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In natural product research, the ethnopharmacological approach is unique because it requires input from the cultural and social sciences. For the first time in 1967, the term “ethnopharmacology” was used as a book title “Ethnopharmacological Search for Psychoactive Drugs” (Efron et al., 1967). Ethnopharmacology is the scientific exploration of biologically active agents which are traditionally used or observed by man (Bruhn and Helmstedt, 1981). In many parts of the word, medicinal plants are considered as part of the traditional knowledge of a culture due to their significance in indigenous medical systems (Ayaz et al., 2019b). Thus, those studies which focus on the documentation of traditional uses of plants have ethnopharmacological relevance. The uses of medicinal plants have been described by many explorers, merchants, missionaries, and respective knowledgeable experts of healing and traditions which serve as a basis for ethnopharmacology-based drug development. Such knowledge has been widely used as a starting point for the development of drug (Heinrich, 2007).
The medicinal plants used by common people act as a significant part of all medical systems occurring in the world (Ayaz et al., 2017b; Ayaz et al., 2019c). It has been reported that in 17th century, an English housewife used Digitalis purpurea L. [Plantaginaceae] (foxglove) for the treatment of dropsy. After that, it was used by a physician WilliamWithering more systematically and he transformed this knowledge into medicine form that could be used by medical doctors (Griggs, 1981; Heinrich, 2010). Some of the ethno-pharmacologically driven natural products, identified during 19th century include morphine, emetine, strychnine, quinine, caffeine, coniine, atropine and capsaicin (Heinrich, 2010). Natural products are one of the most important sources of new drug leads. In past, crude materials isolated from various plants or their extracts were used as medicines for medical treatment and then after the second half of the 19th century due to rapid expansion of pharmaceutical industries the researchers started to develop and characterize various drugs from plant origin (Ovais et al., 2021; Heinrich, 2010). Chin et al., reported that among the marketed launched products, more than half of all new chemical entities are natural products or their derivatives (Sneader, 2005).
Since ancient times, natural products (NP) have been used as medicines to cure various illnesses (Ayaz et al., 2017a; Ayaz et al., 2020). As a source of therapeutic molecules, NP have historically proven their value and still act as an important pool for the recognition of novel drug leads (Atanasov et al., 2015). Galanthamine is a natural product obtained from several members of amaryllidaceae family and is commonly used for the treatment of Alzheimer’s disease (AD). As per the ethnobotanical information, the development of galanthamine as anti-Alzheimer’s drug consists of three main periods, including early development (for the treatment of poliomyelitis), preclinical development (as anti-Alzheimer’s drug in 1980s) and clinical development in 1990s (Heinrich and Teoh, 2004). In 1951, the acetylcholine esterase (AChE) inhibiting properties of galanthamine obtained from Galanthus woronowii Losinsk. [Amaryllidaceae] was proved by M. D. Mashkovsky and R. P. Kruglikojva-Lvov using ex vivo system of rat smooth muscle (Heinrich, 2010). Another example is the leaves extract of Ginkgo biloba L. [Ginkgoaceae], which is not considered to be a medicine in many countries but in other countries it is used to prevent dementia, memory deterioration and to enhances cognitive processes (Heinrich, 2010). Flavonoid glycosides were identified as active constituents in the leaf extracts of G. biloba L. in the mid of 1960 during initial research. The first patent on the complete extraction and standardization was filed in 1971 (in Germany) and 1972 (in France) (DeFeudis and Drieu, 2000). This example highlights the development of a standardized extract on the basis of traditional knowledge into an over-the-counter herbal medicine. In later years, many similar novel phytomedicines were development including Hypericum perforatum L. [Hypericaceae] (used for mild to moderate depression), Harpagophytumprocumbens (Burch.) DC. ex Meisn. [Pedaliaceae] (used for chronic pain), and Piper methysticum G. Forst. [Piperaceae] (used for relieving anxiety) (Collocott, 1927). Drug development for neurological disorders on the basis of ethnopharmacology persists to an exciting opportunity. According to the information available in the libraries of Swiss university, more than 150 plant species in different preparations have the potential for research and development (R&D) to develop new drugs against cognitive disorders (Adams et al., 2007).
Alzheimer’s disease (AD) is a multifactorial and progressive neurodegenerative disease. AD is the major cause of dementia and clinically characterized by loss of cognition and memory functions. Currently, there are more than 50 million AD patients affected across the globe and this number is anticipated to double every 5 years and will increase to higher than 150 million by 2050. Besides the health problem for patients and their families, AD also represents a socioeconomic burden, with estimated global costs of US$1 trillion annually, which will be doubled by 2030 (Khalil et al., 2018; Saleem et al., 2021). Neuropathologically, AD is characterized by accumulation of plaques composed of aggregated amyloid-β (Aβ) and intraneuronal neurofibrillary tangles (NFTs) of hyperphosphorylated tau proteins. In early onset familial AD, Aβ generates from the proteolytic cleavage of amyloid precursor protein (APP), by the proteolytic and enzymatic action of β- and γ-secretases, a mechanism called amyloidogenic pathway. The Aβ aggregation and deficits in Aβ clearance led to the most neurotoxic AβO species. The hyperphosphorylation of tau proteins are also associated with amyloidogenic pathway. The hyperphosphorylated tau proteins aggregate intraneuronal and forming NFTs. According to amyloidogenic pathway the elevation of AβO induces hyperphosphorylation of tau proteins, resulting intraneuronal NFTs, resulting to synaptic and neuronal degeneration and subsequently cell death (Kunkle et al., 2019; Mahnashi et al., 2021). However, more than 95% of AD cases are sporadic with late onset and very heterogeneous neuropathology. Currently, there is no cure for AD. Hence, a better understanding of the contributing factors leading to neuropathology is essential to explore the underlying causes and mediating factors to cure AD.
The purpose of this editorial is to shed light on the recent development of compounds that could prevent or treat AD. The exact underlying cause of pathological changes in AD is still unknown. However, the therapeutic strategies were applied by targeting several pathological mechanisms including protein misfolding such as aggregation of Aβ and tau proteins, pro-inflammatory mediators (IL-1β, TNF-α, TLRs, NF-kβ) and neuroinflammation, oxidative damage and accumulated reactive oxygen species (ROS) as well as its associated pathways such as heme oxygenase-1 and nuclear factor-erythroid factor 2-related factor 2 (HO-1/Nrf2), aberrant cellular and energy homeostasis signaling (e.g., AMPK, SIRT1, mTOR etc) and signalling related with elevated phosphases and kinases, including MAPK/ERK, JNK, PI3K/Akt/GSK3β, as well as synaptic trafficking and its associated pathologies (Majd and Power, 2018; Yu et al., 2021).
Aging is a process that is the reason of many diseases such as cancer, heart diseases, diabetes, and many neurological disorders such as Huntington’s disease (HD), Alzheimer’s disease (AD), and Parkinson’s disease (PD) (Tong et al., 2020). It has been reported in many studies that increased level of Reactive oxygen species (ROS) is reason of many neurodegenerative disease in different age-linked disorders such as diabetes, AD, and PD (Ovais et al., 2018; Saleem et al., 2021; Mahnashi et al., 2022). The increased ROS activate the destruction of the macromolecules such as lipids, proteins and DNA that is directly involved in the neurodegeneration through the disturbance of physiological activities of the brain (Ayaz et al., 2019a). The Research Topic, fifteen papers related to different aspects of neuroprotective drugs from natural sources were published. In the first study, Ahmad et al. reported that D-galactose (D-gal) effects neurological damage by inducing ROS signaling pathway while, Fisetin (natural flavonoid) play a protective potentials role against D-galactose-induced stress, neuroinflammation, and memory loss through adaptable anti-oxidant mechanisms, such as Sirt1/Nrf2 signaling, suppression of activated p-JNK/NF-kB signaling pathway and further downstream targets leading to inflammatory cytokines. Similarly, in another study showed neuroprotective effect of medicinal herb known as Bacopa monnieri (L.) Wettst. [Plantaginaceae], that is used as a brain tonic showed its neuroprotective effect PD when the compound extracted from Wettst extract (BME) in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mice model. Further, more the BME exerts is effective and showed it neurorescue and neuroprotective and effects against MPTP-induced neurodegeneration of the nigrostriatal dopaminergic neurons. Further, it was also studied that BME help in slow down the disease progression and delay the process of neuronal damage in PD (Singh et al.). Bacopa monnieri(L.) Wettst. [Plantaginaceae] (BM) extract and the compounds isolated from it mainly used in many disease animal models. Previous studies revealed that Bacoside A may decrease the level of oxidative stress in the CNS by increasing the activities of superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GSR) and catalase level in brain (Comens, 1983). Furthermore, BM extract was also studies in a Caenorhabditis elegans model of 6-hydroxydopamine (6-OHDA)-induced Parkinson’s disease (PD), and results showed that it may decrease the aggregation of α-synuclein by increasing the expression level of hsp-70 protein (Chowdhuri et al., 2002; Jadiya et al., 2011). Yet in another study, Pushparaj et al., evaluated an innovative tool (Next generation Knowledge discovery NGKD) to evaluate the AD-associated gene expression implicated in abnormal signaling pathways.
Rasool et al. have studied the role of antioxidants in Schizophrenic patients. The study was carried out on 288 Schizophrenic patients of both sexes and various ages. The study reveals that there is an alteration of liver function, increase of stress marker and decrease in the level of antioxidant in the patients. It was also concluded in the study that in patients with thyroid disorder, the deficiencies of certain vitamin (B6, B9 and B12) can lead to hyperhomocysteinemia which ultimately results in the decline of antioxidants and cause oxidative disorders. Panax ginsengC.A.Mey. [Araliaceae] is a perennial plant which has wide variety of useful applications. The major components of ginseng are ginsenosides and gintonin. Li et al. has compiled a literature review on the anti-Alzheimer effect of ginseng. Their literature conclusion reveals that ginseng has therapeutic effect in neurological disorders like Alzheimer. It was further summarized that it exerts the neuroprotective effect by targeting neuro-inflammation, amyloid plaques, mitochondria and function as an antioxidant. Though there is no clinically effective drug for the management of AD. However, the summary related to the clinical findings of ginseng in the management of AD have also been compiled.
Modern society is highly advanced and has many stressful stimuli in life and these event leads to depression (Post, 1992). Mood disorders due to the stressful life are become a serious problem for health that need serious attention (Gooren and Giltay, 2014). Recently, studies in male animals model with chronic stress showed nonorganic erectile dysfunction, testicular injury, less sexual motivation was reported (Chen et al., 2019). In china, for the control of emotion and to decrease sexual dysfunction a drug name as Bupleurum falcatum L. [Apiaceae] had been widely used. Its main active component is saikosaponin D (SSD) act as antidepressant. One of the study in this Research Topic investigated that SSD exposure help to restore sexual functions after chronically stressed mice and the brain mechanisms involved in these effects (Wang et al.). Salidroside (SLDS), a phenolic glycoside compound extracted from Rhodiola rosea L. [Crassulaceae] an old medicinal plant from China has been extensively used for the treatment of multiple inflammatory diseases. Yet in another study, SLDS was showed to exhibit protective against depressive behaviors via microglia activation (Fan et al.). The study revealed that SLDS exposure significantly declined microglial immuno-reactivity for both CD68 and Iba-1. Moreover, SLDS reserved microglial activation connecting the suppression of P38 MAPK, ERK1/2, and p65 NF-κB activation and thus decreased the expression level and release of neuroinflammatory cytokines in stress mice as well as in lipopolysaccharide (LPS)-induced primary microglia (Fan et al.). Further, it was also observed that SLDS changed morphology of microglial cells by reducing the phagocytic and the decreasing the ability of attachment in LPS-induced primary microglia. The results of the study showed that SLDS exposure may improve the depressive symptoms caused by chronic stress due to the unpredictable conditions and also having the potential therapeutic application of SLDS for the treatment of depression by controlling the microglia related neuroinflammation (Fan et al.). The Catha edulis (Vahl) Endl. [Celastraceae] (Khat) is most commonly known as a stimulant. The major constituents of Khat are cathinone and cathine. Abou-Elhamd et al. have evaluated the role of Khat extract in molecular signaling using SKOV3 cells. Their observations were that the extract have significant effect on molecular level using SKOV3 cells, and thus, can cause wide variety of neurological disorders. So, in countries where Khat leaves are chewed to induce excitement and euphorbia will have severe effects on the health. Lai et al. studied effect of carnosic acid on the levodopa (L-dopa)-induced dyskinesia (LID) in rats treated with 6-hydroxydopamine (6-OHDA). They proved that by regulating the D1R signaling, CA improves the development of LID in 6-OHDA-treated rats. This leads to prevention of L-dopa-induced apoptotic cell death through modulating the ERK1/2-c-Jun and inducing the parkin. This indicates beneficial role of CA in delaying development of LID in PD patients.
Wide variety of medicinal plants with its ethnomedicinal background are a big source of drug discovery. The Centella asiatica (L.) Urb. [Apiaceae] have been explored to have neuroprotective and anti-inflammatory properties. The plant exert its effect by protecting the mitochondria and have antioxidant properties (Wong et al.). Lee et al. tested herbal extract from Glycyrrhiza uralensis Fisch. ex DC. [Fabaceae], Atractylodes macrocephala Koidz. [Asteraceae], Panax ginseng C.A.Mey. [Araliaceae], Astragalus mongholicus Bunge [Fabaceae] to study the anti-inflammatory in the Muscle and Spinal Cord of an Amyotrophic Lateral Sclerosis Animal Model. They performed behavioral tests, including rotarod test and foot printing, immunohistochemistry, and Western blotting, in hSOD1G93A mice. Their experiments resulted in improved motor activity and reduced motor neuron loss in hSOD1G93A mice. They also found that the herbal extract reduced levels of oxidative stress-related proteins (HO1, NQO1, Bax, and ferritin) and inflammatory proteins ((GFAP, CD11b, and TNF-α)) in the skeletal muscles and spinal cord of hSOD1G93A mice.
Cerebral amyloid angiopathy (CAA) is considered by the accretion of β-amyloid (Aβ) in the walls of cerebral vessels, further causing the complications such as convexity subarachnoid hemorrhage, intracerebral hemorrhage as well as cerebral microinfarcts (Love et al., 2014). Dementia and strokes may develop in the patients with CAA-related intracerebral hemorrhage. Many experimental studies explained and demonstrated the pathology of more than 90% of AD patients have associated with CAA and leading to common pathogenic mechanisms. Possible causes of CAA include impaired Aβ removal from the brain through the system called as intramural periarterial drainage (IPAD) (Saito et al., 2019). Moreover, CAA causes control of IPAD causing the limiting clearance. Early interference in CAA may help in the prevention of AD. In another paper published in this Research Topic, Saito et al., summarized that Taxifolin (dihydroquercetin) is a plant flavonoid is a safe and effective therapy for CAA. Taxifolin is a flavonoid extracted from plant is widely existing in the supplement product, which has been used to exhibit against anti-inflammatory effects, anti-oxidative effect and used as protective agents against the advanced glycation end products as well as mitochondrial damage. Further the flavonoid also showed that it help to facilitate disassembly and prevent oligomer formation and increase clearance of Aβ in CAA of mouse model. Taxifolin treatment also prevent the spatial reference memory impairment and cerebrovascular reactivity in CAA animal model. Further studied required to prove and explain the exact mechanism of Taxifolin that will help to use this drug with effectiveness and safe for the patients with CAA Saito et al. Corona virus disease (COVID-19) is a pandemic of the current era. The COVID-19 has the symptoms from simple common cold to more complex and even leading to the neuro-COVID complications. Pushparaj et al. has worked on the gene sequencing targeting the neuro-COVID. They were able to embark RNA sequencing and find out that some small organic molecules from natural or synthetic source can be useful in the treatment of neurological disorders related to COVID-19. Neuroprotective and anti-inflammatory effect of Pterostilbene was tested against Cerebral Ischemia/Reperfusion injury via suppression of COX-2 in middle cerebral artery occlusion (MCAO) rodent model by Yan et al. Treatment of Pterostilbene significantly reduced neurological score, infarct volume and brain edema. Hepatic parameters (ALT, AST and ALP), renal parameters (uric acid, creatinine, BUN and urea), lipid parameters (TG, HDL, LDL, TC and VLDL), antioxidant parameters (SOD, CAT, GSH, GPx, MDA), inflammatory cytokines (TNF-α, IL-1β, IL-6, and IL-10), inflammatory mediators (COX-2, PGE2, iNOS) AND metalloproteinases (MMP) (MMP-2, and MMP-9) levels were improved. Results of these studies show that Pterostilbene is effective in the treatment of cerebral ischemic stroke and cerebral ischemia reperfusion.
Cerebral hypoperfusion (CH) causes neurological diseases like Alzheimer’s-type dementia and vascular cognitive impairment and dementia. To find plant-based treatment for this problem, Liu et al. carried out experiments to unearth potential of Cucurbitacin E (steroidal tetracyclic terpene) in a rat model of CH. Treatment of the rats with Cucurbitacin E (CuE) for 28 days resulted in reduced CH-Induced neurological, sensorimotor and memory deficits, low lipid peroxidation (TBARS content) and protein carbonyls, increased GSH and catalase and diminished inflammatory cytokines (TNF-α, NF-κB, MPO, MMP-9, and iNOS). LDH, caspase-3, glutamate and acetylcholinesterase activities were decreased in Cu-E treated rats subjected to CH. Viable neuron density in the cortex was increased after treatment with CuE. These findings suggest that CuE is a potential compound against CH-associated disorders.
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Cerebral amyloid angiopathy (CAA) is characterized by the accumulation of β-amyloid (Aβ) in the walls of cerebral vessels, leading to complications such as intracerebral hemorrhage, convexity subarachnoid hemorrhage and cerebral microinfarcts. Patients with CAA-related intracerebral hemorrhage are more likely to develop dementia and strokes. Several pathological investigations have demonstrated that more than 90% of Alzheimer’s disease patients have concomitant CAA, suggesting common pathogenic mechanisms. Potential causes of CAA include impaired Aβ clearance from the brain through the intramural periarterial drainage (IPAD) system. Conversely, CAA causes restriction of IPAD, limiting clearance. Early intervention in CAA could thus prevent Alzheimer’s disease progression. Growing evidence has suggested Taxifolin (dihydroquercetin) could be used as an effective therapy for CAA. Taxifolin is a plant flavonoid, widely available as a health supplement product, which has been demonstrated to exhibit anti-oxidative and anti-inflammatory effects, and provide protection against advanced glycation end products and mitochondrial damage. It has also been shown to facilitate disassembly, prevent oligomer formation and increase clearance of Aβ in a mouse model of CAA. Disturbed cerebrovascular reactivity and spatial reference memory impairment in CAA are completely prevented by Taxifolin treatment. These results highlight the need for clinical trials on the efficacy and safety of Taxifolin in patients with CAA
Keywords: IPAD, clinical trial, treatment, Alzheimer’s disease, cerebral amyloid angiopathy, Taxifolin
INTRODUCTION
Cerebral amyloid angiopathy (CAA) refers to the abnormal accumulation of amyloid proteins in the walls of cerebral vasculature (Love et al., 2014; Saito et al., 2020b). Seven amyloid proteins have so far been reported in CAA including β-amyloid (Aβ), cystatin C, transthyretin, gelsolin, prion protein, ABri/ADan and immunoglobulin light chain amyloid (Yamada, 2015). The most common form is Aβ-type CAA, which is present in over 90% cases of sporadic, non-familial age-related Alzheimer’s disease (AD) (Saito and Ihara, 2016). The shared role of Aβ deposition in AD and CAA implies interaction between neurodegenerative and cerebrovascular processes (Saito et al., 2015). In this review, we discuss the pathophysiological basis of such interactions and how Taxifolin could act as a potential therapeutic agent for CAA.
CAA INDUCING CEREBROVASCULAR DISEASE
CAA induces smooth muscle cell degeneration, vessel wall thickening, luminal narrowing and concentric wall splitting, resulting in varying degrees of intracerebral hemorrhage (ICH) (Love et al., 2014). Lobar, but not deep, ICH is associated with CAA (Saito et al., 2020a). Finger-like projections and subarachnoid hemorrhage extension of lobar ICH, together with the ApoE4 genotype, are reliable diagnostic markers for CAA (Rodrigues et al., 2018; Renard et al., 2019) (Figure 1A). Cerebral microbleeds (CMBs) are commonly observed in patients with CAA. Strictly lobar CMBs are highly specific for CAA, while CMBs in deep brain may indicate hypertensive arteriopathy (Greenberg and Charidimou, 2018; Jung et al., 2020). The estimated annual incidence of CAA-related ICH is 5.3 per 100,000 people in the United Kingdom and 5.8 per 100,000 people in Japan; however, the incidence of ICH not resulting from CAA, and mainly associated with hypertensive arteriopathy, is 2.5-fold higher in Japan than the United Kingdom (Yakushiji et al., 2020). Early diagnosis of CAA is clinically important for guiding prognosis and treatment decisions. A recent prospective study, with a median follow-up time of 2.5 years, showed progression to dementia in more than 25% of patients with CAA-related ICH, even if no dementia had presented after the acute phase of ICH (Xiong et al., 2019). ICH recurrence was more frequent in patients with CAA than other potential causes (Pasi et al., 2018).
[image: Figure 1]FIGURE 1 | Head CT images of an 84-year-old woman with CAA showing repeated non-traumatic intracranial hemorrhage over four months. (A) ICH presenting finger-like projections (white arrow) with SAH extension (black arrow). (B) Acute convexity SAH (arrowhead) at two months later than A. (C) Acute convexity SAH (arrowhead) at three months later than A. (D) Acute convexity SAH (arrowhead) at four months later than A.
CAA is likely clinically underdiagnosed, due to the various clinical presentations outside of lobar ICH (Sakai et al., 2019; Fakan et al., 2020). Subarachnoid hemorrhage (SAH), resulting from bleeding into the subarachnoid space, known as “convexity SAH” in the acute phase (Figures 1B–D) and “superficial siderosis” in the chronic phase, can be induced by CAA (Saito et al., 2020a). Most CAA-induced bleeding into the subarachnoid space is limited without the involvement of the adjoining brain parenchyma (Kumar et al., 2010). Many convexity SAH are asymptomatic, though the risk of future intracranial hemorrhage and death of patients with CAA-convexity SAH is very high (Calviere et al., 2019; Saito et al., 2020a).
CAA also induces ischemic strokes consisting of both macro and microinfarcts (Saito et al., 2015; Saito and Ihara, 2016). Cerebral microinfarcts were originally defined as infarcts only visible by microscopy (Okamoto et al., 2012). However, technological advances in imaging modalities, such as ultra-high-field MRI, have enabled cerebral microinfarct observation (Ishikawa et al., 2020; Ter Telgte et al., 2020). AD and CAA patients frequently possess cortical cerebral microinfarcts near Aβ-laden vessels (Okamoto et al., 2009; Okamoto et al., 2012). Cerebral microinfarcts were replicated in CAA model mice following chronic cerebral hypoperfusion by bilateral common carotid artery stenosis (Okamoto et al., 2012). Impaired vasodilation due to vascular Aβ accumulation may contribute to cerebral microinfarct pathogenesis. AD and CAA patients have numerous, sometimes exceeding 1,000 (Westover et al., 2013), cerebral microinfarcts (van Rooden et al., 2014), which are likely to contribute to cognitive impairment (Saito et al., 2015).
CAA AS A CONTRIBUTOR TO NEURODEGENERATIVE DISORDER
CAA plays a pivotal role in the pathogenesis of dementia and is independently associated with cognitive decline (Boyle et al., 2015; Banerjee et al., 2018). Since there is little evidence for overproduction, the failure of clearance of Aβ peptides is a likely key factor in the pathological development of AD and CAA (Mawuenyega et al., 2010; Iturria-Medina et al., 2014). There is therefore increasing interest in developing agents that promote the safe elimination of Aβ from the brains of aged people (Saito and Ihara, 2014). The necessity of promoting Aβ clearance has been demonstrated in clinical trials using Aβ immunization. In AN-1792-vaccinated AD patients, the number and extent of parenchymal Aβ plaques diminished, while cerebrovascular Aβ accumulation and CAA increased (Nicoll et al., 2003; Patton et al., 2006). This finding was also observed in patients treated with solanezumab, a monoclonal anti-Aβ antibody (Roher et al., 2016). Antibody-solubilized Aβ appears to be removed from the cortex and re-deposited in the walls of the cerebral blood vessels via intramural periarterial clearance pathways (Carare et al., 2020).
Intramural periarterial drainage (IPAD), is a mechanism for the drainage of fluid and solutes from the brain along the walls of cerebral arteries (Tarasoff-Conway et al., 2015; Saito et al., 2019) (Figure 2). The central nervous system is devoid of lymph vessels. Instead, interstitial fluid and solutes within the extracellular matrix, including soluble Aβ, enter the IPAD pathways within the basement membranes of capillaries and continue to the basement membranes surrounding smooth muscle cells (SMCs) of the intracerebral and leptomeningeal arteries (Carare et al., 2020), which lead to the cervical lymph nodes (Piotrowska et al., 2020). This process has been examined in detail by several imaging methods including electron (Morris et al., 2016), confocal (Carare et al., 2008; MacGregor Sharp et al., 2020) and two-photon (Arbel-Ornath et al., 2013; Kim et al., 2020), microscopy. IPAD flow rapidly moves toward the leptomeningeal arteries where the deposition of Aβ is prominent in CAA (Keable et al., 2016). Aβ levels in the cerebrospinal fluid are decreased in CAA (Verbeek et al., 2009; van Etten et al., 2017), suggesting that Aβ transport is impeded in the IPAD pathways.
