and CHMs are commonly used to enhance adult neurogenesis and a network of its bioactive components.





4. Mechanism of TCM on adult neurogenesis


4.1. Increase of neurotrophic factor

Neurotrophic factors play a central role in NSC proliferation, migration, and differentiation. Their existence is crucial for maintaining neuronal function, structural integrity, and adult neurogenesis throughout life. Many TCMs (Figure 7A) show the ability to promote the secretion of neurotrophic factors, thereby enhancing hippocampal adult neurogenesis (Zhang et al., 2014).
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FIGURE 7
 Mechanisms of TCMPs, CHMs, and bioactive components on adult neurogenesis. (A) TCM could increase neurotrophic factors or activate the PI3-AKT and ERK pathways for adult neurogenesis. (B) TCM could increase neurotransmitters for adult neurogenesis. (C) TCMs could reduce inflammation for adult neurogenesis. (D) TCM could reduce neurotoxicity for adult neurogenesis. (E) TCM could activate the Notch-Hes pathway for adult neurogenesis.


There are many TCMs that promote adult neurogenesis while simultaneously regulating BDNF, including Huatuo Zaizao pill (Duan et al., 2017), Shenzao jiannao oral liquid (Xiao et al., 2020), Danshen-Chuanxiong-Honghua (Zhang X. et al., 2017), and Allium macrostemon Bunge (Lee et al., 2010): these not only promote the proliferation of NSCs, but also enhance BDNF expression. Both Zhengtian capsules (Yang et al., 2020) and Oenanthe javanica ethanol extract (Chen B. H. et al., 2015) promote the proliferation and differentiation of hippocampal NSCs, while BDNF expression is also increased. PM012 promotes BDNF expression and NSC differentiation and maturation (Ye et al., 2016). In addition to the aqueous extract of gardenia, Fructus aurantii, and Magnolia officinalis also increase BDNF expression in the hippocampus of rats with chronic unpredictable mild stress and affect NSC differentiation and maturation (Xing et al., 2015). As a result, BDNF may be the target of traditional Chinese medicine to regulate neurogenesis. Thus, some researchers believe that the beneficial effect of Jieyu Chufan capsules (Ji et al., 2020) and curcumin (Xu et al., 2007) on depressed mice involves enhancing adult neurogenesis by boosting BDNF expression (Ji et al., 2020). Buyang Huanwu decoction promotes recovery from cerebral ischemia, and its mechanism may be related to the increased expression of VEGF and BDNF proteins for the differentiation and maturation of NSCs (Zhuge et al., 2020). PMC-12 (Park et al., 2016) and Xiaobuxin decoction (An et al., 2008) have beneficial effects on maturation through an increase in BDNF and p-CREB expression (An et al., 2008). Further research confirms that P-coumaric acid’s effects on BDNF/TrkB/Akt activation and NSC proliferation are eliminated when coupled with the BDNF/TrkB-specific inhibitor ANA12 (He et al., 2020). Meanwhile, K252a is an antagonist of Trk, an upstream molecule of BDNF signal transduction. TrkB inhibition blocks the transmission of the BDNF signal pathway. Although Fuzi polysaccharide-1 (Yan et al., 2010) promotes proliferation Chaihu Shugan San improves differentiation (Chen et al., 2018), and Ginseng and Polygala tenuifolia aqueous extracts (Jiang et al., 2021) enhance NSC differentiation and maturation, K252a may disrupt the function of the aforementioned TCMs on adult neurogenesis. In addition, administering Scorpion venom heat resistant peptide (SVHRP) promotes astrocytes to release BDNF and promotes the growth of axons of immature neurons. However, blocking BDNF with anti-BDNF antibodies can eliminate these SVHRP-dependent neurotrophic effects (Wang et al., 2014).

In addition to regulating BNDF to enhance adult neurogenesis, TCM can also control other neurotrophic factors to enhance adult neurogenesis. In TBI rats, “Shengyu” decoction can increase the expression of glial cell line-derived neurotrophic factor (GDNF) and nerve growth factor (NGF) for the proliferation of NSCs (Chen M. M. et al., 2015). Huatuo Zaizao extract can boost the production of newly formed neurons, and increase the levels of VEGF and BDNF (Zheng et al., 2014), in addition to BDNF, NGF, TrkB, TrkA, which are all upregulated by Xiaoyao pills (Fang et al., 2020). Additionally, Angelica sinensis (Oliv.) Diels not only promotes the proliferation and maturation of hippocampal NSCs, but can also upregulate the expression of BDNF, GDNF, and vascular endothelial growth factor A (VEGF-A) in the hippocampus in chronic cerebral ischemia models (Cheng et al., 2021).



4.2. Increase of neurotransmitters

Depression is associated with decreased adult neurogenesis and abnormal monoammonia levels (Lanni et al., 2009; Jiang et al., 2022). Importantly, monoamine neurotransmitters function to increase neurogenesis (Cameron et al., 1998). A 5-Hydroxytryptamine (5-HT) reuptake inhibitor like fluoxetine not only has an obvious antidepressant effect but can also greatly improve adult neurogenesis in depression models. The antidepressant effects of Jie Yu Chu fan capsules in depressed mice can enhance adult neurogenesis by increasing the levels of norepinephrine (NE) and dopamine (DA) (Ji et al., 2020). Jieyu Anshen granules improving the neurological and cognitive functions of PSD model mice may be related to increases in the levels of NE, DA, and 5-HT (Du et al., 2020). Curcumin increased hippocampal adult neurogenesis, which may be related to curcumin increasing 5-HT (1a) mRNA in the hippocampal subregion after stress (Xu et al., 2007). The mechanism by which the above TCMs may influence neurogenesis by affecting neurotransmitters is shown in Figure 7B.


4.2.1. Inflammation reduction

Pro-inflammatory factors IL-1β, IL-6, and NF-κB produced by activated microglia or astrocytes may impact different phases of adult neurogenesis (Ekdahl et al., 2009; Czeh et al., 2011). TCMs (Figure 7C) may alleviate abnormal adult neurogenesis by reducing glial cell activation and inflammatory factors.

One strategy for TCM to increase adult neurogenesis is to inhibit microglial activation. The influence of α-Asarone on neurogenesis may be correlated with a decline in the proportion of activated microglia, a reduction in microglial numbers, and the maintenance of velocity (Cai et al., 2016). Kososan extract can prevent the avoidance behavior of socially failed mice, which is partially mediated by the downregulation of hippocampal neuroinflammation, possibly through the regulation of increased anti-inflammatory microglia and adult hippocampal neurogenesis (Ito et al., 2017). Erinacine A and erinacine S promote hippocampal adult neurogenesis in AD mice, which may lessen glial cell activation (Tzeng et al., 2018).

Another strategy for TCM to increase adult neurogenesis at different stages is to inhibit the release of proinflammatory cytokines (TNF-α, IL-1β, and IL-6) by microglia. In the proliferation stage, ZTC increases NSC proliferation and inhibits the expression level of NF-kB in a dose-dependent manner (Yang et al., 2020). Under the differentiation stage, Ligusticum chuanxiong (LC) significantly increased DCX in the hippocampal DG of adult rats 14 days after cerebral ischemia. Meanwhile, LC reduces IL-1β and TNF-α (Wang et al., 2020). THSG, the main active compound of the traditional Chinese herb Polygonum multiflorum, can lower TNF-α, IL-1β, and IL-6 (Jiang et al., 2018). At the maturation stage, Xiaoyao pills increase newly formed neurons and significantly decrease the levels of IL-6 and TNF-α (Fang et al., 2020). Treatment with Polygoni multiflori radix extract can greatly increase the number of new neurons after an ischemic stroke. This may be accomplished by blocking the TLR4/NF-κB/NLRP3 inflammatory signaling pathway after an ischemic stroke in rats (Li et al., 2020). Moreover, Jieyu Anshen granules (Du et al., 2020), Hericium erinaceus mycelium (HEM), and an isolated diterpenoid derivative known as erinacine A (Tsai et al., 2019) all support the development of new neurons and can reduce TNF-α and IL-1 β, which are linked to the regulation of adult neurogenesis (Du et al., 2020).

Traditional Chinese medicine can inhibit both microglia activation and the release of proinflammatory factors. Andrographolide (Lu et al., 2019) inhibits chronic stress-induced abnormalities in adult hippocampal neurogenesis by reversing microglia-mediated pro-inflammatory cytokine production. Nuclear transcription factor NF-κB level decreased, and LPS-induced IL-1β level was changed by ALWPS-regulated FAK signal. Moreover, ALWPS significantly inhibited the LPS-induced migration of BV2 microglia. Oral administration of ALWPS to C57BL/6 J mice injected with LPS can greatly improve short- and long-term memory. More importantly, oral treatment of ALWPS significantly reduced microglia activation in the hippocampus and cortex (Lee et al., 2018).

Additionally, TCM may regulate astrocyte anti-inflammation and increase NSC proliferation. Ilexonin A can enhance NSC proliferation by activating astrocytes and decreasing TNF-α and IL-1 β (Xu et al., 2020). Ginsenoside Rg1 decreased astrocyte activation and increased hippocampal cell proliferation by reducing IL-1β, IL-6, and TNF-α (Zhu et al., 2014).



4.2.2. Reduction of neurotoxicity

In the past few years, impaired adult hippocampal neurogenesis has emerged as a hallmark of AD pathophysiology along with Aβ and tau hyperphosphorylation-induced neurotoxicity, and further research has shown that Aβ-induced neurotoxicity is associated with altered neurogenesis and memory formation (Abshenas et al., 2020; Amber et al., 2020). Although Aβ causes a temporary increase in the number of neurons in younger mice, it also causes a drop in the NSC pool, which results in a lower rate of adult neurogenesis in older animals (Lopez-Toledano et al., 2010). In the existing animal model of AD, mice with Aβ intraperitoneal injections or transgenic Aβ accumulation can severely impair adult neurogenesis, and TCMs (Figure 7D) improved this situation. On the one hand, TCMs such as Cyperus rotundus extract (Shakerin et al., 2020), rosmarinic acid, and ursolic acid (Mirza et al., 2021) repaired the spatial memory damage induced by Aβ1-42 and increased adult neurogenesis. On the other hand, the transgene-induced aggregation of Aβ was also associated with an aberrant reduction of adult neurogenesis. In this situation, TCMs reduced Aβ deposition in the brain and enhanced hippocampal adult neurogenesis in AD animal models with different genetic backgrounds. For instance, Jowiseungchungtang inhibited the aggregation of Aβ and the pathology induced by Aβ in AD model mice (five family AD variants) and improved adult hippocampal adult neurogenesis in vivo (Shin et al., 2018), Icariin reduced Aβ in the brain of Tg2576 mice and enhanced adult hippocampal neurogenesis (Li et al., 2015), erinacine A and erinacine S inhibited the growth and reduced the load of Aβ plaque and promoted adult hippocampal neurogenesis in APPswe/PS1ΔE9 transgenic mice (Tzeng et al., 2018), and PM012 significantly reduced Aβ deposition and increased adult neurogenesis in 3xTG AD mice (Ye et al., 2016).



4.2.3. Activation of PI3-AKT and ERK pathways

The ERK and PI3K / Akt pathways may regulate different stages of adult neurogenesis, including the growth, differentiation, maturation, and survival of NSCs (Shioda et al., 2009; Mellios et al., 2018). TCMs (Figure 7A) could affect adult neurogenesis by regulating the ERK and PI3K / Akt pathways of NSCs.

Salvianolic acid B maintains self-renewal and promotes the proliferation of NSCs via the PI3K / Akt signaling pathway, which is confirmed by PI3 (LY294002) inhibition eliminating this effect (Zhuang et al., 2012). Meanwhile, THSG (a primary active compound of the traditional Chinese herb Polygonum multiflorum) (Jiang et al., 2018) and the purified fraction of Gastrodiae rhizoma (Hsu et al., 2021) stimulate adult neurogenesis and regulate the PI3K/Akt pathway. Moreover, magnesium lithospermate B (Zhang Z. et al., 2018) and musk ketone (Zhou et al., 2020) promote the proliferation and differentiation of NSCs through the activation of the PI3K/Akt signaling pathway. Akti-1/2, an Akt inhibitor, also blocks the effect of musk ketone on NSCs. This suggests that Muscone promotes NSC proliferation and differentiation by activating the PI3K/Akt signaling pathway (Zhou et al., 2020). Chaihu Shugan San increases the levels of pPI3k/PI3K and pAkt/Akt in the hippocampus of stressed mice and restores the newly formed neurons. The two main active ingredients in Chaihu Shugan San, quercetin and luteolin, were then discovered to have a good docking fraction with the PI3K protein using molecular docking technology. This further confirmed that the PI3K/Akt pathway is how CSS participates in the treatment of MDD (Zhang et al., 2021).

Chaihu Shugan San not only boosted the PI3K/Akt pathway in stressed mice but also reduced the level of p-GSK3β/GSK3β to promote adult neurogenesis (Zhang et al., 2021). Danggui Jakyak San increases Akt/GSK3 β/β- Catenin signal transduction, which may be one of the mechanisms through which it promotes adult neurogenesis (Song et al., 2013). Similarly, raising p-Akt and p-GSK-3β is thought to play a factor in how alkaloids in Huanglian Jiedu decoction encourage NSC proliferation. Flavonoid treatment promotes the differentiation of cortical precursor cells into neurons rather than glial cells, which could be attributed to the upregulation of Akt and GSK-3β (Zou et al., 2016). In addition, Saikosaponin-d (SSD) inhibits cell viability and proliferation of hippocampal NPCs in a concentration-dependent manner. Subsequent research indicates that SSD suppresses adult neurogenesis and NPC proliferation via the GSK3 β/β- Catenin signaling pathway (Qin et al., 2019).

Traditional Chinese medicine could aid the PI3K/Akt/CREB pathway in NSC differentiation. Kami-ondam-tang greatly enhanced the expression of p-Akt and p-CREB in the hippocampal CA1 region and dentate gyrus, and, at the same time, the number of DCX-positive cells in the dentate gyrus increased significantly. These results suggest that Kami-ondam-tang improves cognitive ability by upregulating Akt/CREB/BDNF signaling and adult neurogenesis (Hong et al., 2011). Tetramethylpyrazine induces the release of BDNF from bone marrow mesenchymal stem cells by activating the PI3K/Akt/CREB pathway for neural differentiation. This effect could be reversed by the PI3K inhibitor LY294002 (Chen et al., 2021).

Traditional Chinese medicine could also influence NSC during development and survival via the Akt pathway. Baicalin induces neuronal development, matures them via the Akt/Foxg1 pathway, and sustains them to have an antidepressant effect (Zhang et al., 2019). By the activation of PI3K/Akt/BAD, Buyang Huanwu decoction (BHD) stimulates neurogenesis in apoptosis, proliferation, differentiation, maturation, and eventually the recovery of the function of learning and memory (Chen et al., 2020).

Another type of kinase that influences NSC proliferation, differentiation, and survival is extracellularly regulated protein kinases (ERK) (Rai et al., 2019). TCM promotes the proliferation of NSCs through ERK. Acorus tatarinowii and its components, α- asarone and β- asarone, promote NPC proliferation in vitro. Subsequent research has shown that Acorus tatarinowii and asarone activated ERK but did not activate the Akt pathway; FR180204 inhibited ERK activity and effectively blocked the promoting effect of Acorus tatarinowii or asarone on the proliferation of NPC (Mao et al., 2015). In contrast to Acorus tatarinowii, Sun ginseng increases p-ERK and p-Akt levels in addition to NSC proliferation and survival, which may be the method through which memory is enhanced (Lee et al., 2013). In addition, Zhengtian capsules promote the proliferation of hippocampal NSCs and the protein levels of phosphorylated ERK1/2 and CREB (Yang et al., 2020).



4.2.4. Activation of the Notch-Hes pathway

Activation of the Notch signaling pathway enhances the production of Hes1 and Hes5, which promote stem cell proliferation and inhibit neuronal differentiation (Mendes-da-Silva et al., 2015; Zhang R. et al., 2018; Ohtsuka and Kageyama, 2021). TCM may influence adult neurogenesis by regulating stem cell proliferation and differentiation via the Notch1/Hes pathway (Figure 7E). Zhuang et al. (2012) screened 45 bioactive components from TCM, which were widely used in the treatment of stroke in China, and evaluated their effect on the proliferation of neural stem/progenitor cells. The results showed that Sal-b promoted NSC self-renewal along with an increase in Notch1 gene expression. The Buyang Huanwu decoction increased the expression of Hes1 and promoted NSCs to differentiate into astrocytes (Chen et al., 2020). More importantly, TCMs regulate neurogenesis under different pathological conditions through the Notch1/Hes5 pathway, which may have a time effect from the Yi-nao-jie-yu prescription (Tian et al., 2018) and a dosage effect from the Ginseng-Angelica-Sansheng-pulvis combination (Liu et al., 2019).





5. Toxic and side effects

There are only a few clinical reports on the toxicity and adverse effects of TCMs regulating adult neurogenesis, whether used alone or in combination. The side effects of TCMs, including MLC901 (Kumar et al., 2020), curcumin (Asher and Spelman, 2013; Fan et al., 2013), and Polygala tenuifolia (Zhao X. et al., 2020), are largely gastrointestinal, such as nausea, vomiting, and diarrhea. The majority of side effects are mild and temporary, and after discontinuing the medication, these symptoms will gradually subside. There are also a few reports on the side effects of TCMs in other systems. Pseudoaldosteronism caused by Yokukansan (Ishida et al., 2020; Katsuki et al., 2021) causes hypertension, hypokalemia, and muscular weakness, which may lead to death. Therefore, patients must be aware of the risks when considering taking Yokukansan (Ishida et al., 2020). Curcumin may chelate dietary trace elements, and long-term supplementation of curcumin aggravates iron deficiency (Chin et al., 2014). Clinicians should pay attention to any side effects that could increase the number and function of myeloid-derived suppressor cells when using angelica polysaccharide as an immune enhancer (Shen et al., 2022). Cornus officinalis extract has shown good results in treating drug-resistant asthma, but it may cause allergic contact dermatitis (Mirsadraee et al., 2018).

The toxic and adverse effects of combining TCMs with Western medicine have also been documented and require special attention. TCMs may affect the activity of the cytochrome P450 (CYP) enzyme system, which may enhance therapeutic effects but could also lead to increased side effects. For the treatment of epilepsy, Gastrodiae rhizoma might lengthen the plasma half-life and concentration of carbamazepine and its metabolite (carbamazepine-10, 11-epoxide). However, it could also be accompanied by an expansion of the neurological signs of toxicity (Yip et al., 2020). Ginkgo stimulates both CYP3A4 and CYP2C9 and alters the AUC and Cmax of conventional medications like midazolam, tolbutamide, lopinavir, and nifedipine. Ginsenosides Re increased CYP2C9, which reduced the anticoagulant activity of warfarin (Suroowan and Mahomoodally, 2019). In addition, Glycyrrhizae radix et rhizoma replaces serum-bound cardiovascular medications and reduces the disease-treating effects of diltiazem, nifedipine, and verapamil (Suroowan and Mahomoodally, 2019). Individuals who took ginger and aprepitant together experienced more severe acute nausea than those who took only aprepitant (Zick et al., 2009). Despite the limited and contradictory results about curcumin enhancing the function of doxorubicin-induced cardiac toxicity, it is necessary to conduct carefully designed research to evaluate the safety and effectiveness of the new formulation of this compound during cancer treatment (Armandeh et al., 2022).

It should be noted that ingesting an excessive amount of TCMs, even “medicine food homologous,” will produce adverse reactions. For example, Korean red ginseng (KRG) is very popular as a dietary supplement, but its excessive intake can cause “shanghuo,” which is closely related to the acceleration of the TCA cycle and the increase of AMPK activity (Zhao T. et al., 2020). At a regular dose, Morinda officinalis has not been associated with any significant negative effects in clinical trials, but in some cases, doses greater than 1 g/kg have been linked to irritability, insomnia, and unpleasant feelings (Zhang J. H. et al., 2018). Excessive intake of curcumin may have adverse effects on the kidney, heart, liver, blood, and immune system, which is a reminder that there is still much research to be done before curcumin can be effectively used and transformed (Liu et al., 2022). High doses of baicalin improve the antioxidant system in rat liver, but at the same time, they also lead to the reduction of trace minerals, thereby decreasing the activity of some metal-containing enzymes and having negative health implications (Gao et al., 2003).

Based on the aforementioned reports, TCMs that regulate adult neurogenesis should be used with caution in clinical applications due to their toxicity and side effects. Regarding the effectiveness, toxicity, and side effects of TCMs on adult neurogenesis, quality control and reliability of TCMs are also important determining factors. Genuine traditional Chinese materia medica, processing, safety, compatibility with other medications, and dosage of TCMs used for different medical conditions should all be taken into consideration. It is also necessary to keep researching the scientific and ethical principles of TCM clinical trials on adult neurogenesis. All of these techniques can effectively protect the subjects’ rights, interests, and safety while also improving the development of TCMs on adult neurogenesis to prevent and treat nervous system disorders.



6. Conclusion and future work

Many studies have shown that adult neurogenesis plays an important role in the regulation of neurological and psychotic disorders. A better understanding of the effects and mechanisms that regulate adult neurogenesis will identify disease pathologies that drive cognitive and emotional impairments, thereby providing an avenue for the development of effective therapeutic strategies. Here, we have focused on the role of adult neurogenesis in neuropsychiatric disorders, especially the characteristics and mechanisms of the ameliorative effects of TCM resulting from its regulation of adult neurogenesis. This review provides recent evidence on the regulation of adult neurogenesis by TCM.

Extensive studies have made significant progress in the regulation of adult neurogenesis thanks to TCM, but there are still many questions and thus further studies are needed. (1) Although adult neurogenesis has been shown to exist in animals, there is insufficient evidence to date to adequately support its existence in adult humans. It is crucial for future research to explore the dynamic changes and the functional role of adult neurogenesis in the normal human brain and alterations in neuropsychiatric disorders. More accurate approaches, cell markers, and human imaging protocols that can efficiently study adult neurogenesis are the greatest necessities in this field. (2) Although many promising results have been achieved by using TCM to regulate adult neurogenesis in various animal models and in in vitro cell cultures, no clinical trials have been conducted so far. One limitation that hinders the clinical trials of drugs on adult neurogenesis is the lack of an in situ method to monitor and calculate adult neurogenesis. However, greater efforts should be made to conduct clinical research to further verify the efficacy of TCM in improving adult neurogenesis in humans. (3) The discovery of effective ingredients from TCM to improve adult neurogenesis holds great promise, but current studies on the exact targets and the pathways involved are far from sufficient. The study of the exact pharmacological targets of TCM for improving adult neurogenesis should be further conducted in the future. With the aid of new methods such as bioinformatics, it would be clarified, and then more effective agents could be designed and developed accordingly.

Although adult neurogenesis per se has not yet yielded a clinically approved compound for any indication, the target remains of interest and is under investigation for drug development. TCM is a great treasure that provides abundant sources for drug discovery to modulate adult neurogenesis. We believe that the future development of medications from TCM that can improve adult neurogenesis would bring us one step closer to its application in the treatment of human diseases.
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A substantial body of evidence has indicated that intracerebral O-linked N-acetyl-β-D-glucosamine (O-GlcNAc), a generalized post-translational modification, was emerging as an effective regulator of stress-induced emotional and cognitive impairments. Our previous studies showed that the Liuwei Dihuang formula (LW) significantly improved the emotional and cognitive dysfunctions in various types of stress mouse models. In the current study, we sought to determine the effects of LW on intracerebral O-GlcNAc levels in chronic unpredictable mild stress (CUMS) mice. The dynamic behavioral tests showed that anxiety- and depression-like behaviors and object recognition memory of CUMS mice were improved in a dose-dependent manner after LW treatment. Moreover, linear discriminate analysis (LEfSe) of genera abundance revealed a significant difference in microbiome among the study groups. LW showed a great impact on the relative abundance of these gut microbiota in CUMS mice and reinstated them to control mouse levels. We found that LW potentially altered the Uridine diphosphate-N-acetylglucosamine (UDP-GlcNAc) biosynthesis process, and the abundance of O-GlcNAcase (OGA) and O-GlcNAc transferase (OGT) in CUMS mice, which was inferred using PICRUSt analysis. We further verified advantageous changes in hippocampal O-GlcNAc modification of CUMS mice following LW administration, as well as changes in the levels of OGA and OGT. In summary, LW intervention increased the levels of hippocampal O-GlcNAc modification and ameliorated the emotional and cognitive impairments induced by chronic stress in CUMS mice. LW therefore could be considered a potential prophylactic and therapeutic agent for chronic stress.
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Introduction

Mounting evidence has proposed that the dynamic form of intracellular post-translational modification (PTM) of proteins, O-linked N-acetylglucosamine (O-GlcNAc), as a sensor of stress pathways in organismal cells and tissues (Fehl and Hanover, 2022). The O-GlcNAcylation is regulated by the “writer” O-GlcNAc transferase (OGT) and the “eraser” O-GlcNAcase (OGA), which catalyze the addition and hydrolyzation of the GlcNAc moiety to the proteins, respectively (Chatham et al., 2021). To date, this dynamic PTM has been shown to participate in the pathogenesis and pathological process of various stress-related diseases, ranging from tumors (Hanover et al., 2018) to diabetes (Hegyi et al., 2020) and neurodegeneration (Yin et al., 2022). Hence, a developing hypothesis is that any abnormal physiological state with changed stress levels has an O-GlcNAc component (Yang and Suh, 2014). O-GlcNAc cycling is essential in the central nervous system, which has a higher level of OGT than peripheral tissues (Okuyama and Marshall, 2003). The catalytic deficiency of O-GlcNAc transferase was reported to contribute to X-linked intellectual disability, which directly reveals the key role of O-GlcNAc events in the nervous system (Pravata et al., 2019; Meek et al., 2021). Increasing global levels of O-GlcNAc by modulating OGT and OGA activity induced neuroprotection (Yuzwa et al., 2012) and slowed neurodegeneration (Wang et al., 2016a). The O-GlcNAc deficiency or depletion, using a conditional knockout mouse model, led to diminishing the pool of adult neural stem/progenitor cells and consequently aberrant adult neurogenesis in vivo (Chen et al., 2021). Reduced neuron-specific O-GlcNAc in the hippocampus elicited a decrease in synaptic protein expression and alteration in excitatory synaptic function (Wheatley et al., 2019). These evidence reveals an essential role for O-GlcNAc in the function of the neuronal system.

Due to the regulatory function of O-GlcNAc in synapse underlying memory formation, alterations in O-GlcNAc levels affected cognitive capability. Increasing the global O-GlcNAc of type 2 diabetes mellitus subjects was positively correlated with better memory function (Huang R. et al., 2019). Sleep deprivation cognitive impairment was facilitated by a reduction in cerebral O-GlcNAc levels (Lee et al., 2020). The catalytically inactive OGA elicited defects in habituation behaviors, demonstrating the requisite of O-GlcNAc for cognitive function (Muha et al., 2020). Due to the strong association between impaired glucose metabolism and depressive disorder (Elias et al., 2022), the altered O-GlcNAc flux is also involved in emotional behaviors. The OGA heterozygous rodents exhibited antidepressant-like behaviors, by chronically elevating cerebral O-GlcNAc levels (Cho et al., 2020). While abnormal levels of O-GlcNAc in mice of cognitive impairment caused by the pathologies of Alzheimer’s disease (Kim et al., 2022), hyperglycemia (Shi et al., 2021), and sleep deprivation (Kim et al., 2021) have been demonstrated, however, the role of O-GlcNAc in contributing to changed emotional and cognitive phenotypes under chronic stress conditions has been largely overlooked and unknown.

Previous research has found that the hormones in the hypothalamus pituitary adrenal axis, neuronal remodeling, intracerebral metabolism, and gut microbiome were strongly associated with chronic stress-induced behavioral disturbances (Bollinger et al., 2022; Morella et al., 2022; Zhou R. et al., 2022; Huang et al., 2023). Additionally, emerging evidence has implicated that O-GlcNAc modification might serve as a stress sensor (Liu Y. et al., 2020). Moreover, the OGT secreted from Legionella, Photorhabdus, and Clostridium perfringens could promote the host‘s protein O-GlcNAcylation to modify cellular processes (Guttenberg et al., 2012; Lu et al., 2015). The cpOGA, a promiscuous microbial OGA, could remove O-GlcNAc from TGF-beta activated kinase 1 binding protein 1 (Pathak et al., 2012). In addition, gut bacterial secreted OGAs could protect rodents from ulcerative colitis by hydrolyzing O-GlcNAcylated proteins in the host (He et al., 2021). According to current studies, gut microbiota might affect the level of intracerebral O-GlcNAc through short-chain fatty acids (SCFAs), bile acids, and gut-brain-liver interaction (Cuervo-Zanatta et al., 2022; Hurley et al., 2022; Wang T. Y. et al., 2022). These studies revealed that in addition to being regulated by the host‘s hydrolase and transferase, the O-GlcNAcylated proteins in the host might be also controlled by bacterial-secreted OGTs and OGAs. However, it remains an open question whether manipulating gut microbial communities could regulate the levels of the host‘s protein O-GlcNAcylation and subsequent physiological functions.

Liuwei Dihuang formula (LW) is a classical traditional Chinese medicine consisting of six herbs (Zhou et al., 2016). In recent years, numerous studies have indicated that LW displayed ameliorative effects on the impairments of cognitive function induced by D-galactose (Liu B. et al., 2022), β-amyloid (Sangha et al., 2012), and senescence (Huang et al., 2012). Moreover, further studies demonstrate that the active fraction and monomers of LW could also alleviate cognitive dysfunction via diverse mechanisms, including hippocampal transcriptome (Wang et al., 2017b), N-glycan (Wang et al., 2017a), neuroendocrine-immune system (Wang et al., 2016c), as well as intestinal microbiome (Wang et al., 2019; Huang et al., 2022). While the crosstalk between gut microbiota and O-GlcNAcylation has been previously described (He et al., 2021), the ameliorative effect of LW on emotional and cognitive dysfunction associated with O-GlcNAc modification has yet to be explored. In this study, a chronic unpredictable mild stress (CUMS) mouse model was used to observe the effects of LW administration on the emotional and cognitive impairments, the alterations of community diversity and composition of gut microbiota, as well as on the O-GlcNAc-related biosynthesis pathways and enzymes, aiming to understand whether the amelioration of emotional and cognitive impairments by LW is related to the regulations of gut microbiota and hippocampal O-GlcNAc modifications.



Materials and methods


Animals and treatment

One hundred adult Male C57BL/6J mice (6–7 weeks-old) were used in the present study, which was purchased from SiPeiFu (Beijing) Biotechnology Co., Ltd. (Beijing, China) and maintained under specific pathogen-free conditions at the Laboratory Animal Center, Academy of Military Medicine Sciences. Behavioral experiments were conducted after 1 week of adaptive feeding. The mice were fed and drank freely and individually housed at room temperature (25 ± 1°C) with 55 ± 5% humidity and a 12 h light/dark cycle (lights on 7:00–19:00).

The experiment was assigned into two time periods of 14 and 28 days (Figure 1), each of which was subdivided into five groups, control group, chronic unpredictable mild stress (CUMS) group, low dose group (0.7 g/kg), middle dose group (1.4 g/kg), and high dose group (2.8 g/kg). All mice were randomly divided into five groups of 10 mice each. There was no stress or medication treatment in the control group. The CUMS group was given intragastric administration of normal saline. The other three groups were given different doses of the Liuwei Dihuang formula (0.7 g/kg, 1.4 g/kg, 2.8 g/kg). The LW (20071816, National Medicine Permission Number Z19993068, Beijing, China) was purchased from Beijing Tongrentang Technology Development Co., Ltd. The animal feeding environment and experimental program are following the relevant regulations of the Beijing Institute of Pharmacology and Toxicology and are approved by the Institute of Animal Care and Use Committee (IACUC) of the National Beijing Center for Drug Safety Evaluation and Research (NBCDSER).
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FIGURE 1
The experimental timeline and the effects of CUMS on mice. The dosage and days of intragastric administration and the specific time arrangement of each behavior after the end of CUMS-14D (A), CUMS-28D (B).




Chronic unpredictable mild stress

The modeling method of CUMS model is based on previous literature (Chevalier et al., 2020) with some modifications. In this study, 14 stress conditions were adopted, which were the following: food deprivation for 24 h, water deprivation for 24 h, cage tilt 45° for 24 h, daytime darkness for 12 h, overnight light for 12 h, wet padding for 24 h, no padding for 24 h, tail clamping for 2 min, restraint for 2 h, swimming at 4°C for 5 min, noise for 1 h (100 dB), foot shock for 1 h (1 mA, 5 s/min), tail suspension 30 min, cage vibration 1 h (220 r/min). Any two random combinations of stress styles per day.



Behavioral assessments


Open field test (OFT)

The open-field test was used to measure activity and anxiety-like behaviors (Zhou L. et al., 2020). Thirty minutes before the test, the mice were put into the behavioral room for environmental adaptation, and then put into the center of the open field box of 40 cm × 40 cm × 40 cm (XR-XZ301, Shanghai Xinxin Information Technology Co., Ltd) and allowed to roam freely for 10 min. The whole experiment was recorded by the camera system (ANY-maze, Global Biotech Inc., USA), and the distance of the mouse movement in the central region within 10 min was recorded.



Elevated plus-maze test (EPM)

Each mouse was placed in the central position of the elevated cross maze (central area 5 cm × 5 cm, open arm 35 cm × 35 cm, closed arm 35 cm × 35 cm, and the height from the ground 76 cm, XR-XG201, Shanghai Xinxin Information Technology Co., Ltd.), and started facing the open arm area. Each mouse was tested for 5 min and recorded using animal behavior video (ANY-maze, Global Biotech Inc., USA) analysis software. The open-arm exploration time was used as an indicator of anxiety (Dong et al., 2020).