[image: Figure 2]FIGURE 2 | Scheme of leptomeninges and penetration of leptomeningeal artery into the brain parenchyma. Brain waste is cleared through the IPAD route (green arrow). Aβ is preferentially deposited in the tunica media of the leptomeningeal and cortical arteries in CAA.
Transcytosis is another vascular-mediated Aβ clearance system closely associated with AD and CAA. The brain parenchyma is separated from capillary lumen by the blood brain barrier (BBB), which prevents passive exchange between the brain and blood, allowing controlled carrier-mediated bidirectional transport of nutrients and waste products (Sweeney et al., 2018; Sweeney et al., 2019). Several molecules, such as low-density lipoprotein receptor related protein-1 (LRP-1), are thought to be involved in Aβ efflux from brain to blood (Shibata et al., 2000; Deane et al., 2004). Aβ binds to LRP-1 at the abluminal side of the vascular endothelium, either as a free peptide or bound to ApoE2 and ApoE3. Aβ-ApoE2 and Aβ-ApoE3 complexes are rapidly cleared across the BBB into the blood, while Aβ bound to ApoE4 interacts poorly with LRP-1 and is less efficiently removed from brain (Deane et al., 2008). Aβ deposition is frequently found in the cerebral capillaries in subjects possessing the ApoE4 allele (Thal et al., 2008).
CAA is not merely a consequence of impaired IPAD or transcytosis but also an important contributor to these processes (Kim et al., 2020; Rosas-Hernandez et al., 2020). CAA damages arterial structure and function, leading to worsening of cerebrovascular function and cognition. Therefore, early intervention strategies against CAA could be key to preventing progression of AD.
Challenges in Developing Novel Therapies for CAA
Development of novel treatments for CAA has proved challenging, with no pharmaceutical agents currently available (Smith and Markus, 2020). While more than 100 trials are in progress for AD (Cummings et al., 2020), to our knowledge, there are no ongoing clinical trials for agents targeting CAA (The U.S. National Institutes of Health, 2020), though a clinical trial of minocycline, a tetracycline derivative with anti-inflammatory properties is being planned in the Netherlands. Previous clinical trials on agents targeting CAA have reported mixed findings. Tramiprosate (3-amino-1-propanesulfonic acid), a low-molecular-weight ionic compound with preferential binding to soluble form of Aβ, has been shown to effectively block the deposition and facilitate the clearance of Aβ from the brains of transgenic mice expressing a double mutant (K670N/M671L and V717F) human APP gene (Gervais et al., 2007) but does not bind to insoluble fibrillar Aβ (Gervais et al., 2007). However, a phase-II trial of tramiprosate demonstrated no beneficial effects on CMBs despite causing no major safety issues (Greenberg et al., 2006; Gauthier et al., 2009; Aisen et al., 2011; Smith and Markus, 2020). In another trial, the anti-Aβ-monoclonal antibody, ponezumab was investigated in patients with CAA (Leurent et al., 2019). Ponezumab was well tolerated and plasma levels of Aβ40 were increased in the ponezumab-treated group, suggesting effective removal from the brain. However, ponezumab did not improve visual task-related functional MRI activation, a marker for cerebrovascular reactivity (Leurent et al., 2019).
Taxifolin for CAA
Taxifolin is emerging as a viable safe therapeutic agent for the prevention and treatment of CAA. Taxifolin, also known as dihydroquercetin, is a bioactive flavanonol commonly found in grapes, citrus fruits, onions, green tea, olive oil, wine and several herbs such as milk thistle, French maritime bark, Douglas fir bark, and Smilacis Glabrae Rhizoma (Yang et al., 2016). Taxifolin is also widely used as a food additive and can be found in health supplement products including silymarin (Yang et al., 2016). Taxifolin has received increasing attention as a potential treatment for various diseases such as cancer, cardiovascular diseases, viral hepatitis, dyslipidemia and neurodegenerative disorders (Weidmann, 2012). It exhibits various pharmacological effects (Sunil and Xu, 2019), including anti-oxidant (Guo et al., 2015), advanced glycation end product suppressing (Harris et al., 2011), and mitochondrial protecting (Haraguchi et al., 1996) properties. Inhibition of Aβ fibril formation by Taxifolin has been demonstrated by using transmission electron microscopy imaging (Sato et al., 2013a; Sato et al., 2013b; Saito et al., 2017). Thioflavin T fluorescence assays have also shown that aggregated Aβ fibrils can be disaggregated by Taxifolin (Sato et al., 2013a), seemingly due to its chemical structure properties. Taxifolin is oxidized to form o-quinone on its B-ring. Since Lys16 and Lys28 are involved in the formation of β-sheets of Aβ, oxidized Taxifolin prevents the aggregation of Aβ as it covalently binds to Aβ at Lys16 and Lys28 residues (Sato et al., 2013b; Tanaka et al., 2019).
Aβ disassembly by Taxifolin treatment was confirmed in vivo. We administered Taxifolin or vehicle to a mouse model of CAA expressing the human APP gene with Swedish/Dutch/Iowa triple mutations (Saito et al., 2017). Filter trap assays showed a significant decrease in the concentration of Aβ oligomer in the soluble fraction of brain of Taxifolin-treated mice (Saito et al., 2017). However, the amount of total Aβ in the soluble fraction was similar between the Taxifolin-treated and vehicle-treated CAA mice, suggesting Taxifolin prevented the formation of Aβ oligomers from monomers (Saito et al., 2017). Furthermore, Taxifolin treatment prevented spatial memory deficits induced by injection of oligomeric Aβ into the hippocampus of wild-type mice (Wang et al., 2018). Decreased levels of Aβ oligomers by Taxifolin treatment were seen even in advanced stages of CAA (Saito et al., 2017). Higher blood Aβ levels were found in Taxifolin-treated CAA mice, suggesting facilitation of Aβ clearance from brain to blood. Taxifolin also fully restored both cerebrovascular reactivity and spatial reference memory in CAA mice (Saito et al., 2017). Higher expression of triggering receptor expressed on myeloid cell 2 (TREM2) is associated with the inflammation in the brain (Tanaka et al., 2020). We reported that Taxifolin suppressed inflammation, alleviating the accumulation of TREM2-expressing cells in the brains of CAA model mice (Inoue et al., 2019). Furthermore, Taxifolin suppressed glutamate levels and oxidative tissue damage, resulting in the amelioration of apoptotic cell death. In short, Taxifolin exhibits pleiotropic neuroprotective effects against CAA (Inoue et al., 2019).
FUTURE PERSPECTIVE
In light of the promising preclinical data outlined in this review, we are currently preparing a clinical trial of Taxifolin in CAA patients. Nevertheless, several caveats on the use of this exciting potential treatment option should be addressed. Firstly, preclinical studies have not demonstrated that Taxifolin mitigates or prevents ICH, suggesting this may represent an inappropriate efficacy outcome in a clinical trial. Considering that Taxifolin restores cerebrovascular reactivity in mice (Saito et al., 2017), improvement of the cerebrovascular reserve capacity may be a more suitable in evaluating efficacy in CAA patients; indeed, impaired vascular reactivity is an early manifestation of CAA (van Opstal et al., 2017). However, the use of a surrogate, instead of a clinical, endpoint as a primary outcome of the efficacy of a drug in a clinical trial of a common disease such as CAA remains controversial (Broich et al., 2011). Secondly, the optimal dose and usage of Taxifolin in humans should be assessed. We reported the inhibition of Aβ oligomer formation in mice using a high dose of Taxifolin (Saito et al., 2017). In our experiments, 3% Taxifolin was administered orally to mice weighing approximately 30 g and consuming 3–5 g chow a day. It is still unknown whether smaller doses of Taxifolin initiate Aβ disassembly in vivo. Daily doses of 100 mg per day of Taxifolin are frequently administered as a health supplement product. However, whether high doses of Taxifolin are safe and tolerated in humans has yet been established and the elimination half-life period of Taxifolin is short at less than 1 h (Saito et al., 2017). Thirdly, as many as 191 metabolites of Taxifolin were reported in rats (Yang et al., 2016). Given that some of the metabolites could exhibit anti-CAA effects as well as Taxifolin, individual differences in the metabolism of Taxifolin may affect the response on Aβ disassembly in each patient, meaning the safety of such derivatives should be also evaluated. Finally, the identification of predictive indicators of favorable response of Taxifolin on CAA should be prioritized. Heterogeneity and multimorbidity are common in the elderly (Barnett et al., 2012), meaning the pharmacokinetic and pharmacodynamic effects of Taxifolin may vary in different individuals. However, the grouping of the patients based on the results of predictive indicators may facilitate more targeted, stratified or precision medicine treatments (Hampel et al., 2018).
CONCLUSION
Although numerous agents derived from natural plants now play pivotal roles in the prevention and treatment of various diseases, the importance of medicinal plant research may be underestimated in the field of AD and CAA. The beneficial effects demonstrated in preclinical studies suggest more promise for the clinical use of Taxifolin than other drug candidates for CAA. Future basic and clinical studies of this commonly used bioactive flavonoid could open new avenues for preemptive medicine for AD and CAA.
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Often associated with sexual dysfunction (SD), chronic stress is the main contributing risk factor for the pathogenesis of depression. Radix bupleuri had been widely used in traditional Chinese medicine formulation for the regulation of emotion and sexual activity. As the main active component of Radix bupleuri, saikosaponin D (SSD) has a demonstrated antidepressant effect in preclinical studies. Herein, we sought to investigate the effect of SSD to restore sexual functions in chronically stressed mice and elucidate the potential brain mechanisms that might underly these effects. SSD was gavage administered for three weeks during the induction of chronic mild stress (CMS), and its effects on emotional and sexual behaviors in CMS mice were observed. The medial posterodorsal amygdala (MePD) was speculated to be involved in the manifestation of sexual dysfunctions in CMS mice. Our results revealed that SSD not only alleviated CMS-induced depressive-like behaviors but also rescued CMS-induced low sexual motivation and poor sexual performance. CMS destroyed astrocytes and activated microglia in the MePD. SSD treatment reversed the changes in glial pathology and inhibited neuroinflammatory and oxidative stress in the MePD of CMS mice. The neuronal morphological and functional deficits in the MePD were also alleviated by SSD administration. Our results provide insights into the central mechanisms involving the brain associated with sexual dysfunction. These findings deepen our understanding of SSD in light of the psychopharmacology of stress and sexual disorders, providing a theoretical basis for its potential clinical application.
Keywords: saikosaponin d, medial posterodorsal amygdala, sexual behaviour, emotion, stress
INTRODUCTION
Stressful stimuli are aplenty in modern society, and stressful life events are the main cause of depression (Hammen, 2018). Stress-related mood disorders have become a serious public health problem and drawn much attention (Becker and Kleinman, 2013; Ménard et al., 2016). Another great concern frequently overlooked is that depressed male patients who experience chronic stress often show reduced sexual interest, have difficulty with sexual arousal, and exhibit poor sexual function (Hosain et al., 2013; Breyer et al., 2014; Deumic et al., 2016). Indeed, the prevalence of these problems are much higher in depressed men than in the general population (El Yazidi et al., 2019). In experimental studies, chronic stress has also been reported to induce reduced sexual motivation, testicular injury, and nonorganic erectile dysfunction in male animals (Hou et al., 2014; Chen et al., 2019). Depression mainly occurs in young and middle-aged people (Bogren et al., 2018); sexual dysfunction in these men has a huge negative impact on the individuals’ and couples’ quality of life.
As an important component of the limbic system (Sokolowski and Corbin, 2012), the amygdala plays a key role in responding to emotional stimuli; its involvement in the pathophysiological response to stress had been well recognized (Drevets, 2003; Barry et al., 2017; Kedo et al., 2018). In addition, the amygdala also plays an important role in the arousal and execution of sexual behavior (Kühn and Gallinat, 2011; Seok et al., 2016). Direct bilateral electrical damage to the medial amygdala causes abnormal emotional behaviors in animals (Vinkers et al., 2010). The mating behaviors of male rats with a medial amygdala injury were severely impaired, while that of the rats with a basolateral amygdala injury remained unchanged (Kondo, 1992). The medial amygdala plays a dual role in both emotional processing and regulation of sexual behavior. The posterodorsal medial amygdala (MePD) is a subnucleus of the medial amygdala that expresses sex hormone receptors and is involved in regulating moods and sexual behavior (Rasia-Filho et al., 2012; Bergan et al., 2014). It can exert a regulatory effect on sexual motivation through its connection with downstream nuclear clusters (Holder and Mong, 2017). Sexual dysfunction in male patients with chronic stress-induced depression may be caused by a dysfunctional MePD in the central nervous system (CNS).
Common antidepressants have a long onset of action, accompanied by side effects of varying severity (Tollefson, 1991). Sexual dysfunction is one of the most commonly reported adverse effects of antidepressants (Montejo et al., 2019). Only few alternatives or supplemental drugs have been found to effectively alleviate the abovementioned symptoms. Therefore, there is an urgent need to identify and develop drugs that can clinically improve emotional dysfunctions, without disrupting sexual activity. Radix bupleuri is a widely used ingredient in traditional Chinese medicine (TCM) formulations for relieving depression. It plays a therapeutic role in the Xiaoyaosan (Liu et al., 2015), Sinisan (Wang et al., 2020), Chaihu-Shugan-San (Qiu et al., 2014), and other traditional antidepressant Chinese medicine formulae. Modern pharmacological studies have shown that saikosaponins are the main bioactive component of Radix bupleuri accounting for its antidepressant effects (Chao et al., 2020). Saikosaponin D (SSD) had a demonstrated antidepressant effect in multiple depression models (Li et al., 2017; Xu et al., 2019; Chao et al., 2020). However, it remains unknown whether SSD could ameliorate chronic stress-induced impairments of sexual activity. This study sought to explore the effect of SSD on chronic stress-induced depression and symptoms related to sexual dysfunction in male mice and elucidate its potential central mechanisms.
MATERIAL AND METHODS
Animals
C57 BL/6J adult male mice, aged 8–10 weeks, were provided by the Laboratory Animal Center of Southern Medical University (Guangzhou, Guangdong). All animals were raised in a single cage in a standard specific pathogen-free experimental environment (12 h light/dark cycle, with ad libitum access to dry food and clean water). The indoor temperature was maintained at 23 ± 1°C, and the humidity was maintained at 50–60%. Animal treatments, including anesthesia induction and euthanasia, were conducted in accordance with the Principle of Laboratory Animal Care (NIH Publication no. 85–23, revised 1985). All experimental procedures were conducted in accordance with the requirements of the China Animal Ethics Committee and were approved by the Animal Ethics Committee of The Third Affiliated Hospital of Sun Yat-sen University.
Chronic Mild Stress (CMS) Modeling and Drug Administration
In addition to those included in the control group, the remaining mice were subjected to chronic unpredictable stress. The procedures for CMS model development were adapted from a previous study (Qin et al., 2019). The stress paradigm included fasting, day/night reversal, forced swimming, noise, stroboscopy, restraint stress, water deprivation, and a wet cage; these stressors were randomly subjected 2–3 times every day. The unpredictable stimuli were administered in different ways for 7 weeks. After chronic stress stimulation for 3 weeks, the CMS mice were then randomly assigned to the SSD treatment group (CMS+SSD) or nontreated CMS group (CMS). The SSD dosage was adopted from previous validated research (Xu et al., 2019; Chao et al., 2020) (M3936, Abmole, Houston, TX, United States, >98%, 1 mg/kg; dissolved in saline and administered via gavage) and the treatment lasted three weeks; in contrast, the mice in the CMS group were treated with saline. In the preliminary experiment, we had used 1 mg/kg dosage in age-matched mice to verify the potential adverse effects of SSD. The SSD treatment had little effect on depressive and sexual behaviors of the mice, after which we performed the following experiments. All experiments were strictly implemented in accordance with the 3R principles; each group had 20 mice. At the end of the CMS modeling and SSD treatment, the animals were used for behavioral, morphological, electrophysiological, and biochemical analyses. All animals were assigned a numerical code and the investigators were always blinded to the treatment groups until the completion of data analysis.
Sucrose Preference Test
The sucrose preference test is the main method of testing the core symptom of CMS depression model-anhedonia (Cao et al., 2013). After 23 h of fasting and water abstinence, each mouse was provided with two bottles of water (weights measured in advance): one bottle contained 1% sucrose water and the other had pure water. Pure water consumption and sugar water consumption of the mice were calculated after 1 h. The percentage of sugar water consumption was calculated in terms of the total weights of liquid consumed.
Forced Swimming Test (FST)
The mice were placed in a swimming bucket filled with water at 24 ± 2°C, with a depth of 20 cm, for 6 min. The time the mice spent in immobility within the last 4 min was recorded. The duration of immobility was recorded when mice ceased struggling.
Y-Maze Preference Test
This experiment was conducted in a closed Y-shaped maze as previously described (Petrulis and Johnston, 1999). The maze was made of PVC plastic and consisted of three long arms and perforated plexiglass boxes were placed at the ends of two top arms. The animals were allowed to explore the animals behind the transparent perforated plexiglass boxes. The mice were allowed to move freely in the maze for 5 min, and the time spent exploring each end of the Y-maze was recorded.
Sexual Motivation Test
In reference to research on the sexual motivation of rats (Chu and Ågmo, 2016), we established a mouse model for the sexual motivation test. The experimental device used is similar to that used in rats. The equipment consisted of a rectangular open field having two chambers with openings on the diagonally opposite walls. The front of the chamber is made of a wire mesh, which allows the animals to see, smell and touch the animals in the chamber. Male and female animals are respectively placed in the two chambers. The virtual area in front of the cage is the motivation exploration area. A camera was suspended to track the movements of the animals, and the preference score was defined by female motivation area time/(female motivation area time + male motivation area time).
Sexual Behavior Test
The sexual interaction test was adapted from a previous study (Benelli et al., 2002). Briefly, the experiment was conducted in a quiet, dimly lit environment at nightphase. After three days of preadaptation to the experimental arena (20 min per day; arena area, 40 cm*40 cm*40 cm), the tested male mice were allowed to interact with aphrodisiac female mice (Grønli et al., 2005) for 30 min. The recorded masculine sexual behavior include the latency to first mount, mount frequency, intromission frequency, and the ratio of intromission and total mount.
Immunofluorescence Staining
Following paraformaldehyde perfusion and fixation, the mouse brains were dehydrated with 30% sucrose. After cryofixation and obtaining cryosections of the whole brain, the brain slices were incubated in 5% bovine serum albumin containing 0.5% Triton X-100 for 1 h, after which they were treated with the following primary antibodies: rabbit polyclonal anti-Iba1 (1:300; ab153696; Abcam) and rabbit polyclonal anti-glial fibrillary acid protein (GFAP) (1:300; ab7260; Abcam); the primary antibodies were incubated at overnight at 4°C. On the next day, following three washes with 0.1M phosphate-buffered saline (PBS), the slices were incubated with secondary antibody at room temperature for 1.5 h, mounted with DAPI-containing mounting medium, and sealed after washing again with PBS. Fluorescent images were acquired by confocal microscopy (Leica, Wetzlar, Germany) and analyzed using the Image J software.
Western Blotting
The brain protein samples were extracted using RIPA buffer containing a protease inhibitor cocktail (Roche, Basel, Switzerland), and the extracted proteins were electrophoresed in a 10–12% sodium dodecyl sulfate-polyacrylamide gel (Willget, China). Thereafter, the separated proteins were transferred onto polyvinylidene difluoride membranes; the membranes were then probed overnight with the following primary antibodies: mouse polyclonal anti-GFAP (1:800; cat# 3670; Cell Signaling Technology, MA, United States), rabbit polyclonal anti-MAP2 (1:800; cat# 4542; Cell Signaling Technology) and mouse polyclonal anti-GAPDH (1:2,000, sc-365062, Santa Cruz Biotechnology, TX, USA). On the next day, after washing, the membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. The proteins were then visualized using an enhanced chemiluminescent substrate (ECL; Thermo Fisher Scientific, IL, United States).
ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) DETERMINATION OF IL-1Β AND IL-6
After behavior tests, the mice were sacrificed by cervical dislocation and MePD brains tissue were rapidly isolated on ice. The isolated brain tissue were homogenized in ice-cold phosphate buffer (pH 7.4) and centrifuged at 10, 000 g at 4°C for 15 min. The supernatants were collected and 100 µl supernatants were added in the plates to measure IL-1β and IL-6 with commercial ELISA kits (DY401 and DY406 respectively; R&D Systems, Minneapolis, United States) in accordance with the manufacturer’s instructions. The optical density (OD) was measured with a microplate reader (PerkinElmer, Waltham, MA, United States) at a wavelength 450 nm and normalized to total soluble protein concentration with a BCA Protein Assay Kit (Cell Signaling Technology).
Reactive Oxygen Species (ROS) Measurement
Oxidative stress in the MePD was evaluated by determining the generation of ROS. Quantitative measurements of ROS were performed using a double-sandwich ELISA method (ROS assay kit; QYE2656; Qualityard, Beijing, China) in accordance with the manufacturer’s instructions. The OD value of each hole was measured sequentially with a microplate reader (PerkinElmer) with the wavelength of 450 nm and the values were expressed relative to the signal of controls.
Stereotaxic Surgery
Stereotaxic surgeries were conducted as previously described (Wang et al., 2019b). The mice were anesthetized with intraperitoneal injection of 4% pentobarbital sodium (40 ml/kg) and placed on a stereotaxic apparatus (RWD, Shenzhen, China). The scalp was shaved, and the skin was disinfected with 75% alcohol. The skin was cut along the median line of the exposed bone, and the subcutaneous tissue was separated to fully expose the skull. After drilling through the skull, above the MePD (AP -1.7; ML 2.0; DV -5.0) nucleus, adeno-associated viruses (AAV) expressing the green fluorescent protein (GFP; BrainVTA, Wuhan, China) was injected into the target site.
Confocal Image Analysis of Spine Density
The GFP-stained brain sections were observed under a confocal microscope (LSM510, Meta, Zeiss). For dendritic spine density analysis, z-series stacks were obtained with 10 consisted scans at a high zoom at 1 mm intervals in the Z-axis. The dendritic spines were sampled from 3–5 distal dendrites of all GFP-positive neurons. The density of dendritic spines in the MePD was measured using Image J software.
In vivo Electrophysiological Recordings
After the mice were placed on a stereotaxic apparatus and the skull was exposed, a glass electrode was slowly lowered toward the MePD to record neuronal activity. An electrical stimulation was delivered (STG4008 stimulator, Multichannel Systems, Germany) through the electrode—intensity, 0.1–0.9 mA; duration, 0.2 ms; frequency, 0.2–40 Hz. At the end of the experiments, only the data collected from the right stimulation sites were used for analyses.
Statistics
The GraphPad Prism 7.0 software was used to analyze the data and create the figures. Data are presented as mean ± standard error of mean (SEM) and analyzed using a Student’s t-test or an analysis of variance, according to the different experiments. The significance level for all tests was set to p/q < 0.05.
RESULTS
SSD Alleviated CMS-Induced Depressive-like Behaviors in Mice
Adult male mice underwent a seven-week CMS paradigm andthe SSD administration started from the end of the third week of CMS induction. In the sucrose preference test to evaluate anhedonia, the percentage of sucrose consumption was significantly reduced in the CMS group than in the non-stressed control group; however, SSD treatment for three weeks significantly improved sucrose consumption (Figure 1A). The results of FST revealed that the CMS group showed significantly extended duration of immobility than the non-stressed control group. In contrast, SSD administration remarkably rescued this immobility in the FST (Figure 1B). Therefore, these findings indicate that SSD demonstrated antidepressant effects in a mouse model of CMS.
[image: Figure 1]FIGURE 1 | The administration of saikosaponin D (SSD) induced antidepressant-like effects in chronic mild stress (CMS) mice. (A) Schematic of the experimental design; we used sucrose preference test to assess the depression-like behaviors of mice on a weekly basis. (n = 10, repeated-measures analysis of variance [ANOVA]). (B) Effects of SSD on depression-type behavior determined via forced swimming test (n = 9–11, one-way ANOVA). Data are presented as the mean ± standard error of mean. ***p < 0.001.
SSD Rescued CMS-Induced Low Sexual Motivation in Male Mice
In a previous study, the CMS-related rodent model had shown abnormally low sexual desire (Shen et al., 2020). In a mice Y-maze sexual preference test (Figure 2A), healthy male mice preferred to explore an estrous female mouse rather than a sexually active male mouse (Figure 2B); however, the CMS mice spent nearly the same amount of time around the male/female target arm. SSD treatment remarkably alleviated the adverse effects of CMS, with a statistically significant increase in the time spent exploring an estrous female mouse than a sexually active male mouse. In another sexual motivational test adapted from a rat study (Figure 2C), when the mice were allowed to freely explore the arena, similar to our abovementioned results, the CMS-induced male mice spent less time in the female zone than those in the control group. In addition, the SSD treatment restored female exploration behavior (Figure 2D). SSD administration improved the sexual motivation of the male CMS mice.