Sucrose preference test (SPT)

Before the formal start of the experiment (Liu et al., 2018a), the baseline of mice was tested first. The mice with a sucrose water preference rate of more than 80% were selected to ensure that the sugar water baseline of each group of mice was consistent, and then the SPT was conducted. The drinking bottle and squirrel cage specially used in the SPT was selected, and the water was first adapted to pure water for 24 h and then 2% sucrose water for 24 h under the same experimental environment. After the acclimation, all mice were deprived of water for 24 h, and a bottle of sucrose water and another bottle of pure water were placed above each mouse cage for 24 h test. After 12 h of testing, the positions of the two bottles of water were switched to exclude the effect of positional preference. The experiment was the same as the above details.



Novel object recognition test (NOR)

The novel object recognition test (Bevins and Besheer, 2006) was divided into three stages. The mice were put into a room 30 min before each stage for environmental adaptation. In the first stage of adaptation (days 1–2), mice were put into the testing box (XR-XX117, Shanghai Jilang Software Technology Co., Ltd) and allowed to freely explore for 20 min. After that, the box was wiped with 75% ethanol to avoid odor interference with the next mouse. In the second stage of learning (day 3), put two identical objects A and B into the box, and then put the mice on the side of the box wall away from the object, respectively. Each mouse was free to explore in the box for 16 min and recorded the total time TA, TB of exploring the two objects. In the third stage of the test period (1 and 24 h after stage II), one end of the box was the original object A, and the other end replaced object B with a new object C. The test lasted for 4 min, and the total time (TA and TC) of the mice exploring the original object A and the novel object C was recorded. The mice whose total exploration time of the two objects was less than 5 s were excluded. The preference index (PI) was used to evaluate the cognitive behavior of mice. The higher PI = TC/(TA + TC), the better the recognition and memory ability of mice.



Western blot (WB)

Total protein was extracted from the hippocampus in RIPA lysis (C1053, APPLYGEN, China) buffer containing a protease inhibitor and supplemented with phosphatase inhibitors (11836170001, Roche, Germany), and centrifuged at 12,000 × g for 5 min at 4°C. The protein was quantified by the BCA protein assay kit. Protein lysates were cleared of insoluble material through centrifugation. Proteins were wet transferred to 0.2 μm pore size, hydrophobic PVDF transfer membranes (ISEQ00010, Millipore, Germany), which were blocked using 5% non-fat milk in 1% TBST buffer for 1 h at room temperature. The membranes were incubated overnight using the following primary antibodies: O-GlcNAc (CTD110.6, 1:1000 dilution) Mouse mAb (12938S, CST, USA), GAPDH (1:5000 dilution) Mouse McAb (60004-1, Proteintech, China). All primary antibodies were used in 5% BSA (CZ1006, czkwbio, China). Membranes were washed in 1%TBST (T1082, Solarbio, China) and incubated with the following appropriate secondary antibodies: goat anti-mouse HRP. The secondary antibodies were used at a 1:5,000 and 1:10000 dilution in 5% BSA. Protein bands were visualized following exposure of the membranes to ECL (RM0021, ABclonal, China) and quantified by densitometry analysis using Image software.



Enzyme-linked immunosorbent assay (ELISA)

The protein extracted from the hippocampus was brought to room temperature for ELISA. The manufacturer’s protocol for OGT (ml940027, Enzyme-linked Biotechnology, Shanghai, China) and OGA ELISA kit (ml950023, Enzyme-linked Biotechnology, Shanghai, China) was followed. Samples were visualized using an Enspire™ multilabel reader 2,300 (Perkin Elmer, Finland) at the 450 nm wavelength. The concentrations of OGT and OGA in the sample were calculated according to the standard curve, and the ratio of OGT to OGA is calculated.




Mouse fecal collection and 16s rRNA sequencing

Fresh fecal samples (approximately 5–6 granules) from each mouse were collected and stored at −80°C for testing after the CUMS. Mouse fecal microbial genomic DNA was extracted according to the E.Z.N.A.® soil DNA kit (Omega Bio-Tek, Norcross, USA) instructions, and the quality of DNA extraction was detected using 1% agarose gel electrophoresis. PCR products from the same sample were mixed and then recovered using 2% agarose Gel. AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, USA) was used to purify the recovered products. The recovered products were detected by 2% agarose gel electrophoresis and quantified by Quantus Fluorometer (Promega, USA). Use NEXTFLEX Rapid DNA-Seq Kit to build libraries. Sequencing was performed using Illumina’s Miseq PE300/NovaSeq PE250 platform (Shanghai Majorbio Bio-pharm Technology Co., Ltd., China).

To study microbial diversity in the environment, the richness and diversity of the microbial community can be reflected by Alpha diversity analysis (Rogers et al., 2016; Zverev et al., 2021) in a single sample. Alpha diversity refers to the diversity in a specific region or ecosystem. Metrics in this study include sobs, chao, Shannon, and Simpson. By comparing species diversity in different habitats or microbial communities, Beta diversity analysis was conducted to explore the similarity or differences in community composition among different groups (Mohamed et al., 2021; Shen et al., 2021). Principal co-ordinates analysis (PCoA) is a non-binding data dimension reduction analysis method, which can be used to study the similarity or differences of sample community composition, PCoA was mapped based on the selected distance matrix, and was used to find out the potential principal components that affected the differences in sample community composition by dimensionality reduction. The differential gut microbiota obtain from the analysis of community composition (Ji et al., 2017) is based on data tables in the tax_summary_a folder and is graphed using R language tools. According to the results of taxonomic analysis, the species composition of different groups (or samples) at various taxonomic levels (such as domain, kingdom, phylum, class, order, family, genus, species, OTU, etc.) can be known. To evaluate the metabolic potential of the microbial community after LW intervention, the 16S rRNA sequence reading was clustered into operational taxonomic units (OTUs) using the closed reference method in QIIME2 software. Import the generated OTU table into PICRUSt (Langille et al., 2013; Tang et al., 2018; Ijoma et al., 2021), and use the Kyoto Encyclopedia of Genes and Genome (KEGG) database to predict the functional gene content of various microbial communities represented in the Greengenes 16S rRNA gene sequence database. In addition, for Pathway, PICRUSt was used to obtain information on three levels of metabolic pathways and the abundance tables of each level.



Statistical analysis

GraphPad Prism 9.0 was used for graphing and statistical analyses. Student’s t-test was used for a two-group comparison of parametric data. One-way ANOVA with Dunnett’s or Tukey’s correction was used for multi-group non-parametric analyses. The behavioral data were combined by the z-score (Penny et al., 2019). A lower z-score signified an increase in behavioral deficits. The community richness of microbiota was analyzed by sobs and Chao, and the diversity of microbiota was analyzed by Shannon and Simpson. The microbial similarity was analyzed by principal coordinate analysis (PCoA). The effect sizes of the differentially abundant gut genus were analyzed by linear discriminant analysis (LDA) effect size (LEfSe) analysis (| LDA| > 2 and P-value < 0.05). Profiling of the predicted microorganisms was analyzed by phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) method (Langille et al., 2013). The microbial data analysis was performed using the online platform Majorbio Cloud Platform.1 Data are depicted as mean ± S.D., with P < 0.05 considered statistically significant.




Results


LW ameliorates emotional and cognitive impairments of CUMS mice

To investigate whether LW administration alleviates emotional and cognitive impairments induced by CUMS for 14 days in mice, the CUMS mice were fed with LW for 2 weeks. In the open field test and elevated plus-maze test, CUMS-14D mice exhibited significantly decreased center distance (Figure 2A1) and open arm time (Figure 2A2) than control mice. There were no group differences in sucrose preference rate (Figure 2A3), preference index (Figure 2A4), and z-score (Figure 2A5). However, the effects of LW (0.7, 1.4, 2.8 g/kg) on improving emotional and cognitive impairments were not obtained on day 14 of CUMS. These results indicate that the anxiety-like behavior appeared following 14-day CUMS but was unrelieved by administering three doses of LW.
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FIGURE 2
Liuwei Dihuang formula (LW) ameliorates the emotional and cognitive impairments of CUMS mice. Intragastric administration was started 7 days in advance and behavioral tests were performed after chronic stress. The distance in the center zone (A1) in the OFT, open arm time (A2) in the EPM, sucrose preference rate (A3) in SPT, preference index (A4) in the NOR test, and emotion and cognition z-score (A5) of mice on day 14 of CUMS. The center distance (B1), open arm time (B2), sucrose preference rate (B3), preference index (B4), and z-score (B5) of mice on day 28 of CUMS. *P < 0.05, **P < 0.01, ***P < 0.001 were one-way ANOVA followed by Dunnett’s post-hoc test. The values are mean ± S.D., n = 10.


For the 28-day CUMS, there were no group differences in the center distance (Figure 2B1) and open arm time (Figure 2B2). To examine depression in these mice, we employed the sucrose preference test (Figure 2B3). The CUMS-28D group exhibited a lower sucrose preference rate than the control group. Furthermore, administration of LW (0.7, 1.4, 2.8 g/kg) increased this rate in CUMS-28D mice. The results of the novel object recognition test (NOR) revealed a significantly decreased preferential index in CUMS-28D mice, and treatment with LW (0.7 g/kg) significantly improved the preferential index (Figure 2B4). The emotion-cognition phenotype evaluated by the composite z-score analysis showed a higher stress response of CUMS-28D mice in comparison to the control group, while 1.4 g/kg LW normalized the z-score in the CUMS group (Figure 2B5). These results indicated that the depression-like behavior and cognitive impairment appeared following 28-day CUMS and were relieved by administering 1.4 g/kg of LW.



LW reshapes community diversity and composition of gut microbiota in CUMS mice

Our previous studies have described that active fractions of LW restored cognitive deficits of adult senescence-accelerated mice by modifications of gut microbiota (Wang et al., 2016b,2019). Hence, we next examined whether LW (1.4 g/kg) intervention protection against CUMS-induced cognitive deficits was related to gut microbiome alterations. The composition and diversity of gut microbiota composition and diversity were analyzed by 16S sequencing. The results of alpha diversity analysis showed that there were no group differences in sobs (Figure 3A1) and chao (Figure 3A2) (richness of microbiota), or Shannon (Figure 3A3) and Simpson (Figure 3A4) (diversity of microbiota) on day 14 of CUMS, as shown in Supplementary Table 1. The CUMS-28D group exhibited higher sobs and Shannon, and a lower Simpson than the control group (Figures 3B1–B4), as shown in Supplementary Table 2. Moreover, the administration of LW normalized these indexes in CUMS-28D mice. These results showed that the prominently disordered microbiota richness and diversity were observed following 28-day CUMS. In terms of community diversity, we mainly tested Shannon and Simpson, LW administration improved the Shannon of CUMS mice and showed a trend of ameliorating the Simpson of CUMS mice.
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FIGURE 3
Liuwei Dihuang formula increases the community diversity of gut microbiota in CUMS mice. Mice to be sampled were placed in a clean cage covered with sterile filter paper after behavioral tests, and fecal samples were collected immediately after the mice defecated. This was used to detect gut microbiota. Different mouse samples should be replaced with new filter paper. The community richness of mice on days 14 (A1,A2) and 28 (B1,B2) of CUMS were analyzed by sobs and chao. The community diversity of mice on days 14 (A3,A4) and 28 (B3,B4) of CUMS were analyzed by Shannon and Simpson. *P < 0.05, **P < 0.01 were one-way ANOVA followed by Dunnett’s post-hoc test. The values are mean ± S.D., n = 10.


To analyze the dynamical similarities and differences of the gut microbiome in each group, principal coordinate analysis (PCoA) were performed. PCoA plot and score showed that there was no obvious separation between the three communities, control, CUMS-14D, and LW (Figures 4A1, A2 and Supplementary Tables 3, 4). In contrast, there was a significant separation of PCoA scores among groups on day 28 of CUMS (Figures 4B1, B2 and Supplementary Tables 5, 6). These data indicated that LW facilitated beneficial alterations in the structure of the gut microbial community, and the patterns of microbiota in the LW-treated group were more similar to the control group than the CUMS-28D group.
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FIGURE 4
Liuwei Dihuang formula restored the beta diversity of gut microbiota in CUMS mice. After the basic collection of mouse feces, DNA extraction, and PCR amplification were performed to process the constructed Illumina Miseq sequencing data. Principle coordinate analysis (PCoA) plots were calculated by the Bray-Curtis similarity methods based on the microbial genus of CUMS-14D (A1), CUMS-28D (B1) mice. Characterization of gut microbiota composition in CUMS-14D (A2), CUMS-28D (B2) mice based on PCoA scores. *P < 0.05 was one-way ANOVA followed by Dunnett’s post-hoc test. The values are mean ± S.D., n = 10.


To investigate the gut microbiota variations in response to LW intervention, we first compared the microbial composition at the phylum level (Figures 5A1, A2 and Supplementary Tables 7, 8). On day 14 of CUMS, the relative abundance of Bacteroidota phylum was significantly lower in CUMS-14D mice compared with control mice (52.51 vs. 40.75%), while the relative abundance of Firmicutes in the model group was significantly higher than that of the control group (43.38 vs. 54.65%), which were significantly restored by the LW intervention (Figure 5B1 and Supplementary Table 9). Conversely, CUMS-28D mice exhibited significantly increased Bacteroidota phylum (52.93 vs. 54.78%) and decreased Firmicutes phylum (38.79 vs. 32.60%) than control mice (Figure 5B2 and Supplementary Table 10). Next, we performed linear discriminant analysis (LDA) effect size (LEfSe) analysis (| LDA| > 2 and P-value < 0.05) to detect the dominant gut genus significantly affected by CUMS and LW treatment (Figure 5C and Supplementary Table 11). The relative abundances of the 7 genera, including Rumi. (Ruminococcus_torques_group, LDA = 2.63, P = 0.03), Aero. (Aerococcus, LDA = 2.45, P = 0.01), Prev. (Prevotellaceae_NK3B31_group, LDA = 2.82, P = 0.04), Euba. (Eubacterium_nodatum_group, LDA = 2.53, P = 0.01), Desu. (Desulfovibrio, LDA = 3.24, P = 0.02), Stap. (Staphylococcus, LDA = 4.17, P = 0.04), and Para. (Parabacteroides, LDA = 3.38, P = 0.01), were different in the control group. Moreover, 4 genera, including Rike. (Rikenellaceae_RC9_gut_group, LDA = 3.98, P = 0.0003), Allo. (Allobaculum, LDA = 4.13, P = 0.0005), Dubo. (Dubosiella, LDA = 3.38, P = 0.01), and Eryt. (Erythrobacter, LDA = 3.57, P = 0.04), were different in the CUMS group. When comparing the LW group with the control and CUMS group, 4 genera, including Sacc. (Candidatus_Saccharimonas, LDA = 2.68, P = 0.03), Acti. (Candidatus_Actinomarina, LDA = 3.55, P = 0.04), Muci. (Mucispirillum, LDA = 3.27, P = 0.02), and Heli. (Helicobacter, LDA = 4.14, P = 0.01), were revealed as characteristic gut genera.
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FIGURE 5
Liuwei Dihuang formula reversed the relative abundances of the predominant bacterial taxon of gut microbiota in CUMS mice. The average abundance of the predominant bacterial phylum (with relative abundance >1% in at least one sample) in CUMS-14D (A1) and -28D (B1) mice. Gut microbiota variations at the phylum level in CUMS-14D (A2) and -28D (B2) mice. (C) The linear discriminant analysis (LDA) effect size (LEfSe) classifying the most differentially abundant taxa at the genus level in CUMS-28D mice (| LDA| > 2 and P-value < 0.05 were shown). *P < 0.05, **P < 0.01, ***P < 0.001 were one-way ANOVA followed by Dunnett’s post-hoc test. The values are mean ± S.D., n = 10.




LW altered the O-GlcNAc-related biosynthesis pathways and enzymes of CUMS mice

To better understand the role of the gut microorganisms in CUMS and the potential underlying mechanism for LW ameliorating emotional and cognitive impairments, we then predicted functional pathway by the phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) method (Figure 6A and Supplementary Table 12). The discrepancy in pathways relating to O-GlcNAc-related biosynthesis based on the KEGG database was observed when comparing the CUMS group to control and LW groups, including glycolysis (M00001 and M00002) (Nie et al., 2020), gluconeogenesis (M00003) (Misra et al., 2016), and UDP-N-acetyl-D-glucosamine biosynthesis (M00909 and M00892) (Umapathi et al., 2021). Then, the O-GlcNAc-related enzymes of the gut microorganisms after LW treatment were predicted (Figures 6B1–C3 and Supplementary Tables 13, 14). CUMS-14D mice exhibited a significantly increased abundance of OGT (Figure 6B1) and decreased abundance of OGA (Figure 6B2) than control mice. For the 28-day CUMS, there were no group differences in the abundance of OGT (Figure 6C1) and OGA (Figure 6C2). The ratio of OGT and OGA was positively associated with the level of O-GlcNAc modification. On day 14 of CUMS, the ratio of OGT and OGA was significantly higher in CUMS-14D mice compared with control mice and significantly decreased with LW administration (Figure 6B3). Within the 28-day CUMS, the ratio of OGT and OGA was no significant change but significantly increased by LW administration (Figure 6C3). The predictive functional analysis partly indicated that O-GlcNAc modification was one of the possible mechanisms of LW ameliorating stress-induced emotional and cognitive impairments.


[image: image]

FIGURE 6
Liuwei Dihuang formula altered the O-GlcNAc-related biosynthesis pathways and enzymes of gut microbiota in CUMS mice. PICRUSt was used to standardize the OTU abundance table, that is, to remove the influence of the copy number of the 16S marker gene in the genome. Then, COG and KEGG functional annotations of OTU were carried out according to the corresponding green-gene id of each OTU, and annotation information of OTU at COG and KEGG functional levels and abundance information of each function in different samples were obtained. (A) The functional prediction of KEGG pathways using the phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) based on OTUs of CUMS mice. Distribution of relative abundances of OGT (B1,B2), OGA (C1,C2), and the ratio of OGT/OGA (B3,C3) in CUMS-14D and -28D mice. *P < 0.05, **P < 0.01 were one-way ANOVA followed by Dunnett’s post-hoc test. The values are mean ± S.D., n = 10.




LW increased the hippocampal O-GlcNAc level and OGT/OGA ratio in CUMS mice

To further examine the effect of LW on O-GlcNAc modification in CUMS mice, Western blot and ELISA were performed on whole hippocampal lysates (Figure 7). The uncropped blots can be found in Supplementary Material 1. There was also a trend to higher O-GlcNAc levels in the hippocampus of CUMS-14D mice (Figures 7A1, A2), and lower O-GlcNAc in CUMS-28D mice (Figures 7A1, A3), although the differences here were not statistically significant. LW treatment significantly increased hippocampal O-GlcNAc modification of CUMS-28D mice. There were no group differences in hippocampal OGT concentration in CUMS-14D (Figure 7B1) and -28D mice (Figure 7C1). For the 14-day CUMS, the hippocampal OGA concentration was observably decreased in CUMS group (Figure 7B2), and the ratio of OGT and OGA was significantly decreased by LW administration (Figure 7B3). For the 28-day CUMS, the hippocampal OGA concentration in CUMS group was significantly increased beyond the control group, while LW normalized this concentration in the CUMS group (Figure 7C2). The ratio of OGT and OGA was significantly decreased in the CUMS group and increased significantly with LW administration, which was consistent with the results of Western blot (Figure 7C3). Although there was no direct evidence that bacterial OGA or OGT could enter the brain, we found that there was a significantly positive correlation between the O-GlcNAc-related enzymes analyzed by PICRUSt and these assayed by ELISA (Supplementary Figure 1). These results indicated that LW intervention potentially decreased hippocampal OGA concentration and increased O-GlcNAc level by modifying the gut microbiota of CUMS mice.
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FIGURE 7
Liuwei Dihuang formula elevated hippocampal O-GlcNAc modification of CUMS mice. After behavioral tests, the mice were sacrificed, the hippocampus was isolated from the brain tissue and hippocampus protein was extracted. (A1) Representative Western blot of O-GlcNAc from whole hippocampal lysates of CUMS mice. Quantification of hippocampal O-GlcNAc modification levels in CUMS-14D (A2) and -28D (A3) mice, represented as mean optical intensity normalized to GAPDH. The concentrations of OGT (B1,C1), OGA (B2,C2), and the ratio of OGT/OGA (B3,C3) in the hippocampus of CUMS-14D and -28D mice were obtained by ELISA. *P < 0.05, **P < 0.01 were one-way ANOVA followed by Dunnett’s post-hoc test. The values are mean ± S.D., n = 10.





Discussion

Our previous studies have revealed that LW and its active fractions improved cognitive and emotional dysfunctions in various animal models by modulating hippocampal neurogenesis, neurogenic microenvironment, neuroendocrine immunomodulation network, long-term potentiation, hippocampal transcriptome, and intestinal microbiome (Wang et al., 2016c,2017b,2019; Wei et al., 2021; Huang et al., 2022). Nevertheless, the role of O-GlcNAc modification in LW ameliorating emotional and cognitive function in CUMS mice, and the specific enzymes involved has generally received scant attention. Here, our results showed that anxiety-like behavior was present approximately at early-CUMS phase (day 14 of CUMS), and depression-like behavior and memory impairment were present on day 28 of CUMS. The administration of LW led to emotional and cognitive improvements in CUMS mice. Mechanistically, LW potentially modified the UDP-GlcNAc biosynthesis process, OGA and OGT levels by modulating the gut microbiome. Moreover, LW intervention increased hippocampal O-GlcNAc modification by elevating the ratio of OGT/OGA in the CUMS mice. These data revealed a significant role of O-GlcNAc modification in behavioral amelioration by LW intervention, which introduced a new mechanistic insight into the improved CUMS effects of LW on emotion and cognition (Figure 8).
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FIGURE 8
Sketch map for the mechanisms of LW on CUMS induced emotional disorders and cognitive impairment. LW decreases the ratio of OGT/OGA levels in CUMS-14D mice but increases the hippocampal ratio of OGT/OGA in CUMS-28D mice. LW intervention increased the levels of hippocampal O-GlcNAc modification and ameliorated the emotional and cognitive impairments induced by chronic stress in CUMS mice.


To the best of our knowledge, the changes in anxiety-like behavior during the CUMS process were inconsistent in various studies. We have found that CUMS-14D center time was significantly different between the control group and the model group in OFT (Zhou X. D. et al., 2020). However, some literature also reported that there was no difference (Olave et al., 2022). And likewise, there are inconsistent results on day 28 of CUMS. There was significantly increased, decreased, or invariant total distance in the model group compared with the control group (Jeong et al., 2022; Wang C. et al., 2022; Zhou H. et al., 2022). Regarding the center time in OFT, there were also two opposite outcomes (Jeong et al., 2022; Wu et al., 2022; Zhou H. et al., 2022). Moreover, the center distance was not significantly different in OFT on days 28, 42, and 49 of CUMS (Liu et al., 2018c; Jiang et al., 2022; Wang G. et al., 2022), which was consistent with this study. We considered that the different experimental environments and conditions, and animal strains were the main possible reasons for the inconsistent results. And the indicators selected in this study were also relatively simple. In the further study, we will prolong the stress duration and repeat the experimental observation results to explore the deep mechanism of anxiety-like behavior appearing in CUMS-14D and disappearing in CUMS-28D.

Generally, stress can be divided into two forms: acute stress and chronic stress. Human studies have identified both acute and chronic stress as major risk factors for neuropsychiatric disorders, such as cognitive dysfunction (Zhang et al., 2021), major depressive disorder (Bernardo et al., 2022), anxiety disorder (Lopes Sakamoto et al., 2019), and Alzheimer’s disease (Muñoz-Mayorga et al., 2020). Recent studies over the span of the last decade showed the significant role of gut homeostasis in maintaining the host’s health during the stress process (Cruz-Pereira et al., 2020; Dawud et al., 2022). In this study, we focused on the dynamic changes in the distribution and composition of the gut microflora during chronic stress. We found that the dominant gut constituents in the LW-treated group were Candidatus_Saccharimonas, Candidatus_Actinomarina, Mucispirillum, and Helicobacter at the genus level. The Candidatus Saccharimonas microflora could be significantly elevated (Liu B. et al., 2022), and be related to inflammatory-related diseases (Cruz et al., 2020). Moreover, Candidatus Saccharimonas was a known short-chain fatty acid (SCFA) producer, and its increased abundance affected intestinal pH (Yao et al., 2022). The relative abundance of Candidatus Actinomarina was down-regulation in the chronic colitis model (Wu et al., 2020). Many studies have discovered that Mucispirillum, a Gram-negative, is highly connected with obesity, infection, inflammatory bowel disease, as well as stress (Anderson and Paschos, 2019; Herp et al., 2021). For example, the studies showed that the high abundance of Mucispirillum was associated with Porphyromonas gingivalis- and anesthesia/surgery-induced cognitive impairments (Chi et al., 2021; Lian et al., 2021). In addition, the elevated the relative abundance of Mucispirillum was correlated negatively with cognitive function in Alzheimer’s disease transgenic mice (Liu J. et al., 2020) and senile dementia mice (Gao et al., 2018). The Helicobacter is an endotoxin-producing microbe, which have a closely associated with ischemic stroke-induced cognitive impairment (Lv et al., 2022), and is implicated in the development of numerous cognitive-related disorders. For instance, increased Helicobacter was detected in chronic psychosocial stress, Parkinson’s disease and Alzheimer’s disease models (Cryan et al., 2019; Luo S. et al., 2022). All of these results suggested that the Candidatus_Saccharimonas, Candidatus_Actinomarina, Mucispirillum, and Helicobacter were essential for the improved effects of LW on CUMS mice.

To furtherly investigate the mechanisms underlying potential biological pathways of CUMS-induced emotional and cognitive impairments, PICRUSt based on the KEGG database was executed. Finally, we found that glycolysis, gluconeogenesis, and UDP-N-acetyl-D-glucosamine biosynthesis, which were particularly relevant to O-GlcNAc modification (Misra et al., 2016; Nie et al., 2020; Umapathi et al., 2021), might be the principal pathways in the differential flora. Hence, we assume that O-GlcNAc modification might play a significant role in CUMS. Various types of research have proved that dynamic protein O-GlcNAc modification is an intracellular signaling mechanism triggered by numerous stressors, including pressure-overload hypertrophy (Zhu et al., 2021), trauma-hemorrhage (Zou et al., 2007), cardiac injury (Jones et al., 2008), as well as a stress response (Fahie et al., 2022). As a stress receptor, O-GlcNAcylated p65 rapidly upregulated RNA binding motif protein 3 (Liu Y. et al., 2022) and interleukin-6 level (Hu et al., 2022) to maintain glucose metabolism and decrease apoptosis in the skeletal muscle of mice under acute cold exposure. Acute exercise stress significantly increased the O-GlcNAc level for cellular adaptation to oxidative stress, and this effect persists for at least 4 h (Peternelj et al., 2015). Additionally, etoposide (apoptotic agent), hydrogen peroxide, and glucose deprivation-induced a dynamic time-dependent O-GlcNAcylation in NCI-H1299 cells and Balb/c mice, and mutations at the S549 site (a major site of O-GlcNAcylation) of sirtuin 1 led to cell death (Han et al., 2017). The corticosterone release was mainly triggered by stress-induced activation of the hypothalamic-pituitary-adrenal (HPA) axis in rodents (Maggio and Segal, 2019). Corticosterone exposure for 60 h increased global O-GlcNac levels in female placentae (Pantaleon et al., 2017). Treatment of C2C12 with dexamethasone (a corticosteroid) for 48 h increased the O-GlcNAcylation level and concomitantly decreased protein phosphorylation level by reducing OGA expression at mRNA and protein levels (Massaccesi et al., 2016). Conversely, the long-term dexamethasone exposure (subcutaneously administered for 7 days) increased OGA expression concomitant with a decrease in OGT expression at protein levels (Liu et al., 2018b). In decoding the characteristic of O-GlcNAc in the stress process, the raising O-GlcNAc levels during acute stress was generally described as a cytoprotection effect, while the decreasing O-GlcNAc levels had cytotoxic effects, which is consistent with our present results. Our data have shown decreased OGA expression, increased ratio of OGT/OGA, and an increasing trend of O-GlcNAc levels in the hippocampus of mice at early-CUMS process. By contrast, hippocampal OGT/OGA and O-GlcNAc levels were decreased and the OGA level was increased at day 28 of CUMS. All of these results suggest that O-GlcNAc modification might be essential for relief from stress response in the CUMS process.

O-GlcNAc modification signaling serves as a sensor stress and nutrient to be involved in numerous manipulation of biological processes, which include gut microbiota (Dennis et al., 2006). The previous study has demonstrated O-GlcNAc down-regulation and dysfunction in patients with inflammatory bowel disease (Ma J. et al., 2022). Deficiency of OGT expression resulted in a damaged epithelial barrier and gut inflammation in mice, which were partially rescued by an OGA inhibitor (Zhao et al., 2020; Ma J. et al., 2022). Additionally, since bacteria-derived OGT and OGA have a similar catalytic domain as that of humans, they could modify host protein O-GlcNAc modification (He et al., 2021). However, there is currently no direct evidence to support bacterial OGA or OGT existed in the host’s brain. To the best of our knowledge, we did not find any direct or indirect correlation among these bacteria (Candidatus_Saccharimonas, Candidatus_Actinomarina, Mucispirillum, and Helicobacter) and OGA/OGT and O-GlcNAc. But we found a couple of flora that were associated with SCFAs (Wang et al., 2020; Gu et al., 2021; Liu Q. et al., 2021; Luo L. et al., 2022), glucose metabolism (Gao et al., 2020; Li L. et al., 2022; Luo L. et al., 2022; Ma Q. et al., 2022), glycolysis (Feichtinger et al., 2017; Zhou et al., 2021; Li L. et al., 2022), bile acids (Alizadeh and Raufman, 2022; Jian et al., 2022; Yin et al., 2022; Yuan et al., 2022) and other aspects. The intracerebral glucose metabolism and glycolysis, which produced the major donor substrate for O-GlcNAcylation (Liu X. et al., 2021), were regulated directly by intestinal microbiota and their metabolites. For instance, SCFAs were involved in the dysregulation of intracerebral glucose metabolism that occurs in the initial stages of Alzheimer’s disease (Zhang et al., 2022). Moreover, propionate promoted glycolysis in astrocytes of Alzheimer’s mice (Cuervo-Zanatta et al., 2022). Therefore, SCFAs could protect against brain-related diseases by preventing glucose metabolism (Rekha et al., 2022). In addition, bile acids synthesized in the gut could regulate cellular glucose metabolism in the brain (Hurley et al., 2022). Intestinal signals, which are transported to the brain, could also inhibit glucose synthesis via vagal afferent nerves (Xu et al., 2018; Bai et al., 2019). These results preliminarily showed that gut microbiota is one of the possible regulation manners in intracerebral O-GlcNAc modification. Recently, we found that the oligosaccharide fraction derived from LW reshaped gut microbiota and modified OGA abundance in the senescence-accelerated mouse (Wang et al., 2019). Hence, we sought to investigate whether LW administration changed O-GlcNAc modification of CUMS mice by gut microbiota, and the results confirmed our assumption. Here, in our work, we did observe LW treatment significantly elevated hippocampal O-GlcNAc levels in CUMS mice. Due to the O-GlcNAc modification being directly mediated by OGT and OGA, we next assayed the effect of LW on them. These preliminary results indicated that LW administration might improve the CUMS-induced emotional and cognitive impairments by increasing the levels of hippocampal O-GlcNAc and reducing OGA through gut microbiota. Currently, few researchers have investigated the effects of LW on O-GlcNAc. Our study represented the basis for future pharmacological research of LW and opened new perspectives in the discovery of prophylactic and therapeutic agents for chronic stress.

Our results further showed that LW decreases the ratio of OGT/OGA levels in CUMS-14D mice but increases the hippocampal ratio of OGT/OGA in CUMS-28D mice. It has been reported that changes in cell O-GlcNAc levels are affected by systemic physiological and pathological factors (Chatham et al., 2021). It has been proposed that OGT and OGA work together to form a “buffer” system to maintain the normal level of O-GlcNAcylation (Yang and Qian, 2017). LW-treated diseases were mainly connected with the restoration of the neuroendocrine immunomodulation (NIM) network (Huang Y. et al., 2019). The balance of the NIM network plays a key role in maintaining the physiological function of the body; thus, any imbalance in the NIM network is considered to be closely associated with diseases and the aging process (Besedovsky and Sorkin, 1977; Besedovsky and del Rey, 2002; Wang et al., 2018). It has been found that LW can rebalance the hypothalamic-pituitary-adrenal (HPA) and hypothalamic-pituitary-gonadal (HPG) axes and regulate the disturbance of the immune system and gut microbiota (Cheng et al., 2020). Our preliminary experimental results show that LW plays an integral role in regulating the balance of the NIM network by bidirectionally regulating the communication and interaction between the neuroendocrine and immune systems (Zhou et al., 2016). So LW plays a wide range of pharmacological roles by regulating and restoring NIM balance. The NIM network is interfered with by various pathological factors. The results of this study suggest that LW may balance NIM by regulating the change of O-GlcNAc levels.

There are still several limitations of this research. Firstly, in our work, we chiefly focus on the O-GlcNAc modification and did not devote attention to other types of protein glycosylation. The primary reasons are as follows. In recent years, over 5 thousand O-GlcNAcylated proteins have been identified (Ma et al., 2021) and implicated in multiple adaptive cellular processes (Ma J. et al., 2022). The latest authoritative research has revealed that O-GlcNAcylation effectively prevents cognitive declines (Xie et al., 2016), neurogenesis (Chen et al., 2021), and neural stem cell fate switch (White et al., 2020). The therapeutic effects of several traditional medicines might be related to normalizing the O-GlcNAc-modification (Diwu et al., 2013; Shi et al., 2021; Wu et al., 2021). The above advances in O-GlcNAc research enlighten our research future and idea in this work. Meanwhile, to the best of our knowledge, no other research is dealing with the effect of LW on O-GlcNAc modification so far. Secondly, to copiously uncover the specific O-GlcNAcylated protein involved in the physiological process of LW improving emotional and cognitive impairments, O-GlcNAcomic profiling was necessary. However, due to limited experimental conditions and resources, we did not complete the O-GlcNAcomic profiling in this study, which will be our future research priority. Thirdly, LW consists of 6 herbs: Dihuang (the prepared root of Rehmannia glutinosa), Shanyao (rhizome of Dioscorea opposita), Shanzhuyu (fruit of Cornus officinalis), Mudanpi (root bark of Paeonia suffruticosa), Zexie (rhizome of Alisma plantago-aquatica), and Fuling (sclerotia of Poria cocos). The composition and monomers of LW are detailed in this review (Zhou et al., 2016). Based on previous studies in our laboratory, the activity and active site of LW-AFC were mainly composed of polysaccharides, glycosides, and oligosaccharides (Huang Y. et al., 2019). We have done many studies on the principal component contribution of LW (Wang et al., 2016d,2017a,c; Huang Y. et al., 2019; Zeng et al., 2019; Cheng et al., 2020; Wei et al., 2021; Huang et al., 2022). We did not experimentally confirm the probable pharmacological effects of primarily active fractions or monomers in LW on O-GlcNAc modification, such as stachyose, paeoniflorin, morroniside, etc (Cheng et al., 2020). Although our insights provided a new perspective on the pharmacologic mechanisms of LW ameliorating stress-induced emotional and cognitive impairments, more precise and scientific experimental evidence is persuasive and integrity.



Conclusion

Collectively, this study confirmed the capability of LW to ameliorate emotional and cognitive function, modulate gut microbial diversity and composition, and restored O-GlcNAc-related biological processes in CUMS mice. Moreover, this study, for the first time, demonstrated that the increased ratio of OGT/OGA and O-GlcNAc levels in the hippocampus induced by LW administration was one of the possible mechanisms of LW on CUMS mice, which deserves further investigation.
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SUPPLEMENTARY FIGURE 1
(A) Correlation analysis (Pearson’s correlation) between the standardized abundance of OGT analyzed by PICRUSt and standardized hippocampal OGT concentration assayed by ELISA. (B) Correlation analysis between the abundance of OGA and hippocampal OGA. n = 5–6.
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Ischemic stroke (IS) is the second leading cause of death and disability in the world. Pyroptosis, a form of programmed cell death initiated by caspases, participates in the occurrence and development of IS. Because it can increase cell membrane permeability, mediate the release of inflammatory factors, and aggravate inflammation, inhibiting this process can significantly reduce the pathological injury of IS. The nucleotide binding oligomerization domain-like receptor family pyrin domain protein 3 (NLRP3) is a multiprotein complex whose activation is the core link of pyroptosis. In recent years, studies have reported that traditional Chinese medicine (TCM) could regulate pyroptosis mediated by NLRP3 inflammasome through multi-channel and multi-target networks and thus exert the effect against IS. This article reviews 107 papers published in recent years in PubMed, Chinese National Knowledge Infrastructure (CNKI), and WanFang Data in recent years. It has found that the activation factors of NLRP3 inflammasome include ROS, mitochondrial dysfunction, K+, Ca2+, lysosome rupture, and trans-Golgi breakdown. TLR4/NF-κB/NLRP3, ROS/TXNIP/NLRP3, AMPK/Nrf2/NLRP3, DRP1/NLRP3, TAK1/JNK/NLRP3 signaling pathways regulate the initiation and assembly of the NLRP3 inflammasome, subsequently induce pyroptosis, affecting the occurrence and development of IS. TCM can affect the above signaling pathways and regulate the pyroptosis mediated by NLRP3 inflammasome, so as to play a protective role against IS, which provides a new entry point for discussing the pathological mechanism of IS and a theoretical basis for developing TCM treasure house.
Keywords: ischemic stroke (IS), pyroptosis, NLRP3, pathways, traditional Chinese medicine (TCM)
INTRODUCTION
An analysis of global disease systems in Lancet Neurology shows that ischemic stroke (IS) is the second leading cause of mortality and disability worldwide, and the economic costs of its treatment and post-stroke care are substantial (GBD, 2016 Stroke Collaborators, 2019). IS is a clinical syndrome of neurological damage caused by cerebral blood supply disorder, brain tissue hypoxia, sugar deficiency, and tissue necrosis (Zhao et al., 2022). In recent years, a new type of programmed cell death called pyroptosis, which is closely related to inflammation, has been discovered (Tang et al., 2019). The 2002 Nobel Prize in Physiology or Medicine and the Nobel Prize in Chemistry in 2004 were awarded to scientists who have made pioneering contributions in the field of pyroptosis. The research indicates that pyroptosis has the characteristics of both apoptosis and necrosis, showing that the nuclear morphology is complete and the cell membrane is broken, leading to the release of cell contents and causing inflammation (Wang et al., 2017). Nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome is the key protein of pyroptosis and closely participates in the process of pyroptosis (Huang et al., 2021). Recent studies have found that pyroptosis mediated by NLRP3 inflammasome participates in the pathological process of IS (Fu et al., 2020; McKenzie et al., 2020). Kind of literature suggests that acupuncture, traditional Chinese medicine monomer, traditional Chinese medicine compound, and Chinese patent medicine can regulate NLRP3 inflammasome-mediated pyroptosis related signaling pathways to play a neuroprotective role in IS (Wang M et al., 2020; Ran et al., 2021; Chen et al., 2022). This article will elucidate the activation mechanism of NLRP3 inflammasome in the central nervous system (CNS), and review the research on the intervention of traditional Chinese medicine on NLRP3 inflammasome.
NLRP3 INFLAMMASOME IN CENTRAL NERVOUS SYSTEM AND ACTIVATION MECHANISM
The NLRP3 inflammasome is a multi-protein complex composed of NLRP3, ASC and pro-cassase-1, which plays an important role in the classical pyroptosis pathway (Lu et al., 2020). In 2004, Immunity first reported that NLRP3 inflammasomes are the basic molecules related to auto-inflammation (Agostini et al., 2004). In 2018, Nature further reported the activation mechanism of NLRP3 inflammasome, that is, the disbanded trans-Golgi network activated inflammasome by inducing the transport and aggregation of NLRP3 through phospholipid PtdIns4P (Chen and Chen, 2018). The activation of the NLRP3 inflammasome produces caspase-1. Subsequently, caspase-1 cleaves and splits gasdermin D (GSDMD) and pro-interleukin-1β (pro-IL-1β), pro-interleukin-18 (pro-IL-18), forming GSDMD-N and IL-1β, IL-18 (Chen et al., 2018; Alishahi et al., 2019). Then GSDMD-N acts on phospholipid molecules on the cell membrane to form pores, leading to cell osmotic swelling, cell membrane rupture and pyroptosis, simultaneously IL-1β and IL-18 are released out, which expands the local inflammatory response (Chen S et al., 2018). NLRP3 widely exists in neurons, microglia and cerebral vascular endothelial cells. The activation of NLRP3 inflammasome proceeds in two steps. The first step is priming. The second step is the assembly of inflammasome, which is a step of many studies on activation. Multiple upstream signals can induce the formation of the inflammasome by activating the oligomerization of NLRP3 protein.
Priming of NLRP3 inflammasome
Damage-associated molecular patterns (DAMPs) and pathogen-associated molecular pattern ligands (PAMPs) generated by cerebral ischemia and hypoxia cross the blood-brain barrier (BBB) into the CNS and activate the Toll-like receptor 4 (TLR4) on the surface of neurons, microglia, and astrocyte cell membranes (Shi et al., 2019). TLR4 is a transmembrane receptor protein involved in innate immune response (Li L et al., 2021), which can detect the danger signals of the extracellular environment. TLR4 initiates a signaling cascade to produce inflammatory cytokines (TNF, IL-12, IL-12, IL-6, IL-8, IL-1β, etc.). The key signal ligand downstream of TLR4 is myeloid differentiation factor 88 (MyD88). TLR4 and MyD88 promote the activation of tumor necrosis factor receptor-associated factor 6 (TRAF6) and activate the downstream transcriptional regulator nuclear factor κB (NF-κB) (Mitchell et al., 2018). NF-κB activation increases the transcription of NLRP3 inflammasome related protein coding gene (Jin et al., 2019), thereby activating caspase-1 and isolating the N and C ends of GSDMD to induce pyroptosis (Mohamadi et al., 2018) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the molecular mechanism of pyroptosis in ischemic stroke (IS). Pyroptosis is a kind of programmed cell death process mediated by nucleotide-binding oligmerization domain-like receptor protein 3 (NLRP3) inflammasome and activated by Caspase-1) . It has the characteristics of both apoptosis and necrosis NLRP3. The initiation of the NLRP3 inflammasome involves a series of signaling pathways, such as TLR4/NF-κB/NLRP3, ROS/TXNIP/NLRP3, AMPK/NLRP3, DRP1/NLRP3, TAK1/JNK/NLRP3. TGFβ: transforming growth factor-β; XIAP: X-linked inhibitor of apoptosis protein; TAK1: transforming growth factor-beta activated kinase 1; TAB: transforming growth factor-β activated kinase 1 binding protein; MKKs: mitogen-activated protein kinase kinase; JNK: c-JunN-terminalkinase; DAMPs: damage associated molecular pattern; PAMPs: pathogen associated molecular patterns; ROS: Reactive oxygen species; AMPK: AMP-activated protein kinase; Nrf2: nuclear factor erythroid 2-related factor 2; HO-1: Heme Oxygenase-1; ER: endoplasmic reticulum; TXNIP: TRX-interacting protein; TRX: thioredoxin; mtROS: mitochondrial ROS; mtDNA: mitochondrial DNA; DRP1: dynamin-related protein 1; NMDAR: Nmethyl-D-aspartate receptor; ASC: apoptosis-associated speck-like protein containing acaspase recruitment domain; LRR: leucine-rich repeats; NACHT: nucleotidebinding and oligomerization; PYD: pyrin domain; CARD: Caspaseact ivat ing recruitment do main; caspase-1: cysteinyl aspartate specific proteinase-1; TLR4: toll-like receptor 4; MyD88: myeloid differentiation factor 88; IKKs: IkappaB kinases; IκBs: I kappaBs; NF-κB: nuclear factor kappa B; GSDMD: Gasdermin D.
Ye et al. (2019) established an adult male C57BL/6J wild-type mouse middle cerebral occlusion/reperfusion (MCAO/R) in vivo. Immunofluorescence staining and western blot showed that the expression of NLRP3 inflammasome and their related proteins in neurons and microglia was activated. Subsequently, an in vitro oxygen-glucose deprivation/reperfusion (OGD/R) model was established in HT22 and BV2 cells. Results showed TLR4/NF-κB was significantly upregulated, NLRP3 inflammasomes were activated and M1 microglia/macrophages were polarized (Ye et al., 2019). Liu et al. (2021) used the TLR4 inhibitor TAK242 to reverse prove that the TLR4/NF-KB/NLRP3 pathway was activated in OGD/R BV2 cells. Wang K et al. (2020) detected pyroptosis in the ischemic cortex by dUTP nick end labeling (TUNEL) measurement and lactate dehydrogenase (LDH) release, and detected NLRP3 inflammasome assembly and inflammatory cytokine secretion by enzyme-linked immunosorbent assay (ELISA) and western blot. Confirming the activation of the TLR4/NF-κB/NLRP3 pathway induced by MCAO. While inhibiting NF-κB/NLRP3 protects neurons from OGD-induced pyroptosis (Kang et al., 2021). The above research shows that pyroptosis mediated by TLR4/NF-κB/NLRP3 pathway has a negative regulatory effect on IS, and targeted inhibition of this pathway plays a protective role.
Assembly of NLRP3 inflammasome
NLRP3 inflammasome assembly induced by reactive oxygen species (ROS)
All known PAMPs and DAMPs trigger the production of ROS, which can then induce the assembly of the NLRP3 inflammasome. High levels of ROS promote the dissociation of the oxidation-reduction sensitive signal complex TXNIP, which is translocated from the nucleus to the cytoplasm (Luo et al., 2022). TXNIP binds to the NLRP3 receptor domain (mainly LRR domain), thus inducing the activation of NLRP3 inflammasome (Chen D et al., 2018). In vivo experiments show that ROS drives TXNIP overexpression in MCAO rats and MCAO/R C57BL/6 mice, then TXNIP aggravates brain damage through redox imbalance, subsequently activates NLRP3 inflammasome, caspase-1, and causes the release of IL-1β (Cao et al., 2016; Zeng et al., 2021; Yao et al., 2022). In vitro experiments show that ROS/TXNIP/NLRP3 signaling pathway activation induces pyroptosis in OGD/R and OGD primary cortical neurons (Yao et al., 2022). Knockdown of TXNIP significantly decreased the expression of NLRP3 in OGD-induced neurons (Liu et al., 2020). The above results suggest that ROS/TXNIP mediated activation of NLRP3 inflammasome is a key factor in IS.
The AMP-activated protein kinase (AMPK)/NF-E2 related factor 2 (Nrf2) pathway suppresses the assembly of NLRP3 inflammasome through anti-ROS. AMPK is phosphorylated and activated in response to an increase in the intracellular AMP/ADP ratio during ischemia and glycogen deprivation (Gu et al., 2018). AMPK directly phosphorylates the Nrf2 with an endogenous neuroprotective effect (Joo et al., 2016; Yu H et al., 2020). The activated Nrf2 translocates from the cytoplasm to the nucleus and binds to the antioxidant response element (ARE) (Fuse and Kobayashi, 2017). Hou et al. (2018) intraperitoneally injected tert-butylhydroquinone (tBHQ) to activate Nrf2. Western blot and qRT-PCR results showed that NLRP3 inflammasome and downstream caspase-1, IL-18, and IL-1β were significantly reduced, whereas Nrf2 knockout produced the opposite result. Transfection of Nrf2 into mice with inflammation had the same effect (Liu et al., 2017). When MCAO rats were treated with AMPK inhibitor dorsomorphin, immunofluorescence and western blot results showed that microglia/macrophages were activated, p-AMPK and Nrf2 were decreased, and NLRP3 was upregulated (Yu J et al., 2020). This is consistent with the result of knocking out Nrf2 (Liu et al., 2017), indicating that Nrf2 could inhibit the expression of NLRP3 (Liu et al., 2017). The downregulation of Nrf2 can also promote the pyroptosis of vascular endothelial cells induced by NLRP3 (Hu et al., 2018). The above experimental results suggest that up-regulating the expression of AMPK or Nrf2 can significantly improve pyroptosis, promote neural function recovery and improve IS (Qiu et al., 2016).
NLRP3 inflammasome assembly induced by mitochondrial dysfunction
Mitochondrial dysfunction is an important feature of IS pathophysiology (Hasan et al., 2021). DRP1 is a protein related to mitochondrion division which was originally mainly distributed in the cytoplasm of cells. It was recruited by some signals and translocated to the outer membrane of mitochondria to form helical oligomers, which caused mitochondrion division and aggravated mitochondrial dysfunction (Duan et al., 2020). Phosphorylation of DRP1 reduces mitochondrial fission by regulating its translocation via AMPK (Hu et al., 2017). After activation, DRP1 combines with Fission1 (Fis1) and mitochondrial fission factor (Mff) to mediate the metabolic disorder of cells and inhibit glutathione in mitochondria to weaken the ability of free radical scavenging, further increase mitochondrial reactive oxygen species (mtROS), thus up-regulating the level of NLRP3 protein and producing IL-1β, cause pyroptosis, and eventually cause ischemic damage to neurons (Park et al., 2018; Kleele et al., 2021). Knockout of DRP1 can improve the function of mitochondria and reduce the level of NLRP3 protein to reduce pyroptosis (Zhong et al., 2022). It was found that in MCAO/R rats and OGD SH-SY5Y cells, DRP1 translocated mitochondria, resulting in the mitochondrial division, mitochondrial dysfunction, and then produced a large number of ROS, activated NLRP3 inflammasome, and induced pyroptosis (Guo et al., 2018; Hu et al., 2020). Inhibition of the DRP1 phosphorylation cannot only protect the integrity of mitochondria, but also reduce the activation of NLRP3 inflammasome and reduce pyroptosis (Zhou et al., 2011; Carneiro et al., 2012). Therefore, downregulation of the DRP1/NLRP3 pathway can effectively improve mitochondrial damage, inhibit pyroptosis and play a neuroprotective role.
NLRP3 inflammasome assembly induced by ionic steady-state imbalance
Intracellular K+ efflux is a key factor in the activation of NLRP3 inflammasome (Muñoz-Planillo et al., 2013). K+ efflux leads to the interaction between the inactive NLRP3 positive motif and the negative PIP on the Golgi membrane, which causes the local accumulation of NLRP3 and provides sufficient conditions for the activation of NLRP3 inflammasomes. The researchers found that NLRP3 inflammasomes could be activated without decreasing the intracellular K+ concentration in the early stage of crystal stimulation, indicating that the activation of NLRP3 activation signal was not dependent on K+ efflux, which denied the necessity of K+ efflux for the activation of NLRP3 inflammasomes (Zhang et al., 2018). Therefore, the reduction of intracellular K+ concentration provides sufficient and unnecessary conditions for the activation of NLRP3 inflammasomes. Both ATP synthesis and Na+- K+- ATPase activity are reduced during IS, leading to an increase in Na+ influx and K+ efflux, thus reducing the intracellular K+ (Zhu et al., 2022). ATP released by necrotic cells binds to the P2X4 receptor, causing the receptor to open, leading to K+ efflux. In addition, the necrotic cells passively release K+, resulting in high extracellular K+. K+ activates the pannexin 1 channel on the cell membrane, further releasing ATP. Previous studies have revealed that P2X7R triggers the second stage of assembly and activation of NLRP3 inflammasomes (Albalawi et al., 2017), which can activate NLRP3 inflammasomes in astrocytes and participate in the pathogenesis of IS (Ye et al., 2017).
Ca2+ influx is another important factor independent of the activation of NLRP3 inflammasomes induced by K+ efflux (Katsnelson et al., 2015). Ca2+ influx is another important factor in NLRP3 inflammasome activation. There are four main ways to cause cytoplasm Ca2+ overload in IS. The first is that the N-methyl-D-aspartate receptor (NMDAR) of the postsynaptic membrane is overexcited, which mediates the opening of its coupled calcium channel, and a large amount of extracellular Ca2+ influx (Ludhiadch et al., 2022). The second is the release of Ca2+ from the endoplasmic reticulum cavity to the cytoplasm caused by endoplasmic reticulum stress (ERS) (Groenendyk et al., 2021). The third is that Ca2+ in lysosomes is released to the cytoplasm through the non-selective cation channel TRPML (Weber and Schilling, 2014). The last one is that the permeability of plasma membrane-related calcium pump is reduced due to the lack of ATP activity, leading to the reduction of Ca2+ transfer to the outside cell (Hu and Song, 2017). At present, there are two opinions about the Ga2+ in the activation of NLRP3 inflammasome. One is that Ca2+ is directly involved in the activation of the NLRP3 inflammasome, because the increase of Ca2+ can promote the interaction between NLRP3 and ASC (Lee et al., 2012). Another opinion is that the increase of the excessive release of Ca2+ from the endoplasmic reticulum (ER) leads to an overload of mitochondrial Ca2+, leading to mitochondrial dysfunction and activation of NLRP3 inflammasome (Murakami et al., 2012). No matter whether Ca2+ directly or indirectly activates the NLRP3 inflammasome, it is clear that Ca2+ overload induces pyroptosis in IS (Wang L et al., 2020). Interestingly, Science published a research article related to the mechanism of Ca2+ activating pyroptosis in 2018. It was found that Ca2+ influx through the GSDMD pore was used as a signal for cells to start membrane repair, and ESCRT complexes required for transport were recruited to repair damaged membrane systems. Since the inhibition of ESCRT-III could significantly improve pyroptosis, this article provides new insight into the endogenous mechanism of pyroptosis (Rühl et al., 2018).
NLRP3 inflammasome assembly induced by lysosome rupture
The lysosomal membrane loses its stability, integrity and permeability, and lysosome membrane permeabilization (LMP) occurs after IS, leading to the release of cathepsin B and Ca2+ (Bruchard et al., 2013; Repnik et al., 2014). Various cathepsins play a role in pro-synthesis and NLRP3 activation (Orlowski et al., 2015). It is reported that the release of lysosomal cathepsin B is IL-1β release required in Nature (Duewell et al., 2010). Pharmacological inhibition of cathepsin activity or genomic deletion of various cathepsin can significantly reduce the signal transduction of NLRP3 inflammasome. For example, cathepsin B inhibitor CA-074-Me could partially inhibit the activation of NLRP3 inflammasome (Bruchard et al., 2013). However, there are also studies showing that gene deletion or knockdown of cathepsin B has little effect on NLRP3 inflammasome activation (Orlowski et al., 2015). Therefore, whether lysosomal cathepsin B is a sufficient and necessary condition for the activation of NLRP3 inflammasome is controversial. Ca2+ released by lysosome rupture is activated by NLRP3 inflammasomes via transforming growth factor-beta activated kinase 1 (TAK1)/c-Jun NH2 terminal kinase (JNK) pathway. Ga2+-CaMKII promotes the binding of TAK to TAK 1 binding protein (transforming growth factor-β activated kinase 1 binding protein, TAB), so that phosphorylation of TAK1 activates downstream MAPK kinase (MAPK kinase, MAPKK) MKK4/7, and subsequently MKK4/7 specifically activates JNK (Hirata et al., 2017). JNK promotes the activation of the NLRP3 inflammasome by regulating ASC oligomerization (Hara et al., 2013). Zhang and colleagues confirmed that TAK1/JNK pathway is involved in the pathogenesis of IS in MCAO/R rats and OGD/R primary cortical neurons (Zhang Z et al., 2022). CNS extracellular pathological signal molecule lysophosphatidic acid (LPA) induced PC12 pyroptosis is related to JNK (Choi and Chun, 2013; Li and Zhang, 2020). In addition, lysosome rupture will also trigger a significant reduction of cytoplasmic K+ before NLRP3 inflammasome assembly and caspase-1 production, and is not related to NLRP3 inflammasome assembly and accumulation (Muñoz-Planillo et al., 2013). This indicates that lysosome rupture activates plasma membrane cation channel, which is a key early signal of NLRP3 inflammasome assembly (Katsnelson et al., 2015). Some studies have also shown that under certain experimental conditions, the effect of lysosome rupture on activating NLRP3 inflammasome signal may be very low. Therefore, lysosome rupture determines whether to activate or inhibit NLRP3 inflammasomes according to different cell environments.
THE INTERVENTION OF TRADITIONAL CHINESE MEDICINE ON NLRP3 INFLAMMASOME-MEDIATED PYROPTOSIS IN ISCHEMIC STROKE
Modern pharmacological studies have found that most of the traditional Chinese medicine aims to prevent and treat IS by inhibiting the activation of NLRP3 inflammasomes and caspase-1, and by regulating its upstream related signal pathways, such as TLR4/NF-κB, ROS/TXNIP, AMPK/Nrf2 or DRP1/NLRP3 to inhibit the occurrence of pyroptosis. At the same time, it is also found that the same monomer or compound prescription can regulate and control the above multiple pathways to improve NLRP3-mediated pyroptosis. Thus, the influence of traditional Chinese medicine on pyroptosis anti-IS is characterized by multiple pathways.
Acupuncture
Acupuncture is recommended by the World Health Organization (WHO) as an alternative strategy for IS treatment and nursing. Acupuncture can effectively improve IS by promoting nerve regeneration, improving blood flow in the infarct area, fighting apoptosis, and regulating neurochemicals (Chavez et al., 2017; Xu et al., 2018). In recent years, studies have found that acupuncture plays a neuroprotective role by inhibiting NLRP3 inflammasome-mediated pyroptosis (Zhang T et al., 2021; Chen et al., 2022). For example, acupuncture can protect MCAO rats by up-regulating the expression of SIRT1, inhibiting the activation of NLRP3 inflammasome and down-regulating the expression of IL-18 (Zhou et al., 2022). Xu et al. (2020) treated the MCAO/R rats with electroacupuncture at the four points of Zusanli, Sanyinjiao, Chize, and Hegu, and found that the infarction volume of the electroacupuncture group was reduced compared with the model group, and caspase-1 mRNA was lower. Liu et al. (2019) intervened in MCAO/R rats with eye acupuncture. Intervention of MCAO/R rats with eye acupuncture has no significant difference from that of the NLRP3 inflammasome inhibitor glibenclamide group. Both of them can inhibit the expression of P2X7R, NLRP3, pro-capase-1, ASC, caspase-1 protein in rats, indicating that eye acupuncture can inhibit the occurrence of pyroptosis. The results show that eye-acupuncture could inhibit the expression of P2X7R, NLRP3, pro-caspase-1, ASC, and caspase-1 proteins in rats, which is consistent with the trend of the group using NLRP3 inflammasome inhibitor glibenclamide, indicating that eye acupuncture could inhibit the occurrence of pyroptosis. miRNA-mediated pyroptosis is also involved in the development of IS. For example, the level of miR-223 in the cortex around the infarction of MCAO rats treated with electroacupuncture increased, while the level of NLRP3, caspase-1, IL-1β and IL-18 decreased (Sha et al., 2019). To sum up, acupuncture can regulate IS with multiple targets, which may become a new treatment tragedy for IS. However, a minority of the above studies have not carried out specific signal pathway studies, so the protective mechanism of acupuncture on neuronal damage after IS still needs to be confirmed by further research (Table 1).
TABLE 1 | Advance in treatment of traditional Chinese medicine against IS by drug intervention pyroptosis.
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Traditional Chinese medicine monomer is an active ingredient extracted from traditional Chinese medicine. These traditional Chinese medicine monomers are mainly extracted by alcohol, supplemented by ultrasonic cracking (Wang et al., 2014; Yue. et al., 2016). Some TCM monomers have been approved by the China Medical Products Administration (NMPA) for the treatment of IS. In recent years, it has been found that many traditional Chinese medicine monomer can play an anti-pyroptosis role by regulating the signal pathway upstream of NLRP3 inflammasome. Mulberroside A is considered to be the main active ingredient of Cortex Mori, which shows extensive benefits in the routine oral water administration route (Wang et al., 2011). Mulberroside A can inhibit TLR4/NF-κB induced by OGD/R cortical neurons (Wang CP et al., 2014). Artesunate (ART), a derivative of artemisinin (Chen et al., 2021), can reduce the score of neurological deficits induced by MCAO/R rats, improve brain edema, and reduce the volume of cerebral infarction. Its mechanism is related to down-regulating TLR4/NF-κB/NLRP3 pathway (Ran et al., 2021). Carthamin yellow (CY) is a flavonoid compound isolated from safflower, it is considered that CY improves blood circulation and alleviates pain. Thus, CY is used for the treatment of cerebrovascular disease (Lu QY et al., 2019). Its protection mechanism is the same as that of ART (Guo et al., 2021). Curcumin is a natural polyphenolic compound in Curcuma longa. Curcumin can reduce NF-κB/NLRP3 signal pathway to inhibit LPS-ATP-induced primary microglial pyroptosis (Ran et al., 2021). In addition to affecting NLRP3 inflammasomes through TLR4/NF-κB pathway, traditional Chinese medicine monomer can also regulate ROS/TXNIP/NLRP3 pathway to prevent pyroptosis. Curcumin (10 μmol L-1) inhibits the activation of the TXNIP/NLRP3 pathway by up-regulating AMPK activity in human neuroblastoma SH-SY5Y cells of human neuroblastoma and reducing ROS produced by endoplasmic reticulum stress (Li et al., 2015). Umbelliferone (UMB), a natural antioxidant belonging to coumarin derivatives, is able to cross the blood-brain barrier and protect neuronal cells from death. UMB (15 and 30 mg/kg) pretreatment for 7 days significantly upregulates peroxisome proliferator-activated receptor (PPAR-γ) with an antioxidant effect in MCAO/R rats, and inhibits ROS, thereby reducing the expression of TXNIP to inhibit NLRP3 inflammasome (Wang X et al., 2015). Ginsenoside Rd (Rd), a monomer component of Panax ginseng and Panax notoginseng, is reported to confer neuroprotection in brain injury models. Rd activates the Nrf2 pathway by up-regulating miR-139-5p, and downregulates ROS/TXNIP/NLRP3 induced by MCAO rats and OGD cortical neurons (Yao et al., 2022). Ruscogenin, an important steroid sapogenin derived from Ophiopogon japonicus, has been shown to inhibit cerebral ischemic injury. In the mouse brain microvascular endothelial cells (bEnd.3) and OGD/R primary cortical neuron, ROS was significantly inhibited by the administration of Ruscogenin (Cao et al., 2016). Z-Guggulsterone (Z-GS), an active component derived from myrrh. MCAO rats were treated with different doses of Z-GS. Morphological results showed that Z-GS significantly alleviated neurological deficits, infarct volume and histopathological damage in MCAO rats. It was related to TXNIP and NLRP3 by immunohistochemistry and immunofluorescence staining. The author conducted in vitro experiments to verify the mechanism, it was found that Z-GS treatment scarcely changed the expressions of NLRP3 in siRNA-TXNIP pretreated cells compared with the siRNA-TXNIP alone treatment group, suggesting that the neuroprotective effect of Z-GS was dependent on TXNIP-NLRP3 axis (Liu et al., 2020). Traditional Chinese medicine monomer can also upregulate AMPK/Nrf2 and inhibit NLRP3 inflammasome. In vitro and in vivo experimental studies showed that AMPK/Nrf2 pathway could be downregulated and NLPR3 inflammasome activated in MCAO/R rats or mice, OGD/R or LPS-ATP SH-SY5Y cells, microglial, and astrocytes. When intervening with an alkaloid extracted from Sinomenium acutum, the expression of AMPK was upregulated, and NLRP3 inflammasome was suppressed (Qiu et al., 2016). Astragaloside IV (AS-IV) is the main effective component of Astragalus membranaceus, and is widely used in the prevention and treatment of cerebrovascular diseases (Li S et al., 2021). Xiao et al. (2021) established MCAO/R rat in vivo, OGD/R SH-SY5Y cell in vitro, they enhanced NLRP3, caspase-1, IL-1β, GSDMD and GSDMD-N protein levels, indicating that NLRP3/caspase-1/GSDMD pathway is activated to promote pyroptosis. AS-IV increased the protein levels of Nrf2 and promoted the transfer of Nrf2 to the nucleus, accelerating Nrf2 activation. It shows that AS-IV inhibits NLRP3-mediated pyroptosis by activating Nrf2 (Xiao et al., 2021). Resveratrol (Res), which is a natural polyphenolic compound, inhibits LPS- and ATP-activated NLRP3 inflammasome and protects microglial cells upon pyroptosis. Mechanismly, it inhibits NF-κB and activates AMPK/Sirt1 pathways (Tufekci et al., 2021). Hispidulin is a flavonoid present in many Chinese herbal medicines (Kut et al., 2022). When MCAO rats were treated with different doses of hispidulin, hispidulin exerted its neuroprotective effects in vivo and in vitro by suppressing NLRP3-mediated pyroptosis by modulating the AMPK/GSK3β signaling pathway (An et al., 2019). Particularly revealing was that the AMPK inhibitor Compound C (An et al., 2019) or the Nrf2 inhibitor ML385 (Xiao et al., 2021), some of the effects of the drugs are offset, indicating that the traditional Chinese medicine monomers play an anti-pyroptosis effect through AMPK/Nrf2/NLRP3 pathway. Chrysophanol, the main active ingredient from Dahuang (Radix Et Rhizoma Rhei), Heshouwu (Radix Polygoni Multiflori) and Huzhang (Rhizoma Et Radix Polygoni Cuspidwi), can inhibit the activation of NLRP3 induced by transient MCAO (tMCAO) in mice, but the specific pathway mediated by it is not clear at present, which needs to be further explored (Zhang et al., 2014).
Moreover, endothelial cells (ECs) pyroptosis plays an important role in IS. Wang et al. (2021) confirmed that IS can induce pyroptosis of microvascular endothelial cells (ECs) and aggravate the ischemia-reperfusion injury. When MCC950, a specific drug targeting NLRP3, is used to interfere with ECs in OGD, the results show that endothelial NLRP3 is inhibited, indicating that endothelial NLRP3 inflammasome-mediated pyroptosis is also an effective target (Bellut et al., 2021). Some TCM monomers can target ECs pyroptosis. For example, quercetin, luteolin, and epigallocatechin gallate inhibit TXNIP/NLRP3 by reducing ROS in ECs (Wu et al., 2014). Dihydromyricetin (DHM) pretreated vascular ECs, reduced the release of IL-1β related to pyroptosis, significantly decreased the levels of intracellular ROS, and promoted the activation of Nrf2. When the knockdown of Nrf2 by siRNA, the inhibitory effect of DHM on ECs pyroptosis was counteracted. Therefore, DHM plays an anti-pyroptosis role by activating the Nrf2/NLRP3 pathway of vascular ECs (Hu Q et al., 2018) (Table 1).
Compound prescription and Chinese patent medicine
Due to the occurrence and development of IS is a multi-path and multi-target collaborative process. In the process of treatment, the most effective way is to inhibit or block all the relevant pathways corresponding to the onset of IS. Compound prescription and Chinese patent medicine contain many kinds of effective ingredients of traditional Chinese medicine, which are the most widely used forms of traditional Chinese medicine in clinical practice. At present, studies have confirmed that they can exert neuroprotective effects by affecting pyroptosis. For example, Naoxinqing Capsule, a traditional Chinese patent drug, can effectively inhibit the protein expression of NLRP3, ASC, caspase-1, IL-18 and IL-1β in MCAO/R rats and protect the cerebrovascular function when administered continuously for 21 days at the dose of 100 mg/(kg · d). When OGD PC12 cells were cultured with Shennaofuyuan Decoction (SNFYD) drug-containing serum, the expression level of IL-18 and IL-1β were significantly decreased, suggesting that SNFYD can inhibit neuronal pyroptosis (Li, 2019). Luo et al. (2021) showed for the first time that the expression of TLR4, NLRP3, ASC and caspase-1 was downregulated in a dose-dependent manner after three doses of Angelica Cinnamomum (AC) extract were given to pMCAO rats for 7 days. In LPS-induced BV2 cells, cerebrospinal fluid containing AC extract inhibited the secretion of pro-inflammatory cytokines, and its intervention effect was similar to that of TLR4 siRNA treatment. It suggests that AC may play a neuroprotective role by inhibiting the formation of NLRP3 inflammasome through TLR4/NF-κB. Renshen Shouwu (RSSW), composed of Ginseng (Root of Panax ginseng C.A. Mey) and fleece flower root (Polygonum multiflorum Thunb.), is a patented Traditional Chinese Medicine included in Chinese Pharmacopoeia. RSSW (50 mg/kg, 100 mg/kg) was administered to MCAO rats. Western blot showed that RSSW significantly downregulated TLR4/NF-κB/NLRP3 signaling pathway (Li. et al., 2020). Taohong Siwu Decoction (THSWD) can also regulate TLR4/NF-κB/NLRP3 (Wang M et al., 2020). 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. Also, previous report has investigated the major constituents of THSWD by UPLCQ-TOF-MS. A total of 95 components have been identifified, including aromatic acids, flflavonoids, polysaccharides, volatile oils, monoterpene glycosides, aromatic cyanoglycosides (Dong et al., 2019). They are the basis of THSWD inhibitors of pyroptosis (Ye et al., 2020; Yin et al., 2020). Unlike RSSW, THSWD can reduce the expression of TXNIP, p38MAPK and JNK. In addition, THSWD has been found to inhibit MCAO/R rats pyroptosis via DRP1/NLRP3 pathway (Zhou, 2021). These again illustrate the characteristics of multi-component and multi-target action of traditional Chinese medicine. Panax ginseng and Angelica sinensis (CPA) treatment ameliorated MCAO-induced cerebral damage and neurological dysfunction by inhibiting NLRP3 inflammasome activation and microglial pyroptosis. Its inhibitory effect was comparable to that of MCC950, a well-known inhibitor of NLRP3 inflammasome. Further in vitro study revealed that the key active ingredients of Panax ginseng and Angelica sinensis inhibited OGD/R-induced NLRP3 inflammasome activation and pyroptosis by inhibiting DRP1-mediated mitochondrial fission (Hu et al., 2020). Qingkailing (QKL) injection, a patented Chinese medicine approved by the China Food and Drug Administration, has been widely used in clinical practice to treat cerebral ischemia in China. Rats in the QKL group received intraperitoneal injections of 3 mL/kg QKL, QKL relieved IS and suppressed the inflammatory response by inhibiting AMPK-mediated activation of the NLRP3 inflammasome (Ma et al., 2019) (Table 1).
CONCLUSION AND PERSPECTIVES
Pyroptosis is a form of death characterized by cell swelling, membrane rupture, and inflammatory cytokine release. It can be caused by NLRP3 inflammasome that assembly after activation of secreted IL-1β and IL-18. NLRP3 inflammasome play an important role in the development of IS. Most in vitro and in vivo studies in our review have confirmed that inhibition of NLRP3 inflammasome can improve neural function and reduce the volume of cerebral infarction to a large extent. However, a study from Stroke showing that the injury degree of IS has nothing to do with NLRP3 inflammasome (Lemarchand et al., 2019). We speculate that this may be related to experimental modeling, because in this report, C57BL/6 mice were modeled with FeCl3, which is different from the MCAO and OGD models we summarized previously. A variety of signal molecules lead to early pathological changes through corresponding signaling pathways after IS, subsequently activating NLRP3 inflammasome-mediated pyroptosis. These signal-mediated pathological changes include ROS damage, mitochondrial dysfunction, ion imbalance, lysosomal rupture, and trans-Golgi disintegration. The activation of NLRP3 inflammasome consists of two steps, namely, the activation and assembly of NLRP3 inflammasome. The signaling pathway involved in the activation step is TLR4/NF-κB/NLRP3. The signaling pathways involved in the assembly include ROS/TXNIP/NLRP3, AMPK/Nrf2/NLRP3, DRP1/NLRP3, and TAK1/JNK/NLRP3. Current pharmacological studies show that traditional Chinese medicine can inhibit NLRP3 inflammasome by regulating the above signal pathways, thus inhibiting pyroptosis and achieving the purpose of alleviating the process of IS, showing the characteristics of multi-target and multi-channel treatment of traditional Chinese medicine. This provides a positive signal for exploring the role of traditional Chinese medicine in pyroptosis (Table 1).
We believe that there are still some challenges in the research of anti-IS effect of traditional Chinese medicine based on pyroptosis. 1) Strengthen the research of compound prescription and Chinese patent medicine. Our previous summaries found that compared with traditional Chinese medicine monomer, the compound prescription and Chinese patent medicine, as a common clinical form of traditional Chinese medicine, has less research reports, which is not conducive to providing scientific basis for the clinical application of the compound. In the future, bioinformatics methods can be used to identify the potential effective components and target of action of the compound prescription and Chinese patent medicine, structural pharmacology methods such as molecular docking technology can be used to further reveal the binding sites of monomer components, and methods such as gene knockout or inhibition of key proteins can be used to verify the target of action of monomer components. Adopt modern pharmacological methods to carry out simultaneous component research and comparative study with compound prescription, so as to clarify the material basis of drug function. 2) The IS body model is diversified. Most of the models summarized in this review are MACO or MCAO/R models. However, studies have shown that the selection of models may have an impact on the role of NLRP3-mediated pyroptosis in IS (Lemarchand et al., 2019). Therefore, different models can be used for comparative study in future studies, and mutual verification can fully illustrate the empirical conclusions. 3) To explore the potential of non-classical pyroptosis in the study of IS pathological mechanism. Previous studies have shown that the expression of caspase-11 protein upregulated in OGD microglial cells, which indicates that there is activation of non-classical pyrolytic pathway in the process of IS (Fradejas et al., 2010). However, there is no in vivo experiment to show the relationship between non-classical pyrolytic pathway and IS. Moreover, there is little research on non-classical pyroptosis pathway in traditional Chinese medicine.
To sum up, NLPR3 inflammasome may be the switch molecular target of the upstream channel of the mechanism of pyroptosis in IS. Deeply exploring the relevant molecular mechanism of NLRP3 inflammaasome affecting pyroptosis, summarizing the relationship between NLRP3 mediated-pyroptosis signal pathway and IS, and the research status of TCM prevention and treatment, clarifying the specific mechanism of TCM, provide new ideas for TCM treatment of IS, and provide theoretical basis for TCM to effectively and economically serve human health.
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Objective: To investigate the mechanism underlying the effects of berberine (BBR) in the treatment of Alzheimer’s disease (AD).