[image: Figure 2]FIGURE 2 | The effect of saikosaponin D (SSD) on sexual preference and sexual motivation in chronic mild stress (CMS) mice. (A) Schematic of the Y-maze preference test. (B) The time spent exploring between male and estrous female. In the experimental design, we used sucrose preference test to assess depression-like behaviors of mice on a weekly basis. (n = 9, Bonferroni post hoc t-test, analysis of variance [ANOVA]). (C) Schematic of the mice sexual motivation test. (D) Preference scores for sexual motivation. (n = 9, Bonferroni post hoc t-test, ANOVA). Data are presented as the mean ± standard error of mean. **p < 0.01, ***p < 0.001.
Effects of SSD on Sexual Performance in Male CMS Mice
After the sexual motivation test, we performed the sexual performance test assay to further assess the sexual performance of male CMS mice. In the sexual interaction test (Figure 3A), the latency to mount, number of mounts, number of intromissions, and the ratio between intromission and mount were recorded. SSD-treated CMS mice showed significantly reduced latency for first mouth with female mouse than vehicle-treated mice (Figure 3B). This further validated our previous results of the sexual motivation test. Moreover, SSD treatment significantly increased the number of mounts and intromission (Figures 3C,D), as well as increased the intromission ratio of male CMS mice to mount a female mouse (Figure 3E). SSD administration improved the overall sexual performance of male CMS mice.
[image: Figure 3]FIGURE 3 | The effect of saikosaponin D (SSD) on sexual activity parameters in CMS mice. (A) Schematic of the sexual activity experimental. Levels of sexual behavior after three weeks’ SSD administration: (B) mounting latency; (C) total mount; (D) intromission frequency; (E) the time ratio of intromission and mount. (n = 9, one-way analysis of variance [ANOVA]). Data are presented as the mean ± standard error of mean. *p < 0.05, **p < 0.01, ***p < 0.001.
Effects of SSD on Glial Pathology in the MePD
Similar to other amygdala subareas, the MePD mainly consists of two types of cells: neurons and glial cells. As a main glial cell type in the MePD, astrocytes are sensitive to environmental stress and may be affected in terms of their morphology and functions (Tynan et al., 2013), which can impact normal neural functions. In the MePD, we observed that the GFAP + astrocytic soma and primary processes responded sensitively to stress stimuli (Figure 4A). The animals in the CMS group had a lower GFAP + astrocyte density and shrunken astrocytic morphologies than those in the control group. The results of WB further confirmed the reduced GFAP expression in the MePD of CMS mice (Figure 4B); however, these deficits were reversed by SSD administration. Furthermore, chronic stress increased the number of Iba1-positive microglia and promote their activation in the MePD of CMS mice (Figure 4A).
[image: Figure 4]FIGURE 4 | The changes in glia markers, neuroinflammation and oxidative stress in the MePD. (A) Astrocytes and microglia were immunofluorescent staining with glial fibrillary acid protein (GFAP; red) and Iba1 (green) after CMS and saikosaponin D treatment. (Scale bar = 50 μm). (B) Expression patterns of GFAP by western blotting. (n = 5, one-way analysis of variance [ANOVA]). (C–E) IL-1β, IL-6 and reactive oxygen species in the MePD were detected by enzyme-linked immunosorbent assay and presented as fold change (%). (n = 5, one-way ANOVA). Data are presented as the mean ± standard error of mean. *p < 0.05, **p < 0.01, ***p < 0.001.
Effects of SSD on Neuroinflammation and Oxidative Stress in the MePD
Nextly, we tested whether SSD could attenuated neuroinflammation and inhibiting the oxidative stress. We performed ELISA studies to measure the IL-1β and IL-6 in the MePD immediately after the behavioral tests. CMS increased the IL-1β and IL-6 levels as compared to control group, the treatment of SSD significantly decreased the IL-1β and IL-6 levels in MePD of the mice as compared to CMS group (Figures 4C,D). CMS induces significantly increased ROS production compared with the control, however, SSD treatment effectively mitigate the elevation of the ROS levels in the MePD of the mice (Figure 4E).
Neural Plasticity in the MePD of CMS Mice After SSD Administration
Two weeks before the end of the CMS modeling, we infected MePD neurons with AAV-CMV-GFP. We measured the spine density in these local pyramidal neuronal cells that were tagged with GFP to reveal the morphological characteristics (Figure 5A). Spines protruding from second order dendrites were separately assessed for distal dendrites. The CMS mice showed significantly decreased spine density arising from the distal second order dendrites than that in the normal control mice (Figure 5B). The spines of dendrites in the SSD-treated group showed a significant reversion of the above-stated deficit. Consistent with the abovementioned observation, the expression of the neuronal marker MAP2 was decreased in CMS mice (Figure 5C), whereas MAP2 expression was significantly increased in the MePD of CMS+SSD mice.
[image: Figure 5]FIGURE 5 | Changes in neural spine density in the MePD. (A) Schematic of the viral injection, and the representative neuron imaged by Z-stacked confocal microscopy. (B) Spine density was expressed as the number of spines per 10 μm. (n = 12 slices from three mice, 5–6 neuron per slice, one-way analysis of variance [ANOVA]). (Scale bar = 10 μm). (C) MAP2 expression was determined by a western blotting analysis. (n = 5, one-way ANOVA). Data are presented as the mean ± standard error of mean. *p < 0.05, **p < 0.01.
Effects of SSD on Neural Firing Activity in the MePD
The firing rate of MePD neurons was measured by inserting an electrode into the brain (Figures 6A,B). CMS modeling significantly decreased the firing rate of MePD neurons (Figure 6C). This decreased neuronal firing was reversed in CMS+SSD group, which indicated that the restoration of the firing properties of the MePD may underpin the effects of SSD.
[image: Figure 6]FIGURE 6 | Recording of the in vivo activity of MePD neurons. (A,B) Location of the recording site and spontaneous firing activity electrophysiological properties of recorded neurons. (C) Statistical results of firing rate of MePD neurons from each group. (n = 12, one-way analysis of variance). Data are presented as the mean ± standard error of mean. *p < 0.05, ***p < 0.001.
DISCUSSION
Mood disorders, such as depression, are mainly caused by chronic stress or stressful events, with a high lifetime prevalence of reaching 20% (Patten, 2003). Sexual dysfunction, characterized by decreased sexual motivation and impaired sexual performance, is a major comorbidity in men with depression (Clayton et al., 2013) and current therapies are only partially effective, with a slow onset of efficacy, and may even lead to more severe sexual dysfunction (Atmaca, 2020). In the present study, we found that treatment with SSD can not only generate a stable antidepressant effect but also significantly alleviate sexual dysfunctions in CMS mice. We explored the central brain mechanisms underlying chronic stress-induced sexual dysfunction in mice. Pathological changes and neuroinflammation were observed in the glial and neuronal cells of the MePD of CMS mice; they may be involved in the manifestation of stress-induced sexual dysfunction. We speculated that the restoration of sexual activity by SSD may be due to its participation in the neurotrophic protection of the MePD.
Antidepressants prescribed by psychiatrists, such as serotonin reuptake inhibitors, have the well-known adverse effect of affecting sexual activity (Ishak et al., 2013; Clayton et al., 2015); these drugs may further aggravate the negative consequences on depression-induced impairment in sexual activity and affect patients’ quality of life, which could leading to patients’ resistance to medication and treatment failure. These male patients with impaired sexual function often report these sexual symptoms and seek help from andrologists, who often lack in-depth understanding of the brain mechanisms implicated in this syndrome; moreover, available treatments are mainly focused on providing symptomatic management, without a curative intent. Hence, there is an urgent need in this field for further interdisciplinary research.
The animal model of CMS has been widely used in studies on depression, which simulates various types of stress stimuli encountered by men in the current society (Brotto et al., 2001). The sexual dysfunction induced by this modeling strategy has been widely reported, such as reduced sexual motivation (Shen et al., 2020), nonorganic erectile dysfunction (Chen et al., 2019), impaired sexual behavior (Brotto et al., 2001), testicular damage (Hou et al., 2014), etc. In contrast, there is scarce information about the implications of central psychophysical mechanisms originating from the CNS. As a common clinical auxiliary therapy, TCM has been reported to have a therapeutic role in the regulation of emotions and sexual activity (Wang et al., 2019a; Ren et al., 2019). Bupleurum is the main ingredient in TCM prescriptions for the treatment of depression and sexual dysfunction (Lu et al., 2018). As the main active ingredient of Bupleurum, SSD has been reported to have antidepressant effects in rats (Li et al., 2017). However, it remains to be explored whether this effect involves modulation of sexual activity. Herein, we modeled CMS in mice and systematically analyzed the sexual motivation and performance of the CMS mice. SSD treatment improved depression-related behaviors in these mice, while also improving sexual motivation and performance. These findings are exciting and point toward the multi-modal effects of SSD.
Increasing evidence has revealed that the male reproduction system is extensively regulated by the CNS (Nadelhaft and Vera, 1996; Bancila et al., 2002), thus providing a new perspective to better understand related brain/reproductive system axis diseases. Sexual dysfunction caused by stress is not simply an symptom related to anhedonia associated with the reward system. As an instinctive behavior, sexual activity is linked to a conservative, intrinsic regulatory brain region (Kondo, 1992). Only few studies have analyzed stress-induced sexual dysfunction in terms of the pathophysiological and functional changes in the brain nuclei associated with sexual functions. As the subnucleus in the amygdala is closely related to sexual activity, MePD is evolutionarily conserved and plays an important role in arousal and the execution of human sexual behavior (Kühn and Gallinat, 2011; Seok et al., 2016). The MePD is considered to be a key integrator of systemic arousal and sexual sensory stimulation and is involved in both emotional regulation and sexual performance (Rasia-Filho et al., 2012; Bergan et al., 2014; Holder and Mong, 2017), thus we explore its potential contribution in the psychological stresses-related sexual dysfunction.
Astrocytes are the most abundant cells in the CNS (Namihira and Nakashima, 2013) and have been found to play an important role in stress-induced behavioral abnormalities (Jun et al., 2018); however, their function in the MePD remains largely unknown. During CMS modeling, astrocytes, which are involved in the initiation of neuroinflammation, are activated in the hippocampus (Du Preez et al., 2021). However, regarding the astrocytes in the MePD, the depressive-like symptoms are associated with a decreased density and hypofunction of astrocytes, which is expected to contribute to synaptic dysfunction in the MePD. Our results showed that the number, volume, and protrusion length of MePD astrocytes were decreased in male mice experiencing chronic stress, thus reducing the plasticity of astrocytes in local brain regions. SSD had a protective effect on astrocytes, which could antagonize the CMS-induced damage to astrocytes and enhance their plasticity. Stress can cause a vicious cycle, increasing microglial activation and neuroinflammatory dysfunction (Calcia et al., 2016). In this study, under condition of CMS, microglial activation and neuroinflammation were significantly increased in the MePD. CMS promoted proinflammatory microglial activation, microgliosis, and increased the concentration of inflammatory markers, such as interleukins, and increased ROS expression in the MePD. The effects of SSD in inhibiting microglia activation and neuroinflammation are consistent with those reported in previous reports (Su et al., 2020).
Chronic stress can significantly affect the synaptic plasticity and neuronal activity of the amygdala subnucleus (Marcuzzo et al., 2007), which suggests that CMS may produce changes in synaptic plasticity-related neural functions in the MePD. After observing the morphology of local neurons in the MePD, we found that the density of dendritic spines in the pyramidal neurons decreased significantly, suggesting weakened connections between the neurons. The electrophysiological results further showed impaired neuronal activity in the MePD, revealing that chronic stress caused synaptic plasticity-related impairment in neural functions in the MePD, and that SSD treatment can effectively reverse these changes. During the above processes, astrocytes are involved in the regulation of local neural activity (Chih and Roberts, 2003). Changes in astrocyte polarization were implicated in the abnormal neural information processing. Deepening understanding of the function of astrocytes and SSD’s psychopharmacological target in the MePD are worthy of future research focus. In addition, the MePD receives projections from upstream brain regions and sends signals down to its related brain regions, the MePD-related circuit mechanisms implicated in this brain-related sexual dysfunction still warrant further investigation.
Taken together, our results have shown for the first time that SSD has a dual therapeutic effect on stress-induced depression and stress-induced sexual dysfunction. Our data provide significant evidence in support of the presence of glial and neural pathologies in an animal model of brain-related sexual dysfunction diseases (BRSDD). These findings broaden our psychopharmacological insights into the role of SSD and lay the foundation for the development of novel potential therapeutic strategies to treat BRSDD.
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Herein, we have evaluated the protective potentials of Fisetin against d-galactose-induced oxidative stress, neuroinflammation, and memory impairment in mice. d-galactose (D-gal) causes neurological impairment by inducing reactive oxygen species (ROS), neuroinflammation, and synaptic dysfunction, whereas fisetin (Fis) is a natural flavonoid having potential antioxidant effects, and has been used against different models of neurodegenerative diseases. Here, the normal mice were injected with D-gal (100 mg/kg/day for 60 days) and fisetin (20 mg/kg/day for 30 days). To elucidate the protective effects of fisetin against d-galactose induced oxidative stress-mediated neuroinflammation, we conducted western blotting, biochemical, behavioral, and immunofluorescence analyses. According to our findings, D-gal induced oxidative stress, neuroinflammation, synaptic dysfunctions, and cognitive impairment. Conversely, Fisetin prevented the D-gal-mediated ROS accumulation, by regulating the endogenous anti-oxidant mechanisms, such as Sirt1/Nrf2 signaling, suppressed the activated p-JNK/NF-kB pathway, and its downstream targets, such as inflammatory cytokines. Hence, our results together with the previous reports suggest that Fisetin may be beneficial in age-related neurological disorders.
Keywords: d-galactose, fisetin, neurodegeneration, aging model, phytonutrient
INTRODUCTION
Aging is a cause of several chronic diseases, including diabetes mellitus, cardiovascular diseases, cancer, and neurological disorders such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and Huntington’s disease (HD) (Khan et al., 2018). Several studies have indicated that elevated ROS level is responsible for different neurodegenerative conditions in various age-associated disorders such as AD, PD, and diabetes (Olanow, 1993; Khan et al., 2019a). The elevated oxidative stress triggers cellular damage to the macromolecules (proteins, lipids, and DNA), which disturbs the physiological functions of the central nervous system (CNS), leading to neurodegeneration (Paradies et al., 2011). Thus, the neurodegeneration caused by elevated oxidative stress could be a therapeutic target to tackle age-related diseases neurodegenerative diseases. To develop neuroprotective strategies against age-related neurological disease, different animal models have been developed. One of the known models is the D-gal injected animal model.
Chronic administration of D-gal induces brain aging and accelerates artificial senescence which is used for different anti-aging pharmacological research (Cui et al., 2006). D-gal is a monosaccharide, which exists throughout the body. At higher concentrations, in the presence of galactose oxidase, it converts to hydrogen peroxide and aldose, causing disposition of a superoxide anion, oxygen-derived free radicals, and cellular damage (Lu et al., 2007). Chronic administration of d-galactose for 2 months induces cognitive and memory impairment through the accumulated ROS, mitochondrial deficits, neuroinflammation, and neurodegeneration (Zhang et al., 2007).
Recently, the use of phytonutrients and medicinal herbs have gained a special interest to treat neurological disorders such as AD (Huang and Mucke, 2012; Shah et al., 2017b). Among the phytonutrients, Fisetin (3,7,3′’,4′’-tetrahydroxyflavone), a natural flavonoid is found in different fruits, such as legumes, mangoes, kiwis, strawberries, grapes, cucumbers, nuts, beans, and onions. Fisetin has shown strong anticarcinogenic, anti-inflammatory, antioxidant, neurotrophic, and neuroprotective effects against different neurodegenerative diseases (Khan et al., 2013; Currais et al., 2014; Echeverry et al., 2015; Maher, 2015).
Here, we explore the underlying neuroprotective mechanism of Fis against D-gal-induced aging in mice. We have targeted the main cell survival mechanisms of the brain, such as silent information regulator transcript-1 (SIRT1), Nuclear factor erythroid 2-related factor 2 (Nrf-2), and Heme oxygenase (HO-1). The Sirt1 is a nicotinamide adenine dinucleotide (NAD)-dependent nuclear histone deacetylase, which is involved in the modulation of several cell survival mechanisms, e.g., regulation of calorie restriction and improving the lifespan, cellular metabolic processes, cells senescence, apoptotic cell death, oxidative stress, neuroinflammation, histones deacetylating and non-histone proteins in the body. The deacetylation by SIRT1 may inhibit the transcriptional activation of NF-kB, and neuroinflammation (Shah et al., 2017a).
The transcription factor Nrf2 encodes antioxidant enzymes, regulates the repair of damaged proteins and organelles, neuroinflammation, and mitochondrial homeostasis. The function of Nrf2 is affected in several neurodegenerative conditions, such as Alzheimer’s disease, Parkinson’s (Khan et al., 2020), and multiple sclerosis. Pharmacological modulators of Nrf2 have shown promising effects in neurodegenerative conditions.
Prion disease is a group of neurodegenerative diseases affecting humans and animal species. The conversion of a non-pathogenic normal cellular protein (PrPc) into an abnormal pathogenic form prion protein scrapie (PrPSc), is considered the cause of the disease. The PrPSc aggregates in the individual’s brain, causing an elevation of oxidative stress, by reducing the expression of Nrf2. And, boosting the level of Nrf2 may reduce the severity of the disease (Shah et al., 2018). Studies have suggested that regulation of Nrf2 may provide an opportunity to delay the progression of this disease (Dinkova-Kostova et al., 2018; Ikram et al., 2019a).
Among the neuroinflammatory factors, Mitogen-Activated Protein Kinases (MAPK), such as p-JNK play a critical role in the execution of neuroinflammation. Another factor is the NF-kB, which regulates multiple adaptive and innate immune functions and serves as a pivotal mediator of inflammatory reaction (Liu et al., 2017). The activation of NF-κB has been widely implicated in the normal aging processes, which aggravates the release of inflammatory cytokines and activation of astrocytes and microglial cells, such as ionized calcium-binding adaptor molecule 1 (Iba-1), and GFAP respectively (Ullah et al., 2020b; Kim et al., 2020).
The present study was undertaken to analyze the effects of Fisetin against D-gal-induced elevated ROS, neuroinflammation, and cognitive dysfunction in mice. Herein, we hypothesize that Fisetin may reduce oxidative stress and neuroinflammation by regulating cell survival (SIRT1/Nrf2) and inflammatory (p-JNK) mechanisms. Collectively, here we hypothesize that Fisetin may regulate the oxidative stress-mediated neuroinflammation, apoptotic cell death and cognitive dysfunctions in D-gal treated mice.
MATERIALS AND METHODS
Animals Handling, Grouping, and Ethical Approval
The study included wild-type mice (C57BL/6N) having 26–29 g of body weight and 9 weeks of age. The mice were obtained from Samtako Bio (Osan, South Korea). The study was conducted under the approved guidelines of the Institutional Animal Care and Use Committee (IACUC) of the Division of Applied Life Science, Gyeongsang National University, South Korea (approval ID: 125). To acclimatize, all animals (total number of mice = 60, the number of mice per group = 20, and 10 mice for Western blot and 10 for immunofluorescence analysis) were kept for 7 days in the animal house under a 12/12 h light/dark cycle at control temperature (23°C) with 60 ± 10% humidity. The animals were freely provided with food and water.
Chemicals and Antibodies
Fisetin (Lot#SLBF3913V) and d-galactose (sc-202564) were procured from Sigma-Aldrich Chemical Co. (St. Louis, MO, United States). The drugs were dissolved in 0.1% dimethyl sulfoxide (DMSO) and the final volume was adjusted with normal saline (0.9% saline). The control mice were injected with normal saline.
The antibodies used in the current studies are: SIRT1 (sc-74465), anti-Nrf2 (sc-722), anti-HO-1 (sc-136,961), P-JNK (sc-625), anti-p-NF-κβ (sc-136,548), anti-Iba-1 (sc-32,725),anti-GFAP (sc-33673) anti-interleukin (IL-1β) (sc-32,294), anti-tumor necrosis factor-α (TNF-α) (sc-52,746), NOS-2 (sc-651), anti-Bax (sc-7480) anti-Bcl2 (sc-7382), cleaved Caspase-3 (sc-7272), anti-PARP-1 (sc-8007), anti-PSD-95 (sc-71,933), anti-synaptosomal-associated protein 23 (SNAP-25), and anti-β-actin (sc-47,778) (Santa Cruz Biotechnology, Dallas, TX, United States). The primary antibodies were diluted in 1× TBST (1:1,000), and secondary anti-mouse HRP (horseradish peroxidase) conjugated (Promega Ref# W402) and anti-rabbit HRP conjugated (Promega Ref# W401) were diluted 1:10,000 in 1 M TBST (Promega, Fitchburg, WI, United States); the secondary antibodies (anti-mouse Ref# A11029 and anti-rabbit Ref# 32,732) used in the immunofluorescence studies were diluted in 1:100 in 1 M PBS.
Mice Grouping and Drugs Administration
The mice were randomly divided into the following three groups 1) Mice injected with saline as a control group. 2) Mice administered with D-gal (100 mg/kg/day i. p for 2 months, one month before, and one month co-treated with Fisetin). 3) Mice administered with D-gal and Fis (20 mg/kg/day i. p for 1 month). The alone group was not considered for the analysis, as no side effects of Fis have been reported previously. The dose of Fis was selected based on previously conducted studies (Rehman et al., 2017). After the completion of the treatment, the behavioral study of the male mice was conducted by using the Y-maze test followed by the Morris water maze (MWM) Figure 1.
[image: Figure 1]FIGURE 1 | Study design and animal treatments. Figure showing the mice grouping, handling, drug treatment, and experimental design.
Y-Maze Test
To conduct the behavioral studies, the mice were randomly divided into three groups, and the cages were labeled with numbers (so that the experimenters were unaware of the mice grouping). Y-maze test was conducted to analyze the spatial working memory, as performed previously (Khan et al., 2018; Muhammad et al., 2019). The Y-maze had three arms, having 50 cm in length, 10 cm in width, and 20 cm in height. The mouse was put at the center of the maze and allowed to explore the maze for 8 min (three times), and the arm entries were observed visually. The Spontaneous alternation was defined as the consecutive entry of the mice into the three arms in coinciding triplet sets. The alternation behavior (% age) was calculated as successive triplet sets/(total number of arm entries–2) × 100.
Morris Water Maze Test
The apparatus used for the MWM is made up of a circular water tank 40 cm in height and 100 cm in diameter. The tank was filled with water (23 ± 1°C) to a depth of 15.5 cm and was made opaque by adding non-toxic white ink. A platform (20 cm in height, 10 cm in diameter) was placed 1 cm below the water surface in one quadrant. The mice were trained for four consecutive days (four trials per day). The latency to reach the hidden platform was calculated for each trial. After completion of the training the probe test was conducted, where the mice were subjected to swim freely in the tank for 1 min (in the absence of platform). Here, the time spent in the target quadrant, and three non-quadrants (right, left, and opposite), and the number of crossings were recorded through a video detective system (SMART, Panlab Harvard Apparatus, United States).
Protein Extraction From Mice Brains for the Western Blot
After the behavioral studies, the mice were sacrificed and the brains were extracted and the sections (cortex and hippocampus) were carefully dissected, and homogenized in PRO-PREP extraction solution (iNtRON, Seoul South Korea). After homogenization, the brain tissues were centrifuged at 13,000 rpm at 4°C for 24 min, and the supernatants were collected and preserved at (−80°C) for further experimentations.
Western Blotting
The amount of protein loaded in each well was calculated using the Bio-Rad solution (Bio-Rad protein assay kit, Bio-Rad Laboratories, CA, United States) (Muhammad et al., 2018; Khan et al., 2019a). Equal amounts of proteins 18–20 µg were loaded in the gel under similar experimental conditions. A broad-range prestained protein marker (GangNam STAIN™, iNtRON) was loaded for the determination of the exact molecular weight. To avoid the non-specific binding the membranes were blocked in 5% (w/v) skim milk and incubated with the primary antibodies (overnight at 4°C). The membranes were washed and treated with horseradish peroxidase-conjugate (HRP)-a secondary antibody, and the expressions were detected using an ECL detection reagent, according to the instructions (Amersham, Uppsala, Sweden). The optical densities of the bands were analyzed through ImageJ software.
Preparation of the Samples for the Immunofluorescence Studies
The mice were perfused transcardially with saline followed by transfusion with ice-cold 4% neutral buffer paraformaldehyde. The brains were fixed in 4% paraformaldehyde for 72 h, followed by incubation in 20% sucrose for 48 h. After that, the brains were fixed in the frozen O.C.T. compound (Tissue-Tek O.C.T. compound medium, Sakura Finetek United States, Inc., Torrance, CA, United States). The 14 μm coronal plane sections were cut using a CM 3050 S Cryostat (Leica, Berlin Germany). The sections were taken on the gelatin-coated slide and used for further experiments.
Immunofluorescence Staining
The immunofluorescence staining was conducted as described previously (Ikram et al., 2019b; Muhammad et al., 2019). The slides were washed with 0.01 M PBS, followed by incubation for 1 h in 2% normal goat serum and 0.3% Triton X-100 in PBS. After that, the slides were treated with primary antibodies diluted in PBS. After the primary antibody treatment, the slides were treated with appropriate secondary antibodies (TRITC or FITC-labeled) (Santa Cruz Biotechnology, Dallas Texas United States). For the nuclear staining, the slides were incubated with 4′,6-diamidino-2-phenylindole (DAPI). The immunoreaction was visualized using a confocal laser-scanning microscope (Fluoview FV 1000 MPE, Olympus, Tokyo, Japan). Through ImageJ, the relative integrated densities were evaluated among the experimental groups, which sums all of the pixels within a region and gives a total value. And the obtained values were compared among the experimental groups.