Methods: 3 × Tg AD mice were treated with BBR for 3 months, then the open field test (OFT), the novel object recognition test (NOR) and the Morris water maze (MWM) test were performed to assess behavioral performance. Hematoxylin–eosin (HE) staining, Nissl staining were used to examine histopathological changes. The pharmacological and molecular properties of BBR were obtained from the TCMSP database. BBR-associated AD targets were identified using the PharmMapper (PM), the comparative toxicogenomics database (CTD), DisGeNet and the human gene database (GeneCards). Core networks and BBR targets for the treatment of AD were identified using PPI network and functional enrichment analyses. AutoDock software was used to model the interaction between BBR and potential targets. Finally, RT-qPCR, western blotting were used to validate the expression of core targets.

Results: Behavioral experiments, HE staining and Nissl staining have shown that BBR can improve memory task performance and neuronal damage in the hippocampus of AD mice. 117 BBR-associated targets for the treatment of AD were identified, and 43 genes were used for downstream functional enrichment analysis in combination with the results of protein–protein interaction (PPI) network analysis. 2,230 biological processes (BP) terms, 67 cell components (CC) terms, 243 molecular function (MF) terms and 118 KEGG terms were identified. ALB, EGFR, CASP3 and five targets in the PI3K-AKT signaling pathway including AKT1, HSP90AA1, SRC, HRAS, IGF1 were selected by PPI network analysis, validated by molecular docking analysis and RT-q PCR as core targets for further analysis. Akt1 mRNA expression levels were significantly decreased in AD mice and significantly increased after BBR treatment (p < 0.05). Besides, AKT and ERK phosphorylation decreased in the model group, and BBR significantly increased their phosphorylation levels.

Conclusion: AKT1, HSP90AA1, SRC, HRAS, IGF1 and ALB, EGFR, CASP3 were core targets of BBR in the treatment of AD. BBR may exert a neuroprotective effect by modulating the ERK and AKT signaling pathways.

KEYWORDS
 Berberine, Alzheimer’s disease, AKT, pharmacology, neuroprotective effect


Introduction

Alzheimer’s disease International (ADI) estimates that approximately 50 million people worldwide have dementia and that this number will triple by 2050, placing a great burden on families and society. Despite the urgent need, the development of new drugs faces significant challenges. Currently, only cholinesterase inhibitors and N-methyl-D-aspartate receptor antagonists have been approved for cognitive enhancement, although tremendous progress has been made in the understanding of the molecular mechanisms (Scheltens et al., 2021). In addition to the classical targets related to Aβ and tau protein hyperphosphorylation, lysosomal pathways, autophagy, apoptosis, transcription factor EB (TFEB), and TREM2 are also potential therapeutic pathways and targets for Alzheimer’s disease (AD) (Singh et al., 2019a; Rai et al., 2021). Multi-target effect of Traditional Chinese medicine (TCM) has been attributed with unique benefits in the treatment of AD. Pharmacological data show that various formulas, extracts and compounds can alleviate symptoms and improve the quality of life of AD patients (Alexiou et al., 2019; Pei et al., 2020).

Recently, Berberine (BBR) has attracted much interest due to its pharmacological effects in the treatment and/or management of AD (Singh et al., 2019b, 2021a). BBR is an isoquinoline alkaloid and the main active component of several well-known herbs used in TCM, such as Coptis chinensis Franch (Huanglian) and Phellodendron sinii Y.C. Wu (Huangbo). Previous data suggest that BBR is a promising therapeutic agent for the treatment of bacterial diarrhea, cardiovascular and metabolic diseases (Jiang et al., 2011; Feng et al., 2019; Xu et al., 2021). BBR has therapeutic potential in the treatment of AD by targeting amyloid beta plaques, neurofibrillary tangles, neuroinflammation, and oxidative stress (Zhu and Qian, 2006; Jiang et al., 2015). However, the molecular basis of these effects has not been elucidated.

To further explore the therapeutic potential and efficacy basis of BBR in AD, we used network pharmacology to investigate the mechanisms underlying the multiple effects of BBR in this work. Network pharmacology is an emerging field of pharmacology that can be used to study drug action and interaction with targets (Berger and Iyengar, 2009). The dose of BBR used in our experiments was based on a previous research report (Kong et al., 2004). The workflow of this study is presented in Figure 1. This study may provide the basis for the development of BBR applications in the prevention and treatment of AD.
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FIGURE 1
 Workflow of the study.




Materials and methods


Animals

Twenty 11–12 months 3 × Tg AD female mice (No: 14002A) were randomly divided in 2 groups: the 3 × Tg AD model group and the BBR group (50 mg∙kg−1∙d−1). Ten age-matched wild-type female C57 mice were used as controls. All animals were purchased from Beijing HFK Bioscience Co., Ltd. All animals were caged in SPF barrier-protected facilities with a temperature of (22 ± 3) °C, relative humidity of (50 ± 10) % and automatic light cycles (12 h light/dark). Food and water were freely available. This experiment started after 1 week of adaptive feeding. All experiments were carried out according to animal care guidelines and were approved by the Ethics Committee of the Xiyuan Hospital of the China Academy of Chinese Medical Sciences (No. 2022XLC020-2). Each mouse was fed 0.1 ml/10 g body weight by gavage for 3 months, and the BBR group received the corresponding drug, while the 3 × Tg AD model group and the control group received equal amounts of distilled water. The final numbers of animals in the control group, model group and BBR group were 9, 9 and 7, respectively due to mishandling.



Chemical reagents

Berberine at ≥98% purity (LDSW220209-1) was supplied by Shaanxi Langde Biotechnology Co., Ltd., and the HE staining kit was purchased from Servicebio (G1003).



Behavioral experiments

The open field test (OFT) was performed by placing the mice in a box (40 cm L × 40 cm W × 40 cm H). The test area in the box was divided into 16 squares (10 × 10 cm) by the computer software and the four innermost squares were defined as the central area. During 5 min OFT test, total distance (cm), total movement (s), speed (cm / s), distance in the center (cm), and time in the center (s) were calculated.

Twenty-four hours after OFT test, a novel object recognition test (NOR) was performed. This test consisted of an exposure phase to a familiar object, followed by a phase of exposure to a novel object the next day. Each phase lasted 10 min. During the exposure phase to a familiar object, mice were placed in the same box with two identical objects in two parallel corners. 24 h later, one of the two objects was replaced by a novel one. The preference index (PI) and the recognition index (RI) were recorded. PI was defined as the time spent exploring two objects during the exposure phase to a familiar object, while RI was calculated as follows: Tnovel/(Tnovel + Tfamiliar). Notes: Tnovel and Tfamiliar indicate the time spent with the novel and familiar objects during the exposure phase to the novel object.

Next, the Morris water maze (MWM) test was used to assess spatial memory of mice. The facility consists of a white tank (diameter 120 cm, height 50 cm), an automatic camera, and a computer analysis system. The pool was divided into four quadrants with specific markers, respectively, and a cylindrical escape platform (diameter 10 cm, height 15 cm) was placed in the first quadrant 1 cm beneath the water filled with nontoxic white dye. For training, spatial navigation experiments were performed for five consecutive days; each mouse was trained four trials per day for 90 s each using different entry points. The mice were placed in the water facing the wall of the pool, and the time between entering the water and finding the escape platform (with all limbs on the platform for 6 s; escape latency) was recorded using a video tracking system. On day 6, the escape platform was removed for spatial exploration experiments; mice were placed in the water facing the wall of the pool (at the midpoint of the third quadrant), and the number of times the mouse crossed the original platform area within 90 s was recorded, the time in the target quadrant and distance moved in the target quadrant were also recorded to examine memory of the target quadrant where the original platform was located. A quiet environment with a stable light source and a water temperature of 23 ± 1°C were maintained during experiments.



Tissue preparation

After the behavioral experiments, the brains were quickly removed. For each group, half of the brains were fixed in 4% paraformaldehyde, and the other half were snap frozen in liquid nitrogen and stored at −80° C for further analysis.



Histomorphological observation of brain tissue

Brain tissues were embedded in paraffin and sectioned. Then sections were processed as follows: Xylene for 20 min, two times; 100% ethanol for 5 min, two times; 75% ethanol for 5 min; and tap water rinsing. Sections were subjected to hematoxylin–eosin (HE) and toluidine blue (Nissl) staining. Hematoxylin–Eosin Staining Kit (G1003; Wuhan Servicebio Technology Co., Ltd., Wuhan, China) was used for HE staining, and Toluidine blue staining solution (G1032; Wuhan Servicebio Technology Co., Ltd.) was used for Nissl staining. Sections were finally sealed with neutral gum and examined under an upright optical microscope (NIKON ECLIPSE E100) for image acquisition.



Data on the pharmacological and molecular properties of BBR

MOL001454 (CAS, 2086-83-1) was found by searching for the chemical name “berberine” in the traditional Chinese medicine systems pharmacology database (TCMSP),1 and absorption, distribution, metabolism, and excretion (ADME) parameters for BBR were also obtained. The molecular structure of BBR was downloaded from the PubChem database2 and dealed with PyMOL2.4.0 software.



Identification and collection of potential targets of BBR

Potential BBR targets were identified and collected using the PharmMapper platform,3 which is an integrated pharmacophore matching platform including targets extracted from TargetBank, DrugBank, BindingDB, and PDTD database and over 7,000 receptor-based pharmacophore models (Liu et al., 2010; Wang et al., 2017). All predicted targets were imported in EXCEL to establish the BBR target database.



BBR-associated targets of Alzheimer’s disease

The comparative toxicogenomics database (CTD),4 DisGeNet5 (Piñero et al., 2015, 2017, 2020, 2021) and the human gene database (GeneCards)6 were used to identify AD targets with the keyword ‘Alzheimer’s disease’. Then, BBR-associated targets of AD were generated by intersecting BBR targets with the above targets of Alzheimer’s disease.



Network construction and analysis of the protein–protein interaction

BBR-associated targets of AD were imported into STRING,7 and protein–protein interaction (PPI) data were exported under the condition that the minimum required interaction score was 0.700. We then built a network diagram using the Cytoscape 3.7.2 software. In addition, the MCODE and cytoHubba plug-ins were used to screen important PPI network modules.



Functional enrichment analysis

The biological process (BP), molecular function (MF), and cellular component (CC) are three important parts of gene ontology (GO). GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were used for functional enrichment analysis. The R 3.6.3 software was used for statistical analysis and visualization; the ggplot2 package 3.3.3 and the clusterProfiler package 3.14 were used. Significant terms were identified under the condition that false discovery rate (FDR) was <0.05. The top terms identified were visualized in a diagram.



Molecular docking verification

The molecular structure of BBR was downloaded from TCMSP, while the crystal structures of target proteins were obtained from the Protein Data Bank (PDB) database.8 PyMOL 2.4.0 software,9 Auto Dock Tools 1.5.7 software were used for pre-docking molecular processing to obtain PDBQT file. The Auto Dock Vina software 1.1.210 was then used for molecular docking and calculation of the affinity score. A lower affinity score indicates stronger binding. The results of molecular docking were visualized by PyMOL2.4.0 software. We calculated the RMSD (Root Mean Square Deviation) using PyMOL2.4.0 to verify the reliability, and RMSD <2A was considered reliable.



RT-qPCR analysis

An RNA extraction kit (Servicebio, G3640-50 T) was used to extract total RNA from brain tissue. ReverTra Ace qPCR RT Master Mix (TOYOBO, FSQ-201) was used for reverse transcription to generate cDNA templates and then real-time PCR was performed under the following conditions: 95° C for 10 min, followed by 40 cycles of 95 ° C for 15 s and 60 ° C for 60 s. Real-time PCR was performed using Applied Biosystem 7,500 Real-Time PCR System, and the relative expression of mRNA was calculated using the 2−ΔΔCt method. The primer sequences of all target genes are shown in Table 1.



TABLE 1 Primer sequences of all target genes.
[image: Table1]



Western blotting

Brain tissues were lysed on ice in lysis buffer and then centrifuged at 12,000 rpm for 20 min at 4°C. The protein content was determined using the bicinchoninic acid (BCA) method (G2026, Servicebio, Wuhan, China). The extracted proteins were subjected to SDS-PAGE electrophoresis, transferred to 0.45 μm polyvinylidene difluoride membranes (Millipore, Bedford, MA), and then blocked with 5% BSA in TBST for 60 min. The membranes were subsequently incubated with primary antibodie. The primary antibodies were listed as follows: Erk 1/2 (diluted 1:2000, rabbit, Cell Signaling Technology, Cat# 4695), p-Erk 1/2 (diluted 1:2000, rabbit, Cell Signaling Technology, Cat# 4370), Akt (diluted 1:5000, rabbit, proteintech, Cat No. 10176-2-AP), p-Akt (diluted 1:5000, Mouse, proteintech, Cat No: 66444-1-Ig), or β–actin (diluted 1:10000, Mouse, proteintech, Cat No: 66009-1-Ig) overnight at 4°C. The membrane was incubated with the HRP conjugated secondary antibodies, goat anti-mouse (diluted 1:10000, Abbkine, China) or goat anti-rabbit IgG (diluted 1:10000, Abbkine, China) for 90 min after the membrane had been washed with TBST 4 times for 10 min each. The blots of proteins of interest were visualized using sensitive ECL western HRP substrate (# 17046, ZENBIO, Chengdu, China). Quantitative analysis of protein bands were performed using ImageJ software.



Statistical analysis

Data were statistically analyzed using SPSS 22.0 software (IBM Corp., Armonk, NY, USA). Quantitative data were expressed as mean with standard error of mean (SEM). Comparison between two groups were performed using t test. The MWM latency data were analyzed using a repeated-measures analysis of variance. All tests were two-sided with an α of 0.05 and statistical significance threshold of p < 0.05.




Results


Evaluation of druggability of BBR

The pharmacological and molecular properties of BBR were obtained from TCMSP (Ru et al., 2014) and are as follows: molecular weight (MW) = 336.39, oral bioavailability (OB) = 36.86%, drug-likeness (DL) = 0.78, blood brain barrier (BBB) = 0.57, half-life (HL) = 6.57. BBR half-life (t1/2) is in the mid-elimination group. The molecular structure of BBR (C20H18NO4) is shown in Figure 2. BBR is believed to be more druggable in the 180–500 Dalton MW range. It is a promising therapeutic agent that can act in the central nervous system and is characterized by high OR (≥20%) (Xu et al., 2012), high DL (≥0.18) (Tao et al., 2013), and strong penetration (BBB > 0.3)(Tattersall et al., 1975).

[image: Figure 2]

FIGURE 2
 The molecular structure of BBR. The red structure in the figure represents the oxygen atom and the blue structure represents the hydrogen atom.




BBR improves the performance of memory and recognition tasks in AD mice

The sequence of behavioral experiments is shown in Figure 3A. During the OFT test, the BBR group differed significantly from the model group in speed (t = 3.59, p = 0.003), total move time (t = 3.07, p = 0.008), time in the center (t = 2.27, p = 0.039), total distance (t = 3.59, p = 0.003), and distance in the center (t = 2.46, p = 0.0273), indicating differences in overall activity or anxiety-like behavior (Figures 3B–F). During the novel object recognition test, neither the control group nor the BBR group differed significantly from the model group in the preference index (PI) (p > 0.05, Figure 3G). After 3 months of BBR administration, mice in the BBR group spent significantly more time with the novel object in the NOR test as indicated by a significantly higher recognition index (t = −2.47, p = 0.028) in the NOR test (Figure 3H).

[image: Figure 3]

FIGURE 3
 BBR improves recognition and memory task performance in AD mice. (A) Workflow of behavioral experiments; (B) Speed (cm/s), (C) Total move time (S), (D) Time in center (s), (E) Total distance (CM), and (F) Distance in center (cm) during OFT test; PI (G) and RI (H) of NOR test; Escape latency (I); Swimming speed (J) and Platform crossover number (K) during the MWM test, n = 7–9, *p < 0.05, compared with model group; ◆p < 0.05 for latency data between groups on the same day compared with the model group; #p < 0.05 for latency data within groups compared with the first day.


The MWM test consists of a navigation test and an exploratory experiment, which can be used to evaluate the learning memory ability of mice. In the navigation test, as shown in Figure 3I, the escape latency of all mice gradually decreased with the increasing number of training sessions, indicating that their ability to locate the platform was enhanced. The escape latency of mice in the BBR group was diminished compared to the model group and exhibited a significant difference on day 1 (p = 0.003), day 2 (p = 0.011) and day 5 (p = 0.007). There were no significant differences in the speed of swimming among the groups (p > 0.05, Figure 3J), and effects on locomotor ability could be excluded. In addition, compared to the model group, mice in the BBR group had a significantly higher number of platform crossings in the exploratory experiment on day 6 (p = 0.039, Figure 3K).

These results suggest that BBR alleviated the tense, manic, and anxious behaviors of AD mice and improves recognition and memory performance, although more studies are necessary to clarify the mechanisms involved. See details in Supplementary data S1.



BBR ameliorates neuronal damage in the hippocampus

The size, density and arrangement of neurons in the hippocampus may indicate neuronal damage. Using HE staining, chromatin in the nucleus and ribosomes in the cytoplasm were stained blue-violet, while components in the cytoplasm and extracellular matrix were stained red, and the degree of staining may reflect the functional properties of hippocampal neurons. Under normal conditions, the cytoplasm is only slightly stained, but it becomes overstained when cellular senescence or neurodegenerative alterations occur. The hippocampal neurons of control mice were dense and neatly organized, with full nuclei and clear boundaries, whereas the neurons of model mice were overstained and loosely arranged, with cytoplasmic deformation and swelling. In the model mice, BBR treatment was able to reverse this phenotype and the neuronal morphology resembled that of controls (Figure 4A).
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FIGURE 4
 BBR ameliorated neuronal damage in the hippocampus. (A) HE staining and Nissl staining (B) and its quantitative analysis (C) of the CA1 region. Data were analyzed by t test between two groups, presented as mean ± SEM, n = 3, *p < 0.05 compared to the model group.


Neurons in the model group showed relatively lighter blue staining, with a reduced number of Nissl bodies. Besides, in the BBR groups, there was stronger cytoplasmic staining and neurons were densely arranged (Figure 4B). Quantitatively, in the CA1 region of the hippocampus, neuron numbers were significantly higher in the BBR (t = −4.07, p = 0.015) group compared to the model group (Figure 4C), suggesting that BBR can protect hippocampal neurons to some extent and prevent degenerative necrosis.



Identification of BBR-associated targets of Alzheimer’s disease

Using the keyword ‘Alzheimer’s disease’, 215 potential BBR targets were obtained from the PM database, 24,282 AD targets from the CTD database, 3,397 AD targets from the DisGeNet database and 11,301 AD targets from GeneCards. 117 BBR-associated AD targets were generated from the intersection of these three databases using a Venn plot (Figure 5A). The names of these targets are shown in Figure 5B. See detailed gene information in Supplementary data S2.
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FIGURE 5
 BBR-associated targets of Alzheimer’s disease. (A) BBR-associated targets of AD from the intersection between BBR-targets and targets of AD, zoom in to show the specific target in (B).




Identification of the core networks and targets of BBR in AD pathology

Proteins interact with each other to participate in various aspects of life processes such as biological signaling, regulation of gene expression, energy and material metabolism, and cell cycle regulation. By detecting the interrelationship between target proteins, the possible pathways of action of drugs can be predicted and provide directions for in-depth research. In this study, PPI analysis between BBR-associated AD targets was performed to explore underlying mechanisms using STRING and the results are shown in Supplementary data S3. The PPI network is visualized in Figure 6A. The results of MCODE (Figure 6B) and cytoHubba are shown in Supplementary data S4. Combining the data obtained from the above algorithms, we obtained 43 genes for downstream functional enrichment analysis. In total, 2,230 BP terms, 67 CC terms, 243 MF terms (p < 0.01 and FDR<0.01) and 118 KEGG terms (p < 0.05 and FDR<0.01) (Supplementary data S5) were obtained. The top terms for each category are shown in Figure 6C: regulation of cell death, cell death, regulation of programmed cell death, cellular response to chemical stimulus, programmed cell death, regulation of apoptotic process, apoptotic process, cellular response to organic substance, response to oxygen-containing compound, response to chemical in BP enrichment analysis Furthermore, Pathways in cancer, Proteoglycans in cancer, PI3K-AKT signaling pathway, MAPK signaling pathway, Prostate cancer, EGFR tyrosine kinase inhibitor resistance, Endocrine resistance, AGE-RAGE signaling pathway in diabetic complications, Estrogen signaling pathway, PD-L1 expression and PD-1 checkpoint pathway in cancer involved in BBR treatment for AD based on KEGG pathway analysis (Figure 6D). Importantly, ALB, EGFR, CASP3 and five members of the PI3K-Akt signaling pathway including AKT1, HSP90AA1, SRC, HRA, and IGF1 were identified as core BBR targets in AD for further study.
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FIGURE 6
 Core BBR targets in AD and GO/KEGG analysis. (A) PPI network of 117 BBR-associated targets of AD; (B) representative clusters extracted using MCODE; (C) GO analysis of all the targets identified above; (D) KEGG analysis of all the targets identified above.




Molecular docking analysis of core targets

To validate the core targets of BBR in AD, semi-flexible molecular docking was performed using Auto Dock Vina software. A lower affinity score indicates a stronger binding force. The crystal structures of the target proteins are listed below: AKT1 (PDB: 4ejn), HSP90AA1 (PDB: 3t0h), SRC (PDB: 1fmk), HRAS (PDB: 2ce2), IGF1 (PDB: 1wqj), ALB (PDB: 6hn1), CASP3 (PDB: 2dko), EGFR (PDB: 8a27). After molecular docking and interaction analysis, BBR was found to bind in a stable conformation to its targets as indicated by the low affinity scores: −10.2 kcal/mol (AKT1), −6.5 kcal/mol (HSP90AA1), −9.6 kcal/mol (SRC), −5.2 kcal/mol (HRAS), −7.8 kcal/mol (IGF1), −8.4 kcal/mol (ALB), −6.6 kcal/mol (CASP3) and − 9.5 kcal/mol (EGFR). All RMSD values were less than 2A, suggesting the molecular docking results are reliable (Table 2). Docking of core targets and BBR is shown in Figure 7.



TABLE 2 Molecular docking results of core targets and BBR.
[image: Table2]
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FIGURE 7
 Molecular docking results of core protein targets with BBR. The dotted line represents hydrogen bond interaction.




BBR acts through the AKT pathway

Relative expression changes of the core targets were detected by RT-qPCR (Figure 8A). The level of Akt1 mRNA was significantly reduced in AD mice (t = 2.96, p = 0.025). A similar trend was observed for Hsp90aa1, Hras, Igf1, and Src mRNA levels, but none of them was statistically significant (p > 0.05). Among the core targets, Akt1 (t = −5.01, p = 0.002), Hsp90aa1 (t = −3.66, p = 0.011), Hras (t = −2.99, p = 0.024) and Igf1 (t = 3.75, p = 0.019) mRNA levels were significantly increased after BBR treatment, while Src, Egfr mRNA levels showed a similar trend but lacked statistical significance (p > 0.05). Alb, Casp3 mRNA levels showed the opposite trend. These results suggest that Akt1, Hsp90aa1, Hras, Igf1 could play important roles in BBR treatment of AD.
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FIGURE 8
 BBR acts through the AKT pathway. (A) Relative expression changes of the core targets; (B) BBR increased AKT phosphorylation; (C) BBR increased ERK phosphorylation. Data were analyzed by t test between two groups, presented as mean ± SEM, n = 4, *p < 0.05 compared to the model group.


Then, we explored whether BBR affects protein phosphorylation of AKT as well as ERK by western blotting at the protein assay level. As shown in Figures 8B,C, AKT (t = 4.489, p = 0.004) and ERK (t = 5.645, p = 0.001) phosphorylation decreased in the model group, and BBR significantly increased AKT (t = −3.721, p = 0.010) and ERK (t’ = −4.126, p = 0.014) phosphorylation levels.




Discussion

The molecular characteristics and physicochemical properties of BBR indicate good druggability (Kumar et al., 2015). The properties of BBR suggest that it may be able to cross the blood–brain barrier (BBB) thus facilitating direct binding to potential targets within the central nervous system (Peng et al., 2004; Jiang et al., 2015). After intravenous administration, BBR is quickly removed from the plasma (t1/2β = 1.13 h) and sharply increased in the hippocampus (t1/2α = 0.215 h) with a delayed clearance rate (t1/2β = 12.0 h), indicating that it has the potential to act instantly through BBB, and can be stored in the hippocampus, affecting memory and recognition performance (Wang et al., 2005).

Several in vitro and in vivo experiments have revealed that BBR elicits neuroprotective effects in AD models as indicated by the following lines of data: ① BBR reduces Aβ levels by modulating APP processing and ameliorates Aβ pathology by inhibiting the mTOR/p70S6K signaling pathway (Asai et al., 2007; Durairajan et al., 2012; Panahi et al., 2013; Wang et al., 2021); ② it inhibits tau hyperphosphorylation at Thr205 and Thr231 in the hippocampus via the GSK3β/PGC-1α (Yang and Wang, 2022) or NF-κB signaling pathways (He et al., 2017); ③ it reduces the production of pro-inflammatory cytokines in activated microglial cells and modulates mitochondrial bioenergetics (He et al., 2017; Wong et al., 2021); ④ it reduces lactate dehydrogenase release and reactive oxygen species (ROS) generation (Chen et al., 2015), as well as the relative mRNA expression of endoplasmic reticulum (ER) stress related pathway genes (Xuan et al., 2020); ⑤ it rescues synaptic damage by activating LKB1/AMPK signaling in AD mice (Cai et al., 2019); ⑥ it promotes the formation of brain microvessels by enhancing CD31, VEGF, N-cadherin, Ang-1 and inhibits neuronal apoptosis (Ye et al., 2021). Consistent with a previous study (Ye et al., 2021), our work shows that BBR improves memory and recognition performance in AD mice. Furthermore, we show that BBR also ameliorates neuronal damage in the hippocampus. These results suggest that BBR plays a potential therapeutic role in AD by protecting hippocampal neurons. However, the specific targets and mechanisms involved in this protective effect are currently poorly understood and more basic and clinical studies will be needed to confirm these results. In addition, BBR, together with epiberberine, coptisine, palmatine, and gatrorrhizine are the main active constituents of Coptis chinensis Franch (Huanglian), participating in the prevention and treatment of AD (Meng et al., 2018; Wang et al., 2020). Among them, BBR is the component with the highest content. Due to the similarity of physicochemical properties of these substances, the purification and separation process of BBR by conventional methods such as acid-water and ethanol inevitably incorporates other impurities, and it is difficult to achieve 100% purity (Sun et al., 2014). Although most of the commercially purchased BBR products can reach a purity of 98% or more, there are still less than 2% impurities that may have undeniable influence on the study results. Thus, HPLC purification to remove contaminants would need to be performed to ensure activities observe are not from these impurities in a more in-depth study in the future.

Network pharmacology is considered the next paradigm in drug discovery because it allows to analyze the “herb-compound-protein/gene-disease” interaction network from a systems biology perspective. Therefore, we investigated the targets of the action of BBR in AD using network pharmacology. 117 BBR-associated targets of AD were identified, of which 43 targets were selected for downstream functional analysis by protein–protein interaction analysis using MCODE and cytoHubba. The PI3K-AKT signaling pathway and MAPK signaling pathway are members of the most significant terms identified. ALB, EGFR, CASP3 and five targets that are members of the PI3K-AKT pathway, including AKT1, HSP90AA1, SRC, HRAS, IGF1 were extracted as core targets of BBR in AD.

AKT, which functions downstream of PI3K, is the core component of the PI3K-AKT pathway. Many cytokines or growth factors induce phosphorylation of tyrosine residues by binding to the RTK membrane receptor. The regulatory subunit of PI3K, P85, binds to phosphorylated tyrosine residues through its SH2 domain, which in turn recruits the catalytic subunit P110 to form the active PI3K enzyme. Activated PI3K further acts on PDK1, PIP3, to promote AKT phosphorylation (Thorpe et al., 2015; Long et al., 2021). AKT, also known as protein kinase B (PKB), is a serine/threonine kinase participating in the PI3K-Akt pathway. AKT1/PKBα is encoded by AKT1, which is composed of three isoforms that contain a conserved plekstrin homology domain, a central fragment, and a regulatory domain (Hanada et al., 2004). Thr308 and Ser473 are essential phosphorylation sites for AKT activation (Wei et al., 2019). HSP90AA1, SRC, HRAS, and IGF1 are members of the PI3K-AKT pathway. The heat shock protein (Hsp) 90 encoded by HSP90AA is a molecular chaperone involved in protein folding that regulates the activity of AKT (Jhaveri and Modi, 2015). In the brain, Hsp90 is involved in synaptic plasticity (Chen et al., 2014) as well as in the targeting of tau for proteosomal degradation (Dickey et al., 2007), regulate Aβ processing (Blair et al., 2014). Hsp90 usually forms a protein complex with other co-chaperones Hsp70, Hsp60, Hsp23, acting as the core of the complex to promote the activation or stabilize the conformation of the target protein. Inhibitors of Hsp90 bind to the regulatory site of Hsp90 and act on it. There are two possible pathways: one occurs by inducing a cytoprotective heat shock response, and the other acts by directing the degradation of pathogenic proteins. In AD, Hsp90 expression is downregulated, and after administration of Hsp90 inhibitor, Aβ-induced neurotoxicity could be prevented by increasing the level of Hsp70 and Hsp90 (Ansar et al., 2007; Gezen-Ak et al., 2013; Ou et al., 2014). The SRC protein-tyrosine kinase family mainly consists of 11 members, including SRC, FYN, and YES, three closely related group I enzymes (Brown and Cooper, 1996). Members of the SRC kinase family are controlled by cytokine receptors, G-protein coupled receptors, etc., participating in pathways that regulate survival, proliferation, and regulation of gene expression through AKT or MAPKs (Thomas and Brugge, 1997; Roskoski, 2015). Recently, FYN was shown to have several functions in the central nervous system (CNS), and FYN dysfunction has been implicated in the pathological processes leading to AD (Nygaard, 2018). Rho GTPases, including HRAS, have significant therapeutic potential in the treatment of neurodegenerative diseases, as they have been implicated in nearly all stages of brain development (Zamboni et al., 2018; Schmidt et al., 2022). IGF1 may have a therapeutic effect in neurodegenerative disorders by enhancing hippocampal neurogenesis (Morel et al., 2017) and promoting neuronal survival through the PI3K / AKT and MAPK pathways (Vincent et al., 2004; Bronzi et al., 2010). Extracellular-signalregulated protein kinase (ERK), as one of the MAPK signaling subfamilies, is usually downstream of the AKT pathway. Phosphorylation of ERK1/2 protein activates the ERK pathway and plays an important role in regulating cell growth and differentiation (Kumar et al., 2023).

The ALB gene encodes the most abundant protein in the blood, which is albumin. Higher levels of albumin in the cerebrospinal fluid (CSF) of AD patients respond to damage to the BBB (Lin et al., 2021). It can differentiate AD patients from controls together with hub genes including JUN, SLC2A1, TFRC, and NFE2L2 (Wang et al., 2022). EGFR is a potential therapeutic target for AD (Tsuji et al., 2021; Zhang et al., 2022).The protein encoded by CASP3 gene is a cysteine-aspartic acid protease that plays an important role in the execution-phase of cell apoptosis in AD, and the PI3K/AKT signaling pathway is the most important intracellular factor involved in regulation of cellular apoptosis (Khezri et al., 2023). In addition, it can be activated upstream by the presence of extracellular factors and then act downstream on tau protein (Avila, 2010). However, interactions obtained using STRING for PPI analysis are not specific for brain, which may interfere with the specificity of the targets and the subsequent validation results.

To validate identified core targets, we performed molecular docking analysis using AutoDock Vina (Trott and Olson, 2010), a computational method for predicting bound conformations and binding affinity. The results showed strong binding between BBR and the identified core targets. This suggests to us that BBR may play a role by altering the function of these proteins through compound binding. Furthermore, we determined the relative expression changes of the main targets in AD mice by RT-qPCR, and found that Akt1, Hsp90aa1, Hras, and Igf1 mRNA levels were significantly altered after BBR treatment. In addition, our results confirm that BBR significantly increased AKT and ERK phosphorylation levels. Phosphorylated AKT activates a range of downstream pathways, including the P53 pathway, regulating protein translation, cell cycle, apoptosis. Activation of PI3K/AKT signaling protects neurons from Aβ-induced neurotoxicity (Do et al., 2014), inhibits the formation of pathogenic neurogenic fiber tangles (NFT) (Kitagishi et al., 2014), and regulates synaptic plasticity (Spinelli et al., 2019), playing an important regulatory role in AD. Phosphorylation of ERK1/2 protein activates the ERK pathway, and accumulation of intra-neuronal (Aβ1–42) causes the significant reduction in phosphorylation of ERK1/2 protein, affecting neuronal viability (Cruz et al., 2018; Kumar et al., 2023). Taken together, these results suggest that the ERK and AKT signaling pathways are crucial pathways to mediate the therapeutic effects of BBR in AD mice.

BBR can have multiple effects in the treatment of AD, and this is important because of the complex pathological changes and symptoms at different stages of AD. Given the low water solubility and limited gastrointestinal absorption of BBR, nanotechnological modifications of BBR and its use in combination with other drugs may be useful to improve both bioavailability and therapeutic efficacy (Singh A. et al., 2021; Singh et al., 2021b; Behl et al., 2022). More in-depth studies are needed in the future.



Conclusion

AKT1, HSP90AA1, SRC, HRAS, IGF1, and ALB, EGFR, CASP3 were core targets of BBR in the treatment of AD. BBR can exert a neuroprotective effect by modulating the ERK and AKT signaling pathways.
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Cognitive impairment is the core precursor to dementia and other cognitive disorders. Current hypotheses suggest that they share a common pathological basis, such as inflammation, restricted neurogenesis, neuroendocrine disorders, and the destruction of neurovascular units. Fibroblast growth factors (FGFs) are cell growth factors that play essential roles in various pathophysiological processes via paracrine or autocrine pathways. This system consists of FGFs and their receptors (FGFRs), which may hold tremendous potential to become a new biological marker in the diagnosis of dementia and other cognitive disorders, and serve as a potential target for drug development against dementia and cognitive function impairment. Here, we review the available evidence detailing the relevant pathways mediated by multiple FGFs and FGFRs, and recent studies examining their role in the pathogenesis and treatment of cognitive disorders and dementia.
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1. Introduction

Dementia which occurs in the late stages of the cognitive disorders is one of the most prevalent mental illnesses, particularly among the elderly (Bennett and Thomas, 2014). The primary clinical manifestation of cognitive disorders is a decline in cognitive function, accompanied by disordered thinking, memory deficits, sensory disturbances, and poor concentration, which are risk factors and precursor symptoms of dementia, including Alzheimer’s disease (AD; Anderson, 2019), vascular dementia (VaD; Dichgans and Leys, 2017), and Huntington’s disease (HD; Papoutsi et al., 2014; van der Flier et al., 2018; Iadecola et al., 2019). Recent research has shown that the pathogenesis of those diseases is associated with various pathological mechanisms, including neuroinflammation (Byers and Yaffe, 2011; Leng and Edison, 2021), oxidative stress (Luca and Luca, 2019; Manduca et al., 2020), immune dysregulation (Hayley et al., 2021), disruption of neurotransmitters (Singh, 2009), synaptic plasticity injury (Byers and Yaffe, 2011; Skaper et al., 2017), and neuroendocrine disorders (Manduca et al., 2020). FGFs are cell growth factors involved in multiple critical pathophysiologic processes in the human body via paracrine and autocrine pathways such as embryonic development and angiogenesis, neurogenesis, wound healing, and glucolipid metabolism, which need to bind fibroblast growth factors receptor (FGFR) to produce physiological effects (Hui et al., 2018). Some researchers believe that FGFs have the potential to become a novel biological marker for the diagnosis and prognosis of neurodegenerative diseases, and these results may also indicate new targets for treatment (Galvez-Contreras et al., 2016). This review focuses on how the FGF-FGFR system changes and affects the pathogenesis and treatment of cognitive disorders and other dementia. We hypothesized that maintaining a dynamic balance in the FGF-FGFR system would be beneficial for nerve repair and neuroprotection to reduce the clinical symptoms and risk of cognitive disorders.



2. Fibroblast growth factors in cognitive disorders and dementia

Patients with cognitive impairment without meeting the diagnostic criteria for dementia tend to be diagnosed by clinicians as mild cognitive impairment (MCI), while patients with concomitant cerebrovascular pathological changes or whose cognitive deficit occurs secondary to cerebrovascular disease can be diagnosed as vascular cognitive impairment. Cognitive impairment can be classified as ‘functional’ or ‘non-functional’ depending on the presence or absence of neurodegenerative changes (Ball et al., 2020). For the former, only cognitive, memory, and emotional impairments occur, which are less likely to deteriorate into dementia; for the latter, the subjective cognitive decline is accompanied by structural changes in the brain and eventually degenerates into dementia.

The pathological changes of dementia are, on the one hand, neurodegenerative changes due to senescence, such as AD, HD, frontotemporal dementia, and Parkinson’s disease dementia; on the other hand, dementia is also closely associated with cerebrovascular injury, metabolic disorder, intracranial infections, intracranial tumors, hypoxic–ischemic brain injury, which secondary to stroke, atherosclerosis, chronic renal insufficiency, diabetes, hyperlipidemia, hypertension, and other diseases. These suggest a mixed pathology for dementia. Cellular senescence apoptosis and abnormal autophagy, inflammation, oxidative stress, vascular damage, and metabolic dysfunction interact to induce neuropathic protein accumulation and morphological changes in the brain, which are further disordered in a vicious cycle of neurodegenerative disease (Gonzales et al., 2022).

The FGF-FGFR system consists of seven receptors and 22 ligands that are required to bind to their corresponding receptors via acetyl heparan sulfate (HS) cofactor or α/β-Klotho (α/β-KL) transmembrane proteins to exert their physiological effects (Beenken and Mohammadi, 2009; Xie et al., 2020). The 22 FGFs can be divided into different subgroups based on sequence homology and developmental characteristics. For example, FGF-15/19, FGF-21, and FGF-23 are members of a particular FGF type called endocrine FGFs, which require KL proteins to bind to their receptors because of their low affinity for HS (Belov and Mohammadi, 2013; Owen et al., 2015; Hui et al., 2018cc Deng et al., 2019; Chen K. et al., 2022). Except for homologous factor subfamily (FGF-11/12/13/14) and endocrine FGF subfamily, other FGFs all belong to paracrine subfamilies, including FGF-1, FGF-2, FGF-9, and FGF-17 (Deng et al., 2019). Abnormal FGF expression levels have been observed by researchers in patients with dementia and other cognitive disorders (Stopa et al., 1990; Mashayekhi et al., 2010; Hensel et al., 2016; Liang et al., 2021). Moreover, the effects of FGFs on neuromodulation and cognitive improvement have been validated in literature (Lee et al., 2011; Taliyan et al., 2019). Fibroblast growth factors in cognitive disorders and dementia is summarized in Table 1.



TABLE 1 The expressions and prospects of the FGF/FGFR system in cognitive disorders and dementia.
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2.1. Paracrine fibroblast growth factors


2.1.1. FGF-1

Fibroblast growth factor-1 (FGF-1), also known as acidic fibroblast growth factor (aFGF), is secreted by meningeal cells in the ventricles of the third ventricle and is widespread in multiple tissues, including the hippocampus, pituitary gland, heart, and kidney (Beenken and Mohammadi, 2009; Mashayekhi et al., 2010). FGF-1 can modulate physiological activities such as embryonic development, angiogenesis, cell proliferation and differentiation, and adult hippocampal neurogenesis (AHN) by activating different FGFRs (Lee et al., 2011; Tsai et al., 2015; Gasser et al., 2017; Sun et al., 2021). Although there remains a paucity of studies investigating the specific role of FGF-1 in the pathological mechanisms of cognitive impairment, several lines of evidence have shown that dysregulation of FGF-1 expression is closely associated with dementia, especially Alzheimer’s disease (Takami et al., 1998; Yamagata et al., 2004).

AHN refers to the process by which neural stem cells in the hippocampus undergo symmetric or asymmetric division into neuroblasts, gradually migrate to specific regions after cell proliferation and then differentiate into new neurons and other resident brain cells. Thus, AHN is the fundamental physiological basis for neuroplasticity. After binding to FGFR-1, FGF-1 has a significant reparatory effect on damaged neurons in the cortex and hippocampus, reducing inflammatory factors secreted by microglial (MG) activation, thereby promoting neurogenesis and vascular regeneration (Tsai et al., 2015). However, there is no one-to-one correspondence between the FGFs and FGFRs. For instance, FGF-1 secreted by activated astrocytes (ASTs) induces neuroinflammation instead of neuroprotection if by binding to FGFR-2 (Lee et al., 2011). The neurovascular unit (NVU) is a microstructure composed of neurons, neuroglia, the BBB, and the extracellular matrix, and plays an essential role in maintaining nerve function. The BBB is an essential barrier, that protects the stability of the neural microenvironment and is the core of NVU coupling, providing protection against leakage of neurotoxic substances from the blood into the cerebral parenchyma. The BBB consists of cerebral microvascular endothelial cells and is connected to astrocytes, pericytes, perivascular macrophages, and basement membranes, which are hyperpermeable in depressed patients, triggering inflammation of the central nervous system (CNS) and endothelial damage to cerebral microvessels, further exacerbating neuronal injury. At the same time, FGF-1 could repair the BBB by upregulating the expression of tight junction proteins and adherens junction proteins via activating p-PI3K, PI3K, p-Akt, and Akt to suppress RhoA but activate Rac1 (Wu et al., 2017). Preliminary observations suggest that FGF-1 expression is reduced in neurons of the internal olfactory cortex in patients with AD, which inhibits the expression of calcium-binding proteins and induces overexpression of the N-methyl-D-aspartic acid receptor (NMDAR), resulting in the disruption of calcium homeostasis and glutamate-mediated excitotoxicity (Thorns and Masliah, 1999; Thorns et al., 2001). Several recent studies reported a significant increase in FGF-1 levels in both plasma and cerebrospinal fluid in AD (Mashayekhi et al., 2010; Liang et al., 2021), suggesting that there may be differences in local concentrations of FGF-1, but this remains to be verified further.

Glucose is the primary energy source of the brain (Mergenthaler et al., 2013). In addition to providing energy for neural activity, glucose indirectly regulates the transmission of signals that affect neural function (Dienel, 2012; Hossain et al., 2020). Cerebral glucose metabolism plays a crucial role in the physiological mechanisms of cognitive function and the pathomechanisms of dementia. Therefore, cerebral insulin resistance can trigger oxidative stress, mitochondrial dysfunction, inflammation, and autophagy by inducing severe dysfunction of extracellular glucose transport and intracellular glucose metabolism disorders, leading to neurodegeneration (Chen and Zhong, 2013; Butterfield and Halliwell, 2019). Notably, patients with AD or MCI exhibit a dramatic decline in cerebral glucose metabolism due to insulin resistance (Chen and Zhong, 2013; Butterfield and Halliwell, 2019). Researchers have also found that patients with dementia have significant insulin resistance in their hippocampi (Wijesekara et al., 2018; Hamer et al., 2019), suggesting that dysregulation of brain insulin signaling pathways may play an important role in cognitive dysfunction. Exogenous FGF-1 has been shown to reduce blood glucose concentrations and increase insulin sensitivity (Holmes, 2014; Suh et al., 2014; Gasser et al., 2017; Tennant et al., 2019) via modulating the Wnt/β-catenin (Sun et al., 2021) and AMPK pathways (Chen Q. et al., 2022). Thus, FGF-1 could indirectly ameliorate cognitive impairment by attenuating insulin resistance in local brain regions. The potential therapeutic mechanisms of FGF-1 are shown in Figure 1.
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FIGURE 1
 The potential therapeutic mechanism of paracrine FGFs (FGF-1, FGF-2, FGF-9). (A) FGF-1might regulate the following signaling pathways to improve cognition function: (1) FGF-1 activates PI3K/Akt pathway to suppress RhoA but activate Rac1, causing the upregulation of BBB integrity; (2) FGF-1 activates ERK pathway to extend neurite for promoting neurogenesis; (3) FGF-1 activates Wnt/β-catenin/c-Myc/ HXK2 pathway to improve mitochondrial energy metabolism and suppress oxidative stress; (4) FGF-1 exert the activation of the AMPK/SIRT1/PGC-1α pathway to modulate the apoptosis. (B) (1) FGF-2 might inhibit GSK-3β through PI3K/AKT pathway to promote adult hippocampal neurogenesis; FGF-2 could also repair blood–brain barrier integrity through the activation of PI3K/Akt/Rac1axis, but inhibiting RhoA; (2) Additionally, protect astrocytes and induce angiogenesis to improve cerebral blood supply by upregulating the Caveolin-1/PI3K/AKT/VEGF pathway. (C) FGF-9 might activate ERK/Nrf-2pathway to suppress oxidative stress and activate the ERK/NF-κB pathway to improve hippocampal neurogenesis. The solid black lines and arrows indicate the activation of the signaling pathway, and the dashed black lines and T-arrows indicate the inhibition of the signaling pathway. FGF, fibroblast growth factor; PI3K, phosphatidylinositol-3-hydroxy kinase; AKT, protein kinase B; Rac1, rac family small GTPase 1; RhoA, ras homolog family member A; BBB, blood–brain barrier; ERK, extracellular signal-regulated kinase; HXK2, hexokinase 2; AMPK, adenosine monophosphate activated protein kinase; SIR1, sirtuin1; PGC-1α, peroxisome proliferator-activated receptors-γ coactivator 1-α; GSK-3β, glycogen synthase kinase-3β; VEGF, vascular endothelial growth factor; Nrf-2, nuclear factor erythroid-like 2; SOD2, superoxide dismutase 2; γ-GCS, gamma-glutamylcysteine synthetase; GR, glutathione reductase; NF-κB, nuclear factor kappa-B; MAP-2, microtubule-associated protein-2; GAP-43, growth association protein-43.




2.1.2. FGF-2

FGF-2, also known as basic fibroblast growth factor (bFGF), was the first fibroblast growth factor to ever be identified. In the CNS, FGF-2 is primarily produced by ASTs and distributed throughout the cortex, hippocampus, and hypothalamus. Physiological concentrations of FGF-2 have been reported to promote proliferation, differentiation, migration, and maturation of neural stem cells and neuroglia, maintain cortical synaptic connectivity, stimulate neurogenesis, inhibit neuroinflammation, and exert tremendous neuroprotective and neurotrophic effects (Numakawa et al., 2015; Wu et al., 2017). The expression levels of FGF-2 are elevated in a compensatory manner in dementia (Stopa et al., 1990; Tennakoon et al., 2022), whereas the artificial modulation of FGF-2 levels improves cognitive function in rodents (Kiyota et al., 2011; Feng et al., 2012; Numakawa et al., 2015). In addition, FGF-2 has been shown to be a significant therapeutic target for certain anti-dementia medications, such as memantine (Namba et al., 2010).

Hippocampal neuronal cells are critical for the regulation of memory, learning, cognition, emotion, and other functions. FGF-2 has been proposed to stimulate the growth of neuronal synapses and regulate tight junction proteins in vascular endothelial cells via activating the PI3K/AKT pathway to promote AHN and protect the BBB (Wang et al., 2016; Ilieva et al., 2019). Neuroglia cells are a crucial component of the NVU, as they maintain the stability of the physiological functions of the neurons in the brain and consist of ASTs, MG, and oligodendrocytes (OLs). In HD, FGF-2 could promote the proliferation and recruitment of neuronal cells and inhibit the neurotoxicity produced by polyglutamine protein aggregation, which would prolong the lifespan of neurons (Jin et al., 2005; Duff et al., 2010; Tyebji and Hannan, 2017). ASTs, which have both an anti-inflammatory resting state and a pro-inflammatory reactive state, are the most abundant and largest neuroglia in the CNS and play a key role in neurotransmitter regulation and energy provision. In cognitive disorders, the density and number of resting ASTs decrease with the aggravation of symptoms, which leads to a decline in neurotrophic factors and nerve growth factors secreted by ASTs, while the number of reactive ASTs, which produce large amounts of inflammatory factors and neurotoxins is raised (Wang et al., 2017; Lu et al., 2020). Excessive activation of GSK-3β can induce hyperphosphorylation of tau. Furthermore, spatial memory deficits and cognitive decline in AD could be ameliorated by FGF-2 through a simultaneous decrease in amyloid-β (Aβ) and microtubule-associated protein tau while increasing the number of resting ASTs in the hippocampal dentate gyrus (Katsouri et al., 2015). A possible explanation for this result is that exogenous FGF-2 may suppress the over-activated GSK-3β-related pathway and strengthened neurogenesis (Hong et al., 2016). It could activate p-GSK-3β and GSK-3β, triggering tau hyperphosphorylation to aggravate cognitive decline, but could also inhibit GSK-3β via activating the Akt pathway to promote hippocampal neurogenesis. We assumed that these mixed results might attribute to different molecular weight isoforms of FGF-2 activating different downstream pathways. Moreover, FGF-2 could protect ASTs from ischemia–reperfusion injury, a common pathological basis of VaD, and induce angiogenesis to ameliorate chronic cerebral hypoperfusion by upregulating the Caveolin-1/PI3K/AKT/vascular endothelial growth factor (VEGF) signaling pathway (Liu M. et al., 2018).

Neuroinflammation is a critical pathological mechanism that disrupts NVU homeostasis. The levels of multiple pro-inflammatory factors observed in both the blood and cerebrospinal fluid of patients with dementia were higher than those in healthy individuals (Shen et al., 2019). For example, MG is an integral type of neuroglia for maintaining the AHN process with a pro-inflammatory phenotype M1 and an anti-inflammatory phenotype M2. Activation of M1 induces neuroinflammation, which inhibits FGF-2 expression and activates downstream ERK pathway in the hippocampal region, thereby restraining the AHN process. In contrast, exogenous FGF-2 could effectively inhibit interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor growth factor-α (TNF-α) and other pro-inflammatory factors produced by M1-type MG in an attempt to improve depressive-like behaviors (Tang et al., 2017). FGF-2 may also enhance the activation of M2-type MG and its phagocytosis of Aβ, thereby promoting neurogenesis in dementia (Kiyota et al., 2011). OLs are crucial for the modulation of the cerebrovascular system and the maintenance of white matter structure and function, while FGF-2 can promoted proliferation, maturation, differentiation, and migration of OLs and suppress their apoptosis (Miyamoto et al., 2014). White matter hyperintensities (WMH) are the imaging features of white matter lesions, with several studies suggesting a clinically relevant link between WMH burden and cognitive decline in MCI and AD (Garnier-Crussard et al., 2022; Kamal et al., 2022). Researchers have also found that senescent oligodendrocyte precursor cells (OPCs) were the primary neuroglial cell expressed in neuritic plaques, which could induce cell senescence in AD, causing cognitive decline (Zhang et al., 2019). Therefore, modulation of neuroglial cells (OLs, ASTs, and MG) via the FGF-2 pathway may play a role in the treatment of cerebral white matter lesions and VaD via angiotensin-converting enzyme II (Wakayama et al., 2021). The current application of FGF-2 is mainly in synthetic recombinant human-derived FGF-2 which has several limitations such as short half-life in the blood, inability to completely cross the BBB, or side effects on the vascular system (Bogousslavsky et al., 2002). However, novel synthetic compounds such as SUN11602 have been proposed, which mimic the structure of FGF-2, and could potentially avoid the aforementioned defects and exert neuroprotective effects of FGF-2 to a certain extent (Ogino et al., 2014; Ardizzone et al., 2022).

In recent decades, several researchers have observed opposing trends in the changes of FGF-2 in serum and brain tissue in dementia. For example, Katsouri et al. (2015) found that the concentration of FGF-2 in the frontal cortical homogenates of patients with AD was decreased, rather than increased, contrary to previous studies (Stopa et al., 1990). Additionally, the original hypothesis assumed that FGF-2 attracts neurons into plaques in AD (Cummings et al., 1993); however, recent studies have argued that FGF-2 confers neuroprotective effects (Feng et al., 2012; Katsouri et al., 2015). We speculate that discrepancies could be explained with the following reasons: (1) Numerous cells in the peripheral system, such as blood cells, bone marrow stromal cells, and smooth muscle cells, can also secrete FGF-2. Therefore, serum FGF-2 levels might be affected by other systemic diseases in ways that truly reflect the level of FGF-2 in the CNS. (2) Subjects in the discussed studies were not receiving uniform treatment, which may increase the uptake of FGF-2 into damaged neuronal cells, resulting in a relative decrease in serum FGF-2 levels. (3) An increase in serum FGF-2 levels could also be a result of compensatory secretion to repair nerve injury. (4) There are at least six different molecular weight isoforms of FGF-2 (Chlebova et al., 2009), which may have different physiological roles, but routine detection could be unable to show the differences between the isomers (Jiang et al., 2007; Chen X. et al., 2019). Therefore, despite ample evidence supporting the key role of FGF-2 in cognitive impairment and dementia, it still fails to become an independent clinical diagnosis or assessment indicator. These points made above are also the common challenges we face during the study of the FGF family members. The potential therapeutic mechanisms of FGF-2 are shown in Figure 1.



2.1.3. FGF-9

FGF-9 is synthesized by neurons of the CNS which binds to FGFR-2, FGFR-3, but not FGFR1 and FGFR4, playing a prominent role in angiogenesis, neurogenesis, cellular differentiation and cardiac development (Hecht et al., 1995; Reuss and von Bohlen und Halbach, 2003; Wang S. et al., 2018). Nakamura et al. (1998) found that high levels of FGF-9 expression in the hippocampus of patients with AD promoted the activation of the pro-inflammatory phenotype of ASTs around senile plaques, thereby exacerbating cognitive impairment. Alternatively the expression level in the CNS of FGF-9 may decrease in patients with HD. Previous results of Chuang et al. (2015) which have identified prominent FGF-9 and FGFR-3 expression in primary neuron-enriched cultures, suggesting the FGF-9 effects are cell-type specific in brain, may be a likely explanation for the different expression trends of FGF-9 in AD and HD.

It has been shown that exogenous FGF-9 may promote neuronal development and synaptic growth in striatal cell models of HD in response to anti-oxidant and anti-apoptotic effects via extracellular signaling that modulates the ERK/NF-κB pathway (Yusuf et al., 2019, 2021a,b), which provides a novel insight into the treatment of cognitive decline due to HD. FGF-9 activates Nrf-2 to upregulate transcription factors (SOD2, γ-GCS, and GR) for suppressing oxidative stress, through the activation of the ERK pathway. Additionally, FGF-9 could also activate the ERK/NF-κB pathway to upregulate β-tubulin, MAP-2, GAP-43, and synapsin to improve the neuronal length and synaptic plasticity. These studies suggest that FGF-9 overexpression in AD might be a compensatory mechanism for neuroprotection.

In addition, a negative correlation was found between FGF-9 and adiponectin (ADPN). ADPN is a pleiotropic adipocyte-secreting hormone with neurotrophic effects. Animals knocked out of the ADPN gene could present depressive-like behavior and cognitive deficits (You et al., 2021). Researchers have found that the Chinese herbal extract carnosic acid could simultaneously reduce FGF-9 levels and raise ADPN levels both in mice’s serum and hippocampal tissues, thereby ameliorating depression-like symptoms (Azhar et al., 2021; Wang et al., 2021). Interestingly, Carnosic acid could also alleviate AD-induced cognitive decline by inhibiting neuroinflammation, ameliorating cholinergic deficits, and enhancing energy metabolism (Chen Y. et al., 2022; Yi-Bin et al., 2022). We supposed that FGF-9 may also participate in carnosic acid’s anti-dementia mechanism of action, but it requires further study. The potential therapeutic mechanisms of FGF-9 are shown in Figure 1.



2.1.4. FGF-17

FGF-17 is mainly expressed in the cerebrospinal fluid, plasma, and cortical neurons. It binds mainly to FGFR-3 to regulate downstream signaling, fulfilling vital roles in embryonic development, cell proliferation, and early neurogenesis, which declines during senescence (Hoshikawa et al., 1998; Machado et al., 2015; Han et al., 2019; Sathyan et al., 2020; Iram et al., 2022). Iram et al. (2022) recently observed that the growth of OPCs was suppressed after blocking the FGF-17/FGFR-3 pathway, which impaired hippocampal function in mice and provoked cognitive impairments and memory loss. Furthermore, they proved that exogenous injection of FGF-17 could enhance cognitive and memory performance in older mice. This finding is contrary to a previous study by Scearce-Levie et al. (2008) which found that young mice did not show obvious symptoms of cognitive impairment after knocking out the FGF-17 gene. These differences can be attributed to the fact that the subjects were in different physiological states that were influenced by their age. Besides, FGF-17 has been found to bind to the β-KL/FGFR-2 homodimer in the hypothalamus and show antagonize FGF-15/19, which blocked the insulin signaling pathway regulated by FGF-15/19 and triggered a decrease in glucose tolerance (Liu S. et al., 2018). The following may indicate that FGF-17 exerts distinct effects when bound to different receptors separately in the hippocampus or hypothalamus. Therefore, the therapeutic potential and side effects of FGF-17 remain to be studied over a long period of time. The potential therapeutic mechanisms of FGF-17 are shown in Figure 2.
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FIGURE 2
 The potential therapeutic mechanism of endocrine FGFs (FGF15/19, FGF21, FGF23) and FGF17. (A) FGF-15/19/FGFR4/β-KL might activate the ERK1/2 pathway in hepatocytes to regulate BA metabolism for activating BDNF/TrkB/PI3K pathway and BDNF/TrkB/MAPK pathway in hippocampal ASTs, leading to improvement of adult neurogenesis; FGF15/19 could also penetrate the BBB to inhibit insulin resistance by activating the ERK1/2 pathway in hypothalamus. (B) FGF-17 could enhance the growth of OPCs to defer cell aging and suppress FGF-15/19 pathway as a competitive inhibitor. (C) FGF-21 could enhance BBB integrity by activating PI3K/Akt pathway in MECs, and reduce neuroinflammation through the suppression of TLR4/ NF-κB pathway in MGs; FGF-21 could also inhibit apoptosis by activating PI3K/Caspase-3 pathway and MAPK pathway in neurons; FGF-21 could also regulate HPA axis function by activating ERK/CREB pathway to maintain neurotransmitter balance; Additionally, FGF-21 might defer OPCs aging for repairing cognitive function. (D) FGF-23/FGFR-1/α-KL might directly activate the AKT pathway to inhibit neuronal ramification but maintain synaptic plasticity; FGF-23 expressed in the kidney could also indirectly regulate phosphate homeostasis to promote LTP and mitochondrial energy metabolism for improvement of cognitive function. The solid arrows indicate the activation of the signaling pathway, and the dashed T-arrows indicate the inhibition of the signaling pathway. The yellow lines represent the FGF-15/19 pathway, the red lines represent the FGF-17 pathway, the green lines represent the FGF-21 pathway and the purple lines represent the FGF-23 pathway. FGF, fibroblast growth factor; BA, bile acid; FXR, farnesoid X receptor; GR, glucocorticoid receptors; KL, klotho protein; BBB, blood–brain barrier; BDNF, Brain Derived Neurotrophic Factor; PI3K, phosphatidylinositol-3-hydroxy kinase; Akt, protein kinase B; TrkB, tyrosine kinase receptor B; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein kinase; CREB, cAMP-response element binding protein; TLR4, toll like receptor-4; NF-κB, nuclear factor kappa-B; OPCs, oligodendrocyte precursor cells; ASTs, astrocytes; MECs, microvascular endothelial cells; LTP, long-time potentiation.





2.2. Endocrine fibroblast growth factors

FGF-19, FGF-21, and FGF-23 are members of the same subgroup, have low affinity for HS, and require the activation of corresponding receptors by binding to the KL transmembrane protein, which causes them to diffuse into the bloodstream and exert hormone-like regulatory effects readily. Therefore, they are also known as endocrine-FGFs. FGF-19 from intestinal epithelial cells and hepatocytes could restrain the synthesis of primary bile acids and alter the ratio of primary to secondary bile acids, thus indirectly regulating lipid metabolism and bile acid signaling (Owen et al., 2015; Al-Aqil et al., 2018). FGF-21, produced mainly by hepatocytes and adipocytes, is a vital regulator for maintaining the homeostasis of lipid, glucose, and energy metabolism (Kharitonenkov et al., 2005; Owen et al., 2015). FGF-23, synthesized in osteoblasts and osteocytes, is highly expressed in the kidney and parathyroid glands and regulates the dynamic balance of phosphate, calcium, and vitamin D metabolism (Cunningham et al., 2011; Vervloet, 2019). The above three FGFs have been shown to affect metabolism in the CNS and have a relationship with cognitive disorders and dementia (Hsuchou et al., 2013; Hensel et al., 2016; Li, 2019; Jiang et al., 2020).