ROS and LPO Assays
The ROS assay was conducted according to the established protocols (Ikram et al., 2019b). The assay is based on the oxidation of 7-dichlorodihydrofluorescein diacetate (DCFH-DA) to 2, 7-dichlorodihydrofluorescein (DCF). In short, the brain tissue homogenates (Cortical and Hippocampal) were used for this assay. The tissue homogenate was diluted in 1 ml of Locke’s buffer (1:20 ratio), 10 ml of DCFH-DA (5 mM), and 0.2 ml of tissue to a final concentration of 5 mg tissue/mL, followed by incubation for 15 min to get a fluorescent DCF. The converted fluorescent DCF was measured using a spectrofluorometer (excitation at 484 nm and emission at 530 nm). A parallel blank was used for background fluorescence (conversion of DCFH-DA in the absence of homogenate). The data has been presented as picomole DCF formed per minute per milligram of the protein. For the evaluation of LPO, the free malondialdehyde (MDA) was analyzed in the brain samples, for which MDA colorimetric/fluorometric kit (Cat #K739–100) was used, a detailed description has been given previously (Badshah et al., 2019).
Fluoro-Jade B Staining
The Fluoro-Jade B (Burlington, MA, United States, Cat #AG310, Lot #2159662) staining was performed as conducted previously (Ikram et al., 2019b). The slides were dipped in 1% sodium hydroxide and 80% ethanol for 5 min, followed by treatment with 70% ethanol for 2 min. After that, the slides were rinsed with D-water and transferred into a potassium permanganate solution (0.06%) for 10 min, washed with D-water, and kept in 0.1% acetic acid solution and 0.01% Fluoro-Jade B solution for 20 min. After the treatment, the slides were washed with D-water and dried. The sections were covered, and the images were taken using a confocal laser microscope (FV 1000, Olympus, Tokyo, Japan). And, the integrated density was used for the immunofluorescence intensity, for which the ImageJ software (wsr@nih.gov, https://imagej.nih.gov/ij/) was used.
Evaluations and Statistical Analysis
ImageJ software was used to measure the values for western blot and immunofluorescence analysis. The data has been presented as mean ± SEM (three independent experiments for 20 mice per group: 10 for immunofluorescence and 10 for Western blot). For statistical analysis, we used GraphPad Prism v6 (GraphPad Software), where one-way ANOVA followed by student’s t-test was used to differentiate among the experimental groups. p values less than 0.05 was considered to be statistically significant *p < 0.05, **p < 0.01 represent control vs. D-gal treated mice, #p < 0.05, ##p < 0.01 represent D-gal vs. D-gal + Fis.
RESULTS
Effects of Fisetin Against d-Galactose-Induced Oxidative Stress in Mice Brains
To analyze the antioxidant effects of Fisetin, we performed the ROS and LPO assays, which showed that D-gal increased the levels of LPO and ROS, which were partially reduced with the administration of Fisetin (Figures 2A,B). Also, we analyzed the expression of SIRT1/Nrf-2 and HO-1 in the experimental mice brains through western blot. According to our findings, there was a significant downregulation in the expression of SIRT1, Nrf-2, and HO-1 in the D-gal-injected mice brains, compared to the control group. Notably, these markers were upregulated in the D-gal + Fisetin co-treated mice, compared to the D-Gal injected mice (Figure 2C). These results were further confirmed with the immunofluorescence analysis, which showed that Fisetin significantly enhanced the expression of SIRT1 and Nrf-2 in the Fisetin-treated mice brains (Figures 2D,E).
[image: Figure 2]FIGURE 2 | Fisetin regulates Sirt-1/Nrf2/HO-1 signaling pathway in mice brains (A and B). LPO and ROS assays in vivo. (C). Western blots results of SIRT1/Nrf2/HO-1 in the experimental groups, with respective bar graphs. β- Actin was used as a loading control (D and E). Immunofluorescence images of SIRT1 and Nrf2 with respective bar graphs Magnifications ×10. Scale bar 50 µm n = 10 mice per group for western blot and immunofluorescence analysis, number of experiments = 3. *p < 0.05, **p < 0.01 represent control vs. D-gal treated mice, #p < 0.05, ##p < 0.01 represent D-gal vs. D-gal + fisetin. LPO: Lipid peroxidation, ROS: Reactive Oxygen Species, Con: Control, D-gal: d-galactose, Fis: Fisetin, Hippo: Hippocampus.
Protective Effects of Fisetin Against D-Gal-Induced Neuroinflammation in Mice Brains
The elevated ROS level may induce the expression of JNK and NF-kB, which contributes to neuroinflammation in animal models (Rehman et al., 2017). So, we evaluated the expression of p-JNK, Iba-1, and GFAP in the experimental groups through the immunofluorescence analysis. According to our findings, there was a significant increase in the expression of p-JNK, Iba-1, and GFAP in the D-gal treated mice brains, which was reduced in the D-gal + Fis co-treated groups (Figures 3A–C). Moreover, the western blot results also showed that D-gal-treated mice showed increased expression of p- JNK, JNK p-NF-Kβ, NF-Kβ, Iba-1, GFAP, IL-1β, TNF-α, and NOS-2 in the D-gal-treated mice brains, whereas Fisetin significantly reduced the expression of these markers compared to the D-gal-treated mice (Figure 3D).
[image: Figure 3]FIGURE 3 | Fisetin ameliorates the expression of JNK and its associated inflammatory mediators ind-galactose injected mice (A,B and C). Immunofluorescence results of p-JNK, Iba-1, and GFAP in the experimental mice’s brains. (D). Western blot results of p-JNK, JNK p-NF-Kβ, NF-Kβ, IL-1β, Iba-1, GFAP, TNF-α, and NOS-2 in the experimental mice’s brains. β- Actin was used as a loading control. n = 10 mice per group for western blot and immunofluorescence analysis, number of experiments = 3. *p < 0.05, **p < 0.01 represent control vs. D-gal treated mice, #p < 0.05, ##p < 0.01 represent D-gal vs. D-gal + fisetin. LPO: Lipid peroxidation, ROS: Reactive Oxygen Species, Con: Control, D-gal: d-galactose, Fis: Fisetin, Hippo: Hippocampus, DG: Dentate Gyrus.
Effects of Fisetin on the Expressions of Apoptotic Markers in the Mice Brains
The elevated oxidative stress causes the activation of p-JNK which may mediate the apoptotic signalings (Tournier et al., 2000; Liu and Lin, 2005). To show the effects of Fisetin against apoptotic cell death, we analyzed the expressions of cleaved Caspase-3, cleaved PARP-1, and Bax, and Bcl-2 in the D-gal-treated mice brains. Our findings suggested that Fisetin significantly reduced the expression of pro-apoptotic markers (cleaved-Caspase-3. Cleaved-PARP-1 and Bax), and enhanced the expression of anti-apoptotic markers (Bcl-2) in the Fisetin-injected mice brains (Figure 4A). Further, the immunofluorescence results of Caspase-3 showed enhanced activation of Caspase-3 in D-gal-treated mice brains which were reduced in the Fisetin-treated mice brains (Figure 3B). Similarly, the Fluorojad B staining also showed reduced Fluorojad B positive cells in fisetin-treated mice brains, compared to the D-gal injected mice (Figure 3C).
[image: Figure 4]FIGURE 4 | Effects of Fisetin against the apoptotic cell death in the D-gal-treated mice Brains. (A). Western blots results of Bax, Bcl2, cleaved caspase-3, and cleaved PARP-1 in the mice brains (B and C) Immunofluorescence results of caspase-3 and flourojade-B in the experimental mice brains. β- Actin was used as a loading control. Values are the means ± SEM from three independent experiments. Magnifications ×10, Scale bar 50 µm n = 10 mice per group for western blot and immunofluorescence analysis, number of experiments = 3. *Significantly different from normal mice # significantly different from D-gal-treated mice, respectively; *p < 0.05, **p < 0.01 represent control vs. D-gal treated mice, #p < 0.05, ##p < 0.01 represent D-gal vs. D-gal + fisetin. Con: Control, D-gal: d-galactose, Fis: Fisetin, Hippo: Hippocampus, DG: Dentate Gyrus.
Effects of Fisetin Against the Synaptic Dysfunctions in the D-Gal Treated Mice
Next, we evaluated the expressions of synaptic proteins in the experimental groups. According to our findings, there was a significant downregulation in the expression of synaptic proteins such as SNAP-25 and PSD-95 in the D-gal treated mice compared to the control group, which were upregulated in the Fisetin-treated group (Figure 5A). Moreover, the immunofluorescence analyses also showed reduced expression of PSD-95 in the D-gal-treated mice brains compared to the control group, which were upregulated in the Fisetin-treated mice brains (Figure 5B). Collectively, our findings suggested that Fisetin reversed the D-gal-induced synaptic dysfunction in d-galactose-treated mice brains (Figure 5).
[image: Figure 5]FIGURE 5 | Effects of Fisetin against the synaptic dysfunction in D-gal-treated mice. (A). Western blot resulted in SNAP-25 and PSD-95 in the experimental mice, β- Actin was used as a loading control. (B). Immunofluorescence images of PSD-95 in the cortex and hippocampus of the treated groups. Magnification ×10. Scale bar 50 µm n = 10 mice per group for western blot and immunofluorescence analysis, number of experiments = 3. *p < 0.05, **p < 0.01 represent control vs. D-gal treated mice, #p < 0.05, ##p < 0.01 represent D-gal vs. D-gal + Fis. Con: Control, D-gal: d-galactose, Fis: Fisetin, Hippo: Hippocampus, DG: Dentate Gyrus.
Effects of Fisetin Against Cognitive Dysfunctions in D-Gal Treated Mice
To assess the effects of fisetin on the cognitive dysfunctions, we performed Y-maze followed by MWM tests. For the evaluation of the spatial working memory, the Y-maze test was conducted. Our results indicated that D-gal-injected mice exhibited less number of spontaneous alternations compared to the saline-treated control mice. Fisetin enhanced the spontaneous alternation behavior (%), showing that Fis restored the spatial working memory of the D-gal-injected mice (Figure 6A). Moreover, the arm entries were also considered, to analyze the effects of Fisetin on the motor performance of mice, which suggested that the number of arm entries was markedly upregulated with the administration of Fisetin, compared to the D-gal treated mice as shown in (Figure 6B).
For the analysis of the memory formation, we performed the MWM test. In the MWM test, the mice were trained to find a submerged hidden platform, if failed to find the platform, the mice were guided to the platform. After the training session, we analyzed the time required to arrive at the hidden platform position. The D-gal-injected mice took more time (increased latency time) to reach the hidden platform compared to the control mice. Interestingly, Fisetin reversed the d-galactose effects and enhanced the memory function, as indicated by the mice taking less time to arrive at the hidden platform compared to the D-gal-treated mice (Figures 6C,D). Furthermore, a probe test was conducted, which demonstrated that Fisetin reversed the d-galactose effects, and increased the number of platform crossings, time spent in the target quadrant (Figures 6E,F). Also, we checked the swimming speed, to show the effects of Fisetin on motor performance. According to our findings, fisetin significantly improved the swimming speed of the mice in the MWM test, compared to the d-galactose injected mice (Figure 6G).
[image: Figure 6]FIGURE 6 | Fisetin improved cognitive functions in the D-gal-injected mice (A and B). Histograms showing the spontaneous alternation behavior (%) and the number of arm entries in the Y-maze test. (C). Latency to reach the hidden platform during the training days. (D). Latency on day fifth. (E). The time spent in the target quadrant during the probe test on day 5. (F). The number of crossings over the hidden platform location during the probe test on day 5. (G). The swimming speed of the mice in the MWM test. n = 10 mice per group for behavioral analysis, number of experiments = 3. *p < 0.05 represents control vs. D-gal treated mice, #p < 0.05, represents D-gal vs. D-gal + Fis. Con: Control, D-gal: d-galactose, Fis: Fisetin, Hippo: Hippocampus.
DISCUSSION
The current study was investigated the antioxidant and neuroprotective effects of Fisetin against d-galactose-induced oxidative stress, neuroinflammation, and memory dysfunctions in mice. Our findings suggested that D-gal induces oxidative stress, neuroinflammation, apoptotic cells, and memory impairment in mice. Interestingly, these effects were markedly reduced with the administration of Fisetin, as confirmed by western blotting, immunofluorescence analysis, and behavioral studies.
Here, we have targeted the four cardinal features of d-galactose-induced aging, i.e., oxidative stress, neuroinflammation, synaptic dysfunction, and memory impairment. Oxidative stress is the result of an imbalance in the pro-oxidant/antioxidant homeostasis leading to the generation of toxic reactive oxygen species (ROS) (Niedzielska et al., 2016). The elevated oxidative stress induces neuroinflammation and neurodegeneration in age-related diseases such as AD (Ikram et al., 2019a) and PD, and other toxin-based animal models of neurodegeneration (Khan et al., 2019a; Badshah et al., 2019).
Several studies have suggested that d-galactose induces aging in animal models, by inducing oxidative stress and neuroinflammation, which aggravate the aging process (Chang et al., 2014). The oxidative stress may be induced by several mechanisms, such as suppression of the endogenous ROS regulators, and inducing lipid peroxidation. As, during aging, there is a significant reduction in the expression of SIRT1, which is vital for different neuronal survival by reducing oxidative stress (Salminen et al., 2013). Also, the cells are endowed with an antioxidant defense mechanism mediated by Nrf2, which activates the transcription of proteins involved in oxidative stress and cytotoxicity (Xue et al., 2012). As activation of Nrf-2 targets several genes such as HO-1, which provide a defense against oxidative stress, neuroinflammation, and neuronal apoptosis, offering a substantial resistance against oxidative stress-induced neurodegeneration (Johnson et al., 2008).
To show the effects of Fisetin against the elevated oxidative stress, we analyzed the expression of SIRT1, Nrf2, and HO-1 in the experimental groups, which suggested that Fisetin significantly regulated the elevated oxidative stress in d-galactose-injected mice brains. As, the downregulation of Sirt1, Nrf-2, and HO-1 in the D-gal treated mice brain, is per the previously conducted studies (Chen et al., 2019). The findings suggest that the d-galactose-induced oxidative stress may be partly due to suppression of the endogenous antioxidant mechanisms, as suggested previously (Ahmad et al., 2019). Interestingly, Fisetin attenuated the oxidative stress, as shown by the ROS and LPO assays.
Another main contributor to the progression of neurodegeneration is inflammation (Ikram et al., 2020), as several studies have shown that D-gal-induces oxidative stress, which activates the inflammatory and apoptotic cell death pathways (Rehman et al., 2019). Several factors are responsible for the induction of neuroinflammation, such as activation of p-JNK, p-NF-kβ (Muhammad et al., 2019; Ali et al., 2020), and activation of astrocytes and microglial cells, as components of the innate immune system (Muhammad et al., 2019), which are activated with oxidative stress. Previous studies have suggested that chronic administration of D-gal causes activation of Caspases via p-JNK/NF-kβ, which are involved in the neurodegeneration (Lu et al., 2010; Khan et al., 2019a). Nuclear factor-kB, a family of homo- and heterodimeric transcription factors, playing a role in the homeostasis of the various transcription genes in response to different stimuli such as infection, inflammation, and DNA damage-induced oxidative stress (Hayden and Ghosh, 2004), and may result in activation of inflammatory mediators such as IL-1β, TNF-α, and NOS2. Activation of NF-kB has been reported in old-aged mice (Barco and Marie, 2011). In 2013, Rehman et al. suggested that D-gal activates the p-JNK/NF-kB pathway (Rehman et al., 2017). Consistent with previous studies, our findings suggested increased expression of p-JNK/NF-κB in the d-galactose-injected mice, which were reduced in the Fisetin treated mice. The activation of p-JNK/NF-κB elicits other neuroinflammatory mediators and apoptosis. So, we analyzed the expression of IL-1β, TNFα, and NOS2, and other apoptotic markers such as cleaved caspases-3, cleavage PARP-1, Bcl-2, and Bax in the experimental groups, which suggested that fisetin possess strong anti-inflammatory and anti-apoptotic effects. For further confirmation, we used Fluoro-Jade B staining, which showed that, with the administration of Fisetin, there was a significant reversal in the loss of neuronal markers in the D-gal treated mice. The effects of Fisetin against neurodegeneration is in accordance with the previous studies conducted on aluminum (Prakash and Sudhandiran, 2015).
Our findings together with the previously conducted studies on the role of fisetin suggest that Fisetin has pronounced anti-inflammatory effects on neuroinflammation and apoptotic cell death (Ahmad et al., 2019). There is convincing evidence that Fisetin may inhibit the neuroinflammatory mediators, such as suppression of microglia and astrocytes (Chuang et al., 2014), as the activated astrocytes and microglia are the cardinal features of several neurodegenerative diseases (Ullah et al., 2020a) or it may reduce the inflammation by reducing the oxidative stress (Althunibat et al., 2019). The exact role of fisetin against the neuroinflallamtion needed further eluciadation.
Synaptic dysfunction has been extensively reported in age-related diseases such as AD (Ali et al., 2018). However, the exact mechanism by which D-gal causes synaptic dysfunction and neurological disorders remain unclear. Like neuroinflammation, the synaptic dysfunction may be directly triggered with the elevated oxidative stress or due to the activation of the inflammatory mediators, as both of these may affect cognition and synaptic functioning.
CONCLUSION
Collectively our results suggested that Fisetin may attenuate oxidative stress, neuroinflammation, neurodegeneration, and memory impairment in D-gal-treated mice via regulation of SIRT1, Nrf2/HO-1, and p-JNK/NF-kB-mediated neuroinflammation. Our study is strongly supporting the previously conducted studies on the role of Fisetin, showing that Fisetin is neuroprotective, by modulating the ionic homeostasis, thereby regulating the vital processes in the neurodegenerative conditions (Singh et al., 2019). Another study also conducted on fisetin, showing that Fisetin abrogated the D-gal induced oxidative stress and neuroinflammation by regulating the inflammatory mediators (IL-1β and TNF-α) and autophagy-related markers (Atg-3 and Beclin-1) (Singh et al., 2018). Previously conducted studies were solely based on the biochemical parameters, no behavioral studies were conducted to support the overall hypotheses. Here, we have conducted detailed synaptic and behavioral studies, which strongly supports the notion that Fisetin may regulate the age-related synaptic and memory impairment in mice. Furthermore, the SIRT1, Nrf2/HO-1 signaling regulated by fisetin is not limited to oxidative stress, and other proteins that affect neuronal apoptosis, inflammatory cytokines, cell survival, and memory performance should also be investigated. As depicted in Figure 7.
[image: Figure 7]FIGURE 7 | Graphical Abstract. The diagram showing that d-galactose causes activation of oxidative stress, neuroinflammation, apoptotic cell death, and synaptic dysfunctions, and cognitive dysfunctions. Interestingly, Fisetin may exert multi-targeted neuroprotective effects by reducing oxidative stress, neuroinflammation, apoptotic cell death, and synaptic dysfunctions.
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Ethnopharmacological Relevance: Parkinson’s disease (PD) is characterized by progressive death of dopaminergic neurons. The presently used medicines only tackle the symptoms of PD, but none makes a dent on the processes that underpin the disease’s development. Herbal medicines have attracted considerable attention in recent years. Bacopa monnieri (L.) Wettst (Brahmi) has been used in Indian Ayurvedic medicine to enhance memory and intelligence. Herein, we assessed the neuroprotective role of Bacopa monnieri (L.) Wettst on Parkinson’s disease.
Aim of the Study:Bacopa monnieri (L.) Wettst, a medicinal herb, is widely used as a brain tonic. We investigated the neuroprotective and neurorescue properties of Bacopa monnieri (L.) Wettst extract (BME) in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mice model of PD.
Materials and Methods: The mice model of MPTP-induced PD is used in the study. In the neuroprotective (BME + MPTP) and neurorescue (MPTP + BME) experiments, the animals were administered 40 mg/kg body weight BME orally before and after MPTP administration, respectively. Effect of BME treatment was evaluated by accessing neurobehavioral parameters and levels of dopamine, glutathione, lipid peroxide, and nitrites. An in silico study was performed using AutoDock Tools 1.5.6 (ADT).
Results: A significant recovery in behavioral parameters, dopamine level, glutathione level, lipid peroxides, and nitrite level was observed in BME-treated mice. Treatment with BME before or after MPTP administration has a protective effect on dopaminergic neurons, as evidenced by a significant decrease in GFAP immunostaining and expression of inducible nitric oxide synthase (iNOS) in the substantia nigra region; however, the degree of improvement was more prominent in mice receiving BME treatment before MPTP administration. Moreover, the in silico study revealed that the constituents of BM, including bacosides, bacopasides, and bacosaponins, can inactivate the enzyme monoamine oxidase B, thus preventing the breakdown of MPTP to MPP+.
Conclusion: Our results showed that BME exerts both neuroprotective and neurorescue effects against MPTP-induced degeneration of the nigrostriatal dopaminergic neurons. Moreover, BME may slow down the disease progression and delay the onset of neurodegeneration in PD.
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INTRODUCTION
Bacopa monnieri (L.) Wettst (Brahmi, BM) is a reputed drug of Ayurveda (Bammidi et al., 2011). It belongs to Scrophulariaceae family, which represents 220 genera with more than 4,500 species, and typically grows in the wetlands of southern India and Australia. Of all the Indian herbs, BM was, and still considered as, the premier herb for treating brain disorders and age-related mental decline as well as for improving cognitive functions. BM has been utilized as a brain tonic, diuretic, antidepressant, revitalizer of sensory organs, cardiotonic, antianxiety, and anticonvulsant agent (Chopra et al., 1956, 2004). Animals treated chronically with BM extract showed improved acquisition skills and improved retention in learning tasks (Prisila Dulcy et al., 2012; Yadav et al., 2014a; Yadav et al., 2014b; Balaji et al., 2015).
The main constituents of BM are dammarane type of triterpenoid saponins called bacosides, with jujubogenin or pseudojujubogenin moieties as a glycone unit. The main alkaloids include brahmine, nicotine, and herpestine, along with D-mannitol, apigenin, hersaponin, monnierasides I–III, cucurbitacins, and plantainoside B. Bacosides are a family of 12 acknowledged analogs. Novel saponins called bacopasides I–XII have been identified recently. Bacoside A, which is a blend of bacoside A3, bacopaside II, bacopasaponin C, and a jujubogenin isomer of bacosaponin C, is the most studied compound of BM (Aguiar and Borowski, 2013).
BM extract as well as its isolated compounds has been studied extensively in animal models of various diseases. A previous study showed that Bacoside A could reduce oxidative stress in the brain by enhancing the activities of superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and glutathione reductase (GSR) (Commens, 1983). Moreover, in a Caenorhabditis elegans model of 6-hydroxydopamine (6-OHDA)-induced Parkinson’s disease (PD), BM extract could reduce α-synuclein aggregation by inducing the expression of stress-buffer protein hsp-70 (Chowdhuri et al., 2002; Jadiya et al., 2011). Our previous study showed that chronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) administration induces PD-like symptoms in mice and cotreatment with BM extract could ameliorate the motor defects and increase the number of dopaminergic neurons in the substantia nigra of PD animals (Singh et al., 2017). We also reported that the neuroprotective effect of BM extract was mediated via upregulation of antiapoptotic protein Bcl2 (Singh et al., 2017). In a rat model of rotenone-induced PD, BM extract could ameliorate motor defects by reducing oxidative stress in the substantia nigra, hippocampus, striatum, cortex, and brain stem regions.
BM extract has low toxicity and exerts apparent beneficial effects as a nootropic (Pravina et al., 2007; Aguiar and Borowski, 2013). BM extract is used as a dietary supplement (KeenMind or CDRI08, Soho Flordis International) and is approved by the Food and Drug Administration (FDA). Although BM is widely available and BM extract is used as herbal medicine, the mechanisms of action of BM have yet to be delineated.
Parkinson’s disease (PD) is the second most common neurodegenerative disorder, and about 1% of the population over 60 years of age is affected by this disease (de Rij et al., 2000). In PD, the loss of dopamine-producing neurons is mainly responsible for PD-associated symptoms. Since the neurotransmitter dopamine is associated with the motor activity, therefore, loss of dopaminergic neurons leads to tremors, muscle rigidity, and bradykinesia. Moreover, PD also affects cognition, mental state, sleep, personality, and behavior leading to depression and anxiety (Cheng et al., 2010). The etiology of PD is still not clearly understood. At present, the available treatments for PD improve few symptoms of the disease. However, these treatment modalities have suboptimal efficacy and low efficiency. Thus, there is an urgent need to develop novel neuroprotective or disease-modifying treatments for PD. Natural products or herbal compounds are of particular interest as they can be used to develop novel drugs that could help in preventing or delaying the PD-associated neurodegeneration.
The present study aimed to evaluate the effects of pre- and posttreatment with BM extract on PD-associated motor defects and neuroinflammation employing an MPTP-induced mice model of PD. Further, the study also aimed to explore the neuroprotective mode of action of BM extract through an in silico study. Our results suggest that both pretreatment (neuroprotective) and posttreatment (neurorescue) with BM extract ameliorate the motor defects in PD mice. Moreover, both pre- and posttreatment with BM extract reduce oxidative stress, increase the dopamine levels, decrease the inflammation, and suppress microglial activation in the substantia nigra region of the MPTP-treated mice brain. Employing an in silico approach, we identified the probable active BM phytoconstituents that might be involved in its neuroprotective and neurorescue properties.