2.2.1. FGF-15/19

Researchers often refer to FGF-19 as FGF15/19, since FGF-19 in both humans and rats is expressed in mice as the homologous protein FGF-15. This protein is synthesized primarily in the enterocyte at the end of the ileum via the farnesoid X receptor (FXR) -related pathway and is expressed in the small intestine, liver, gallbladder, kidney, brain, and other tissues (Rysz et al., 2015). In tissues with rich β-KL, for example, the liver, FGF-15/19 binds to β-Kloth and activates FGFR-1, FGFR-2, FGFR-3, and FGFR-4, whereas, in tissues relatively deficient in β-KL like the brain, FGF-15/19 only binds to FGFR-4 (Nakamura et al., 2011). FGF-15/19 could stimulate the development of the heart and brain in the embryonic stage, regulate the production and circulation of bile acids (BAs) and promote glucolipid metabolism mainly in the liver at maturity; recently, it has also been found to have an insulin-like effect in the CNS, with the potential to tune sleep, cognition, and sensory functions (Hsuchou et al., 2013; Giacomini et al., 2016).

Due to the significant neuromodulatory, protective and nutritional effects of insulin on the brain, insulin resistance in the brain might exacerbate Aβ deposition, tau hyperphosphorylation, and vascular inflammation, causing cognitive impairments in AD and VaD (Hotamisligil, 2006; Kellar and Craft, 2020). Hypothalamic–pituitary–adrenal (HPA) axis hyperfunction is prevalent in dementia and other cognitive disorders, which might be the reason for higher adrenocorticotropic hormone (ACTH) and glucocorticoid (GC) levels, resulting in insulin resistance. Perry et al. (2015) have shown that intracerebroventricular injection of exogenous FGF-19 may improve insulin sensitivity by reducing serum ACTH and GC levels through inhibition of the HPA axis. This effect may arise from the inhibition of agouti-related protein/neuropeptide-Y (AGRP/NPY) neurons and the activation of the ERK1/2 pathway in the hypothalamus (Marcelin et al., 2014; Liu S. et al., 2018). In addition, recent studies have identified a link between the HPA axis dysfunction and cognitive decline in MCI and AD (Csernansky et al., 2006; Canet et al., 2019). Researchers have observed that the HPA axis dysfunction might emerge in the early stages of cognitive deficits, leading to structural damage in the hippocampus and cortex and NVU destabilization through the elevation of cortisol and norepinephrine (NE) levels with concomitant glucocorticoid receptor disruption and neurotoxicity (Popp et al., 2015; Canet et al., 2019). This finding was supported by Csernansky et al. (2006), Lara et al. (2013), and Wang L. Y. et al. (2018). Thus, the FGF-15/19 pathway might become a novel therapeutic target to maintain HPA axis function for drug discovery.

Furthermore, FGF-15/19 could affect NVU homeostasis by modulating BA production and circulation. The FXR for BA is found in neurons and ASTs in the hypothalamus and hippocampus of both humans and rodents (Mano et al., 2004; Huang et al., 2016; He et al., 2021), while physiological concentrations of BA can penetrate the BBB and suppress hyperexcitability of the HPA axis by activating glucocorticoid receptors in the hypothalamus and protect NVU by activating the BDNF–TrkB pathway (McMillin et al., 2015; Mertens et al., 2017; Li et al., 2020). Brain-derived neurotrophic factor (BDNF) is widely distributed in the CNS, especially in the cerebral cortex and hippocampus, with a significant role in the survival and maintenance of neurons. BDNF regulates synaptic plasticity via the autocrine pathway and modulates the presynaptic gamma-aminobutyric acid system via the paracrine pathway. BAs regulated by FGF-15/19 could enter hippocampal astrocytes and bind to FXR binding to promote BDNF synthesis, activate TrkB/PI3K/AKT pathway and TrkB/MAPK/ERK pathway, thus promoting hippocampal neurogenesis. Al-Aqil et al. (2018) observed that a high dosage of GC could elevate BA levels and downregulate FGF-15 expression in the serum and liver of mice. A recent metabolomics study identified that the serum concentrations of cholic acid (CA) and lithocholic acid (LCA) were significantly lower in patients with AD than in normal individuals (Pan et al., 2017). In contrast, the levels of CA, lithocholic acid, deoxycholic acid (DCA), chenodeoxycholic acid (CDCA), taurodeoxycholic acid (TDCA), and glycinodeoxycholic acid (GDCA) in serum, cerebrospinal fluid, and brain tissue have increased observably (MahmoudianDehkordi et al., 2019; Baloni et al., 2020). Changes in the ratio of secondary to primary BA have also been shown to be in close correlation with cognitive decline. For instance, the proportion changes of GDCA to CA shows a positive relationship with the amount of Aβ deposition in the cerebrospinal fluid in animal models of AD, while the proportion of TDCA and GDCA to CA is negatively correlated with glucose levels in the prefrontal cortex and hippocampus volume (MahmoudianDehkordi et al., 2019; Nho et al., 2019). Meanwhile, mounting evidence suggests that anti-dementia effects could be achieved with some common medicines used to treat gallstones, sclerosing cholangitis, sloughy hepatitis, and other cholestatic diseases. For example, tauroursodeoxycholic acid (TUDCA) has been insulin resistance shown to possess antidepressant efficacy and effectively inhibit Aβ deposition in AD (Lo et al., 2013; Lu et al., 2018; Cheng et al., 2019); Additionally, obeticholic acid, a synthetic FXR agonist that was developed based on the structure of CDCA, has been shown to enhance memory and cognition by maintaining BBB permeability and retarding neuronal degeneration (Gee et al., 2022). These findings suggest that modulation of BA-related pathways has the potential to be a new approach to improve mood and cognitive function and defer neuronal degeneration. In physiological conditions, FGF-15/19 activates the ERK1/2 pathway to inhibit cholesterol 7α-hydroxylase from preventing BA synthesis in order to bring BA concentration into equilibrium. In cases of dementia, disrupted endogenous glucocorticoids in the serum or disordered gut microbiota could restrict FGF-15/19 synthesis following FXR activation and counterbalance the inhibitory effect of FGF-15/19 on BA, thereby perturbing the balance of blood and tissue concentrations of BA. As a result, excessive BA would enter the CNS through circulation and cross the BBB, producing cytotoxicity, lysing the membranes of neuronal and endothelial cells, further disrupting NVU homeostasis. The following would aggravate the structural damage or lead to dysfunction in the hippocampus, hypothalamus, and other key regions, which would create a vicious cycle of cognitive impairment and morphological damage. Thus, FGF-15/19 may have an indirect regulatory role in the pathological changes seen in dementia by regulating glucose metabolism, HPA axis function, and BA homeostasis in critical brain regions. Although there is still a lack of direct evidence for changes in FGF-15/19 levels in dementia or other cognitive disorders, the above studies suggest a promising new therapeutic method for modulating BA synthesis, metabolism, and component ratios through the FGF-15/19 pathway to improve cognitive function. The potential therapeutic mechanisms of FGF-15/19 are shown in Figure 2.



2.2.2. FGF-21

Fibroblast growth factor 21 (FGF-21) is primarily synthesized in the liver and adipose tissue, which is distributed throughout the bone, muscle, heart, kidney, and brain. FGF-21 is regulated by peroxisome proliferator-activated receptor-α (PPAR-α) and binds mainly to PPAR-γ, FGFR-1, and other receptors (Kuroda et al., 2017). FGF-21 has been proven to enhance glucose tolerance and insulin sensitivity, inhibit lipid synthesis and exert anti-inflammatory, antioxidant, and anti-apoptotic effects (Hui et al., 2018; Dolegowska et al., 2019). It could also penetrate the BBB to bind to FGFR-1 in the CNS and exert potent neuroprotective effects (Kuroda et al., 2017; Jiang et al., 2020). Researchers have currently identified that FGF-21 exerts neuroprotective effects through the following five significant pathways. (1) Protection of the BBB integrity: the FGF-21/β-KL/FGFR-1 pathway is automatically activated after cerebral microvascular injury or focal ischemia to mitigate neural and vascular endothelial damage. In addition, FGF-21 protects BBB integrity through the activation of PPAR-γ/PI3K/AKT/Rac1 pathway in cerebral microvascular endothelial cells and upregulation of tight junction proteins and adherent junction proteins expressions (Chen et al., 2018; Jiang et al., 2020). (2) Inhibition of neuroinflammation: FGF-21 could inhibit the pro-inflammatory phenotype of MG and NF-κB signaling pathway by suppressing the expression of pro-inflammatory factors such as IL-1β, IL-6, and TNF-α, in a way that nerve cells are protected from the damage caused by inflammation (Wang et al., 2020). (3) Promotion of neurogenesis: FGF-21 could activate PI3K/Caspase-3 signaling pathway and alleviate the apoptosis of neuronal cells (Zheng et al., 2019). In addition, FGF-21 may enhance hippocampal synaptic plasticity, increase dendritic spine density, promote restoration of mitochondrial function in the brain tissue, and inhibit apoptosis (Sa-Nguanmoo et al., 2016). Furthermore, since OPCs are widely distributed in the CNS, OLs differentiated from OPCs could be a crucial link between neural regeneration and myelin restoration. More specially, Kuroda et al. (2017) showed that the regulation of OPCs proliferation and differentiation by the FGF-21/β-KL/FGFR-1 pathway would be beneficial for neuroprotection. (4) Neurotransmitter regulation: FGF-21 could activate the HPA axis through the ERK/CREB pathway and induce the expression of corticotropin-releasing hormone (CRH) and ACTH, thereby regulating the secretion of serum corticosterone (Kuroda et al., 2017).

Researchers have gradually identified a close link between lipid metabolism disorders and dementia, especially AD. Disturbed lipid metabolism leads to aberrant levels and types of lipids such as fats, cholesterol, fatty acids, lipoproteins, and phospholipids. These abnormal changes affect the gut microbiota, brain-gut peptides, and neurotransmitter signaling and cause BBB disruption, mitochondrial dysfunction, oxidative stress, and inflammation, which eventually combine to cause a decline in synaptic plasticity and cognitive impairment (Kao et al., 2020). Lipidomics is a novel technique for researching the mechanism of lipid metabolism, which Akyol et al. (2021) have utilized to compare the biochemical profiles of brain tissues from patients with different degrees of AD. They found that different subgenera of lipids in AD were significantly disturbed, including neutral lipids, glycerolipids, glycerophospholipids, and sphingolipids (Akyol et al., 2021).

Interestingly, serum FGF-21 levels were reduced in both animal models and patients of AD but increased following cognitive improvement (Tournissac et al., 2019; Conte et al., 2021). Recombinant human FGF-21 could reduce the concentrations of total cholesterol, low-density lipoprotein, and high-density lipoprotein, inhibit neuroinflammation, and correct cognitive decline in cognitive impairment caused by hyperlipidaemia (Wang Q. et al., 2018). This result may be attributed to the capacity of FGF21 to regulate the lipolytic signaling pathway, or insulin signaling pathway, in hepatocytes (Gimeno and Moller, 2014). Researchers also found that the administration of exogenous FGF-21 suppressed the expression of β-site amyloid precursor protein cleaving enzyme1 (Bace1), reduced Aβ deposition, and improved manifestations of dementia by inhibiting neuroinflammation through the TLR4/NF-κB signaling pathway, which could also restrain apoptosis via the MAPK signaling pathway (Amiri et al., 2018; Chen S. et al., 2019; Taliyan et al., 2019). These suggest a correlation between FGF-21 and AD, which makes it a potential biomarker for exploring new biomarkers, developing new drug targets, and providing new directions for in-depth exploration of AD metabolic mechanisms. Besides, since FGF21 could improve neuronal metabolism and energy supply in the CNS, enhance neuronal plasticity, and repair cerebrovascular endothelium to relieve symptoms of cognitive impairment, developing new drugs based on FGF-21 might be the most suitable choice to explore a new therapy for VaD. The potential therapeutic mechanisms of FGF-21 are shown in Figure 2.



2.2.3. FGF-23

FGF-23 is a bone-released endocrine growth factor and a member of the FGF-19 subgroup. FGF-23 is synthesized by osteoblasts and osteoclasts that are distributed primarily in the kidney, cortex, hippocampus, hypothalamus, thyroid gland, and bone, but also to a small degree in the spleen, liver, and other tissues (Hensel et al., 2016; Kuro-O, 2021; Ursem et al., 2021). FGF-23 primarily binds to α-KL/FGFR-1 to exert physiological effects, including regulating phosphate homeostasis and glucose metabolism, promoting neurogenesis, and maintaining emotional and cognitive functions (Beenken and Mohammadi, 2009; Kuro-O, 2021). FGF-23 overexpression in the serum may induce impaired hippocampal long-time potentiation (LTP) and reduce hippocampal adenosine-triphosphate (ATP) content with cognitive and memory decline, especially in people with chronic kidney disease (Liu et al., 2011; Drew et al., 2014; Drew and Weiner, 2014). Although Zhu et al. (2018) arrived at the opposite conclusion as they observed no significant differences between the levels of serum FGF-23 in individuals with mild cognitive impairment and healthy individuals, however, they assayed FGF-23 in a different way compared to previous experiments, which may explain the discrepancy in the results. The difference might also be attributed to the fact that FGF-23, like FGF-21, is affected by sex, and it is also possible that FGF-23 levels in the cerebrospinal fluid and blood are different. FGF-23 knockout mice also exhibited cognitive impairment in several in vivo studies, which may be associated with dysregulation of phosphate homeostasis and cytotoxicity (Laszczyk et al., 2019). As for the in vitro studies, the FGF-23/α-KL/FGFR-1 pathway was shown to increase hippocampal neuronal synaptic density but inhibits neuronal ramification via activating the downstream Akt signaling pathway, leading to memory deficits (Hensel et al., 2016; Zhu et al., 2018). These difference between animal and cellular experiments suggest that FGF-23 may have bidirectional modulatory effects on cognitive function.

On the other hand, intracranial atherosclerosis may trigger endothelial injury in blood vessels, induce neuroinflammation, and thus damage the structure and function of key brain regions where emotion and cognition are regulated, such as the hippocampus (Castello et al., 2022). In the vascular system, FGF-23 could bind directly to FGFR-2 or FGFR-3 without α-KL to induce vascular calcification (Vervloet, 2019). Thus, FGF-23 is highly associated with atherosclerosis and is a significant risk factor for atherosclerosis and stroke (Fakhri et al., 2014; Chang et al., 2020; Zheng et al., 2020). In other words, FGF-23 may indirectly trigger cognitive impairment by aggravating cerebrovascular damage. The potential therapeutic mechanisms of FGF-23 are shown in Figure 2.





3. Fibroblast growth factor receptors in cognitive disorders and dementia

The four main fractions of the transmembrane receptor tyrosine kinase FGFR, including FGFR-1, FGFR-2, FGFR-3, and FGFR-4, can mediate the signaling of FGFs via HS or KL-dependent pathways. Although all FGFRs are widely distributed in the CNS, existing evidence suggests that the main receptor that has been observed to change significantly in cognitive disorders is FGFR-1 (Goswami et al., 2013).


3.1. FGFRs

FGFR-1 is predominantly expressed in the hippocampus, and mediates downstream pathways by inhibiting neuroinflammation and maintaining LTP to protect learning and cognitive abilities (Rajendran et al., 2021). FGF-2, FGF-9, and FGF-22 can bind directly to FGFR-1 in the CNS. For example, the BBB protective effect on the BBB exhibited by FGF-2 is achieved by activating FGFR-1 (Lin et al., 2018), whereas the involvement of β-KL is required for binding FGF-21 and FGF-23 to FGFR-1, as mentioned above. Alternatively, dramatic AHN restriction, diminished amplitude of LTP, and hypomnesia could be observed in FGFR-1 knockout mice, and these changes were reversed with FGFR-1 agonists (Zhao et al., 2007; Pereda-Pérez et al., 2019). A compensatory increase in FGFR-3 expression can be observed in ASTs in the vicinity of “senile plaques” in AD patients (Ferrer and Martí, 1998). Moreover, FGF-2 binding to FGFR-3 could activate the anti-inflammatory phenotype of MG, inhibit excitatory toxicity, and exert neuroprotective effects through regulation of the ERK1/2 signaling pathway (Noda et al., 2014). Although the expression of FGFR-4 is low in the CNS and mainly concentrated in specific brain areas, especially the hypothalamus, FGF-15/19 could only inhibit the HPA axis and exert insulin-like effects by specifically binding to FGFR-4 due to the relatively low number of β-KL in the hypothalamus. Experiments by Ryan et al. (2013) showed that FGF-15/19/β-KL/FGFR-4 in the hypothalamus plays an integral role in regulating glucose metabolism throughout the body. As previously mentioned, abnormal glucose metabolism is strongly associated with the development of cognitive impairment and dementia. FGFRs demonstrate high homology and overlapping recognizability, which means there is no corresponding relationship between FGFRs and FGFs. Thus, it is difficult to study the changes in FGFRs. However, the future progressive exploration of the correspondence between FGFs and FGFRs and their downstream pathways will have profound implications for the study and application of the FGFs/FGFRs system in the field of neuroscience.



3.2. Co-receptor KL protein

Endocrine FGFs have a poor affinity to HS, and all have to form different homodimers by binding the co-receptor KL protein to the corresponding FGFR to activate the downstream pathways, such as FGF-19/β-KL/FGFR-4, FGF-21/β-KL/FGFR-1, or FGF-23/α-KL/FGFR-1. Subsequently, endocrine FGFs exert beneficial cognitive effects by inhibiting the HPA axis activation, suppressing neuroinflammation, facilitating BA metabolism, enhancing insulin sensitivity, and promoting neurogenesis. KL is divided into three categories according to the protein-coding genes, namely low molecular weight α-KL, high molecular weight β-KL, and γ-KL (Massó et al., 2015; Zhou et al., 2015). The α-KL can be further divided into transmembrane (m-KL), free, and secretory type, with the latter two referred to as soluble KL (s-KL), which is one of the hot spots in current dementia research. Researchers have only observed γ-KL in brown adipose tissue and eyeballs and have not yet found an association with the FGFs/FGFRs system (Zhang et al., 2017; Ma et al., 2021). Although much evidence suggests that α-KL has essential effects on cognition and memory, these studies have focused on s-KL rather than m-KL as a ligand for FGF-23 (Cararo-Lopes et al., 2017; Li et al., 2017; Zhao et al., 2020; Tank et al., 2021). These two α-KL have different structural features and physiological roles. However, recent studies have also identified, that hydrolyzed m-KL is a significant source of s-KL (Chen et al., 2007). β-KL protein is mainly distributed in the liver, gallbladder, kidney, brain, and other tissues, synthesized by ependymal cells in the hippocampus in CNS, and excreted into the cerebrospinal fluid, where it can exert antioxidant, anti-inflammatory, and neuroprotective effects (Paroni et al., 2019). These effects may be attributed directly to inhibiting neuroinflammation, reducing oxidative stress, and correcting vascular endothelial dysfunction or indirectly by activating pathways related to endocrine FGFs (Gold et al., 2013).




4. Discussion

FGFs and their receptors constitute a complex network of endocrine functions, and the dynamic balance between FGFs and their receptors may be a critical link that our understanding of cognitive regulation. When the FGFs/FGFRs system is out of balance, pathological changes such as disturbance of glucose metabolism disorder, neuroinflammation, hyperfunction of the HPA axis, disruption of the BBB, reduced neuroplasticity, inhibition of neurogenesis, and apoptosis may occur in the body, which in turn can affect the structure and function of the cerebral cortex, hippocampus, hypothalamus, pituitary gland, and other tissues, resulting in cognitive decline. Therefore, maintaining the stability of the FGF-FGFR system might have the potential to be a new therapeutic strategy for retarding neurodegeneration and improving cognitive function. Endocrine FGFs could be distributed through the blood circulation to multiple organs throughout the body, so they can exert a comprehensive neuroprotective effect by intervening in multiple systems. Besides, The physiological characteristics of endocrine FGFs allow them to penetrate the BBB to act on the brain parenchyma and exert neuroprotective effects easier than paracrine FGFs, including FGF-1, FGF-2, and FGF-9, via multiple metabolic pathways.

In recent years, FGFs-based drugs have been widely used in the clinical treatment of wound healing, osteoarthritis, malignancies, hepatitis, diabetes, cardiovascular disease and cerebrovascular disease (Zhang and Li, 2016; Sanyal et al., 2019; Abou-Alfa et al., 2020; Chen K. et al., 2022; Subbiah et al., 2022). Although the relevance of the FGF-FGFR system to neurodegenerative diseases has been identified, the application of FGF-based drugs remains in vivo and in vivo experiments which are still far from clinical application for treating cognitive disorders. Moreover, the use of FGFs as biomarkers for detecting neurodegenerative diseases is also limited by many factors. Although researchers are still unable to elucidate the specific mechanisms of the FGFs/FGFRs system, they have noted the trends and therapeutic potential of multiple FGFs in various diseases and have discovered or developed drugs, such as synthetic human recombinant FGFs (Bogousslavsky et al., 2002), synthetic analogs of FGFs (Sanyal et al., 2019; Ardizzone et al., 2022), molecular inhibitors or agonists of FGFs/FGFRs (Bahleda et al., 2020; van Brummelen et al., 2020; Subbiah et al., 2022), or extracts of natural herbal medicines (Hong et al., 2016; Yuan et al., 2019; Cheng et al., 2021; Wang et al., 2021) that could effectively modulate this system. In the current literature review, we found that the difficulties faced by previous studies on the application of FGFs/FGFRs systems in treatment and diagnose mainly focus on the following four aspects (Figure 3): (1) Different FGFs isoforms: some FGFs have different molecular weight isoforms with different physiological effects, but their individual microscopic expression changes cannot be reflected by the overall changes, for example, High molecular weight (HMW) FGF-2 and Light molecular weight (LMW) FGF-2 (Chlebova et al., 2009; Katsouri et al., 2015; Chen X. et al., 2019). (2) Inhomogeneous space distribution of FGFs: the spatial distribution of FGFs in serum, cerebrospinal fluid and brain parenchyma is inhomogeneous, because some FGFs cannot completely penetrate the BBB. The following may obscure particular properties of FGFs in various tissues under pathological state, and render the statistical assessment their heterogeneity inaccurate (Katsouri et al., 2015; Liu et al., 2017; Chang et al., 2018; Tennakoon et al., 2022). (3) Correspondence between FGFs and FGFRs: single FGF could bind to different FGFRs in different microenvironments and regulate different signaling pathways, thus exerting distinct physiological or pathological effects, due to the overlapping recognition of FGFRs and discrepancy in expression sites (Lee et al., 2011; Noda et al., 2014; Lin et al., 2018; Vervloet, 2019). (4) Competitive inhibition between FGFs: FGFs are highly homologous, and subtypes with similar physiological structures may compete with one another for the same receptors, thereby inhibiting the regulation of downstream signaling pathways such as FGF-17 and FGF-15/19 (Liu S. et al., 2018), FGF-2 and FGF-9 (Aurbach et al., 2015).
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FIGURE 3
 Four potential explanations for the hampered FGF in-depth study. (A) Different isoforms of FGF-2: injection of HMW FGF-2 into AMI rats could induce cardiomyocyte hypertrophy, whereas injection of LMW FGF-2 only promoted angiogenesis in rat heart; A decrease in HMW FGF-2 expression could be detected in the anterior cortical homogenate of AD patients, while the expression level of LMW FGF-2 remained unchanged, and the level of total FGF-2 in the CSF was significantly increased. (B) Inhomogeneous space distribution of FGF21: the expression level of FGF-21 was elevated in the serum of depressed patients, while decreased in both CSF and hippocampus homogenate. (C) Correspondence between FGFs and FGFRs: when FGF-1 bound to FGFR-1, it could exert neuroprotective effects, while binding to FGFR-2 could provoke neuroinflammation; The binding of FGF-23 to α-KL/FGFR-1 protects neuronal cells, on the contrary it directly binds to FGFR-2 to induce vascular calcification. (D) Competitive inhibition between FGF17 and FGF19: FGF-17 could bind to the β-KL/FGFR-2 homodimer and shown antagonism against FGF-19. LMW, light molecular weight; HMW, high molecular weight; AMI, acute myocardial infarction; CSF, cerebrospinal fluid; AD, Alzheimer’s disease; FGF, fibroblast growth factor; FGFR, fibroblast growth factor receptor; α/β-KL, α/β-klotho protein.




5. Conclusion

In summary, despite the induced cell proliferation, survival and differentiation, angiogenesis promotion, inflammation inhibition, immune and metabolic modulation, and antioxidant effects possessed by the FGF/FGFR system have been applied in the treatment of tumors, trauma, and renal, hepatic, and cardiovascular diseases, there is still a substantial unexplored gap area, especially for the modulatory effects and diagnostic value of central nervous system diseases and psychiatric disorders. Considering the extensive range of actions and the many targets of the FGF/FGFR system intervention, we should also be aware of the potential risk associated with its long-term or high-dose use, such as adverse effects, resistance, and addiction, when used to treat cognitive or mood disorders. Here, we propose to conduct more clinical and basic studies in combination with new technologies to investigate the structural and functional characteristics of the FGFs/FGFRs system and its specific mechanism in cognitive disorders and dementia to find new biomarkers and therapeutic approaches for these diseases.
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Licorice (Gan-Cao in Chinese) is one of the most famous herbal medicines around the world. The fermentation of probiotics and herbs can change the chemical constituents and significantly improve the efficacy. However, it is still unknown whether licorice fermented with probiotics would produce beneficial therapeutic effects. This study aimed to comprehensively analyze the chemical constituents in fermented licorice via quasi-targeted metabolomics, predict the potential efficacy of fermentation products via diverse bioinformatic methods, and further verify the efficacy of fermentation products through in vitro and in vivo experiments. As a result, 1,435 compounds were identified totally. Among them, 424 natural medicinal products were classified with potentially important bioactivities, including 11 anthocyanins, 10 chalcones and dihydrochalcones, 25 flavanones, 45 flavones and flavonols, 117 flavonoids, 34 isoflavonoids, 21 phenols and its derivatives, 20 phenylpropanoids and polyketides, 96 terpenoids and 25 coumarins and derivatives. Interestingly, bioinformatic prediction showed that the targets of some important compounds were related to neurodegeneration, oxidoreductase activity and response to stress. In vitro and in vivo tests further verified that fermented licorice had excellent effects of DPPH clearance, anti-oxidation, anti-neurodegeneration, and anti-stress. Thus, this study would provide a reference method for related research and the development of fermented licorice-related products.
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1. Introduction

Licorice (Gan-Cao in Chinese), mainly derived from the root and rhizome of Glycyrrhiza species, is one of the most famous herbal medicines. Licorice has been widely used to treat various chronic diseases in Asia for thousands of years. And now, licorice is also used as an additive in cosmetics, food, and animal husbandry. With the increasing demand of licorice, G. uralensis is widely cultivated in China, with an annual production of over 5,000 tons (Shibata, 2000; Hosseinzadeh and Nassiri-Asl, 2015; Pastorino et al., 2018; Jalali et al., 2021).

Licorice contains a wide variety of chemical compounds, mainly including triterpenoids and flavonoids, which has a wide range of biological activities, including anti-inflammation, anti-virus, anti-tumor (Asl and Hosseinzadeh, 2008; Abraham and Florentine, 2021; Heidari et al., 2021; Sharifi-Rad et al., 2021; Wahab et al., 2021). Some studies also reported that licorice had the efficacy of preventing severe acute respiratory syndrome (SARS) (Fiore et al., 2008) and coronavirus disease (COVID-19) (Boozari and Hosseinzadeh, 2021; Brendler et al., 2021; Jalali et al., 2021; Liana and Phanumartwiwath, 2022).

Probiotics, defined as good bacteria in the human body, is one of the hotspots in current study. It had shown that probiotics had a wide range of biological activities, including maintaining the structural balance of intestinal flora, improving immunity and inhibiting inflammation (Sarao and Arora, 2017; Suez et al., 2019; Wieërs et al., 2019; Yu et al., 2020; Żółkiewicz et al., 2020). The latest research showed that the co-fermentation of probiotics and herbs could change the composition of ingredients and significantly improve the efficacy (Xiao et al., 2017; Han and Kim, 2020). However, it is still unknown whether licorice co-fermented with probiotics would produce beneficial therapeutic effects.

Quasi-targeted metabolomics is a novel metabolomic detection technology that combines the advantages of high throughput of non-targeted metabolomics with the advantages of high accuracy and sensitivity of targeted metabolomics, which is based on the SCIEX QTRAP® 6500+ mass spectrometer with triple quadrupole - linear ion trap composite and uses Multiple Reaction Monitoring (MRM) to accurately determine and quantify large amounts of metabolites in biological samples (Cao et al., 2022; Wang et al., 2022).

This study aimed to comprehensively analyze the chemical constituents in fermented licorice via quasi-targeted metabolomics, predict the potential functions of fermentation products via diverse bioinformatic methods, and further verify the therapeutic function of fermentation products through in vitro and in vivo experiments, so as to provide an important basis for the development of fermented licorice-related products.



2. Materials and methods


2.1. Licorice fermentation process

10 mg/mL licorice extract was fermented with 50 mg/mL probiotic complex (including Lactobacillus plantarum LP-115, Streptococcus thermophilus ST-21, Lactobacillus casei LC-11, Bifidobacterium breve BB-03, Bifidobacterium infantis BI-26, Bifidobacterium lactis BI-04, Lactobacillus rhamnosus GG, Lactobacillus rhamnosus HN001, Lactobacillus gratus LG-36, Lactobacillus reuteri 1E1, Lactobacillus rhamnosus LR-32, Lactobacillus paracasei LPC-37, Bifidobacterium longum BL-05, Lactobacillus bulgaricus LB-87, Bifidobacterium lactis HN019) in anaerobic medium at 37°C for 12 h.



2.2. Sample preparation

1 mL sample was lyophilized and suspended with 100 μL 80% methanol. The sample was incubated on ice for 5 min, centrifugated at 15,000 g, 4°C for 15 min. Supernatant of sample was diluted to final concentration of 53% methanol. The sample was subsequently centrifuged at 15,000 g at 4°C for 15 min and the supernatant was used for the LC–MS/MS analysis. An equal volume sample was taken from each experimental sample and mixed as a QC sample, and the blank sample was replaced by a 53% methanol aqueous solution (Want et al., 2006; Barri and Dragsted, 2013).



2.3. HPLC–MS/MS analysis

Xselect HSS T3 (2.5 μm, 2.1 × 150 mm) was kept at a flow rate of 0.4 mL/min for both the positive and negative polarity mode. Eluent A was 0.1% Formic acid-water and eluent B was 0.1% Formic acid-acetonitrile. The solvent gradient was set as follows: 2% B, 2 min; 2–100% B, 15.0 min; 100% B, 17.0 min; 100–2% B, 17.1 min; 2% B (Luo et al., 2015). LC–MS/MS analyses were performed using an ExionLC™ AD system (SCIEX) coupled with aQTRAP® 6500+ mass spectrometer (SCIEX). Positive polarity mode was set as follows: Curtain Gas of 35 psi, Collision Gas of Medium, IonSpray Voltage of 5,500 V, Temperature of 550°C, Ion Source Gas of 1:60, Ion Source Gas of 2:600 Negative polarity mode was set as follows: Curtain Gas of 35 psi, Collision Gas of Medium, IonSpray Voltage of −4,500 V, Temperature of 550°C, Ion Source Gas of 1:60, Ion Source Gas of 2:60 (Want et al., 2010; Dunn et al., 2011).



2.4. Chemical compound identification and quantification

MRM (Multiple Reaction Monitoring) were used to detect the signals of compounds based on in-house database. The Q1, Q3, RT (retention time), DP (declustering potential) and CE (collision energy) were used for compound identification. The Q3 were used for quantification (Wen et al., 2017).



2.5. Data analysis

Metabolites were annotated using the KEGG database,1 HMDB database2 and Lipidmaps database.3 BATMAN4 (Liu et al., 2016) and ToppGene5 (Chen et al., 2007, 2009a,b) were used for annotation of targets.



2.6. In vitro and in vivo test

DPPH clearance test was performed as follows: 200 μL of the sample was mixed with 200 μL DPPH (0.04 mg/mL) solution at room temperature for 30 min, and centrifuged at 5,000 r/min for 10 min. The supernatant was taken to measure the absorbance value at 517 nm, vitamin C was used as a positive control. The formula for calculating the DPPH clearance is: 1−(A1−A2)/A0*100%, where A0 is the absorbance value of mixed solution containing 400 μL absolute ethanol and 400 μL DPPH at 517 nm; A1 is the absorbance value of mixed solution containing 800 μL sample and 800 μL DPPH at 517 nm; A2 is the absorbance value of mixed solution containing 800 μL sample and 800 μL absolute ethanol at 517 nm.

The reducing ability test was performed as follows: 100 μL sample was mixed with 250 μL of phosphoric acid buffer of 0.2 mol/L (pH = 6.6) and then 250 μL of 1% potassium ferricyanide at 50°C for 20 min, 250 μL of 10% trichloroacetic acid was added to terminate the reaction. The sample was subsequently centrifugated at 5,000 r/min for 10 min. 500 μL of supernatant was collected and mixed with 500 μL of distilled water and 100 μL FeCl3, and allowed to stand for 10 min. The absorbance value was detected at 700 nm. Vitamin C as a positive control; The relative reduction capacity calculation formula is: absorbance of sample at 700 nm/absorbance of vitamin C at 700 nm * 100%.

Galactose-induced neurodegenerative Caenorhabditis elegans model was used to study the efficacy of fermented licorice (Cui et al., 2006; Caldwell et al., 2020). The control group was treated with 400 mM galactose, the other group was treated with 400 mM galactose containing different concentrations of fermented licorice, the number of swings of each C. elegans in 20 s was recorded. The heat stress capacity of C. elegans was detected as follows: C. elegans were treated with heat stress at 35°C, the number of survival C. elegans was counted every 2 h and further calculated.




3. Results and discussion


3.1. Comprehensive identification of chemical constituents of fermented licorice based on quasi-targeted metabolomics

The chemical ingredients of licorice are very complex, containing thousands of natural products, and similarly, there are hundreds of metabolites of probiotics. Current technologies are difficult to analyze such a large number of metabolites at one time. In order to comprehensively analyze the chemical constituents of probiotic fermented licorice, we used a triple quadrupole-linear ion trap complex SCIEX QTRAP® 6500+ mass spectrometer combined with multiple reaction monitoring mode (MRM) to accurately analyze the metabolites in probiotic fermented licorice. The results showed that the chromatographic peaks had good shape regardless of the positive ion or negative ion mode, and the quality control evaluation showed a good correlation, with an R2 value of 0.992 (close to 1), indicating that the conditions of liquid phase and mass spectrometry were stable and reliable (Figure 1). Qualitative identification results showed that we had identified 1,435 compounds in total, including compounds in licorice and many possible metabolites of probiotics (Supplementary Dataset S1).
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FIGURE 1
 Total ion chromatorgraphy of mixed quality control sample of fermented licorice in positive (A) and negative (B) polarity mode.


Liquid chromatography coupled with mass spectrometry (LC/MS) was commonly used to analyze the chemical constituents of licorice (Montoro et al., 2011, Xu et al., 2013, Cheng et al., 2021, Shang et al., 2022a,b). Compared with previous studies, we firstly established the method to accurately identify the most chemicals in licorice-related researches via quasi-targeted metabolomics, which provided a reference method for related research.



3.2. Annotation of identified compounds

In order to understand the functional properties and classification of different compounds, we annotated the pathways and classifications of the identified compounds by using databases including Human Metabolome Database (HMDB), Kyoto Encyclopedia of Genes and Genomes (KEGG) and LIPID MAPS.

HMDB annotation results showed that 1 compound belonged to organosulfur compounds, 11 compounds belonged to Lignans, neolignans and related compounds, 13 compounds belonged to alkaloids and derivatives, 16 compounds belonged to organic nitrogen compounds, 59 compounds belonged to nucleosides, nucleotides, and analogs, 84 compounds belonged to benzenoids, 114 compounds belonged to organoheterocyclic compounds, 116 compounds belonged to organic oxygen compounds, 151 compounds belonged to lipids and lipid-like molecules, 166 compounds belonged to phenylpropanoids and polyketides, and 200 compounds belonged to organic acids and derivatives (Figure 2A).
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FIGURE 2
 Annotation of 1,435 identified chemicals. (A) HMDB annotation. (B) KEGG pathway annotation. (C) Lipidmaps annotation. (D) Classification of 424 natural medicinal products.


KEGG annotation results showed that 5 compounds were involved in cellular processes pathway, 34 compounds were involved in environmental information processing pathway, 21 compounds were involved in genetic information processing pathway, 663 compounds were involved in metabolism pathway, and 1 compound was involved in organic systems pathway (Figure 2B).

The LIPID MAPS annotation results showed that 34 compounds belonged to fatty acyls (FA), 1 compound belonged to glycerophospholipids (GP), 112 compounds belonged to polyketides (PK), 29 compounds belonged to prenol lipids (PR), and 13 compounds belonged to sterols (ST) (Figure 2C).

In general, this study not only identified the common natural products in licorice, but also found a lot of novel compounds produced by fermentation, which laid the foundation for the discovery of new active ingredients.

And more importantly, further sorting and classifying the compounds, we identified a total of 424 natural medicinal products with potentially important bioactivities, including 11 anthocyanins, 10 chalcones and dihydrochalcones, 25 flavanones, 45 flavones and flavonols, 117 flavonoids, 34 isoflavonoids, 21 phenols and its derivatives, 20 phenylpropanoids and polyketides, 96 terpenoids and 25 coumarins and derivatives (Figure 2D). These results demonstrated that the quasi-targeted metabolomics developed in this research was very suitable for the analysis of natural medicinal products, which could provide important support for the research on the new efficacy of fermented licorice and the development of new products.



3.3. Effect of fermentation on licorice chemical constituents

In order to further analyze the effect of fermentation on the chemical constituents of licorice, we conducted a differential analysis of the chemical constituents before and after fermentation, and the results showed that 151 compounds were significantly increased (Figure 3A; Supplementary Dataset S2), including probiotic metabolites that are potentially beneficial to the body, involving 9 kinds of carbohydrates and its derivatives, 8 organic acid and its derivatives, including important natural medicinal products, involving 1 anthocyanins, 9 flavanones, 13 flavones and flavonols, 16 flavonoids, 12 isoflavonoids, 4 phenols and its derivatives, 3 phenylpropanoids (Figure 3B). The results suggested that fermented licorice might enhance some medicinal effects of licorice.
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FIGURE 3
 Effect of fermentation on licorice chemical constituents. (A) Significantly increased chemicals in the process of fermentation. (B) Classification of increased chemicals. (C) Bioinformatic prediction of increased chemicals. (D) KEGG Enrichment analysis of target genes of highly increased chemicals. (E) GO Enrichment analysis of target genes of highly increased chemicals.




3.4. In-depth prediction of potential efficacy of fermented licorice via bioinformatics

In order to further predict the potential efficacy of fermented licorice, we used bioinformatics to predict the potential targets of fermented licorice chemical constituents and potential therapeutic diseases. KEGG enrichment analysis showed that the targets of these chemical constituents mainly involved pathways of amino acid metabolism, metabolism of other amino acids, arginine and proline metabolism, carbon metabolism, metabolism of cofactors and vitamins, biosynthesis of amino acids, valine, leucine and isoleucine degradation, calcium signaling and glutathione metabolism (Figure 3C; Supplementary Dataset S3). GO enrichment analysis showed that the targets of these chemical constituents mainly involved small molecule metabolic process, cellular amino acid metabolic process, cell–cell signaling, transmembrane transport, transport, transmembrane transporter activity, cytoplasm, lipid metabolic process and homeostatic process (Figure 3D; Supplementary Dataset S4).

Interestingly, we found that these targets were also related to neuroactive ligand-receptor interaction, nervous system, oxidoreductase activity, neurological system process and response to stress (Figures 3C–E).

Therefore, we further performed disease enrichment analysis on these targets, and the results showed that these targets were indeed related to neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease, Multiple Sclerosis and Amyotrophic Lateral Sclerosis (Figure 4A; Supplementary Dataset S5).
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FIGURE 4
 In-depth prediction of potential efficacy of fermented licorice. (A) Disease enrichment analysis of target genes. (B) Biological process enrichment analysis of target genes associated with neurological diseases. (C) Cellular component enrichment analysis of target genes associated with neurological diseases. (D) Molecular function enrichment analysis of target genes associated with neurological diseases.


Biological process analysis showed that they mainly involved synaptic signaling, anterograde trans-synaptic signaling, chemical synaptic transmission, trans-synaptic signaling and behavior (Figure 4B; Supplementary Dataset S6). Cellular component analysis showed that they mainly involve neuron projection, somatodendritic compartment, synapse, integral component of plasma membrane and intrinsic component of plasma membrane (Figure 4C; Supplementary Dataset S6). Molecular function analysis showed that they mainly involved neurotransmitter receptor activity, postsynaptic neurotransmitter receptor activity, gated channel activity, ion channel activity and transmembrane signaling receptor activity (Figure 4D; Supplementary Dataset S6).



3.5. Verification of potential efficacy of fermented licorice via in vitro and in vivo experiments

Bioinformatic prediction showed that the targets of fermented licorice chemical constituents involved oxidoreductase activity. To verify this predicted result, we further performed in vitro experiment, by using vitamin C as a positive control. The DPPH clearance test showed that fermented licorice had a DPPH clearance ability comparable to that of vitamin C (Figure 5A). The reducing ability test showed that the total antioxidant capacity and ROS clearance rate of fermented licorice could reach 50% of Vitamin C (Figures 5B,C). These results proved that fermented licorice had excellent DPPH scavenging ability and antioxidative ability. Moreover, toxicity testing showed that cell viability could be improved at low concentrations, while at high concentrations there was damage to the cells, which indicated that fermented licorice had excellent safety performance at low concentrations (Figure 5D).
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FIGURE 5
 In vitro and in vivo test of fermented licorice. (A) Test of DPPH clearance rate of fermented licorice. (B) Test of total antioxidant capacity of fermented licorice. (C) Test of ROS clearance rate of fermented licorice. (D) SH-SY5Y cell viability under treatment of different concentration of fermented licorice. (E) Beneficial effect of fermented licorice on neurodegenerative model of Caenorhabditis elegans. (F) Beneficial effect of fermented licorice on Alzheimer’s model of C. elegans. (G) The percent survival of C. elegans under heat-stress.


Bioinformatic prediction also showed that the targets of fermented licorice chemical constituents involved neurological system process, response to stress and neurodegenerative diseases. In order to verify the predicted results, we further used the inducible neurodegenerative C. elegans model to study the effect of fermented licorice on neurodegenerative diseases. The results showed that fermented licorice at both medium and low concentrations could rescue neurodegenerative-related movement disorders (Figures 5E,F), and could also significantly improve the ability of heat stress (Figure 5G). The results proved that fermented licorice could effectively improve neurodegenerative related movement ability and anti-stress ability.

No studies were focused on the efficacy of probiotic fermented licorice to date. This study firstly discovered and verified that probiotic fermented licorice had excellent DPPH scavenging ability and anti-oxidation ability comparable to that of vitamin C, and had excellent anti-neurodegeneration and anti-stress ability. This discovery would help the development of licorice-related products and promote the development of licorice industry.
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Male ICR mice

Ku

Mice were njected subcutancously
with CORT (40mg/kg) dissolved in

sesame ol for 35 days.

Male C57 BLI6) mice were reared
isolated for S weeks

‘perimenopausal rats exposed to
chronic unpredictable mild stress

(cums).

C57BLIG mice exposed to chronic

unpredictable mildsress (CUMS),

Cortical and hippocampal nerons,

from SD rat embryos at days of 18

male Sprague-Dawley rats ; CMS rat

models of depression

‘Sprague-Dawley rats; Immobilization

stress for 21 days (Stress group)

a stress damage model was established

with 120M corticosterone.

Wistar ats weighing-week Chronic

MS)

Unpredictable Mild Sress (Ct

model

Sprague-Dawley rats were subjected
t03-week CMS to induce depression
Male CS7BLIG ) were exposed to
10min of social defeat stressfrom an
aggressive CD-1 mouse for 10
consecutive days (days 1-10).

C57BL6 mice were adminisered
CORT (100mg/m) in place of drinking
water for 14days + Animal were
weaned with 50mg/ml CORT for
3days and then with 25 mg/ml CORT
for 3days o allow for gradual recovery
of endogenous corticosterane

NPCs from the adult mouse
hippocampusNPCs were culured for
72h i the presence of 20mM CORT
CS7BLI6 mice were subjected o the
following mild stessors for 5vieeks

(cums)

Kunming (KM) mice were

intraperitoneally

dose o LPS smyke)

jected with a single

Eight-month-old male SAMP-§

Male SAMPS mice at 5 months of age

3¥Tg mice carryinga mutant APP
(KMG70/67INL), @ human mutant PS1
(M146V) knock-in and tau (P3011)
transgenes (16:129-Psentm1 Mpm
Tg(APPSweauP301)ILf)] mice

SXFAD mice have mutations in the

APP SweK6TON/M671L, LonV7171,
and Fol716V) and PSENT (M146L.and
1286V) genes regulated by the Thyl

promoer.

Ku

ming mice (half-male and alf-
female): AD mouse model caused by a

Combinaton of A2 and scopolamine
NSCs were obtined from hippocampal
tisues of neonatal C57BL/6 mice :

transfect

SCs with APPG93swe and.

GFP genes

cerebral cortex: MAP-27/BrdU"
at day 7 and day 14 afte stroke.

Cercbral corte, SGZ and

SVZABIUMAP2'

SGZand SVZ: 1DCX"

DG: 1DCX’ [GEAP/BrdU-

positive cells

1BdU", nestin’ in the N
111" and GFAP*

cerebral cortex: 1BdU*/DCX
BrdU/NeuN"

DG: 1Ki67, DCX', BrdU",
1BrdU"/ NeaN's {BrdU*/DCX",
BrdU" IGFAP

ipsilaterslthalamus: days:
1B, Nesting 14days:
1BrdU", Nestin’, BrdU/
Nestin', BrdU/Neu®
SVZ: TBrdUNeuN” cels
BrdU* /DCX

SVZ: 1 DCX, BrdU'/DCX"

ipsilateral cortex:Alkaloids:
TBrdU" BrdU*/MAP2*
iridoids:{BrdU" BrdU*/MAP2

flavonoids:BrdU"/

MAP2', IBdU'/GFAP*

per
fats] EQU /NeuN'

infarct regions of cortex of

SVZ:460r92ghg1KI6T
SGZ23gkgH DX, IDCX
Neu', GEAP', Nesin 4.6 or
92¢/kg1DCX', DEX NeuN
GEAP, Nesin'

SVZ: 1BdU", DCX" BrdU*/
DX, Striatu: 1BrdU*/GFAP*

SVZ: 1BrdU"BrdU/DCX"

DG: 1BrdU* /NeuN" DG:
1BV IGFAP

DG: 1 BrdU"/NeuN"

Corte, CAL CA3and
DG:BrdU"/Nestin®

DG: 1BrdU*

DG: 1 DEX*

DG(HRG): 1Ki-67",DCX"

DGXCHT (23721¢/
kg)1Ki-67  XCHT (721 9/
kg Ki-67", DCX"

DGXCHT (23 g/kg)1Ki
XCHT (7.0g/kg)Ki-67",
BrdU", DCX'

DG:2g/kg C55:1 DCX®

DG: 1BrdU", NeuN"/BrdU*

KXS2012in DIV 5 of cortical
neurons: fsynaptic vesicle
protein, synaptotagmin
KXS2012in DIV

of cortial
neurons: fthe dendritc spine
densitys1synaptotagmin
expression

Functional analyss:
differenially expressed proteins
participate in synaptic plasticity.
neurodevelopment, and
neurogenesis

DG (KSS 20X):1 BrdU*

1BrdU* [BrdU/TUNEL"

2

G: 1BrdU"/DCX

DG: 1 BrdU

DG: 1BrdU/DCX"

DG: 1Ki67, DCX

1BrdU in a dose dependent

DG: 1Ki-67", NeuN', MAP-2"

DG: 1BrdU", 1GAD67", DCX',
BrdU/DCX

SGZ: 1BrdU", PCAN"

DG: 1 BrdU*

CALand DG: PMOI2 (100mg):
1BrdU"/NeuN". PMOI2
(400mg)]DCX’, BrdU*/NeuN"

DG: 1Ki-67", DCX'

DG: 1BrdU", Nestin® cortex and
DG: [NeuN"

32mg/ml of SZIN promote
NSCs proliferation

1 Brain function, ameliorated | Wang et al. (2011)

the cerebral infarction, and
significantly improved the

neurological defcits

Not given Livetal. (2013)

ChenH.J. etal.
015)

TLocomotor activity and
behavior response ina novel
open field

TLearning function butnot | Chen etal. (2020)
‘memory functions by Water

maze test

cal Chen etal. (2020)

1Modified neurological Zhuge etal. (2020)
severity score (mNSS) and

the corner test

1 Spatial memory in the al.2013)

Morris water maze

INeurological function ChenL.etal

(Bederson scores) without | (2014)
reducing infarction volume

(Nisd staining)

INeurological Function Chen etal. (2016)

(Bederson scores)

Improved Neurological Renetal. (2015)
deficis (body posture and

sensorimotor integration)

‘motor deficitsalso improved
based on The elevated body
swing test

TBederson scores and motor | Zou etal. (2016)
coordination (Beam walking

test)

TCylindertest (assessed Duan etal. (2017)

forelimb u

asymmetry)
Beam-walking st
(coordination and
integration of motor
‘movements) and Adhesive
(assess the sensorimotor

deficit)

ISensorimotor functions Liuetal. (2019)
(Basket Testand Adhesive

Removal Test) and

Recognition Memory (novel

object recognition test):

Cerebral Blood Flow and

Infarction Volume

1The modified neurological | Han ¢tal. (2018)
severity score and the
balance beam score a lower

percentage of foot faults

I Neurological Deficit Scores | Fu et al (2020)

1 The immobiliy time of Tian etal. (2018)
forced swim test  increased

the sucrose preference

10pen-field and sucrose Duetal. (2020
preference tests, in beam-

walking, cylinder, geip

strength, and water maze

tests

INeurological functions by | Chen M. M. et al

beam balance and prehensile | (2015)

traction tests

IModified version of object | Quintard et

recogaition task called the | (2014)

“what-where-when” test

15tep through latency inthe | Hong et l. (2011)
retention tialof the passive

avoidance task

Uimmobility duration in Tail | Zhang et al

suspension testand Forced | (2015)

Sui

the latency in Novelty
Suppressed Feeding Test |
immobilitylatency in Forced

Stwim Test.

TWeight, the coat state, the | Zhang et a

escape behavor in open fild | (2016)
testand clevated plus maze,
immobily time in sl
suspension test and forced
swimming est

1 Immobility time in TST | MaC. L etal
and FST,OFTand EPM, | (2017) and M |

aggressive behaviors of etal. (2017)

Sl-reared mice.
1 The sucrose preference. | Chen etal. (2015)
Limmobilty time of the.

forced swimming test

ISucrosepreference Zhangetal
Jimmobilty time inthe TST | (2021)

and FST

ISucrosepreferences Yan etal. (2016)

cumulative immobiliy time
offorced swimming test;

open field tests

TSucrose consumption and

body weight

Dong etal. (2020)

Ummobility times compared | Park et al. (2007)
o the control group.

cal Waetal. (2013)
TSucrose preference, Wang H.Z etal.

Tocomotion activity level and | (2021) and Waing

accuracy of T-maze, as well | J.etal. (2021)
as increased immobility time
TSucrose preference. Lietal. (2010)

1Social avoidance, Toetal. (2017)
depresion- and ansictylike
behaviors,

1 mmobility and ateneyto | Muraa et ol
immobily of the il o)
suspension:  the ltency to
immobilty ofthe forced
swimtest sucrose
consumption rate;
spontancous altenations
with Y-maze test spent more
time with the nove object
cal Murataetal.
o)
TWeight the mumberof | Jictal (2020)
crossingsofopen fied test
sucrose preferences |
immobilty ime o the forced
swimtest

Fhe crosing numbersand | Yang tal. 2020)
the grooming numbers;

coondination and balance of

IThe average escape latency, | Yang etal. (2011)
1The number of crossings of

the platform location

IThe escape latency and the | Azuma

swimming path length 018)

| Escape latencies, Yeetal. @016)
nceeasedtime spent n the

Target zone during probe

ests.

Not given Shin etal. (2018)

1 Thelarning and memory | a0 ¢t 1l (2020)
abiltis of Morris water maze

test

cal Xiao etal. (2020)
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Polygalae Radix

Allium macrostemon Bunge

(AM-W)

Sun ginseng
Oenanthe javanica

Acori tatarinowii Rhizoma

Cuscutae Semen

Korean red ginseng.

Astragali Radix,
Saposhnikoviae Radix,
Eucommiae Cortex,

Corydalis Rhizoma

Bupleuri Radix

Buteasuperba ()

‘Acori graminei Rhizoma

(AGR)

Rhizoma Acori tatarinowil

C.rotundus

Gastrodiae Rhizoma (TM-2)

Rosmarinus officinalis

Borneol

Alpiniae Oxyphyllae Fructus

Renshen Shouwu extract

Chuansiong Rhizoma

Angelicae Sinensis Radix

EOH extract

Water extract

EOH extract
EOH extract

EOH extract

Water extract

Water extract

Water extract

EOH extract

Wate extract,
volatile il
fraction,or
defated decoction

fraction of AGR

EOH extract

EOH extract

EOH extract

Borneol was
dissolved in 5%
Tween 80 and
giventomiceby
savage

HOH extract

EOH extract

EOH extract

Water extract

Adult male Sprague-Davley rats

HiBS rat neuronal precursor cels)

Male ICR mice

Male ICR mice
male Wisar rats

CS7BLI6 mice

NPCs from hippocampal of CS7BL/6

mice

Male ICR mice

CS7BLIG mice

The mouse NSC.

ine (mNSC9,601)
BALB/e mice; chronic mild stress
(CMS) was used in mice for 14days to
establih a depression-like mouse
model.

Onidative stressinduced by serum
deprivation in SH-SYSY cells

72 male ddY mice were obtained at
the age of 7weeks old, The UCMS
group received various unpredictable
stressfulstimuli for 7 weeks
Altheimer discase-like symptoms
induced by Amyloid Beta (AB) 1-42

intra-hippocampal injection for 7days.

aged CS7BLIG mice (age at 18-
23 months)$-month-old middle-aged
APPIPSI mice

Wistar rats received 5 ug/ul Ap1-42
into CAL bilterally for AD

CS7BLIG mice, The D-gal groups were
subcutaneously inected with 200 mg/
kg D-gal daily for 8 wecks to establish

the aging model

BALB/c male mi

ABI-42 peptide
(ilution 1 g per ) was injected into
the CAI area of the hippocampus for
Ap

C57BLI6 mice, with Focal Cerebral

Ischemia-Reperfusion Model

C17.2 clls exposed 10 4-h OGD plus
20-h reoxygenation

Sprague-Dawley (5.D.) rats were
subjected 10 MCAO o induce cerebral

ischemia animal model

Sprague-Dawley rats with Middle
cerebral artery occlusion (MCAO)
surgery

Wistar rats was induction of
microsphere-induced cerebral
‘embolism (ME) FOR ischemia
Sprague-Dawley rats: global cerebral
ischemia (GCI) was induced in the
rats using the 4-vessel occlusion
(4-V0) method

CAL1 BrdU". 1 Nestin'/BrdU", Tuj1*/
BrdU*

Promoted the neurite outgrowth

CAI:100mg/kg: T DCX', Neuh'/BrdU”
200mgkg: 1 BrdU"DCX' NeuN'/
Brav*

DG: 20mglkg: 1 BrdU".DCX"
DG: 1 DCX', Kiv67

DG:BrU". Ki67"
1DCX4/Ki67+, DCX4/KI6 TBrdU'/

Neu\'

TEDU"

DG: 10mg/kg/day: 1 BrdU"/ NewN"
50mgkg/day:1Ki-67", DX, BrdU'/
NeuN" 100mg/kg/day: K67, DCX',
BrdUY/DCX', Brdl'/ Neuh”

DG: 1BrdU", BrdU"/DCX

1 cell proliferation (MTS assay)

DG: 1BrdU"

1 Brdu

DGT DCX

DGI DX, Nestin®

DG aged mice: | BrdU"BrdU*/NeuN"
APP/PSI:{BrdU" Ki67" BrdU"/NeuN®

DG: NewN®

DG:{BrdUDCX

Hippocampus(mRNA):TKi67:DCX's
NewN®

Infaret zone:INeuN" | GFAP"

p-coumaric acid:{BrdU/Ki7" {BrdU"/
sox2*

DG and $VZ: p-coumaric acid: 1BrdU"/
Ki67", BrdU'/DCX", BrdU"/NeuN in
the

Penumbra: {NeuN'/BrdU*

DG: IDCX*

ASD-05g, and ASD-1g: SGZ: 1BrdU”
and BrdU"/NeuN" SGZ: TKi67" and
Ki67"/nestin® CAL: IMAP-2//NeuN"

Not GIVEN

cal
Fhe immability duration of the
forced swimming test Ithe
immability duration of the tail
suspension test

1 The step-through latency

Not GIVEN

Not GIVEN

cl

1 Time exploring the novel bject

1 Thelearning and memory
abiltis of Morris water maze test

cal

1The body weight gain | the
duration of immobiliy n the FST

cl

TThe sucrose intake Ithe
immobility times (tail suspension

test)

Ipatial memory (Morris water

maze)

Not given

1Spatial memory (Morris water
maze test)

1Spatial memory (Morris water
maze test; Burrowing and nesting

behaviors.

15patal memory (Moris vater maze
test) and abjctrecognition memry
(NOR test) exhibi ant-ansity efets
(e cevated plus maze es)

1 Neurological score and global

score

cal

1 Body Weight;spatial learning/
memory (Morris water maze test)
and recognition capacity (NOR
test), Lanxiety (open-feld test)
Neurological function (the Zea
Longa' method)

INeurological core after operation

at 1, and 3 days, respectively

Not GIVEN

Parkeetal. (2008)

Park etal. (2008)

Leeetal. (2010)

Leeetal (2013)
Chen B. H. etal. (2015)

Mao etal. (2015)

Mao etal. (2015)

Moon etal. (2016)

Ryuetal. (2020)

Sunetal. (2016)

sunetal. (2016)

Seo etal. (2013)

Mizuiki etal. (2014)

Maetal. (2015)

Mao etal. (2015)

Shakerin et al. (2020)

Hsuetal. (2021)

Mirza etal. (2021)

Zhang X.etal. (2017)

and Zhang X. G, etal.
@07)

He etal. (2020)

He etal. (2020)
Lietal. (2020)

Wang tal. (2020)

Chengetal. (2021)
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Invivo

Baicalin

Comnel iridoid glycoside
(©I6)

Salvianolic acid B

Gastrodin

Astragaloside IV

Baicalin

Curcumin

-beta-D-glucoside
(THSG)

Helicid

Fuzi polysaccharide-1

Magnesium lithospermate B

L. barbarum polysaccharides
(LBP)

Scutellarin

Aromatic (ar) turmerone

Scorpion venom heat

resistant peptide

Schisandrin A and B

Koumine

Invitro

Salvianolic acid B

Magnesium lithospermate B

Angelica polysaccharide

Astragaloside 1V

saikosaponins-d

Tetramethylpyrazine

Musk ketone

Epimedium flavonoids

Aromatic (ar-) turmerone

& Tetrahydroxystlbene-

Scutellariae Radix

Corni Fructus

Salviae Miltiorthizae

Radix et Rhizoma

Gastrodiae Rhizoma

Astragali Radix

Scutellariae Radix

Xiaoyao-san

Polygoni Multiflori

Caulis

Helica nilagirica

‘Aconiti Lateralis Radix

Pracparata

Salviae Millorrhizae

Radix et Rhizoma

Lycii Fructus

Erigeron breviscapus

Hand.

Curcamae Longae

Rhizoma

Scorpio

Schisandrae Chinensis

Fructus

Gelsemium clegans.

Benth

Salviae Miltiorthizae

Radix et Rhizoma.

Salviae Miltiorrhizae
Radix et Rhizoma

Angelicae Sinensis

Radix

Astragali Radix

Bupleuri Radix

Chuansiong Rhizoma

Musk

Epimedii Folium

Curcumaclongae

Rhizoma

KunMing mice; MCAO model

Sprague-Davley ats: The
middle erebral artery
occlusion was induced for
MCAO

Wistar rats were subjected to

transient forebrain ischemia

CSTBLIG) mice with cerebral

ischemia

Sprague-Davley rats middle
cerebral artery occlusion!

reperfision model

Sprague-Davley (SD) rats with
Cerebral Ischemia-Reperfusion

Model

Sprague-Davley
rats ; corticosterone groupsat a

dose of 40m/kg daily for

14days to induce stress.

CSTBLIGN mice were exposed
to chronic CORT treatment
(GOpg/mliday, 30days). APPL2
Ty mice (male, Sveeks)

Male ICR mice CUMS for
6wecks

Sprague-Davley (SD) ras,
stress was administered once

per day over a period of 20days

C57BLI6 mice chronic restraint
stress for 28days.

Sprague-Davley (SD) rats:
Chronic Unpredictable Mild

Stress for 12uweeks

Male C57BLI6 ) mice

PD rat model

Sprague-Davley rats
Scopolamine-Treated Rats
pumps 440mg/ml of SCO
solation were subcutancously
embedded in abdominal wall
SCO reease (025 mI) was

‘maintained for 28days

Sprague-Dawley rats received
daily ip. injection with 40mg/
kg dextromethorphan for
Lidays

Sprague-Davley rats
CS7BLI6 mice were exposed to
cuprizone (8 mg/day) via food
intake (0.2% cuprizone in
standard rodent chow) for
6wecks

Spontaneously breathing male
Wistarats ; single
intracerebroventricular
injection of 3mg ar-turmerone

ata concentration of 1 mg/yl

C57BLIG male mic

Kunming White mice

Both male and female c57BL/6]

Primary neurospheres were
from the cerebral cortex of
13.5-day-embryonic Wistar rats
NSCs were from the
hippocampal of newborn mice.
Wide type newborn C57BLIG

mice (Pl age)

Neural progenitor cel line
C17.2 cells (1 104 cells/ml).
Primary NPCs were isolted
from the!

ocampus of

newborn C7BLIG ) mice

SH.SY5Y human

neuroblastoma cells

Brain tssues from neonatal rats
were asepically obtained for
NSC Establishment of oxygen-
glucose deprivation (OGD) cel
model in vitro

Hippocamp from neonatal
1-day rats were isolated and

mechanically triturated

NSCs were cultured from fetal

Fat cortex at embryonic day 145

Baicalin performed wellin
regulating proteins in energy
metabolism but had a elatively
weak effectin the regalation of
proteinsin neurogenesis and
apoptosis

CIG (60 and 180 mg/kg/day)
BrdU,
ipsilteral SVZ 14-28days afier
MACO,

estin’in the ischemic

DG: 50mgkg Sal B 1BrdU"

DG: Day5: 1BrdU", DCX in the
dentate gyrus. Day29:1 BrdU"/
NeuN' cels,

Peri-ischemic regions: {BrdU"/
NeuN" and BrdU"/GFAP

$VZand DG: [BrdU/50X2',
BriU/DCX', BrdU/NeuN'~
positive staining clls 1BrdU'/
GRAP®

DG: IDCX"

1BrdU", BrdU*/NeuN'in DG
region; 1BrdU"/NeuN" cells n the
GCLareas6.7 mg/kg/day: 1BrdU'/
DCX, density of neuronal
progenitorsat both dorsal and

ventral SVZ regions
DG: IDCX’, BrdU*/NeuN" the
saz

DG(at 10 and 20mg/kg): 1BrdU”

Hippocampus (10mg/ml): 1DCX"

CALand DG: 1BrdU" in the

(10-400mg/kg)1BrdU” inthe DG;
FPS (100mgkg 7Days)Neu'/
BrdU", the proportion of NeuN'/
BrdU"cells o the ttal mumber of
By

1KI67", Ty, in DG region
1MAP2”and PSD95 in

ocampal region

DG: 1Ki67", D

DG: IDCX', IDCX/BrdU"

K67

SVZ: 1502, Nestin®

SVZ IDCX

SGZand OB: {BrdU", BrdU'/
NeuN'PSANCAM" SGZand
SVZ: 1GEAPY Nestin® radial

gialike precursors

DG: Sch A GFAP", NeuN" Sch B:
1PHH3', GEAP, Neuh'
$GZ: IDCX', BrdU', BrdU'/DCX"

inthe

Promoting NSPCs prolifration.
TNestin and Notch-1

Increasing effect reached the
masimum around the
concentration of 10pg/ml, and.

maintained it effect on

proliferation of NSCs at 50 and
100pg/ml
ASP increased the cell

proliferation, and proliferation
viability of ASP treated NSCs was
dose-dependent (0-160 ug/m.)

1 BrdU" the diameters of
neurosphere, and cel viability
Dose dependent decrease n cell
viablity in NPCs. NPCs were
incubated with 54 (2, 44M) for
24l Edu', Ki67"

Western blot analyss showwed that
MAP2 and tau started to increase:
from 5 days and 3days,
respectively,afer treatment with
™F

“Treated with 09 1M or 18 IV
musk ketone: 1BrdUTju-1" and
BrdU/vimentin cells

10, 50 mg/m: faxons lengths
100mg/m: faverage migration
distances. asons'lengths 200mg/
ml:fneurospheres

156pg/mi: 1BrdU" 3125 pg/mi:T
cell number, BrdU" 6.25 pg/mk:{
cell numbers, BrdU', Ki67", SOX2*

INissls bodies

1 Neurological function (Modified

neurological severity score)

1 The learning and memory ability (Morris

water-maze)

1Spatial memory (Morris water-maze)

1 Neurological function recovery (modified
neurological severity score) linfarct volume

(toluidine blue solution)

1Spatial memory (Morris water-maze test),
and Motor Function (the rotarod test)

Recovery

Not given

IThe CORT-Induced Depressive- and
Anxiety-Like Behaviors (ests including
splash,tail suspension test forced swimtest,
open field test, and novelty suppressed
feeding)

1 Sucrose consumption, the number of
crossingsin open filed testand Ithe

immabiltytime in tail suspension test

Not given

Depressive-like behaviors in CRS mice as
‘measured by the tail suspension test, forced.

swimming test, and open-fied test,

Thody weight sucrose consu

pon, distance
and number ofcrossingsinthe open-fild test
(OFD), lthe immobility times in the forced
swimming test (FST) and improved spatial

‘memory in the Morris water maze (MWM);

1 tmmobiliy in the forced swim test and

atency in the novely suppressed-fecding test.

15patial memory (Morris water maze)

1 Time exploring the novel object or location,
in the recognition tasks | escape latency in

the water maze.