MATERIALS AND METHODS
Animals and Treatment
In this study, Swiss albino mice were used. Animals were obtained from the breeding colony of Indian Institute of Toxicology Research (IITR), Lucknow, India. All animal experiments were performed after obtaining approval from the Institutional Animal Ethics Committee (IAEC, letter no. 39/IAH/PHARMA/14). Animals were maintained under 12–12 h light-dark cycles with an ambient temperature (25°C) and controlled humidity, along with free access to drinking water and pellet diet (Hindustan Lever Ltd., Mumbai, India).
Experimental Schedule
Bacopa monnieri (L.) Wettst extract (BME) was purchased from Natural Remedies Pvt. Ltd., Bangalore, India (BM/10015).
For experimental design, mice were randomly divided into the following four groups (n = 8 in each group): Group I: animals received 0.5 ml of normal saline (intraperitoneal (i.p.) for 3 weeks) served as control or vehicle group; Group II: animals received MPTP (30 mg/kg body weight, i.p.) on the 8th day of the experiment, twice with a gap of 16 h to induce PD-like symptoms (MPTP group) (Yadav et al., 2014a; Yadav et al., 2014b); Group III: animals received BME treatment (40 mg/kg body weight/day, p. o.) for 1 week (Singh et al., 2016; Rai et al., 2003; Singh et al., 2017; Singh et al., 2020) followed by MPTP treatment on the 8th day of the experiment, twice with a gap of 16 h, and BME treatment continued for another 2 weeks (neuroprotective experiment, BME + MPTP group); and Group IV: animals received MPTP on the first day of the experiment followed by BME treatment (40 mg/kg body weight/day, p.o.) for 3 weeks (neurorescue experiment, MPTP + BME group).
At the end of the entire treatment, neurobehavioral tests were performed to evaluate the motor functions. After that, the animals were sacrificed and the brain was dissected out for further biochemical analysis.
Neurobehavioral Studies
Footprinting Test
Footprint analysis was performed to assess limb coordination in all mice groups as described previously (Yadav et al., 2014a; Yadav et al., 2014b). Briefly, animals were trained to walk across a white sheet of paper without stopping. At end of the drug treatment, the forepaw of mice was dipped in blank ink and the animals were allowed to walk freely on a white sheet of paper. The stride length was measured as the distance between the centers of the ipsilateral adjacent footprints (Yadav et al., 2014a; Yadav et al., 2014b).
Rotarod Test
The rotarod test was carried out using the Rotomex (Columbus Instruments, USA) instrument to evaluate the motor coordination in animals. The apparatus consisted of an iron rod with nonslip surface (3 cm diameter, 30 cm length). Prior to the drug treatment, animals were trained by placing them on the rotating rod (10 rpm) for 300 s. After the treatment, the fall time of animals from the rotating rod was recorded (Rai et al., 2016).
Grip Strength Test
To measure the forelimb strength in mice, the grip strength test was used as described previously (Terry et al., 2003).
Neurochemical Studies
After the behavioral tests, mice were anesthetized using ketamine/xylene (60 mg/kg) and sacrificed via cervical dislocation followed by decapitation to ensure minimum pain. The whole brain was dissected out and frozen directly until further analyses. The substantia nigra was carefully dissected out from both the hemispheres of each mice brain and stored at −80°C until further use.
Oxidative stress was evaluated by measuring the levels of malondialdehyde (MDA), nitrite, and glutathione (GSH) in the substantia nigra region.
Malondialdehyde (MDA) Estimation
Malondialdehyde levels can be the indicator of lipid peroxidation. MDA is a reactive three-carbon di-aldehyde formed as a byproduct of polyunsaturated fatty acid (PUFA) peroxidation. In the brain tissue, the lipid peroxidation level (LPO) was estimated according to the method described previously (Ohkawa et al., 1979) with few modifications. Briefly, the assay mixture was incubated at room temperature for 5 min followed by the addition of 20% acetic acid (0.6 ml) and further incubation for another 5 min. After this, 0.8% thiobarbituric acid (TBA) (0.6 ml) was added to the mixture and incubated in a boiling water bath for 1 h. The reaction mixture was cooled and centrifuged, and the absorbance was recorded at 532 nm. LPO was measured as nanomoles MDA/mg protein.
Nitrite Estimation
Nitrite levels were determined in the supernatant of the tissue homogenate as described previously (Granger et al., 1996). Briefly, tissue homogenate was incubated with sodium nitrite (10 mM), ammonium chloride (0.7 mM), and Griess reagent (0.1% N-naphthylethylenediamine and 1% sulfanilamide in 2.5% phosphoric acid). The reaction mixture was incubated at room temperature for 30 min, and the absorbance was measured at 540 nm. The nitrite content was calculated using a standard curve of sodium nitrite (10–100 μM). Nitrite levels were expressed as µmoles/ml.
Glutathione (GSH) Estimation
GSH was estimated in the tissue homogenate by 5,5′dithiobis-(2-nitrobenzoic acid) (DTNB)-glutathione reductase coupled assay as described previously (Anderson 1985). Briefly, 1.0 ml of the brain tissue homogenate was deprotonated by adding 1.0 ml of 10% TCA and centrifuged at 6000 g for 5 min. 0.5 ml aliquot from the clear supernatant was mixed with 0.5 ml double distilled water. Thereafter, 2 ml of 0.4 M Tris buffer and 0.1 ml DTNB were added to it with continuous mixing. GSH reacts with DTNB to produce a yellow-colored chromogen. The absorbance was measured at 412 nm. GSH content in the sample was calculated using a standard curve (GSH 200–1,600 nmole), and the results were expressed as nmole/g tissue.
Dopamine Estimation by HPLC
The dopamine (DA) level was estimated in the isolated substantia nigra homogenate using HPLC (Yadav et al., 2014a; Yadav et al., 2014b). Briefly, the samples were homogenized in 0.17 M perchloric acid using a Polytron homogenizer. The homogenates were centrifuged at 33000 g (Biofuge Stratos, Heaureas, Germany) at 4°C.Then, 20 µL of the supernatant was injected into an HPLC pump (Model 1,525, binary gradient pump) fitted with a C18 column (Spherisorb, RP C18, 5 mm particle size, 4.6 mm i.d. × 250 mm at 30°C) connected to an ECD (Model 2,465, Waters, Milford, MA, USA) at a potential of +0.8 V with a glassy carbon working electrode vs. Ag/AgCl reference electrode. The mobile phase consisted of 32 mM citric acid, 12.5 mM disodium hydrogen orthophosphate, 1.4 mM sodium octyl sulfonate, 0.05 mM EDTA, and 16% (v/v) methanol (pH 4.2) at a flow rate of 1.2 ml/min. The chromatogram was recorded and analyzed using Empower software (Version 2.0).
Enzyme-Linked Immunosorbent Assay (ELISA)
TNF-α protein levels were measured in the substantia nigra homogenates using a commercially available kit for ELISA (Diaclone).
GFAP Immunostaining
Sections of the substantia nigra region were blocked in blocking buffer (PBS containing 2% normal goat serum) for 2 h. Sections were then incubated with monoclonal mouse anti-GFAP antibody (1:1,000) overnight at room temperature. Then, sections were washed with PBS thrice and incubated with biotinylated anti-mouse IgG (1:500) for 2 h at room temperature and subsequently in avidin peroxidase (1:500 dilution) for 2 h. DAB (Sigma) was used to visualize the immunoreactivity. The stained sections were dehydrated and mounted using a coverslip. For quantification, images were acquired on the Nikon Eclipse TiBR imaging system using a ×10 objective. ImageJ software was used to determine the fraction of GFAP positive area.
Gene Expression Analysis by Quantitative Real-Time PCR
Total RNA was isolated from the substantia nigra region using TRIzol reagent. Genomic DNA was removed using RNase-free DNase (Ambion). RNA pellets were resuspended in DEPC-treated water (Ambion). Equal amounts of RNA were reverse transcribed using the Superscript first-strand cDNA synthesis kit with Oligo-dT (Invitrogen, USA) and diluted in nuclease-free water (Ambion) to a final concentration of 10 ng/μL. Real-time q-PCR was performed to detect changes in mRNA expression using the SYBR green and ABI Prism 7900 HT Sequence Detection System (Applied Biosystems; Foster City, CA). Beta-actin was used as internal control. Relative expression was calculated using the delta Ct method (Tiwari et al., 2014).
The primers used for qPCR were iNOS forward 5′-CCCTTCCGAAGTTTCTGGCAGCAGC-3′and iNOS reverse 5′-GGC​TGT​CAG​AGC​CTC​GTG​GCT​TTG​G-3’.
In Silico Study
Ligand Screening and Preparation
NCBI PubChem compounds database and literature on BM phytochemicals were used to take an idea for the selection of active phytoconstituents from BM for the present study (http://www.ncbi.nlm.nih.gov/pccompound). As per the literature, bacosides, bacopasides, and bacopasaponins form the major proportion of active phytochemicals in BM. The PubChem compound search tool was used to find the natural and/or synthetic analogs of the active phytoconstituents. Thirty-one analogs of bacosides (N = 2), bacopasides (N = 20), and bacopasaponins (N = 9) were used for further in silico study. The standard known inhibitors for different targeted proteins were retrieved from the literature. The 3D/2D structure of phytochemicals and various inhibitors of their respective protein were retrieved from NCBI PubChem in SDF format. Open Babel molecule format converter was used to perform conversion of 2D structure into 3D conformation (O’Boyle et al., 2011)
Screening and Preparation of Ligand Receptor
The 3D structures of various ligand-receptor proteins were downloaded from RCSB-protein data bank in PDB file (Berman et al., 2000). The bulkier structure of MAO-A protein (enzyme) was divided into two (Chain A and Chain B) separate PDB files. Chain C (Nrf2) of PDB 3ZGC and Chain A (neuronal calcium sensor 1) of PDB 5AER were deleted to obtain KEAP1 and D2 dopamine receptor proteins, respectively. Protein models were cleaned and optimized by removing ligands as well as other heteroatoms (acetate ion and H2Ofor KEAP1; Mg, S-adenosylmethionine, 3,5-Dinitrocatechol, K and H2O for COMT; N-[3-(2,4-Dichlorophenoxy)Propyl]-N-Methyl-N-Prop-2-Ynylamine and FAD for MAO-A; FAD, H2O and (5R)-5-{4-[2-(5-ethylpyridin-2-yl)ethoxy]benzyl}-1,3-thiazolidine-2,4-dione for MAO-B; 5′-S-(3-{[(3R)-1,2,3,4-tetrahydroisoquinolin-3-ylcarbonyl]amino}propyl)-5′-thioadenosine, 2-Amino-2-Hydroxymethyl-Propane-1,3-Diol and H2O for PNMT; L-Dopamine, Adenosine-3′-5′-diphosphate and H2O for PST; β-D-Galactose, SO4, Uridine-5′-Diphosphate, Mn and H2O for UGT; 1-benzyl-1H-indole-2,3-dione, Na, 1,2-Ethanediol, Guanidine and H2O for ALDH1A1; 3-chloro-5-ethyl-N-{[(2S)-1-ethylpyrrolidin-2-yl]methyl}-6-hydroxy-2-methoxybenzamide and Maltose for D3 dopamine receptor and Ca, K and H2O for D2 dopamine receptor). Energy minimization was done by using the Swiss-PDB Viewer (v4.1) software.
Molecular Docking Stimulation
For docking experiments, the ligand-receptor proteins and the ligands were loaded into AutoDock Tools 1.5.6 (ADT) (Sanner 1999). Gasteiger partial charges assigned after merging nonpolar hydrogen and torsions were applied to the ligands by rotating all rotatable bonds. Docking calculations were carried out on the protein models. Polar hydrogen atoms, Kollman charges, and solvation parameters were added with the aid of AutoDock tools. AutoDock 4.2 offers the option of three search algorithms to explore the space of active binding with different efficacy. We used the Lamarckian genetic algorithm (LGA) in this study.
Visualization of the Results
LigPlot+ was used to visualize the hydrogen bonds as well as the exact distance between residues of KEAP1 (Kelch-like-ECH-associated protein 1) receptor protein and different atoms of bacopaside-XII. PyMOL (v1.1) software was used for visualization of the interaction pattern in different receptor protein and ligand. Molecular surface structure was obtained by PyMOL software.
Statistical Analysis
Data are represented as mean ± standard deviation (SD). Comparison between the treated and the untreated groups was performed using one-way analysis of variance (ANOVA), followed by the Student–Newman–Keuls test (InStat3 package program). p < 0.05 was considered statistically significant.
RESULTS
Neurobehavioral Studies
To evaluate the efficacy of BME in ameliorating MPTP-induced behavioral deficits, we studied neurobehavioral changes using rotarod test, grip strength test, and foot printing test. MPTP-induced mice exhibited a significant decrease (p < 0.05) in the time spent on the rotarod as compared with control mice (Figure 1A), which is in agreement with previous studies (Singh et al., 2020). Both, pre- and posttreatment with BME significantly increased the time spent on the rotarod in MPTP-treated mice. Interestingly, mice receiving BME treatment before MPTP lesioning (BME + MPTP group) exhibited a more significant (p < 0.001) increase compared with mice receiving BME treatment after MPTP lesioning (MPTP + BME) (p < 0.05). Further, grip strength was significantly decreased in mice treated with MPTP compared with the control group (Figure 1B). An improvement in the grip strength was observed in both pretreatment (BME + MPTP) and posttreatment (MPTP + BME) groups compared with the MPTP-induced group. Similar to the rotarod test, the increase in the pretreatment group (BME + MPTP) was significantly more compared with the posttreatment group (MPTP + BME) in the grip strength test. In the footprinting test, we observed that MPTP treatment induced walking errors in mice (p < 0.05). Pre- and posttreatment with BME ameliorated the walking errors in MPTP-induced mice (Figure 1C). Taken together, these results suggest that both pre- and posttreatment with BME could ameliorate the motor deficits in MPTP-treated PD mice.
[image: Figure 1]FIGURE 1 | Assessment of neurobehavioral and biochemical parameters in treated and untreated groups. (A) The rotarod test was performed in all the groups of animals, and a significant perfection in the time of stay on the rotarod was found in BME pretreated mice compared with the MPTP group. (B) The grip strength test was significantly reduced in the MPTP mouse as compared with control. The protective effect was found on forelimb grip strength in pre- and posttreatment of the BME group (BME + MPTP and MPTP + BME). (C) Effect of Bacopa monnieri (L.) Wettst extract (BME) on stride forepaw length. MPTP mice showed decreased stride forepaw length as compared with control. (D) Levels of lipid peroxides and nitrite. (E) Effect of BME treatment (before and after) in mice on the GSH level. (F) Levels of dopamine. (G) Effect of pre- and posttreatment of BME extract on the TNF-α level. Values are expressed in mean ± SD. *: compared with the control group, #: compared with the MPTP-treated group. p < 0.05 was considered as significant.
Biochemical Analysis
In the MPTP-induced group, a significant increase (p < 0.001) in the levels of lipid peroxides and nitrite in the substantia nigra region was observed compared with control mice. Both, pre- and posttreatment with BME decreased the levels of lipid peroxides and nitrite; however, the decrease was more significant in the BME + MPTP group (p < 0.001) than in the MPTP + BME group (p < 0.05) (Figure 1D). Moreover, a significant decrease (p < 0.001) in the GSH level (Figure 1E) was observed in the MPTP-induced group compared with the control group. Pre- or posttreatment with BME increased the GSH levels in MPTP-treated mice. The increase in the BME + MPTP group was more significant (p < 0.001) than the MPTP + BMP group (p < 0.05). As shown in Figure 1F, a significant decrease in the DA level was observed in MPTP-induced mice (p < 0.001) when compared with the control group, indicating death of dopaminergic neurons in the MPTP-induced animals. Pre- and posttreatment with BME restored the levels of DA. The effect was more pronounced in the BME + MPTP group (p < 0.01) than in the MPTP + BME group (p < 0.05). A significant increase (p < 0.001) in the TNF-α level was observed in the substantia nigra of the MPTP-induced group as compared with the control group, which was restored significantly in both pre- and posttreated groups (p < 0.01 and p < 0.05, respectively) (Figure 1G).
Immunohistochemistry
The neuroprotective/neurorescue effect of BME was assessed by staining the activated astrocytes. In MPTP-induced mice, the number of GFAP positive astrocytes was significantly higher compared with the control animals (Figures 2A,B). In both MPTP + BME and BME + MPTP groups, a significant decrease in GFAP immunoreactivity was observed as compared with the MPTP group (Figures 2A,B). The decrease in GFAP positive astrocytes in SNpc of BME + MPTP and MPTP + BME group confirms the neuroprotective/neurorescue action of BME on astrocytes.
[image: Figure 2]FIGURE 2 | Immunohistochemical studies of astrocytes and quantitative estimation of iNOS mRNA. (A) Immunostained representative in brain tissue sections of the substantia nigra (SN), showing astrocyte marker GFAP immunoreactivity in control and all treated animals. (B) Bar diagram showing the number of GFAP fibers in the SN region of different groups. Each bar represents mean ± SD. Data are shown as percentages relative to untreated controls. (C) q-PCR estimation of iNOS mRNA, beta-actin was used as internal normalizer. p < 0.05 was considered as significant. *: comparison of the control group and # comparison of the MPTP-treated group. p < 0.05 was considered as significant.
Expression Studies
MPTP administration significantly increased the mRNA level of iNOS (p < 0.001) (Figure 2C), which was significantly restored in the BME + MPTP (p < 0.01) and MPTP + BME (p < 0.05) groups.
Molecular Docking with Different Targeted Ligand-Receptor Proteins
Molecular docking tools were employed to explore the oxidative stress activity of BM phytochemicals. Docking results of dopamine receptor and ligand MPP+ showed very high affinity. MPP+ binds with D2 and D3 dopamine receptor with a binding energy of −4.9 and 7.9 kcal/mol, respectively, as shown in molecular surface structure (Figures 3A,B). The docking scores for known standard inhibitors of D2 (eticlopride, raclopride) and D3 (raclopride) dopamine receptor were −4.7, −4.5, and −6.7 kcal/mol, respectively (Table 1).
[image: Figure 3]FIGURE 3 | In silico study. (A) Molecular surface structure of D2 dopamine receptor (PDB: 5AER) (Chain B-light green and Chain C-blue) in complex with MPP+ (red in color). (B) Molecular surface structure of D3 dopamine receptor (PDB: 3PBL) (Chain A-light pink and Chain B-green color) in complex with MPP + toxin (red color). (C) Molecular surface structure of KEAP1 protein (PDB: 3ZGC) (green color) in complex with bacopaside-XII (red sphere). (D) LigPlot depicting schematic representation of hydrogen bonds and hydrophobic interactions between bacopaside-XII and KEAP1 protein.
TABLE 1 | Binding energy of B. monnieri phytoconstituents and standard inhibitors with different proteins involved in antioxidant defense system, locomotion physiology, and dopamine degradation pathway.
[image: Table 1]Major phytoconstituent of BM phytochemicals, bacosides, bacopasides, and bacopasaponins showed interesting binding affinity with KEAP1 receptor protein (Table 1). The docking studies revealed that bacopaside-XII has the highest affinity for KEAP1 and binds with the lowest energy (−14.7 kcal/mol) among thirty docked compounds as shown in molecular surface structure (Figure 3C). Out of 30, 27 compounds showed better binding affinity than the standard KEAP1 inhibitor CDDO-Me (−9.9 kcal/mol). Bacopaside A (PubChCID-11079173), bacopaside B (PubChem CID-11113741), and bacopasaponin F (PubChem CID -16216038) showed comparatively lesser binding affinity than the standard. The docking values for the entire test BM phytoconstituents and standard inhibitor with KEAP1 protein are given in Table 1. Residues Pro384, Tyr572, Asn382, Pro384, Ser383, Arg380, Asn 387, and Asp389 of KEAP1 receptor protein were involved in the formation of hydrogen bonds (nine) with bacopaside-XII (Figure 3D).
BM phytochemicals were also docked with the enzymes (MAO-A, MAO-B, COMT, ALDH, PNMT, PST, and UGT) involved in dopamine degradation pathway, and results were compared with the standard known inhibitors (Table 1 and Figures 4A–H).
[image: Figure 4]FIGURE 4 | (A–H) Representation of intermolecular hydrogen bonds between bacopaside-XII and various dopamine degradation enzymes. (A) UGT (PDB: 3PBL): Chain A pale cyan; Chain B deep olive; red color residues and green color bacopaside-XII. (B) PST (PDB: 2A3R): Chain A split pea; Chain B pale cyan; red color residues and green color bacopaside-XII. (C) MAO-A Chain A (PDB: 2BXS): Chain A green color; red color residues and violet color bacopaside-XII. (D) MAO-A Chain B (PDB: 2BXS): Chain B green color; red color residues and yellow orange color bacopaside-XII. (E) MAO-B (PDB: 4A79): Chain A and Chain B in green color; red color residues and wheat color bacopaside-XII. (F) ALDH1A1 (PDB: 4WP7): Chain A green color; red color residues and yellow color bacopaside-XII. (G) PNMT (PDB: 4MQ4): Chain A and Chain B in green color; red color residues and light blue color bacopaside-XII. (H) COMT (PDB: 3BWM): Chain A green color; red color residue and cyan color bacopaside-XII.
Out of the entire test BM phytoconstituents, bacopaside-XII showed the highest binding energy of −13.3 kcal/mol with MAO-B enzyme (Table 1). By using the PyMOL visualization tool, the different residues of MAO-B, namely, Ile477, Glu466, Lys190, His431, and Arg67, were identified to be involved in the formation of hydrogen bonds with bacopaside-XII (Figure 4E). Bacopaside-XII binds to COMT, MAO-A Chain A, MAO-A Chain B, MAO-B, PNMT, PST, UGT, and ALDH1A1 with highest binding affinity than other docked test compounds, ranging from −11.1 to −15.5 kcal/mol (Table 1). The PyMOL visualization tool revealed that different residues of UGT (Gln318, Arg247, Gly278, His779, Arg277, Leu280, Arg156), PST (Arg78, Gln63, Lys16, Arg213), MOA-A (Arg356, Gln327, Glu492, Trp116, Thr204), MAO-B (Ile477, Glu466, Lys190, His431, Arg67), ALDH1A1 (Ser234, Ser235, Ala231), PNMT (Trp123, Glu144, Trp113, Arg145, Arg148, Phe121), and COMT (Gln195) were involved in the formation of hydrogen bonding with bacopaside-XII (Figures 4A–H).
DISCUSSION
An understanding of the detailed mechanism of PD progression is required for the development of an effective neuroprotective therapeutic approach to halt or to slow the disease progression. The mouse model of MPTP-induced PD is widely used to test new treatment interventions for the disease. Intraperitoneal administration of MPTP in mice causes motor-function-related problems, activation of proinflammatory cytokines, oxidative stress, and alterations in the neurotransmitters level (Singh et al., 2016). 1-Methyl-4-phenylpyridinium (MPP+) is a toxic metabolite of MPTP, which specially inhibits complex I (NADH dehydrogenase) of the mitochondrial electron transport chain leading to a decrease in ATP generation, thereby causing death of dopaminergic neurons in the SNpc region of the brain (Hutter-Saunders et al., 2012). Loss of dopaminergic neurons is not only due to decreased mitochondrial function but also due to the increased levels of proinflammatory cytokines and reactive oxygen species (ROS). Degeneration of the membrane lipids produces high levels of intracellular ROS, which ultimately leads to the loss of membrane integrity and dopaminergic neurodegeneration. Oxidative stress is one of the major causes of neurodegeneration. Dopaminergic neurons of the nigrostriatal area are more susceptible to oxidative damage as this area is allied with high-energy consumption and has low levels of the antioxidant GSH (Yamaguchi and Shen, 2007). Therefore, ROS scavenging antioxidants might play a crucial role in preventing PD progression by inhibiting ROS-induced neurodegeneration.
Bacopa monnieri (L.) Wettst is a well-known dietary antioxidant. Several in vitro and animal studies have established that BME inhibits oxidative stress by reducing the formation of free radicals in the brain (Kumar et al., 2012; Shinomol and Bharath, 2012). Studies also showed the neuroprotective role of BME, but there is a lacuna in the studies of neuroprotective and neurorescue effects of BME. To the best of our knowledge, this study is the first to demonstrate neuroprotective and neuroreparative (neurorescue) effect of BME in the MPTP-induced model of PD.
Animals were treated with BME (40 mg/kg bw) orally before and after MPTP administration. The BME dose was chosen based on our earlier studies, where BME has been found to protect against MPTP-induced neurodegeneration (Singh et al., 2016). Although several groups have characterized the chemical components of BME, active components or chemical entities responsible for neuroprotective and neurorescue action of BME are not evidently defined yet.