Aleviated DXM-induced depression-like
(Gorced swim test) and social anity ke

behaviors (social interaction test)

Not given

1/The motor defcit (rotarod test)

Not given

Not given

Not given

Prenatal KM:|cogitive and memory (Morris
water maze, Y-maze test, and novel object
recogition tet),long:term potentiation
Prenstal KM offspring; [ Ansiety-like
behavior (the open ficd tst and clevaed plus

maze test)

cal

cal

cal

cal

cal

cal

cal

cal

cal

Zhang etal. (2009)

Yao etal. (2009)

Zhuang etal. (2012)

Xiaoetal. (2021)

Lietal. (2021)

Chen etal. (2019)

Jiang etal. 2013)

Gaoetal. (2018)

Zhangetal. (2019)

Xuetal. (2007)

Jiang etal. (2018)

Lietal. (2019)

Yan etal. (2010)
Zhang . H. tal
(2018), Zhang R
etal. (2018), Zhang
Z etal. (2018)
Chen W.et
(2014)

Poetal. (2017)
Wang etal. (2015)

Wang etal. (2016)

Hucklenbroich

etal. (2014)

Wang etal. (2014)

Caietal. (2020)

Yang etal. (2021)

Zhuang etal. (2012)

Zhang . H. eta
(2018), Zhang R
etal.(2018), Zhang
Z etal. (2018)
Chengetal. (2019)

Chen etal. (2019)

Qinetal. (2019)

Yan etal. 2014)

Zhouetal. (2020)

Yao etal. (2010)

Hucklenbroich

etal. (2014)
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Members Receptors Sample Trends  Main effects

FGF-1 Cortex
FGER-1b,lc T
homogenate (AD)
FGER-2b,2¢ Serum (AD) .
FGER-3b,3¢ CSF (AD) ]
FGFR-4
FGE-2 FGER-1b,lc Cortex
FGFR-2c homogenate (AD) !
EGFR-3¢
Serum (AD) 1
FGER-4
FGF-9 FGFR-2¢ Hippocampus E
homogenate (AD)
FGFR-3b3¢ Serum (HD) 1
FGF-17 PKL/FGFR-2
N/A N/A
FGFR-3¢
FGE-15/19 P-KLEGER-4
N/A N/A
FGF-21 PKLFGER-1
PPAR-Y
Serum (AD) .
FGF-23 @KLIFGFR-1¢
FGFR-2¢ Serum (MCD) 1
FGFR-3¢

Prospects

Reduced inflammation and
oxidative stress, repaired BB, AD, VaD, MCI,

suppressed excitotoxicity; val

improved insulin sensitivity

Promoted neurogenesis,

inhibited neurotosicity,

extended neurons life-span, AD, VaD, HD

induced angiogenesis, inhibited

inflammation

Promoted neuronal

development, inhibited

oxidative stress, suppressed AD,HD

apoptosis, promoted

neurogenesis

Supported oligodendrocyte

precursor cell growth, inhibited  MCI

FGE-19 pathway

Inhibited HPA axis

hyperexcitability, reduced

insulin resistance, regulated

AD, MCI

neurotransmitter homeostasis,

promoted neurogenesis,

regulated bile acid metabolism

Improved BBB integrity, repair

cerebrovascular endothelium,

inhibited inflamm:

n,

promoted neurogenesis,

suppressed apoptoss,

AD, VaD

‘maintained neurotransmitter

homeostasis, regulated lipid

‘metabolism and glucose

‘metabolism, enhanced insulin

sensitivity

Regulated phosphate

homeostasis and glucose

metabolism, promoted

neurogenesis
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AD, Alzheimer’s diseases BB, blood-brain barrier; CSF, cerebrospinal fuid; FGF, ibroblast growth factors FGER, ibroblast growth factor receptor; HD, Huntingtons dementia; MC, mild

cognitive impairment; VCI, vascular cognitive impairment; VaD, vascular dementi
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Affinity

Target name ealimol] RMSD (A)
AKTI Acjn -102 0.001
HSPIOAAL 30h -65 0.000
SRC 1k -96 0.000
HRAS 2062 -52 0.001
IGF1 Iwgj -78 0.000
ALB 6hnl -84 0.000
CASP3. 2dko -66 0.001
EGER 8027 -95 0.000

PDB, Protein Data Bank; RMSD, Root Mean Square Deviation.
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Gene Reverse Primer (5'-3')

Hsp90 TTTACTCTGCCTATTTGGTTGCTG CACAAAGAGAGTAATGGGATAGCC
Akt TTTGGGAAGGTGATTCTGGTG CAGGACACGGTTCTCAGTAAGC
Sre AGATCACTAGACGGGAATCAGAGC GCACCTTTTGTGGTCTCACTCTC
Hras AGTACAGGGAGCAGATCAAGCG TGGCTGATGTTTCAATGTAGGG
Kt GACCGCACCTGCAATAAAGATAC CCTGTGGGCTTGTTGAAGTAAA
Alb AACAAGAGCCCGAAAGAAACG CTGGCAACTTCATGCAAATAGTG
Casp3 TGGAATGTCATCTCGCTCTGGT GAAGAGTTTCGGCTTTCCAGTC
Egfr CCGAAACTACGTGGTGACAGAT TGCCATTACAAACTTTGCGAC

Gapdh CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT
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Control :26 (17)

EA + SA +BA: 30
(13)

SA + BA: 30 (16)

SA:33 (20)
Control: 32 (18)

EA + SA: 37 (20)
Control: 37 (21)

60 (38)
SA + BA: 30 (18)
BA:30 (20)

SA: 30 (22) Control:
30(19)

N/A
SA1:30 (17) SA 2:
30 (15) Control:

30(10)

SA: 34 (18) BA:
33(17)

EA + SA: 30 (13)
Control: 30 (14)

SA:27 (16)
BA:25 (14)

EA + SA: 92 (51)
EA + BA: 92 (59)

EA + SA: 92 (51)
EA + BA: 92 (59)

SA:30 (17) Control:
30(16)

SA +BA: 30 (12)
Control: 30 (11)

EA + SA: 30 (17)
Control: 30 (16)

MB: 30 (13) BA:
30(15)

MB: 30 (16)
Control: 30 (18)

Duration

SA:8.3 %33
Control: 8.2 +2.7
years
SA:6.3%26
Control: 6.7 + 2.4
months

N/A

SA+BA:2.9+£0.7
Control: 3.2 £ 0.9
years

3-60 years

3-60 years

BA:24% 13

Control: 2.0 + 1.7

years

SA + BA: (man) 20 £ 1.5,
(woman) 2.3 0.9
Control: (man) 2.1 £ 0.5,
(woman) 2.0 % 1.6

years

N/A

MB + BA: 16.1 £4.7
MB: 159+ 5.7

BA: 158 +3.9
months

N/A

N/A

N/A

EA+SA1:11.5£87
Control 1: 11.1 £ 8.1
EA+SA2:11.8£49
Control 2: 13.0 & 5.4

months

SA:10.6£3.3
BA:10.7 £33
years
2354092

years

SA+BA1:21£0.7
SA+BA2:26£05
SA+BA3:2240.6
BA:22+0.6

years

BA: 0.5-60
SA + BA: 0.5-36

months

Control: 2.0 + 1.1
EA +SA:2.1£0.7
BA:20£ 1.1

years

N/A

EA+SA:26.1£6.5
Control: 25.9 £ 6.0

months

EA +SA +BA:61.6£37.4
SA + BA: 59.6 £ 32.9

months

N/A

EA +SA: 1.7403
Control: 1.6 & 0.3
years

N/A

N/A

EA +SA +BA: 12.6 +£3.4
SA +BA:122+32

months

N/A

N/A

SA:52429
Control: 4.9 2.8

months

EA +SA: 135447
Control: 13.5 £ 4.7
months

N/A

N/A

SA: 104 £2.3
Control: 10.6 £ 2.3
months

N/A

SA1:2.14£07
SA2:20£1.0
Control: 2.0 £ 1.0
years

SA:9.8+29
BA:9.9+29
years

EA 4+ SA:5.6+2.1
Control: 5.0 £ 1.9
months
SA:2.1£0.7
BA:20£ 1.1

years

EA +SA:3.6%£29
EA+BA:36£29

years

N/A

SA:2740.5
Control: 2.9 0.3
years

SA+BA: 1307
Control: 1.4 £ 0.7
years

EA+SA: 14325
Control: 14.7 £ 1.7
months

MB: 1.4 03

BA: 14£02
years

N/A

Intervention scheme

SA: 30 min, manipulate the
needle for 60's

SA: 30 min, manipulate the
needle until patients have the
needling sensation

SA + BA: 30 min, manipulate
the needle until patients have
the needling sensation

SA + BA: manipulate the

needle for 1 min

SA + BA: 30 min

SA+BA

BA: manipulate the needle for

1min

SA + BA: 40 min, manipulate

the needle 1 time

SA: 30 min, manipulate the
needle 2 times

MB + BA, MB: 30 min BA:

30 min, manipulate the needle
until patients have the
needling sensation

EA + SA + BA: 30 min, the
frequency of EA is 120-250
times per minute; SA+BA:

30 min, manipulate the needle

1 time every 10 min

EA + SA: 30 min, 3-15Hz,
2-4mA

EA + SA: 30 min, the
frequency of EA is 300-500
times per minute

EA + SA: 30 min, the
frequency of EA is 200 times

per minute

SA: 45 min, manipulate the
needle until patients have the
needling sensation

SA + BA, BA: 20 min,
manipulate the needle 1 time
every 5 min

SA + BA, BA: 20 min,
manipulate the needle 1 time

every 5 min

BA, SA + BA: 20 min,
manipulate the needle until
patients have the needling
sensation

EA + SA, BA: 30 min

EA + SA: 30 min,

dense-sparse waves

EA + SA: 30 min, continuous

wave, 4 Hz

EA: 20 min,

dense-sparse waves SA + BA:
40 min, manipulate the needle
1 time every 20 min

EA + SA: 30 min, continuous
wave, the frequency of EA is
300-500 times per minute

EA + SA: 30 min, continuous
wave, 25-42 Hz

EA + SA: 30 min, continuous
wave, the frequency of EA is
300-500 times per minute
EA + SA + BA: 30 min,

dense-sparse waves

EA + SA + BA: 30 min,
continuous wave, 2 Hz SA +
BA: 30 min, manipulate the
needle for 1 minute

EA + SA: 30 min, continuous
wave, the frequency of EA is
300-500 times per minute
EA + SA + BA: 30 min,
dense-sparse waves,
manipulate the needle for

1 min

SA: 10 h, manipulate the
needle until patients have the

needling sensation

EA + SA:30 min SA: 6 h

EA + SA: 20 min, the
frequency of EA is 200 times
per minute

SA + BA, BA: 30 min,
manipulate the needle 1 time
every 10 min

SA: 30 min, manipulate the
needle until patients have the
needling sensation

SA: 50 min, manipulate the
needle 2 times, 2 min every
time

SA 1, SA 2: 50 min,
manipulate the needle 2 times,

2 min every time

SA, BA: 50 min, manipulate
the needle until patients have
the needling sensation

EA + SA: 30 min, continuous
wave, the frequency of EA is
300-500 times per minute
SA: 30 min

EA + SA, EA + BA: 30 min,
dense-sparse waves,

80-100 Hz

EA + SA, EA + BA: 30 min,
dense-sparse waves,
1.3-1.7Hz

SA: 45 min, manipulate the
needle 2 times every 10 min,
10-15 per time

SA + BA: 30 min, manipulate
the needle until patients have
the needling sensation

EA + SA: 30 min,

dense-sparse waves, 1 Hz

MB: 30 min BA: 30 min,

manipulate the needle for 30's

MB: 30 min

Duration of
intervention

2 times per day, 5 times per

week for 7 weeks

1 time per day, 5 times per

week for 8 weeks

1 time every two days for 6

weeks

1 time per day for 8 weeks

1 time per day for 2 months

1 month

1 time per day, 6 times per

week for 2 months

1 time per day, 5 times per

week for 12 weeks

1 time per day, 6 times per

week for 4 months

MB: 1 time per day, 2 times
per week for 4 weeks

BA: 1 time per day, 5 times
per week for 4 weeks

1 time per day, 5 times per

week for 7 weeks

1 time per day, 5 times per
week for 6 weeks
1 time per day, 5 times per

week for 6 weeks

1 time per day, 5 times per

week for 8 weeks

1 time per day for 6 weeks

1 time per day, 5 times per

week for 4 weeks

1 time per day, 5 times per

week for 4 weeks

1 time per day for 1 month

1 time per day, 6 times per

week for 1 month

1 time per day for 3 months

1 time per day for 4 weeks

1 time per day, 5 times per

week for 8 weeks

1 time per day, 5 times per

week for 6 weeks

1 time per day, 5 times per

week for 12 weeks

1 time per day, 5 times per

week for 6 weeks

1 time per day, 5 times per

week for 8 weeks

2 time per day, 6 times per

week for 4 weeks

1 time per day, 5 times per

week for 6 weeks

1 time per day, 6 times per

week for 5 weeks

1 time per day, 5 times per

week for 8 weeks

1 time per day, 6 times per

week for 6 weeks

1 time per day for 45 days

1 time per day, 6 times per

week for 6 weeks

1 time per day, 6 times per

week for 12 weeks

1 time per day for 4 weeks

1 time per day for 4 weeks

1 time per day for 8 weeks

1 time per day, 6 times per

week for 8 weeks

1 time per day, 6 times per

week for 1 month

1 time per day, 5 times per

week for 3 months

1 time per day, 5 times per

week for 3 months

1 time per day for 3 months

1 time per day, 6 times per

week for 4 weeks

1 time per day, 5 times per

week for 8 weeks

1 time every two days for 8

weeks

1 time per day, 6 times per

week for 4 weeks

Outcome measure
MMSE N/A
MMSE Barthel
MMSE ADL
MMSE N/A
HDS N/A
HDS N/A
MMSE ADL
MMSE ADL
HDS N/A
MMSE ADL
HDS N/A
MMSE ADL-R
MMSE N/A
MMSE ADL
MMSE ADL
HDS ADL
MMSE ADL
HDS N/A
MMSE Barthel
MMSE ADL
MMSE ADL
MMSE ADL
MMSE N/A
MMSE N/A
MMSE ADL
LOCTA N/A
MMSE ADL
MMSE ADL
MMSE N/A
MMSE ADL
MMSE N/A
MMSE N/A
MMSE ADL
MMSE ADL
MMSE ADL
MMSE ADL
MMSE ADL
MMSE N/A
MMSE Barthel
MMSE ADL
MMSE ADL
MMSE ADL
MMSE ADL
MMSE ADL
MMSE N/A
MMSE ADL
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Ligustilide Mfn1, Mfn2 Mitochondrial dysfunction SAMPS8 mice APP/PS1 mice Xu et al., 2018; Zhu et al., 2020
Albiflorin Mfnl, Mfn2 Mitochondrial dysfunction APP/PS1 mice Xu et al., 2019
Progesterone ACAT1 Cholesterol metabolism APP/PS1 mice Shi et al., 2021
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Reference YQF-2 YQF-3

standards (mg/q) (mg/g)
ginsenosides Rgl 10.25 17.33 47.74
ginsenosides Re - 14.10 38.16
ginsenosides Rbl 11.37 16.81 71.31
ginsenosides Rg2 - - -
ginsenosides Rd - - 58.92
ginsenosides Rh2 - - —
epiberberine 25.99 26.77 51.76
coptisine chloride 23.64 27.87 60.60
palmatine 25.57 35.81 65.74
berberine 115235 157.08 326.68
ferulic acid 203.92 288.43 826.92

There is a good linear relationship between the concentration of the reference standards and
the Peak area (mAU.s), and external standard method was used for quantitative analysis.
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Forward primer (5’-3’)

Reverse primer (5'-3’)
CCACAGACCAAATATCAATGGACTT

Mapkl AACCTCCTGCTGAACACCACTT

Src AGATCACTAGACGGGAATCAGAGC GCACCTTTTGTGGTCTCACTCTC
Ctnnbl GTTCTACGCCATCACGACACTG AGGTCCTCATTATGTTTACTAAGGC
Akt1 TTTGGGAAGGTGATTCTGGTG CAGGACACGGTTCTCAGTAAGC
Pik3ca ATGGAGGAGAACCCTTATGTGAC AGATTGAAAGGCAAAGGCGC
Tp53 CCCTCTGAGCCAGGAGACATT CCCAGGTGGAAGCCATAGTTG
Jun CCTTCTACGACGATGCCCTC GGGTCGGTGTAGTGGTGATGT
Hsp90aal TTTACTCTGCCTATTTGGTTGCTG CACAAAGAGAGTAATGGGATAGCC
Gapdh CCTCGTCCCGTAGACAAAATG TGAGGTCAATGAAGGGGTCGT
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Target name Affinity (kcal/mol)

Mapk1 —7.6
Src —9.6
Ctnnbl —6.9
Aktl1 —10.2
Pik3ca —8.1
Tp53 =77
Jun —6.9
Hsp90aal —-7.0
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Treatment Traditional Chinese Pathways References

medicine
acupuncture acupuncture MCAO/R rats SIRT1/NLRP3 Zhou et al. (2022)
electroacupuncture MCAOIR rats [ not clear Xu et al. (2020)
eye acupuncture MCAOIR rats not clear Liu et al. (2019)
effective Artesunate (ART) MCAOR rats | TLRUNEBINLRPS Chen et al. (2021)
components
Mulberroside A OGD/R rat cortical neurons TLR4/NF-xB/NLRP3 Wang et al. (2014)
Carthamin yellow (CY) MCAOR rats | TLRUNEBNLRPS Guo et al. (2021)
Curcumin MCAO/R rats, LPS with ATP induced-microglia TLR4/NF-kB/NLRP3, ROS/ | Li et al. (2015), Ran
pyroptosis, glutamate induced-SH-SYSY cells TXNIP/NLRP3 etal. (2021)
neurotoxicity
Umbelliferone (UMB) MCAOR rats ROS/TXNIP/NLRP3 Wang et al. (2015)
Ginsenoside Rd (Rd) MCAO/R rats, OGD/R cortical neuron ROS/TXNIP/NLRP3 Yao et al. (2022)
Irisin MCAO mice, OGD PCI2 cells ROS/NLRP3, AMPK/NLRP3 | Li et al. (2017), Peng
etal. (2017)
Ruscogenin OGD/R-injured mouse brain microvascular endothelial | ROS/NLRP3, AMPK/NLRP3 | Cao et al. (2016)
cells (bEnd.3)
Z-Guggulsterone (2-GS) MCAO rats; OGD cortical neuron ROS/NLRP3, AMPK/NLRP3 Liu et al. (2020)
Sinomenine (SINO) MCAO mice OGDastrocyte/microglia cells [ AMPK/NLRP3 Qiu et al. (2016)
Astragalode IV (AS-IV) MCAQO rats, OGD/R SH-SY5Y cells AMPK/NLRP3 Xiao et al. (2021)
Resveratrol (Res) LPS- and ATP-induced N9 microglial cells | AMPK/NLRP3 Tufekei et al. (2021)
Hispidulin MCAO/Rrats, OGD/R primary cerebral astrocytes cells AMPK/NLRP3 An et al. (2019)
Chrysophanol [ tMCAO mice [ NLRP3 Zhang et al. (2014)
Quercetin ECs ROS/TXNIP/NLRP3 Wu et al. (2014)
luteolin | ECs | ROS/TXNIPNLRPS Wu et al. (2014)
epigallocatechin gallate ECs ROS/TXNIP/NLRP3 W et al. (2014)
Dihydromyricetin (DHM) ECs | Nrf2/NLRP3 Hu et al. (2018)
compound Angelica sinensis and PMCAO rats, LPS-induced BV2 cells pyroptosis TLR4/NF-xB/NLRP3 Luo et al. (2021)
prescription Cinnamomum cassia (AC)
Renshen Shouwu (RSSW) MCAO rats TLR4/NF-xB/NLRP3 Li et al. (2020)
‘Taohong Siwu decoction MCAO/R rats | DRPUNLRPS, TLRANF-KE/ Wang M et al,, 2020;
(THSWD) NLRP3, JNK/p38MAPK Zhou (2021)
Panax ginseng and Angelica MCAO rats; OGD/R BV 2microglia cells [ DRPI/NLRP3 Hu et al. (2020)
sinensis (CPA)
Qingkailing injection (QKL) MCAOJR rats AMPK/NLRP3 Ma et al. (2019)
Naoxinging Capsule MCAOIR rats not clear Dongyu et al. (2020)
Shennaofuyuan Decoction OGD PCI12 cells not clear Li (2019)

(SNFYD)
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MB + BA

0.14 (—1.11-1.40)
0.39 (=0.75-1.52)
0.43 (=0.75-1.62)
0.47 (=0.70-1.63)
0.50 (—0.57-1.57)
0.78 (—0.29-1.85)
1.31 (0.18-2.44)

EA +SA+BA
0.24 (-0.35-0.83)
0.29 (=0.46-1.04)
0.32 (-0.32-0.97)
0.36 (=0.73-1.44)
0.64 (=0.06-1.34)

1.17 (0.53-1.81)

0.73 (0.03-1.44)
SA+BA
0.05 (=0.51-0.61)
0.08 (—0.40-0.56)
0.12 (=0.84-1.07)
0.40 (—0.04-0.84)
0.92 (0.52-1.33)

SA
0.03 (~0.51-0.57)
0.07 (~0.93-1.07)
035 (~0.22-0.92)
0.88 (0.45-1.31)

—0.56 (—1.50-0.38)

EA+SA
0.03 (—0.93-1.00)
0.32 (—0.21-0.84)

0.84 (0.50-1.19)

0.61 (—0.77-1.98)

MB
0.28 (—0.62-1.18)
0.81 (—0.12-1.74)

0.68 (—0.70-2.05)

0.23 (=0.31-0.76)

0.49 (=0.50-1.48)

0.60 (=0.39-1.59)

0.18 (=1.21-1.57)
BA

0.53 (0.06-1.00)

1.31(0.82-1.81)
0.85(0.38-1.31)
0.66 (0.29-1.04)
1.02 (—0.38-2.43)
0.00 (—1.42-1.42)

Control

MB -+ BA, moxibustion with body acupuncture; EA + SA + BA, electroacupuncture with scalp acupuncture with body acupuncture; SA + BA, scalp acupuncture with body acupuncture;

EA + SA, clectroacupuncture with scalp acupuncture; MB, moxibustion; BA, body acupuncture. The estimates of mean difference of treatments in the columns vs. rows are presented in

the lower diagonal elements, whereas those of the row treatments vs. column treatments are presented in the upper diagonal elements. The . symbol indicates results not reported in the

studies.
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Comparison

BAvs.EA 4 SA

BA vs. SA

BA vs. SA + BA

EA +SAvs.EA 4+ SA + BA
EA 4+ SA + BA vs. SA 4+ BA
BA vs. MB

EA + SA vs. Control

SA vs. Control

RoM, ratio of mean.

Direct RoM 95% CI

—0.60 (—1.59-0.39)
—0.49 (~1.48-0.50)
—0.23(=0.76-031)
0.56 (—0.38-1.50)
0.73 (0.03-1.44)
—0.18 (~1.57-121)
0.66 (0.29-1.04)
085 (0.38-1.31)

Indirect RoM 95% CI

—0.20 (—0.82-0.41)
—0.28 (~0.98-0.42)
—0.74 (—1.51-0.03)
—1.09 (~1.97-021)
—0.92 (~2.00-0.16)
—0.35 (—1.54-0.83)
1.83 (0.95-2.70)
1.06 (—0.06-2.18)

Network RoM 95% CI

—0.39 (—1.56-0.77)
—021 (~1.43-1.00)
0.52 (—0.42-1.46)
165 (0.36-2.94)
1.65 (0.36-2.94)
0.17 (~1.65-2.00)
—1.16 (—2.11-021)
—0.21 (~1.43-1.00)

P-value

0.554
0.983
0.171
1.000
0.268
0.853
0.000
0.732
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MB + BA

0.93 (=0.24- 2.10)
1.10 (0.05-2.14)
1.25(0.21-2.29)
1.38 (0.44-2.32)
1.53 (0.59-2.47)
1.56 (0.49-2.64)
1.97 (0.95-2.99)

EA+SA+BA
0.17 (—0.47-0.80)
0.32 (=0.33-0.97)
0.45 (—0.56-1.46)
0.61 (=0.13-1.34)
0.63 (—0.14-1.40)

1.04 (0.37-1.71)

0.13 (~0.93-0.68)
EA +SA
0.16 (~0.38-0.69)
028 (~0.58-1.14)
0.44 (~0.09-0.97)
047 (~0.09-1.02)
0.87 (0.51-1.24)

0.66 (—0.20-1.52)

SA+BA
0.13 (=0.75-1.00)
0.28 (=0.23-0.79)
0.31(-0.27-0.89)

0.72 (0.24-1.19)

1.42 (0.21-2.62)

MB
0.16 (—0.63-0.94)
0.18 (—0.71-1.08)
0.59 (—0.23-1.41)

1.50 (—0.29-2.70)

0.21 (=0.64-1.07)

0.21 (=0.46-0.88

0.12 (~1.06-1.30)
BA

0.03 (—0.57-0.62)

0.43 (—0.07-0.94)

0.85 (0.44-1.25)
—0.17 (~1.38-1.04) 1.16 (0.47-1.85)
0.67 (—0.55-1.88)
—0.20 (—1.43-1.02)  —0.12 (~1.36-1.11)
SA 0.29 (—0.20-0.78)
0.41 (—0.03-0.85) Control

MB -+ BA, moxibustion with body acupuncture; EA + SA + BA, electroacupuncture with scalp acupuncture with body acupuncture; SA + BA, scalp acupuncture with body acupuncture;

EA + SA, clectroacupuncture with scalp acupuncture; MB, moxibustion; BA, body acupuncture. The estimates of mean difference of treatments in the columns vs. rows are presented

in the lower diagonal elements, whereas those of the row treatments vs. column treatments are presented in the upper diagonal clements. The . symbol indicates results not reported in

the studies.
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Comparison

BAvs. EA +SA

BA vs. SA

EA + SA vs.EA 4+ SA + BA
EA + SA +BA vs. SA + BA
EA + SA vs. control

SA vs. control

RoM, ratio of mean.

Direct RoM 95% CI

—0.21 (~1.07-0.64)
—0.20 (~1.43-1.02)
0.13 (~0.68-0.93)
0.66 (=0.20-1.52)
0.85 (0.44-1.25)
0.29 (~0.20-0.78)

Indirect RoM 95% CI

~0.58 (—1.26-0.10)
~0.10 (~0.58-0.78)
—0.67 (—1.72-0.38)
—0.14 (—1.14 to —0.86)
0.98 (0.12-1.84)
0.86 (—0.11-1.84)

Network RoM 95% CI

—0.37 (~0.72-1.46)
~0.30 (~1.70-1.10)
0.80 (~0.52-2.12)
0.80 (—0.52-2.12)
—0.13 (—1.08-0.81)
—0.57 (—1.67-0.52)

P-value

0.960
0.621
1.000
0.236
0.000
0.569
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Dayweek Day1l Day2 Day3 Day4 Day5 Day6 Day7

Week 1 LN FD CT DB DD NB WD
RS Ccw TP ES TS cs NS
Week 2 NB WD DB RS DD FD DB
CW DD TS TP Ccw CT Ccs
Week 3 NB WD RS CT DD FD LN
TS NB NS ES TP CT TS
Week 4 DD WD GT DB FD LN WD
Ccw ES Ccs RS TP TS NS

FD, food deprivation (24 h); WD, water deprivation (24 h); CT, cage tilt (24 h, 45°); DD,
dark during the day (12 h); LN, lights on at night (12 h); DB, damp bedding (24 h);
NB, no bedding (24 h); NS, noise stimulation (1 h, 100 dB); ES, electric shock (1 h,
0.8 mA, 5 s/min), TP, tail pinch (1 min), TS, tail suspension (30 min); CS, cage shake
(1 h, 220r/min); RS, restrained in tube (2 h); CW, cold water swimming (6 min, 10°C).





OPS/images/fnins-17-1093180/cross.jpg
@ Check for updates.





OPS/images/fnins-17-1093180/email.jpg





OPS/images/fnins-17-1093180/fnins-17-1093180-g001.jpg
---——---—-‘\

\

» Saline+distilled water

-

P e T L L L

-
/’

Morris water maze

e 5 ED D D G D 5 G5 5 S D S S S .- S . S . ...y,

\
-

7598

D-gal+distilled water

T S S D S D S S S S S S G S S S S S S D M S G S S S S S -

0 -+ Control
Z 80+ -=- Model
-

2 -+ BBR-L
3 60 - #
= * -+ BBR-H
g' 40
8
& 20
- T L] | T
1 3 4 5
Days
8=
*
6
*

Plateform crossing times
¢ -
1 1

o
1

386

Cl

&
&
&)

T S D S R S S S D D D S G S D SIS D I N D S S .

o Ca M
& &
¥

X
Al
ee

10-week

D-gal+BBR-L

D-gal+BBR-H

- S

S,

~

P g

T L L T T

&

DC 28
BC 022

7
/ / N
AKTT -

N N’/

HSPEOAA

PIGICA

CTNNET
i Jun
A
MAPKT \‘ )

—

\\\’ 'snc
- W 74
1—  Tpma

317 nodes and 1,691 edges

o T R M N N NN R RN R R MR RN RN R R R R R B B R R R R R R N R R R R R R R R e

i A

7
[ |
1
[ |
|}
|}
]
i
L}
I B
|}
| |
]
[}
L}
1
|
1
L}
1 (]
1
|}
|
|}
|}
| |
1
[}
]
1 D
]
|}
1
|
|}
[}
|}
| |
[ |
[ ]
1
|}
A Y
-

LS

78 nodes and 724 edges

E

8 nodes and 20 edges

; Core targets

Molecular docking

O NN R B BN B BN B B NN BN B BN BN S BN B NN B SN BN BN SN BN BN BN BN BN N N BN BN B BN N NN N W NN N SN N S BN N RN W R B

P

v
&
g

16

P e T . T T T T T T r T

Immunofluorescence -

O GED GED GE G GHN GED GED GNP GND GED GED GED GED GHD GED G GHD GED GED NN GED GED GED SHD GED GED SED GED NN GED NN GED GED GED G GED GED NN SN GED NN GND GED GED GED GHD GED NN ED SN S e o

Q
- ’

1
!
/
-

2
&

/
-

N N NN RN NN BN RN SN BN BN NN NN BN SN BN BN NN BN BN SN BN NN BN NN NN NN M BN NN M N W RN W

e 13 tis) & Pattays in cancer
[T LT rp—— .
Fine phemphanitar . Ligid and alhercseeresis
ctess L ] Apopnosis
paskive rogelon ol e cxessen | .
P e dation of tramscrohon DA te mplited . A PFrateoghycans In cancer
e rosiis . o
n) Fax0 sgnaling patway
P e pe—— .
. . Piget- NOIE Faty live (i6ease
el feadacdan .
.
e = ——mu PI3K- Akt sgnaling pattway
L) [
. L Human criomegakins infocton{
. L
Hepaitis
" ® epiritis B
< egipee
JHaars e e L] s e Human T- osil leukemia vius 1 infection |
e sce .
- 1l o o1
[T rs— . " e ¥
ey . P MAFK signaling pacway
T T Y
Salronedls infection
UyTE 30l8 .
[ p—— . Aphemer dgese
frabon e oy . shigeiksis
a .
prp—— . ’ MicroRtis in cancer
i
o Sodwy L ] de d
i
St noesSnescrice 2y
tecionsase urnan papiiomavis infection{
CHAsadm| @
Metsbelic pathways{ @
I % = o

GO

Mapk1 Src
2.0 2.0
5 5 .
3o 1.5 3 g 157 28
s & g5 g <
a8, . &5 1.0 %5
- = e
33 £3 <3
Z " o5 ZW o5 ZuC
E 5 E
0.0- 0.0-
SN > d D v B
€ & o S A
R Ooés ¥ P
Pik3ca Tp53
1.0+ 1.5+
*
o ? @1.04
1y £s :
?“, o 3 ﬁ =
g T 0.4 <8 <
Z 2 Z oo 2
-4 o 4
£ 0249 E E
0.0- 0.0

Fold change

Ctnnb1

2.0
* [
* =}
1.54 . 25
I g8
5
1.0 x5
3
[=]
0.5 %"—
0.0-
> > =
& F o
S X F P
Jun
1.5
c
(=]
1.0 PR
% % L L] E.E
g o
)
0.5+ z0
o
E

RT-qPCR verification

KEGG

-
=
1

e
tn
L

-
o
1

e
n
1

&
&

R R R R R R R R R R W,

y

Y
)
o 1
L] 1
. i
& 1
[}
4 1
. |
couit !
. @ L]
[ B |
[ 3 ]
1
- log10(vake) 1
» 1
N 1
I ]
” =
[}
1
B
1
1
1
1
|}
]
[]
’

¢

-

-

Y
1
1
]
1
Akt1 1
* ]
1
1
[}
1
1
]
1
|}
[}
1
R i
& & & :
1
1
Hsp90aa1 :
1
[l
1
[l
[}
1
1
1
1
1
- S, !
& & & :
1
|}
|}
1
1
’

¢

-





OPS/images/fnins-16-1071068/fnins-16-1071068-g006.jpg
Presynaptic neuron

Long-term potentiation

-—
=
j

- Control =+ 2ug lso + CORT
-2 (CORT

«
e

Nomalized PS (%)
g
ﬁ
*

oeﬂo:‘;ltglmatetl Emotion l‘t

°:°:°°:3 * NMDAr 1‘ - b.ﬂ?“m Fognition ‘1

) 0 20 4'0 (:II !l'll ll'NI
\ Time/min
Postsynaptic neuron

@ L-serine @ D-serine ¢ Glutamate

SR serine racemase Effects of stress or corticosterone 1‘ Effects of isorhynchophylline 1‘