In the present study, mice treated with MPTP showed a huge decline in motor activity as evaluated by different neurobehavioral tests (grip strength, footprinting, and rotarod test), which is in accordance with previous studies (Singh et al., 2016). The decreased time spent by the MPTP-treated mice on the rotarod is attributed to loss of the dopaminergic neurons within the basal ganglia, especially in the mid brain region of substantia nigra (Schwarting et al., 1991). Previous studies showed that decrease in the stride length is significantly associated with the magnitude of neuronal loss in the SN region of the brain (Fernagut et al., 2002). Oral BME administration before or after MPTP lesioning significantly improved the motor functions, suggesting neuroprotective/neurorescue effect of BME on dopaminergic neurons against MPTP-induced toxicity. Our behavioral studies indicate that BME might play an essential role in enhancing the grip power in the PD mice model, supporting its neuroprotective/neurorescue potential. Our findings correlate well with those of the earlier studies from our group as well as from others (Schwarting et al., 1991; Fernagut et al., 2002; Singh et al., 2016).
Results of our study demonstrated that injection of MPTP toxin upregulated the levels of lipid peroxides and nitrite and reduced the GSH level in the substantia nigra region. Administration of BME (pre- and posttreatment) reduced the oxidative stress. Our results can be explained by the fact that BME possesses strong radical scavenging activity (Simpson et al., 2015; Singh et al., 2016).
Dopamine is the most important neurotransmitter involved in the control of motor activities and movement. Previous studies showed that, in human PD patients, the level of catecholamines is lower compared with healthy controls (Hinterberger, 1971; Piggott et al., 1999). We postulate that an increase in the levels of dopamine in both treatment groups (pre- and posttreatment) might be due to the capability of BME to prevent degradation of DA or inhibit reuptake of DA. It might also be possible that the increased levels of DA in the BME-treated mice might be due to the neuroprotective effect of BME on dopaminergic neurons. Nevertheless, our findings that BME treatment increases the levels of DA corroborate with previous studies (Ghosh et al., 2009).
MPTP intoxication can stimulate the production of various proinflammatory molecules within the substantia nigra region (Ghosh et al., 2009). Our previous study showed that treatment with BME could attenuate the increased expression of these proinflammatory molecules in MPTP-induced mice (Singh et al., 2017). We found that MPTP intoxication led to a marked increase in gliosis as evidenced by increased number of GFAP positive neurons in the SNpc region. Thus, MPTP administration causes microglial activation and increases the expression of iNOS in the substantia nigra region of the brain (Liberatore et al., 1999), leading to the production of nitric oxide, eventually causing neuronal death. Our results showed that MPTP treatment increased the production of nitric oxide possibly by increasing the levels of iNOS. Increased iNOS activity enhances nitric oxide production, which promotes dopaminergic neuronal death by nitrosative/oxidizing damage and other respiratory deficiency (Tsang and Chung, 2009). Our results showed that MPTP intoxication increases the number of GFAP expressing cells and the transcript levels of iNOS in mice, and BME (pre- and posttreatment) ameliorates these changes. Thus, the neuroprotective and neurorescue effects of BME may involve the regulation of antioxidant enzymes and transcription factors by compounds present in BME.
In agreement with previous studies, our study showed that the toxin MPTP induces phenotypes associated with Parkinson’s disease in mice such as decreased levels of dopamine and GSH; increased levels of MDA, iNOS, and TNF-α; and increased numbers of GFAP positive astrocytes. Moreover, our results suggest that pretreatment with BME is more effective in ameliorating the neurotoxicity in the MPTP-induced mice model of PD as compared with posttreatment of BME. This indicates that prior intake of BME might be more helpful in preventing neurodegeneration as well as in slowing down the disease progression (neuroprotective effect) as compared with post intake of BME (neurorescue effects). However, further studies are required to understand the mode of action of BME and to identify the active component(s) of BME responsible for neuroprotective and neurorescue effects.
Our in silico study suggests that BM phytoconstituents (mainly bacopaside-XII) have the ability to block KEAP1 protein. Thus, it may be inferred that inhibition of KEAP1 protein further inhibits the Cullin 3-mediated ubiquitination of Nrf2 protein and thereby upregulates the expression (through Nrf2) of antioxidant enzymes (Figures 3E,F). We, therefore, postulate that these phytochemicals act as natural drug to counter KEAP1-mediated oxidative stress.
The enhanced levels of DA in the MPTP + BME group could be due to the protective effect of BME on dopaminergic neurons. Another possibility is that BM phytoconstituents may inhibit the enzymes involved in the DA degradation pathway. There are several distinct dopamine degradation pathways that act via the set of enzymes such as monoamine oxidase A and B (MAO-A and -B), catechol-O-methyl transferase (COMT), aldehyde dehydrogenase (ALDH), UDP-glucuronosyltransferases (UGT), phenol sulfur-transferase (PST), and phenylethanolamine N-methyltransferase (PNMT) acting in sequence (Meiser et al., 2013). We performed the molecular docking study to dock various enzymes involved in DA degradation, with BM phytoconstituents. Result showed that BM phytochemicals (bacosides, bacopaside, and bacosaponins) have the ability to inhibit all the abovementioned enzymes involved in DA degradation (Figure 5; Table 1).
[image: Figure 5]FIGURE 5 | Mode of action of B. monnieri phytoconstituents on the regulation of the antioxidant system and metabolic degradation of MPTP. (A) Step 1: ubiquitination of Nrf2 protein via KEAP1 protein, Step 2: degradation of Nrf2 protein, Step 3: downregulation of various enzymatic and nonenzymatic antioxidants, and Step 4: enhancement of reactive oxygen species (ROS). (B) Step 1: inhibition of KEAP1 protein via B. monnieri phytochemicals, Step 2: inhibition of Nrf2 degradation, Step 3: expression of enzymatic and nonenzymatic antioxidants, and Step 4: decrease in the ROS level. (C)B. monnieri phytochemicals inhibit the degradation of MPTP (nontoxic) into MPP+ (toxic) product through the binding with catalyzing enzyme MAO-B.
CONCLUSION
Both, in vivo and in silico data indicate that BM phytochemicals have the ability to maintain DA concentrations in the mice brain by either increasing dopamine synthesis or inhibiting DA degradation. An understanding of the pathophysiology and etiology of PD at cellular and molecular levels is the clinical need of the hour. For neuroprotective disease-modifying therapy, identifying the molecular targets is essential in the field of PD basic research. Thus, our study may offer a therapeutic approach for treating this neurodegenerative disease.
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Background: Schizophrenia is associated with a deficiency of dietary antioxidants like vitamin B6, B9, and B12 resulting in defective methylation leading to hyperhomocysteinemia. Hyperhomocysteinemia causes mitochondrial DNA damage, oxidative stress, vascular damage, and lipid peroxidation. Oxidative stress and increase in reactive oxygen species result in 8-oxodG production which induces apoptosis of both astrocytes and thyrocytes thus predisposing them to thyroid dysfunction and neurodegeneration. Furthermore, the presence of excessive free radicals increases thyroid thermogenesis causing hyperthyroidism or its excess may cause hypothyroidism by inhibiting iodide uptake. In the present study, we evaluated the various biomarkers associated with thyroid dysfunction in schizophrenics.
Materials and Methods: 288 patients suffering from schizophrenia and 100 control subjects were screened for liver function tests (LFTs) such as alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total bilirubin (TB). Also, the stress markers, namely malondialdehyde (MDA), homocysteine, cysteine, methionine, the thyroid profile including triiodothyronine (T3), thyroxine (T4), thyroid-stimulating hormone (TSH), thyroxine peroxide antibody (TPO-Ab); TSH receptor-Ab (TSHr-Ab), dietary antioxidants, lipids, cytokines, aminoacids and hormones, vitamins and trace elements, and other biochemical parameters.
Results: The LFTs showed elevated levels of ALT (45.57 ± 4.87 Vs. 26.41 ± 3.76 U/L), AST (40.55 ± 1.34 Vs. 21.92 ± 3.65 U/L), ALP (121.54 ± 4.87 Vs. 83.76 ± 5.87 U/L), and total bilirubin (2.63 ± 0.987 Vs. 1.10 ± 0.056 mg/dl), in schizophrenics than controls. Increased levels of MDA (3.71 ± 0.967 Vs. 1.68 ± 0.099) and homocysteine (17.56 ± 2.612 Vs. 6.96 ± 1.987 μmol/L were observed in schizophrenics compared to the controls, indicating increased stress. Levels of cysteine and methionine were decreased in schizophrenics than the controls (1.08 ± 0.089 Vs. 4.87 ± .924 μmol/L and 17.87 ± 1.23 Vs. 99.20 ± 5.36 μmol/L). The levels of TPO-Ab (IU/ml), Tg-Ab (pmol/L), and TSHr-Ab (IU/L) were observed to be higher in the patients’ group as compared to control subjects (9.84 ± 2.56 Vs. 5.81 ± 1.98, 55.50 ± 2.98 Vs. 32.95 ± 2.87 and 2.95 ± 0.0045 Vs. 1.44 ± 0.0023 respectively). Levels of Vitamin B6, B9, and B12 were also significantly decreased in the patients compared to the healthy controls.
Conclusion: The schizophrenics, demonstrated altered liver function, increased stress markers, and decreased dietary antioxidants. Reduced primary and secondary antioxidant levels, may result in hyperhomocysteinemia and cause further DNA and mitochondrial damage. Therefore, homocysteine and/or prolactin levels may serve as candidate prognostic markers for schizophrenia. Also, both neurological symptoms and the susceptibility to thyroid disorders may be prevented in the initial stages of this debilitating disorder by appropriate dietary supplementation of antioxidants which can rectify a reduction in primary and secondary antioxidants, and disturbed prolactin-serotonin-dopamine interactions in schizophrenics.
Keywords: schizophrenia, hyperhomocysteinemia, oxidative stress, autoimmune thyroid diseases, biomarkers, antioxidants, reactive oxygen species, prolactin
INTRODUCTION
Schizophrenia is a neuropsychiatric disorder manifested by disruptive thinking, quantifiable language disturbances, perception, and self-sense (Barnham et al., 2004; Ciobica et al., 2011). It is characterized by disturbances in behavior, thinking ability, and gross distortion from reality (Ciobica et al., 2011). Among the psychiatric disorders, schizophrenia accounts for 1.1% of adults with nearly 21 million individuals being affected in the United States alone (Santos et al., 2012). It is among the seven most disabling diseases in patients between 20–45 years of age being more common than cardiovascular diseases, HIV, and diabetes. The identified causative agents for schizophrenia are stress, malnutrition, genetics, drugs, and alcohol abuse (Svrakic et al., 2013). The symptoms of schizophrenia are categorized into three groups: general (depression and hostility), positive (delusions and hallucinations), and negative (anhedonia and violation) (Barnham et al., 2004; Tamminga and Holcomb, 2005).
Schizophrenics have susceptibility toward thyroid disorders, and the reduction in catalase (CAT) levels results in elevated hydrogen peroxide (H2O2) thereby playing a potential role in thyroid hormogenesis (Adam-Vizi and Chinopoulos, 2006). Oxidative stress occurs in both astrocytes and thyrocytes as there is an increase in pro-oxidants and a decrease in antioxidants due to an increase in the production or decrease in the processing of reactive oxygen species (ROS) (Li et al., 2006). In schizophrenia, there is either reduction in primary antioxidants levels including superoxide dismutase (SOD), CAT and glutathione peroxidase (GPx), or a decrease in the secondary antioxidants such as glutathione, vitamins B6 (pyridoxine), B9 (folate), B12 (cobalamin), C, D, and E (Schweizer et al., 2008; Mitchell et al., 2014). The deficiency in vitamins B6, B9, and B12 leads to enhanced homocysteine levels resulting in decreased glutathione and vitamins C and E levels mediating oxidative insult leading to neurotoxic effects (Lindqvist et al., 2017; Mikkelsen et al., 2017). Reduced vitamin C levels induce serotonin reduction and dopamine induction but on the other hand, levels of trace elements including copper and zinc have opposite effects resulting in hyperprolactinemia mediated depression (Pohl et al., 2011). Vitamin E has thyroid hormone suppressive action thus its deficient levels induce hyperthyroidism (Subudhi and Chainy, 2010).
The disturbed serotonin-dopamine-prolactin interactions are one side of the picture while the other aspect is deranged thyroid functions including higher thyroid-stimulating hormone (TSH) levels indicating hypothyroidism (Petrulea et al., 2012). It has been shown that dietary lack of L-arginine and an increase in asymmetrical dimethylarginine (ADMA) due to hyperhomocysteinemia reduces nitric oxide synthase (NOS) dependent nitric oxide (NO) production leading to schizophrenic symptoms. Glutamate is an important amino acid in the production of both glutathione and NO, and its deficiency mediates schizophrenic symptoms (Koga et al., 2011). Phenylalanine and tyrosine ultimately produce dopamine, but their reduced levels also induce an imbalanced serotonin-dopamine-prolactin relationship (Liao and Ya-Mei, 2014). In schizophrenics, there may be dietary insufficiency or poor exposure to sunlight resulting in vitamin D deficiency, which makes them susceptible to autoimmune thyroid disorders and is reflected by higher thyroid antibody levels (Kivity et al., 2011). The present study aimed to 1) determine the levels of primary and secondary antioxidants in the serum of schizophrenics, 2) assess homocysteine levels and their relation to thyroid dysfunction, 3) examine serotonin-dopamine-prolactin interactions and hyperprolactinemia mediated depression (HMD), 4) observe the schizophrenics susceptibility to thyroid disorders by measuring their thyroid profile and 5) elucidate vitamin D levels and their effects in rendering the schizophrenics to autoimmune thyroid disorders (AITDs).
MATERIALS AND METHODS
Subjects
Two hundred and eighty-eight newly diagnosed patients (males and females) suffering from schizophrenia in the age group of 13–73 years were considered and included in the prospective study at the Department of Psychiatry, Social Security Hospital Lahore, Fountain House Lahore, and Mental Hospital Lahore, Lahore, Pakistan. One hundred sex and age-matched healthy individuals free from schizophrenia with an age range between 15 and 70 years were considered as controls. The study was conducted according to the ethical committee approval of the Institute of Molecular Biology and Biotechnology (IMBB), The University of Lahore (UOL) (IRB/IMBB/UOL/ph-984). Before the start of the study, written informed consent was obtained from all participants of the study according to Helsinki’s declaration.
Inclusion and Exclusion Criteria
Newly diagnosed schizophrenia patients were included and any subject with a history of smoking, alcohol intake, or on antiparkinsonian/antipsychotic medications was excluded from the study (Duval et al., 2010; Bredin et al., 2013). All control subjects were healthy with no history of chronic diseases such as diabetes mellitus, liver diseases, and cancer (Duval et al., 2010; Duval et al., 2020).
Blood Samples
Blood samples were collected from the cubital vein of each subject in appropriate tubes (with or without anticoagulant) for separation of plasma and serum separately. Plasma was separated immediately and for the serum separation, the blood samples were allowed to clot by leaving the sample at room temperature for 30 min. The clotted blood sample was then centrifuged at 3,000 rpm for 10 min and the clear supernatant was collected. Both the plasma and serum were aliquoted and stored at -80°C until analysis.
Biochemical Analysis
All patients were assessed for their demographic profile and screened for their fasting blood glucose (FBG), gamma-glutamyl transferase (GGT), albumin (ALB), blood urea nitrogen (BUN), bicarbonate (HCO3), uric acid, and bilirubin using a semi-automated clinical chemistry analyzer as described before (Kumari et al., 2020).
Estimation of Lipid Profile
The lipid profiles including total cholesterol (TCh), triglycerides (TGL), high-density lipoproteins (HDL), low-density lipoproteins (LDL) were estimated using commercially available kits (Sigma-Aldrich, United States).
Liver Function Tests
Assays for liver function tests (LFTs) were performed including aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), and total bilirubin (TB) using commercially available kits (Sigma-Aldrich, United States).
Estimation of Antioxidant Profile
Glutathione was estimated based on the method described Moron et al., 1979. The 100 μl of plasma was taken and added 0.02 M (2.4 μl) EDTA and ice-cooled (10 min), Followed by the addition of 2 ml distilled water. To this 50.0 μl of TCA (50%) was added and incubated on ice for 15 min. Samples were then centrifuged (3,500 rpm). The supernatant was removed and added with 2 ml of 0.15 M Tris. HCl and 0.05 ml (DTNB). Absorbance was measured at 412 nm. Catalase (CAT) was determined by the method of Aebi, 1974. 100 μl of the sample was added to the tube followed by 1.9 ml of phosphate buffer and 1 ml of H2O2. The absorbance was measured after every minute at 240 nm. Superoxide dismutase (SOD) was estimated as per Kakkar et al., 1984. The 100 μl of the sample was taken in the tube, added with 1.2 ml of PBS, 100 μl of phenazine methosulfate, 300 μl of NBT, and 200 μl of NADH. Thereafter, 100 μl of Glacial acetic acid and 4 ml of 2-propanol were added further in the tube and centrifuged at 3,000 rpm for 10 min. The absorbance was taken at 560 nm. Glutathione peroxidase (GPX) was analyzed by Goldberg and Spooner, 1983, and Glutathione Reductase (GR) using commercially available kits (Sigma-Aldrich, United States). Malondialdehyde (MDA) was estimated using the method described by Ohkawa et al., 1979. 200 μl of the sample was taken in the tube, to which 200 μl of 8.1% SDS and 1.5 ml of 20% acetic acid were added. Later 1.5 ml of 0.8% TBA and 600 μl of distilled water along with 4 ml of 2-propanol was supplemented. It was centrifuged (4,000 rpm, 10 min) and the supernatant was removed for measuring absorbance at 532 nm using a UV-1100 spectrophotometer. Advanced Oxidative Protein Products (AOPPS) was estimated by the method of Witko-Sarsat et al., 1998. 200 μl of the sample was first diluted with PBS, then 10 μl of KI (1.16 M), and 20 μl of acetic acid was added. The sample was centrifuged at 5,000 rpm for 5 min and absorbance was measured at 340 nm on UV-spectrophotometer. Advanced glycation end products (AGEs) were estimated based on the method provided by Kalousova et al., 2002.
Nitric Oxide (NO) was estimated based on the method described before (Rasool et al., 2016). 100 μl of Griess Reagent was added with 300 μl of sample and supplemented with 2.6 ml of distilled water followed by incubation (30 min). The absorbance was measured at 548 nm. On the other hand, the myeloperoxidase (MPO), nitric oxide synthase (NOS), C - reactive protein (CRP), and ferritin levels were estimated using a commercial kit from Sigma-Aldrich, United States.
Thyroid Profile
The thyroid profile [triiodothyronine (T3), thyroxine (T4), thyroid-stimulating hormone (TSH), thyroid-stimulating hormone receptor antibodies (TSHr-Ab), thyroid peroxidase (TPO), thyroglobulin (TG), levels of reverse triiodothyronine (rT3), levels were also measured using commercially available kits (Sigma Diagnostics, United States).
Estimation of Vitamins and Trace Elements
Vitamin C was estimated based on the method described by Chinoy et al.,1986. 100 μl of the sample was added with 400 μl of TCA 5% and centrifuged at 3,000 rpm for 10 min. 320 μl of supernatant was separated and added with 130 μl of DTC and allowed to heat at 90° for 1 h. It was later ice-cooled and added with 600 μl of sulphuric acid then subjected to absorbance at 520 nm (Rasool et al., 2017). Vitamin E was estimated by the method of Rosenberg, 1992. 200 μl of the sample was supplemented with 200 μl of ethanol, 200 μl of n-hexane, and distilled water. It was then centrifuged at 3,000 rpm for 10 min and added with 25 μl of Bathophenanlhroline, 75 μl of ferric chloride, and 50 μl of Orthophosphoric Acid. Its absorbance was taken at 536 nm (Rasool et al., 2017). Both Vitamin A and Vitamin D were measured based on the methods described by Rutkowski and Grzegorczyk, 2007 and Arneson and Arneson, 2013 respectively. The vitamins (B6, B9, and B12) were estimated using the methods described before (Shaik and Gan, 2013). Sodium (Na) and potassium (K) were estimated by taking their absorbance with the help of a flame photometer (Kumar and Gill, 2018) and other trace elements in plasma were estimated based on the methods described previously (Bolann et al., 2007).
Estimation of IL-2, IL-6, and TNF-alpha
Cytokines such as interleukins (IL-2, IL-6), and tumor necrosis factor-alpha (TNF-α) were analyzed using respective commercial enzyme-linked immunosorbent assay (ELISA) kits (BioVendor, Czech Republic).
Aminoacids and Hormonal Profiles
The plasma aminoacids were estimated using the methods described by Shimbo et al., 2010. The levels of dopamine, serotonin, and prolactin were estimated using commercially available kits (Enzo Life Sciences Inc., United States).
Statistical Analysis
All the statistical analysis was performed using SPSS version 21(IBM SPSS, United States). Variables were assessed with One-way ANOVA (p < 0.05) and Pearson Correlation was plotted.
RESULTS
The results from age and sex-matched controls and schizophrenics, in general, represent the physiological and biochemical parameters indicating the susceptibility and development of thyroid disorders in schizophrenics. The controls were selected to match the demographic profile of age, weight, body mass index (BMI), gender distribution, systolic, and diastolic blood pressure (Table 1).
TABLE 1 | Demographic/physical characteristics.
[image: Table 1]Lipid Profile
The lipid profile of the schizophrenic patients was compared with the same number of controls (Table 2). The value of total cholesterol (Tch) was higher in schizophrenics (5.10 ± 1.76 mg/dl) than the control (4.49 ± 0.978 mg/dl). The LDL levels was also higher in schizophrenics (2.91 ± 0.564 mg/dl) than the control (2.31 ± 0.876 mg/dl). However, both the increases in Tch and LDL were statistically not significant. The levels of HDL was decreased in schizophrenics (1.31 ± 0.654 mg/dl) compared to the control (1.67 ± 0.265 mg/dl). Triglyceride levels was increased in schizophrenics (2.49 ± 0.056 mg/dl) compared to healthy control (1.40 ± 0.097 mg/dl). Both the decrease in HDL (p = 0.044) and the increase in triglycerides (p = 0.037) were statistically significant.
TABLE 2 | Lipid profiles of schizophrenics versus controls.
[image: Table 2]Liver Profile
Higher levels of ALT (45.57 ± 4.87 Vs. 26.41 ± 3.76 U/L), AST (40.55 ± 1.34 Vs. 21.92 ± 3.65 U/L), ALP (121.54 ± 4.87 Vs. 83.76 ± 5.87 U/L) and total bilirubin (2.63 ± 0.987 Vs. 1.10 ± 0.056 mg/dl) were found in schizophrenics in comparison to the corresponding controls (Table 3) and these increases in values were highly significant (p = 0.010, 0.014, 0.018 and 0.034 respectively). The levels of total protein (6.57 ± 1.56 mg/dl vs. 6.46 ± 1.65 mg/dl) in schizophrenics and controls respectively did not show much difference. However, serum albumin was significantly (p = 0.045) reduced in schizophrenics (2.71 ± 0.765 mg/dl) compared with healthy controls (2.79 ± 0.456 mg/dl).
TABLE 3 | Hepatic profiles of schizophrenics versus controls.
[image: Table 3]Antioxidant Profile
The various antioxidant parameters evaluated demonstrated a correlation between schizophrenics and the development or progression of thyroid disorders. The MDA levels (nmol/ml) varied significantly (p = 0.0213) and demonstrated elevated levels (3.71 ± 0.967) in schizophrenics than the healthy group (1.68 ± 0.099) (Table 4). The critical role of ROS and reactive nitrogen species (RNS) in the development of schizophrenia and its progression towards thyroid disorders is evident by the enzymatic and non-enzymatic antioxidants profile including SOD (µg/dl), GSH (µg/dl), CAT (µmol/mol of protein), GPx (mmol/dl) and GR (µmol/ml) respectively. All the above biomarkers showed very significant variations (Table 4). The levels of SOD (0.11 ± 0.0034 Vs. 0.45 ± 0.0056), GSH (4.48 ± 0.965 Vs. 9.06 ± 1.75), CAT (2.30 ± 0.0564 Vs. 3.67 ± 0.0376) and GPx (6.67 ± 0.987 Vs. 8.06 ± 1.87) were reduced in schizophrenics compared to the control. On the other hand, GR levels were higher in the patients relative to control (4.29 ± 0.365 Vs. 1.69 ± 0.002). Pro-oxidant levels including NO, NOS, and oxidative damage products like AOPsP, AGEs, and 8-OHdG showed a significant difference among themselves (p = 0.423, 0.017, 0.0110, 0.0287, and 0.0011 respectively). The levels of NO (23.27 ± 3.87 Vs. 56.33 ± 7.45 ng/ml) and NOS (7.87 ± 1.87 Vs. 56.76 ± 2.67 U/L) were decreased, while the levels of AOPPs (1.43 ± 0.0043 Vs. 0.90 ± 0.0067 ng/ml), AGEs (2.77 ± 0.0046 Vs. 2.57 ± 0.0045 ng/ml) and 8-OHdG (2.76 ± 0.0067 Vs. 1.18 ± .0045 ng/ml) were increased in the subjects versus controls.
TABLE 4 | Antioxidant profiles of schizophrenics versus controls.
[image: Table 4]Cytokine Profile
Cytokines have pleiotropic functions and serve as potential prognostic and diagnostic variables to establish the severity, stage, and treatment of a given disease. The data shown in (Table 4) depicted that cytokines including IL-2, IL-6, and TNF-α play a considerable role in the development of schizophrenia. The levels of IL-2 (pg/ml) (5.34 ± 1.77 Vs. 2.65 ± 1.56), IL-6 (pg/ml) (6.69 ± 3.87 Vs. 3.73 ± 2.76) and TNF-α (pg/ml) (31.60 ± 5.76 Vs. 30.42 ± 3.87) were increased in schizophrenics than the control subjects and varied significantly (p < 0.05) among each other.
Thyroid Hormone Profile
The thyroid function tests and related antibodies exhibited a diverse representation among schizophrenics and control and displayed a statistical significance (p < 0.05). Higher levels of freeT4 (21.30 ± 2.87 Vs. 10.66 ± 1.87 pmol/L) and TSH (5.09 ± 1.98 Vs. 2.00 ± 0.0045 mIU/L) and lower levels of freeT3 (3.85 ± 0.99 Vs. 4.58 ± 1.09 pg/ml) were observed in schizophrenics compared to controls (Table 5). Elevated levels of thyroid antibodies also revealed the development of autoimmune thyroid disorders (AITDs) in schizophrenia subjects. The levels of TPO-Ab (IU/ml), TG-Ab (pmol/L), and TSHr-Ab (IU/L) were observed to be higher in the patients’ group as compared to control subjects (9.84 ± 2.56 Vs. 5.81 ± 1.98, 55.50 ± 2.98 Vs. 32.95 ± 2.87 and 2.95 ± 0.0045 Vs. 1.44 ± 0.0023 respectively). The increases in FT4, TSH, and thyroid antibodies in schizophrenics indicate the association of schizophrenia with thyroid disorders.
TABLE 5 | Thyroid hormone profiles of schizophrenics versus controls.
[image: Table 5]Vitamins and Trace Elements Profile
The levels of water-soluble vitamins tested in schizophrenia showed significant decrease in their levels compared to the control (Table 6). The decreased levels of Vit B6 (23.98 ± 3.65 nmol/L), Vit B9 (1.97 ± 0.034 nmol/L), Vit B12 (89.98 ± 10.25 pmol/L) and Vit C (0.36 ± 0.0035 nmol/L) were recorded in schizophrenics susceptible to AITDs in comparison to healthy controls (Vit B6 87.67 ± 7.24, Vit B9 2.78 ± 0.092, Vit B12 234.65 ± 11.87 and Vit C 0.54 ± 0.0034 respectively). All the above decreases were statistically significant compared to the control [Vit B6 (p = 0.0190), Vit B9 (p = 0.0267), Vit B12 (p = 0.0023) and Vit C (p = 0.0315)]. The levels of fat-soluble vitamins were also reduced during disease severity. The levels of Vit A (4.33 ± 1.62 Vs. 6.01 ± 1.76 nmol/L), Vit E (0.25 ± 0.0035 Vs. 0.28 ± 0.0045 nmol/L) and Vit D (9.57 ± 1.89 Vs. 15.82 ± 1.98 pmol/L) were significantly lower in schizophrenics relative to control (p < 0.05) (Table 6). Significantly, reduced levels of trace elements (Se 5.5 ± 0.78 Vs. 4.21 ± 0.02), Zn 0.27 ± 0.0027 Vs. 0.16 ± 0.0023 mg/kg, Cu 0.95 ± 0.0067 Vs. 1.51 ± 0.0026 mg/kg, Fe 1.36 ± 0.0034 Vs. 1.23 ± 0.0093 μmol/L and ferritin 1.83 ± 0.0092 Vs. 1.12 ± 0.0033 μg/L) were recorded in schizophrenics (Table 7). As these trace elements play an important role in the proper functioning of anti-oxidative enzymes but their lower levels suggested improper activity of these enzymes which was most likely resulting in oxidative stress-mediated damage.
TABLE 6 | Vitamin profiles of schizophrenics versus controls.
[image: Table 6]TABLE 7 | Trace elements profile of schizophrenics versus controls.
[image: Table 7]Aminoacids and Hormonal Profiles
The facts regarding different amino acids displayed a clear picture of their eminent involvement in the initiation of schizophrenia and its progression to thyroid disorders represented in (Table 8). The levels of sulfur-containing amino acids (homocysteine, cysteine, and methionine) were found to be significantly regulated (Table 8). The homocysteine levels were significantly elevated (p = 0.000) in schizophrenics (17.56 ± 2.612 Vs. 6.96 ± 1.987 μmol/L), while cysteine and methionine were significantly decreased (p = 0.034 and p = 0.014) than the control (1.08 ± 0.089 Vs. 4.87 ± 0.924 μmol/L and 17.87 ± 1.23 Vs. 99.20 ± 5.36 μmol/L). The reason behind this variation may be due to reduced Vit B6, B9 and B12 so that homocysteine can neither be trans-sulfurated nor methylated properly resulting in oxidative stress. The levels of non-essential amino acids (glutamate, arginine, and tyrosine) were markedly reduced in schizophrenics in contrast to the corresponding control (12.70 ± 4.62 Vs. 19.77 ± 3.76 μmol/L, 91.65 ± 3.98 Vs. 95.35 ± 4.76 μmol/L, and 65.90 ± 7.54 Vs. 67.56 ± 3.76 μmol/L) while glycine was increased (267.87 ± 6.63 Vs. 256.73 ± 7.87 μmol/L). The reduction in glutamate levels resulted in oxidative injury while decreased arginine levels depict a fall in NO resulting in neurocognitive decline. The essential amino acids including phenylalanine, leucine, and threonine were higher in schizophrenia patients (64.76 ± 4.98 μmol/L, 155.35 ± 6.64 μmol/L, and 134.35 ± 6.98 μmol/L) relative to the control (63.87 ± 4.87 μmol/L, 145.35 ± 3.87 μmol/L, and 129.76 ± 4.67 μmol/L). The hormonal levels (dopamine, serotonin, and prolactin) were also assessed. Dopamine levels were decreased (3.78 ± 0.92 Vs. 7.98 ± 1.82 pg/ml) while an increasing trend was observed in serotonin and prolactin (PRL) among schizophrenics in comparison to the control (196.98 ± 6.35 Vs. 77.98 ± 7.01 ng/ml and 32.43 ± 1.67 Vs. 15.76 ± 2.65 ng/ml). An increase in serotonin together with a decrease in dopamine is associated with hyperprolactinemia mediated depression (HMD).
TABLE 8 | Amino acids and hormonal profile of schizophrenics versus controls.
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The present study showed that in schizophrenics susceptible to thyroid disorders, deficiency in vitamins B6, B9, and B12 mediates hyperhomocysteinemia resulting in the reduction of antioxidative enzymes leading to oxidative injury. Hyperhomocysteinemia in turn increases asymmetric dimethylarginine (ADMA) levels thereby inhibiting the NOS activity causing the reduction in NO levels, an important mediator in synaptic plasticity and memory. The levels of glutamate and cysteine were lower in schizophrenics, mediating oxidative insult while the decline in arginine levels result in decreased NO levels leading to schizophrenic symptoms. Reduction in Cu and an increase in Zn levels result in lower dopamine and higher serotonin levels leading to hyperprolactinemia mediated depression (HMD). The lower vitamin D levels in schizophrenics may be due to poor nutrition or inadequate sunlight exposure, which in turn increases susceptibility to autoimmune thyroid disorders, as they additionally have raised thyroid antibodies. The increase in thyroid-stimulating hormone (TSH) indicated hypothyroidism while the higher level of H2O2 resulted in not only hypothyroidism as well as hyperthyroidism (Kivity et al., 2011).
The dietary antioxidants including the vitamins pyridoxine (B6), folic acid (B9), and cobalamin (B12) have gained marked attention as they have a significant role in the prevention of oxidative damage and donation of a methyl group in the production of proteins, lipids, nucleic acids, neurotransmitters, and hormones (Mitchell et al., 2014). It has been proposed that increased levels of vitamins B6, B9, and B12 cause a reduction in homocysteine levels which helps consolidation of working memory. In contrast, their deficiency can result in hyperhomocysteinemia which may induce problems in neurocognitive abilities and behavior (Moustafa et al., 2014). The present study also demonstrated an inverse correlation between homocysteine and vitamins B6 (r = -0.298), B9 (r = -0.523) and B12 (r = -0.498). Thyroid hormones have a positive effect on homocysteine levels by two different mechanisms. Firstly, thyroid hormones can cause a reduction in methionine synthase (MS) and methylenetetrahydrofolate reductase (MTHFR) levels in the liver, involved in the remethylation of homocysteine (Ayav et al., 2005). Secondly, the glomerular filtration rate was most likely reduced by low thyroid hormone levels (Diekman et al., 2001). The effect of these two mechanisms leads to high homocysteine levels (T3 Vs. Homocysteine, r = 0.387, and T4 Vs. homocysteine, r = 0.399).
Hyperhomocysteinemia has a positive effect on ADMA, an inhibitor of NOS, and thus reduces NO levels, a potent vasodilator resulting in microvascular damage in the brain (Keil et al., 2004). The current study also demonstrated an inverse correlation with NOS (Homocysteine Vs. NOS, r = -0.576). This is associated with decreased vascular supply to the brain and thyroid tissue which leads to their atrophy in schizophrenics. Another effect of oxidative stress is lipid peroxidation, in which peroxides (MDA) are produced and combines with NO to produce peroxynitrite in the presence of total plasma peroxidases which further increases lipid peroxidation and causes a reduction in NO levels (Akiibinu et al., 2012), which was similar to the results of the present study (MDA Vs. NO, r = -0.387). NO has an important role in neurotransmission, memory maintenance, cognitive abilities, and synaptic plasticity. Therefore, it usually becomes utilized with a limited amount being available for these vital functions. NO controls the spine growth by mainly involving the postsynaptic regulation of actin cytoskeleton protein through cGMP-PKG cascade which in turn is responsible for actin polymerization in a phosphorylation-dependent manner and is implicated in the synapse formation (Nikonenko et al., 2013). In the case of malnutrition, there is an inadequate intake of L-arginine which results in the deficiency of NO in schizophrenics, as both have a positive correlation (L-arginine Vs. NO, r = 0.299). Malondialdehyde (MDA) reduces membrane stability and also plays a role in DNA damage by forming adducts (Frey et al., 2007). This study reveals a positive correlation between MDA and 8 oxodG, the end product of DNA damage (MDA Vs. 8 oxodG, r = 0.756).
Homocysteine-mediated oxidative stress is considered as one of the significant mechanisms for the toxicity of homocysteine in neuronal cells. In vascular and neuronal cells, auto-oxidation of homocysteine can occur which causes disturbances in redox homeostasis resulting in defective redox signaling mechanisms (Zou and Banerjee, 2005). This effect can be elaborated by increasing ROS production and NO deactivation. In the mitochondria of both astrocytes and thyrocytes, N-acetyl cysteine is converted into cysteine by deacetylation which then reacts with glutamate to form gamma-glutamate-cysteine in the presence of glutamate-cysteine ligase catalytic unit. Gamma-glutamate-cysteine combines with glycine to form glutathione in the presence of glutathione synthetase (Wood et al., 2009). In schizophrenia, amino acids including cysteine and glutamate, and antioxidant enzymes are decreased in astrocytes and thyrocytes simultaneously thus ROS is increased (Erdamar et al., 2008). Glutamate is also a progenitor of NO and a positive correlation was observed between NO and glutamate (NO Vs. glutamate, r = 0.442). Due to an increase in superoxide free radicals, DNA damage causes telomere shortening/erosion which allows the formation of adducts i.e., 8-oxodG and 8-oxoGuo thus result in apoptosis of thyrocytes and astrocytes (Nishioka and Arnold, 2004). This cell death causes ventricular enlargement and hippocampal volume reduction which leads to schizophrenic symptoms and atrophy of the thyroid gland (Nishioka and Arnold, 2004). Hydrogen peroxide is an important factor in thyroid hormogenesis. The increase in H2O2 enhances the conversion of iodide into iodine, the coupling of monoiodotyrosine (MIT) and diiodotyrosine (DIT), and synthesis of RT3 leads to hyperthyroidism (Chen et al., 2011). On the other hand, it is also suggested that the increase in H2O2 causes inhibition of iodide uptake and organification which results in hypothyroidism (Moreno et al., 2002). High H2O2 also induces cell death by activating apoptosis signal-regulating kinase and also favors inflammation (Poljak et al., 2006).
Hyperhomocysteinemia causes cytotoxic effects by reducing antioxidants such as Vit C or E and N-acetylcysteine (Weiss et al., 2003), and the current study demonstrated an inverse correlation of homocysteine with both Vit C (r = -0.498) and E (r = -0.354). Vit C, another antioxidant acts as a cofactor for 5-hydroxytryptophan and dopamine beta-hydroxylase which mediates the conversion of tryptophan to serotonin and dopamine to nor-epinephrine respectively (Cooper, 1961). Dietary lack of Vit C causes a reduction in serotonin levels and also an increase in dopamine levels (Yamamoto and Novotney, 1998) and the current study also showed a positive correlation of Vit C with serotonin (r = 0.343) and an inverse with dopamine (r = -0.459). Vit E acts as an antioxidant to prevent peroxides (MDA) formation involved in lipid peroxidation and thus functions as a membrane stabilizer (Niki et al., 1995). Its levels are markedly reduced in schizophrenic patients, cause lipid peroxidation leading to DNA and cell membrane damage in both thyroid and brain tissues (Petrulea et al., 2012). In the present study, Vit E showed an inverse correlation with both MDA (r = -0.339) and 8-oxodG (r = -0.576). Vit E has a suppressing effect on thyroid activity and also on oxidants thus its supplementation in hyperthyroidism may have a positive role in the reduction of thyroid hormone levels and oxidative damage (Prabakaran et al., 2004). In line with the above, an inverse correlation between Vit E and thyroid hormones (T3, r = -0.221 and T4, r = -0.287) was observed in the present study (Table 9).
TABLE 9 | Pearsons’ correlation coefficients of prominent variables in the development of thyroid dysfunction in schizophrenics.
[image: Table 9]Schizophrenia and elevated heavy metals have a strong association (Wolf et al., 2006; Vural et al., 2010; Liu et al., 2015). The metallothionein, a metal removing protein is required for heavy metals removal, but malfunctioning transcription processes of this protein are reported in schizophrenics (Wolf et al., 2006). The other common factor in schizophrenia is copper (Cu) toxicity which mediates elevated catecholamine oxidation; the resultant end products are harmful hallucinogens (Liu et al., 2015). In contrast, a recent finding revealed that Cu is decreased in schizophrenics (Vural et al., 2010). It is essential for the proper functioning of superoxide dismutase (SOD), dopamine beta-hydroxylase, and tyrosine hydroxylase, and therefore diminished levels of Cu cause oxidative stress and abnormal dopamine nor-epinephrine interaction (Pataracchia, 2008) and we observed a positive correlation for Cu with dopamine (r = 0.427). It has been also proposed that low thyroid function permits heavy metal retention as there is reduced hepatic synthesis of metallothionein (Gupta and Kar, 1983). Heavy metals hamper T4 to T3 conversion by restraining peripheral enzymes (van Vliet et al., 2007). Zinc (Zn) deficiency is an antagonist to Cu (Yanik et al., 2004), the present study also revealed an inverse correlation between these two metals (Cu Vs. Zn, r = -0.398). Zinc is essential for other important functions such as serotonin synthesis, proper functioning of metallothionein, the formation of Cu, Zn, SOD, and activation of NOS. It is important in the prevention of oxidative damage, reduction of lipid peroxidation in neurons, and thus plays a major role in maintaining the blood-brain barrier (Malik, A et al., 2016). The present study suggested that the decreased Cu levels mediate the lowering of dopamine levels while increased Zn levels cause elevated serotonin levels, resulting in hyperprolactinemia leading to hyperprolactinemia mediated depression (HMD), as reported in a recent study (Wysokiński and Kłoszewska, 2014). An inverse correlation between PRL and dopamine (r = -0.867) while a positive correlation between PRL and serotonin (r = 0.745) was observed in the current study. The levels of phenylalanine were increased but that of tyrosine was lowered in schizophrenics. Phenylalanine is converted into tyrosine in the presence of phenylalanine hydroxylase and it ultimately produces dopamine. But in schizophrenia, the activity of this enzyme is affected by cytokines (interferon-γ) and ROS which decreases cofactor 6 R-L-erythroid-5,6,7,8-tetrahydrobiopterin (BH4) required for its proper functioning (Liao and Ya-Mei, 2014). The increase in TSH response to TRH has been recognized, having a direct effect on the thyroid gland resulting in hyperthyroidism (Duval et al., 2010). Contrary to this effect, it is reported that there is a reduction in TSH response to TRH in depression which leads to hypothyroidism (Asare et al., 2014). Selenium (Se) and iron (Fe) deficit are also common in schizophrenics as they act as cofactors for glutathione peroxidase (GPx) and catalase (CAT) respectively thus their deficiency results in oxidative damage (Pataracchia, 2008). The current study demonstrated a positive correlation between Se and GPx (r = 0.598) and also between Fe and CAT (r = 0.664) (Table 9).
It has been revealed that individuals with Vit D deficiency are two times more prone to develop schizophrenia, and its deficiency leads to a seasonal affective disorder (SAD), a state of depression that may arise from decreased sunlight exposure and poor nutrition (Bischoff-Ferrari et al., 2006). The levels of antibody titer represent that thyroid peroxidase-antibody (TPOAb), thyroid-stimulating hormone receptor-antibody (TSHrAb), and thyroglobulin-antibody (TgAb) were raised in the patients suffering from schizophrenia along with thyroid dysfunction. A strong inverse relationship between Vit D and the presence of anti-thyroid antibodies in patients deficient in Vit D was revealed (Virupaksha et al., 2014). The present study also represents inverse correlation between Vit D and thyroid antibodies namely TPO-Ab (r = -0.791), TSHr-Ab (r = -0.591) and TG-Ab (r = -0.338*). In the current study, Vit D showed inverse correlation with inflammatory cytokines namely, IL-2 (r = -0.614), IL-6 (r = -0.721) TNF-α (r = -0.811). The enhanced inflammatory response mediates up-regulation of autoimmune response resulting in autoimmune thyroid disorders (AITDs) including Hashimoto’s thyroiditis and Graves’ disease. This decrease in Vit D may be due to deranged liver functions as observed in this study by raised hepatic enzymes including ALT, ALP, and AST, contrary to the findings of Virupaksha et al., 2014 when a high inverse correlation was observed between Vit D and the following hepatic enzymes namely, ALT (r = -0.891), AST (r = -0.403) and ALP (r = -0.391). The deficient 1, 25(OH)2D3 levels in schizophrenics results in an increase in homocysteine levels by blocking the activity of cystathionine β-synthase (CBS) and also inhibit NOS dependent NO production leading to cognitive decline (Malik, A. A et al., 2016), similar correlations of Vit D with homocysteine (r = 0.502) and NOS (r = 0.411).
Figure 1 describes that in the mitochondria of astrocytes and thyrocytes, methionine is converted into S-adenosylmethionine (SAM) in the presence of MATI/II which is then converted into S-adenosylhomocysteine (SAH) by glycine N-methyltransferase (GNMT) so that methylation of neurotransmitters occurs. SAH is transformed into homocysteine, mediated by S-adenosylhomocysteine hydrolase (SAHH). Homocysteine has two routes, one is to remethylate into methionine in the presence of methionine synthase (MS), vitamin B9 and vitamin B12 act as a cofactor for it. The methyl group is provided by methyltetrahydrofolate (CH3-THF), formed from tetrahydrofolate (THF) in the presence of serine hydroxymethyltransferase (SHMT), methyltetrahydrofolate reductase (MTHFR), and vitamin B6. The other route is that homocysteine is converted into cystathionine-by-cystathionine synthase beta (CSβ) and then into N-acetylcysteine (NAC) which requires vitamin B6 as a cofactor. NAC is then converted into cysteine by deacetylation which then combines with glutamate and glycine to form glutathione (GSH). In schizophrenia, glutathione is reduced due to polymorphism of its gene, and deficiency of vitamin B6, B9, and B12 may be due to reduced dietary intake, malabsorption, and genetic dysfunction. Thus, it leads to hyperhomocysteinemia which causes oxidative stress, vascular damage, DNA damage, mitochondrial dysfunction, and apoptosis of both astrocytes and thyrocytes. Furthermore, in schizophrenics, antioxidant enzymes such as SOD, GPx, and CAT are also reduced. Thus, there is a dual cause of an increase in oxidative stress. This causes DNA damage and apoptosis leading to hippocampal volume reduction and ventricular enlargement in the brain and thyroid atrophy as well. Lipid peroxidation produces peroxide (MDA) which forms peroxynitrite when combined with nitric oxide (NO) in the brain coming from blood vessels, produced by L-arginine and oxygen in the presence of nitric oxide synthase (NOS). NO has an important role in vasodilation, memory maintenance, neurotransmission, and cognition. NO synthesis is affected in schizophrenia by hyperhomocysteinemia by increasing asymmetrical dimethyl aspartate (ADMA), an inhibitor of NOS, and also due to L-arginine dietary lack. Thus, microvasculature is destroyed resulting in decreased blood supply to the brain and thyroid tissues proceeding to apoptosis. The peroxides (MDA) cause DNA damage which ultimately leads to astrocytes and thyrocytes apoptosis. In thyrocytes, hydrogen peroxide (H2O2) is used in the synthesis of thyroid hormone as it acts on thyroperoxidase (TPO) mediated reactions. Thus, the increase in H2O2- causes hyperthyroidism (Song et al., 2007). The rise in H2O2 causes inhibition of iodide uptake and organification resulting in hypothyroidism (Song et al., 2007; Szanto et al., 2019). In the hypothalamus, prolactin (PRL) activating factors (TRH and VIP) and PRL inhibiting factor (dopamine) are released which act on the anterior pituitary to produce PRL and TSH. In schizophrenics, hyperprolactinemia occurs as PRL increases estrogen which induces more production of PRL. PRL also enhances serotonin synthesis which increases PRL activating factors and reduces dopamine, thus more hyperprolactinemia occurs leading to anxiety and depression. TSH is also increased and acts on the thyroid resulting in hyperthyroidism. Hyperhomocysteinemia also reduces the levels of vitamin C and E, the dietary antioxidants in schizophrenia. The reduction in vitamin C causes a decrease in serotonin and dopamine as it acts on enzymes that mediate their synthesis and processing. Vitamin E reduces lipid peroxidation thus has a significant role in membrane stabilization. Hence, the reduction in vitamin E may substantially elevate the lipid peroxidation levels resulting in mitochondrial and cell membrane damage and apoptosis of astrocytes and thyrocytes in schizophrenics.
[image: Figure 1]FIGURE 1 | Mechanism of Thyroid Dysfunction in Schizophrenics. The role of oxidative stress and the biomarkers associated with thyroid dysfunction in schizophrenics.
CONCLUSION
In the present study, schizophrenics demonstrated altered liver function, increased stress markers, and decreased dietary antioxidants. The reduced levels of primary and secondary antioxidants may subsequently result in hyperhomocysteinemia and increased ROS leading to DNA and mitochondrial damage. Moreover, we found that in schizophrenics susceptible to thyroid disorders, deficiency in vitamins B6, B9, and B12 mediates hyperhomocysteinemia resulting in the reduction of antioxidative enzymes leading to oxidative injury. Hyperhomocysteinemia in turn increases ADMA levels thereby inhibiting the NOS activity causing a decrease in NO levels, an important mediator in synaptic plasticity and memory. The levels of glutamate and cysteine were lower in schizophrenics, mediating oxidative insult while the decline in arginine levels result in decreased NO levels leading to schizophrenic symptoms. Besides, the reduction in Cu and an increase in Zn levels result in lower dopamine and higher serotonin levels leading to HMD. Also, the lower vitamin D levels in schizophrenics increase their susceptibility to autoimmune thyroid disorders. In conclusion, homocysteine and/or PRL levels may serve as candidate prognostic markers for schizophrenia. Besides, both neurological symptoms and the susceptibility to thyroid disorders may be prevented in the initial stages of this debilitating disorder by appropriate dietary supplementation of antioxidants which can rectify a reduction in primary and secondary antioxidants, and disturbed prolactin-serotonin-dopamine interactions in schizophrenics.
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Khat (Catha edulis (Vahl) Endl.) is an evergreen flowering shrub used as a stimulant in many regions worldwide including East Africa, the Arabian Peninsula, Europe, and the United States. Chewing leaves of khat induces excitement and euphoria, which are primarily attributed to two major constituents, cathinone and cathine. Khat also contains other important constituents such as cathedulins. A considerable number of studies reported side effects induced by the khat extracts to both embryos and adults. These include teratogenicity and developmental retardation, oral cancer and ulcers, high blood pressure, and myocardial infarction. So far, little attention has been paid to the effects of khat extracts on the molecular signaling interactions. We aimed in this study to investigate this through evaluating the effects of khat extracts on SKOV3, a human ovarian adenocarcinoma cell line. We show, by in vitro assays, that khat induces several cellular defects including reduced cell size, cell membrane damage, and apoptosis. At high khat extract concentrations, the cell metabolic activity, cell cycle, and cellular proliferation were affected. RT-qPCR analysis showed an increase in the gene expression of the apoptotic marker BAX, the tumor suppressor p53, and the inflammatory cytokine IL-6. Protein expression analysis by immunostaining showed downregulation of β-catenin, E-cadherin, and Ki-67 and upregulation of FZD8 and SPRY2, suggesting that Wnt and FGF signaling were implicated. SwissTargetPrediction in silico analysis showed that khat constituents cathine, cathinone, catheduline K2, and catheduline E5 bind to family A G-protein-coupled receptor, cause many neurological diseases and disorders such as Alzheimer's, schizophrenia, depression, and anxiety, and induce many ovarian cancer-related diseases. The analysis also showed that important signaling pathways such as CREB, Wnt, FGF, IL-6, and ERK/MAPK, and that of the endometrial cancer, and cell cycle were implicated. Upstream regulators of cathine and cathinone were found to potentially target several molecules including interleukin-8, MMP2, PLAU, and micro-RNAs. In conclusion, khat induces significant cellular and molecular changes that could potentially cause a wide range of serious diseases and syndromes. Such an impact could have a heavy burden on the health care system in the countries where khat is consumed.
Keywords: molecular signaling, gene expression, FGF, microRNAs, khat, SKOV3
INTRODUCTION
Khat (Catha edulis (Vahl) Endl.) is an evergreen shrub grown in the Horn of Africa and the Arab Peninsula (Al-Qirim et al., 2002; Wabe, 2011). Chewing khat leaves is a common practice among people in these countries due to its stimulant and sympathomimetic effects (Al-Qirim et al., 2002; Dimba et al., 2004; Al-Zubairi et al., 2008). At least 200 constituents in the khat leaves have been recently identified (Kiros, 2020). Khat leaves contain a considerable number of alkaloids, among which major active constituents are cathinone (S-(-)-2-amino-1-phenyl-1-propanone), cathine (1S, 2S-norpseudoephedrine), 62 highly complex cathedulins (polyhydroxylated sesquiterpenes), flavonoids, glycosides, ascorbic acid, tannins, sterols, triterpenes, and smaller amounts of 1R, 2S-norephedrine (Halbach, 1972; Kalix and Braenden, 1985; Kite et al., 2003; Wabe, 2011; Alsanosy et al., 2020; Kiros, 2020). Young and mature khat leaves constituent analysis has been recently well-documented. This hierarchical cluster analysis showed that cathine and cathinone were the major components and associated with significant cytotoxicity (Alsanosy et al., 2020). The use of khat for medicinal treatment is not yet fully understood, but it has been used to treat serious diseases such as gonorrhea, asthma, chest complications, depression, gastric ulcers, obesity, and tiredness (reviewed by Kiros, 2020).
Problems associated with repeated khat consumption such as psychiatric morbidity (Al-Habori et al., 2002; Pennings et al., 2008), myocardial infarction (Al-Motarreb et al., 2002a), muscle toxicity, and rhabdomyolysis (Mohan et al., 2019), as well as hypertension and tachycardia (Kuczkowski, 2005) have been evident. Khat also causes adverse effects on the gastrointestinal tract such as esophagitis and gastritis (Gunaid et al., 1995). Khat intake has been shown to have a direct relationship with oral cancers with signs of cytotoxic effects at the site of mastication (Soufi et al., 1991; Ali et al., 2004). Interestingly, the evidence for the direct link between khat consumption and oral cancer induction has recently shown a great deal of controversies (Al-Maweri et al., 2020; Chong et al., 2020). Some khat extracts cytotoxic effects were reported in ovarian cancer (Elhag et al., 1999). The toxicity symptoms caused by heavy khat consumption were attributed to the harmful effects of its polyphenolic contents (Abdelwahab et al., 2018).
In rats, khat extracts induced apoptosis, degeneration of hepatocytes (Al-Habori et al., 2002; Al-Mamary et al., 2002; Ageely et al., 2014), embryotoxicity, and severe teratogenicity (Islam et al., 1994; Abou-Elhamd et al., 2018). In male rats, it impaired the process of spermiogenesis (Abou-Elhamd et al., 2020), while in females, it increased the oxidative stress markers (Arafa et al., 2019).
At the cellular level, khat causes genetic damage in human T-lymphoblastoid cell lines (Barkwan et al., 2004) and rapid cell death in HL-60, Jurkat, and NB4 leukemia cell lines (Dimba et al., 2003).
Literature evidence from both in vitro and in vivo studies indicated that khat extracts have significant cytotoxic and apoptotic effects against some human cancer cell lines (Dimba et al., 2003; Bredholt et al., 2009; Alsanosy et al., 2020). Ovarian cancer ranks fifth most common among cancers in women and is associated with high morbidity and mortality. SKOV3 is an epithelial-like human ovarian adenocarcinoma cell line derived from the ascites of an ovarian serous cystadenocarcinoma. To understand whether khat extract has any inhibitory or cytotoxic effects on ovarian cancer cells, we, in the present study, evaluated the effects of khat extracts on SKOV3 using both in vitro and in silico platforms. We showed significant changes in the gene and protein expression of several known molecular markers. We also identified many signaling pathways implicated by the khat extracts such as FGF signaling, Wnt signaling, and micro-RNAs.
MATERIALS AND METHODS
Ethical Approval
The ethical approval for the use of SKOV3 was obtained from the Bioethics Committee of the King Abdulaziz University vide approval number (33-15/KAU). Khat extracts were processed and obtained from the Biology Department, Jazan University, and its use was approved by the Research Ethics Committee of the Medical Research Center, Jazan University (approval number REC/ MRC/ JU, 30/01/2017).
Khat Extraction
Two bundles weighing 393 g of fresh khat (genus: Catha edulis (Vahl) Endl., family: Celastraceae, order: Celastrales, class: Magnoliopsida) was provided by the Substances Abuse and Research Center, Jazan University, Jazan, Saudi Arabia, on the 12th of January 2019. Khat extraction was carried out as soon as the khat bundles were received to avoid the loss of the active ingredients. The average length of the selected khat green leaves for the extract preparation was 4–6 cm. Khat leaves (126 g) were washed in distilled water, chopped on a metal plate, and crushed by a blender. Methanolic khat extraction was carried out as previously described (Abou-Elhamd et al., 2020). In brief, crushed leaves were immersed in 100 ml methanol (Sigma-Aldrich, Taufkirchen, Germany) and kept on a rotary shaker for 2 h. The mixture was filtrated through an 11 mm filter paper (Grade 1, Whatman, Kent, United Kingdom). The filtrate was kept overnight on a stirrer at 45°C to allow the methanol to evaporate (Kimani et al., 2008). Dried khat methanolic crude extract weighed 65.5 g from which we obtained approximately 34 g of usable khat extracts. Cathine and cathinone concentrations in the khat extracts were measured in the Poison Control Medicinal Chemistry Legitimacy Jazan Center, Jazan, Ministry of Health, Saudi Arabia, and were 305 μg/ml and 114 μg/ml, respectively. Khat extracts were stored at −20°C until used as required. Khat extracts were solubilized before being used in the experiments by a tissue culture grade phosphate-buffered saline without calcium and magnesium (PBS−) and sonicated for 3 min (50 Hz, 37°C).
Culture of the Human Ovarian Cancer Cell Line (SKOV3)
SKOV3 was purchased from the European Collection of Authenticated Cell Cultures (ECACC, Wiltshire, England). The SKOV3 cells were cultured in the basal Rosewell Park Memorial Institute (RPMI) 1640 medium supplemented with 10% fetal bovine serum (FBS), 2 mM GlutaMAX, and 1% antibiotics (penicillin-streptomycin). The frozen vials containing SKOV3 cells were rapidly thawed in 37°C water bath using the standard thawing procedure. The cells were cultured in a humidified 5% CO2 incubator at 37°C.
Cell Morphology
SKOV3 cells were seeded at a density of 2 × 104 cells/well in a 24-well plate and allowed to attach overnight. SKOV3 cells serving as negative controls were treated with PBS− with volumes equal to the added khat extracts. The cells were then treated with various concentrations of the khat extracts (10 μg/ml, 30 μg/ml, 100 μg/ml, 300 μg/ml, 1 mg/ml, 3 mg/ml, and 10 mg/ml) for 24–72 h and cultured in a 5% CO2 incubator at 37°C. Cell morphology was investigated every 24 h by phase-contrast microscopy (Nikon Instruments, Tokyo, Japan).
Cell Metabolic Activity (MTT) Assay
SKOV3 cells were plated and cultured as stated above, and MTT assay was carried out at 24, 48, and 72 h following treatment with khat extracts at different concentrations (10 μg/ml, 30 μg/ml, 100 μg/ml, 300 μg/ml, 1 mg/ml, 3 mg/ml, and 10 mg/ml). The cell metabolic activity and hence their proliferation/inhibition was determined using MTT assay according to the manufacturer’s instructions (Sigma-Aldrich, Germany). The spun media was removed, and 200 ml of fresh culture medium containing 20 µl MTT reagent (3-(4, 5-dimethyl thiazolyl-2)-2, 5-diphenyltetrazolium bromide; Sigma, MO, United States) was added to each well. The cells were incubated under standard culture conditions for 4 h. The medium was removed, and the insoluble formazan crystals were solubilized using DMSO (200 ml/well). The absorbance was obtained at 570 nm with a background reference of 630 nm, using a SpectraMax i3 Multimode Reader (Molecular Devices, Sunnyvale, CA, United States).
Cell Cycle Assay
SKOV3 cells were seeded at a density of 1 × 105 cells/T-25cm2 tissue culture flask and treated with khat extracts at the following concentrations: 10 μg/ml, 30 μg/ml, and 300 μg/ml for 48 h. The control and treated cells were fixed in 70% ice-cold ethanol by dropwise addition, to avoid clumping of cells, and left overnight at 4°C. The fixed cells were then washed with PBS− and stained with propidium iodide (PI, 50 μg/ml) in PBS− containing 50 μg/ml RNase-A and 0.1% Triton X-100. The cells were analyzed using a FACS III Aria flow cytometer (BD Biosciences, CA, United States), and the results were computed with FACSDiva™ software (BD Biosciences, CA, United States).
Apoptosis (Annexin V-PI) Assay
SKOV3 cells were plated and treated with khat extracts as in the above experiment. Cells were treated with khat extracts at the following concentrations: 10 μg/ml, 30 μg/ml, and 300 μg/ml for 48 h. Both the control and treated cells were then trypsinized, centrifuged (1000 rpm × 5 min), and pelleted. The cell pellet was washed once in cold PBS− and twice in 1X binding buffer with centrifugation (1000 rpm × 5 min) in between washing steps. The final cell pellet was resuspended in freshly prepared PI (Sigma, St Louis, MO, United States) and Annexin V-APC (BD Biosciences, CA, United States) solution and incubated for 15 min in the dark at room temperature. The stained samples were then analyzed for the various stages of the apoptotic cells using a FACS III Aria flow cytometer (BD Biosciences, CA, United States), and the results were computed with FACSDiva™ software (BD Biosciences, CA, United States).
Gene Expression Analysis (Quantitative Real-Time PCR)
SKOV3 cells were treated with khat extracts as mentioned above and were analyzed for the apoptosis, cell cycle, and inflammation-related gene expression using quantitative real-time PCR (RT-qPCR). The total RNA was extracted using a Pure Link RNA Mini Kit (Ambion, Thermo Fisher Scientific, United Kingdom). Quantity and quality were analyzed using Nanodrop™ (Nanodrop Technologies, Wilmington, DW, United States). First-strand cDNA synthesis was done using random hexamers (High-Capacity cDNA Reverse Transcription Kit, Applied Biosystems) with the inclusion of on-column deoxyribonuclease (DNase-I) treatment. Gene expression of BAX (apoptosis regulator, also known as BCL-2-like protein 4), p53 (tumor suppressor), and IL-6 (interleukin, acts as a proinflammatory cytokine and an anti-inflammatory myokine) were analyzed. The primer sequences used are provided in Table 1 (Abu-Elmagd et al., 2017). Gene expression analysis was performed using a StepOnePlusTM real-time PCR System (Applied Biosystems, United States) with SYBR Green Master Mix. Relative quantitation was done using the comparative 2−ΔΔCt method.
TABLE 1 | Genes and primers’ sequence details.
[image: Table 1]Immunohistochemistry
SKOV3 control cells and 700 μg/ml of khat extract-treated cells on coverslips were fixed in 4% formaldehyde/PBS for 10 min at room temperature and then rinsed twice in ice-cold PBS/Tween-20 (PBST). Cells were then treated with 2% H2O2 for 10 min to block the endogenous peroxidase expression, washed with PBST, and then permeabilized with Triton X-100 for 10 min. Cells were washed with PBST and blocked with 10% goat serum, after which each coverslip was treated at 4°C with an anti-human primary antibody of β-catenin (Leica Biosystems, IL, United States) (mouse monoclonal, 6003258, 1:100 dil.), E-cadherin (Dako, CA, United States) (mouse monoclonal, M7240, 1:100 dil.), Frizzled-8 (FZD8, Rabbit, ab155093, 1:100 dil.), Sprouty-2 (SPRY2, mouse monoclonal, SC-100862, 1:250 dil.), and Ki-67 (mouse monoclonal, M-7240). After overnight incubation in the primary antibody, cells were washed with PBST and blocked with 10% goat serum. The secondary antibody was applied, and the color was detected according to Dako REAL detection system manufacturer’s instructions (Dako, CA, United States, cat. no. K5001). Cells were then treated with biotinylated secondary antibody for 20 min, washed with PBST, and then treated with streptavidin peroxidase for 20 min. The color was developed using Dako DAB color substrate and counter-stained with hematoxylin. The slides were dehydrated with ascending grades of ethanol and mounted with xylene-based mounting media. Images were captured using an Olympus BX53 microscope (Tokyo, Japan).
In Silico Analysis
SwissTargetPrediction
The machine-readable formats of the cathine (C9H13NO), cathinone (C9H11NO), catheduline K2 (C40H51NO19), and catheduline E5 (C59H64N2O23) structures were obtained, based on both canonical and from the PubChem Database (Kim, 2016; Kim et al., 2016). In the present study, the putative molecular targets of the cathine, cathinone, and both cathedulins were obtained using SwissTargetPrediction (http://www.swisstargetprediction.ch/) (Gfeller et al., 2014) (Supplementary Figure S1). Canonical and isomeric SMILES of cathine, cathinone, catheduline K2, and catheduline E5 were used as input sequences in the SwissTargetPrediction webserver to virtually screen the molecular targets (Daina and Zoete, 2019). The SwissTargetPrediction virtual screening tool uses the "similarity principle" to predict the most probable targets of bioactive molecules such as cathine, cathinone, catheduline K2, and catheduline E5 (Gfeller et al., 2013; Gfeller et al., 2014). In this virtual reverse screening tool, the putative binding predictions are accomplished from 376,342 experimentally active analogous compounds in 2D and 3D that strongly interact with 3,068 well-recognized protein targets (Huang et al., 2018; Daina and Zoete, 2019). In the latest version of the SwissTargetPrediction, the dataset is based on ChEMBL23, and putative protein targets are ranked based on a score that merges both 2D and 3D similarity values of an active molecule to the query molecules such as cathine, cathinone, catheduline K2, and catheduline E5 (Daina et al., 2019). Importantly, the ranking of the targets rather than the absolute values of scores or probabilities is the most meaningful parameter. A maximum of 100 probable protein targets was obtained as an output from the SwissTargetPrediction tool (Gfeller et al., 2014; Daina et al., 2019).
WebGestalt Analysis of Cathine and Cathinone Targets
WebGestalt (wGSEA) is an open-source platform (http://webgestalt.org/) that facilitates a more flexible, comprehensive, and interactive functional enrichment analysis of differentially expressed proteins (DEPs) or differentially expressed genes (DEGs) (Liao et al., 2019). The newest version of the wGSEA identifies 155,175 functional groups, 342 gene identifiers, and 12 major organisms with an additional option for including user-defined functional databases (Liao et al., 2019; Bahlas et al., 2020). The DEPs or DEGs derived from medium- to large-scale omics experiments can be classified based on biological, molecular, and cellular functions using the wGSEA web tool. To functionally classify the cathine- and cathinone-induced putative protein targets, the Over Representation Analysis (ORA) module of the wGSEA was chosen (Supplementary Figure S1), the preferred organism was Homo sapiens, and gene ontology (biological, cellular, and molecular functions) and disease databases such as OMIM, GLAD4U, and DisGeNET were selected for further downstream analyses (Liao et al., 2019; Bahlas et al., 2020). The default parameters for the enrichment analysis such as the minimum number of IDs (5), the maximum number of IDs (2000), the Benjamini Hochberg (BH) method for computing the False Discovery (FDR) Rate (p < 0.05), and the significance level (Top 10) were applied for each wGSEA analysis (Bahlas et al., 2020).
Open Targets Platforms
The Open Targets Platform (https://www.targetvalidation.org/) was utilized to uncover the cathine and cathinone molecular targets associated with cell proliferation disorders, ovarian diseases, and psychiatric disorders (Koscielny et al., 2017; Carvalho-Silva et al., 2018; Ochoa et al., 2021). The evidence from various omics studies, text mining of scientific publications, in vivo models, and disease relevant drugs were utilized in the Open Targets Platform to score and rank target-disease associations and assist target prioritization (Khaladkar et al., 2017; Carvalho-Silva et al., 2018; Ochoa et al., 2021). Here, the query lists, along with the putative molecular targets of cathine and cathinone, were used to decipher the cell proliferation, ovarian, psychiatric, and nervous system disorders, and diseases significantly (p < 0.05) regulated by these molecules and their associated molecular networks.
Ingenuity Pathway Analysis
Ingenuity Pathway Analysis (IPA) software (Qiagen Inc., MD, United States) has a cutting edge, up to date next generation knowledge base that consists of clarified scientific information from publications, databases, and other relevant resources (Jafri et al., 2019; Bahlas et al., 2020). Here, we applied the IPA to functionally annotate the protein clusters and identified biologically significant disease-specific pathways regulated by cathine and cathinone molecular targets. The putative molecular targets of cathine and cathinone was subjected to Core Analysis in the IPA to delineate biologically relevant canonical pathways, diseases, biological and pathological functions, upstream regulators, causal networks, and nondirectional unique networks, using the right-tailed Fisher Exact Test and Benjamini Hochberg Correction (BHC) for multiple testing (p < 0.05).
RESULTS
Khat Extract and SKOV3 Cells Morphology
The untreated control of SKOV3 cells demonstrated normal attachment, morphology, growth, and proliferation. Treatment with different concentrations (10, 30, 100, and 300 μg/ml; 1, 3, and 10 mg/ml) of khat extracts for 24–72 h showed variable inhibition of SKOV3 cell growth and proliferation compared to the control (Figure 1). There were no changes in cell morphology or proliferation at lower concentrations compared to the control. However, higher concentrations of khat extracts, especially 1 mg/ml, 3 mg/ml, and 10 mg/ml and extended culture period (48 and 72 h), showed different morphological changes such as shrinkage in cell size, damage to cell membranes, and loss of cell adherence, culminating in cell death compared to control (Figure 1).
[image: Figure 1]FIGURE 1 | Representative phase-contrast images of the ovarian cancer cell line (SKOV3) following treatment with khat extracts at different concentrations (10, 30, 100, 300 μg/ml, 1, 3, 10 mg/ml) and different time points (24, 48, and 72 h). Compared to control, the SKOV3 cells exposed to khat extracts demonstrated cell growth inhibition and death with increasing concentration of the extract. Magnification 10x.
Khat Extract and SKOV3 Cells Metabolic Activity
MTT assay demonstrated an indirect increase, reflecting the increase in cell numbers with extended duration of culture. However, following treatment with different concentrations (10, 30, 100, and 300 μg/ml; 1, 3, and 10 mg/ml) of khat extracts for 24–72 h, a mild to moderate decline in the metabolic activity of the SKOV3 cells was observed with most concentrations compared to the control (Figure 2). The observed reduction in metabolic activity after treatment for 24 h at various concentrations of khat extracts as stated above was 12.32, 6.34, 14.22, 14.92 10.13, 18.21, and 11.36%. These mean decreases compared to the control were statistically not significant (Figure 2).
[image: Figure 2]FIGURE 2 | Cell metabolic activity (MTT assay) of SKOV3 following treatment with khat extracts at different concentrations (10, 30, 100, 300 µg/ml; 1, 3, 10 mg/ml) and different time points (24, 48, and 72 h). There was a decrease in cell metabolic activity reflecting cell proliferation with increasing concentration of the extract especially at 48 and 72 h compared to the control. Values are expressed as mean ± SEM of three different experiments.*Statistical significance (p < 0.05).
At 48 h, the 10 and 30 μg/ml concentrations of khat extracts demonstrated an increase by 15.84 and 5.28%, respectively, compared to the control, these increases were not statistically significant. The rest of the concentrations (100 and 300 μg/ml; 1, 3, and 10 mg/ml) of khat extracts demonstrated a decrease by 18.68, 48.65, 31.55, 42.30, and 36.19% compared to the control. All these mean decreases in values were statistically significant (Figure 2).
Treatment of SKOV3 cells with khat extracts for 72 h demonstrated a decrease in the metabolic activity by 6.57, 12.52, 31.05, 38.40, 62.39, 74.85, and 62.72% compared to the control. All these mean decreases in values except for the 10 and 30 μg/ml concentrations were statistically significant (Figure 2).
Khat Extract and Cell Cycle Assay
The cell cycle (propidium iodide) assay evaluated after treatment of SKOV3 cells with 30, 100, and 300 μg/ml of khat extracts for 48 h demonstrated an increase in the sub-G1 SKOV3 cells’ population by 3.9, 5.4, and 2.4%, respectively, compared to the control in the representative histogram (Figure 3). The "S" phase of the cell cycle demonstrated a decrease by 7.8, 12.7, and 16.0%, respectively, compared to the control (Figure 3). The "G2M" phase of the cell cycle demonstrated a decrease by 7.9, 12.3, and 13.3%, respectively, compared to the control (Figure 3).
[image: Figure 3]FIGURE 3 | Cell cycle (Propidium iodide assay) of SKOV3 following treatment with khat extracts at different concentrations (30 μg/ml, 100 μg/ml, and 300 μg/ml) for 48 h. There was a mild increase in the sub-G1 phase of the cell cycle indicative of apoptosis.
Khat Extract and Cell Apoptosis Assay
The apoptosis (Annexin V-APC) assay evaluated with 30, 100, and 300 μg/ml of khat extracts for 48 h demonstrated a decrease in the apoptotic cells’ population compared to the control (Figure 4). The mean percentage values of the apoptotic cells were 2.2, 2.0, and 3.1% for the concentrations of 30, 100, and 300 μg/ml, respectively, compared to the control (Figure 4). The percentage of cells representing the cell debris population was increased by 24.4, 25.5, and 18.1% compared to the control (Figure 4).
[image: Figure 4]FIGURE 4 | Apoptosis (annexin V-APC assay) of SKOV3 following treatment with khat extracts at different concentrations (30 μg/ml, 100 μg/ml, and 300 μg/ml) for 48 h. The control cells demonstrated more positive staining with annexin V-APC which showed a decreasing trend with increasing concentration of the khat extract.
Khat Extract and Gene Expression Assay
The quantitative RT-PCR analysis was carried out following treatment of SKOV3 cells with 30, 100 and 300 μg/ml of khat extracts for 48 h demonstrated a mild increase in the expression of both apoptosis-related BAX and p53 genes and inflammation-related IL-6 gene (Figure 5). The fold increases were as follows: BAX (0.81, 1.18, and 0.28); p53 (0.88, 2.48, and 1.69); and IL-6 (0.81, 0.40, and 0.10) with 30 μg/ml, 100 μg/ml, and 300 μg/ml of khat extracts, respectively, compared to the control (Figure 5). The proapoptotic BAX gene and the tumor suppressor p53 gene showed an overall increase compared to the control, although the higher concentration demonstrated a relative decrease. However, the inflammatory gene IL-6 was increased compared to the control; it demonstrated a decline with an increase in concentrations of khat extracts.
[image: Figure 5]FIGURE 5 | Gene expression analysis using RT-qPCR analysis of the treated and untreated SKOV3 cells showing BAX, p53, and IL-6 expression following treatment with 30, 100, and 300 μg/ml of khat extracts for 48 h. GAPDH was used as the internal control, and the data were quantified using the comparative 2−ΔΔCt method. The values are expressed as mean ± SEM from triplicate samples of two independent experiments.
Analysis of the Effects of Khat Extract by Immunostaining
The endogenous protein expression of several molecular markers was tested on khat SKOV3–treated cells at 700 μg/ml for 48 h alongside the untreated control cells by immunostaining. These markers were applied to specifically test the khat extract effects on important molecular and cellular signaling such as Wnt and FGF signaling, cellular adhesion, and cellular proliferation. The markers used were β-catenin and Frizzled-8 (Wnt signaling pathway molecules), E-cadherin (CAM or cell adhesion molecule), Sprouty-2 (FGF/MAP kinase signaling inhibitor), and Ki-67 (nonhistone nuclear protein marker for cell proliferation) (Figure 6). In SKOV3 khat extract treated cells, we observed downregulation of the protein expression of β-catenin, E-cadherin, and Ki-67 (Figures 6B,D,F) in comparison with their corresponding untreated controls (Figures 6A,C,E). A reduction in the nucleoli number was also observed which was demarcated by the Ki-67 expression (Figure 6F) in comparison with the untreated control cells (Figure 6E). A considerable upregulation of Frizzled-8 and Sprouty-2 expression (Figures 6H,J) in comparison with the untreated SKOV3 control (Figures 6G,I) was also observed.
[image: Figure 6]FIGURE 6 | Protein expression analysis by immunostaining of β-catenin (A, B), E-cadherin (C , D), Ki-67 (E, F), Frizzled-8 (G, H), and Sprouty 2 (I, J) of SKOV3 cells treated with 700 μg/ml of khat extract alongside the untreated SKOV3 control cells. Panels (B, D, F) show downregulation of β-catenin, E-cadherin, and Ki-67, respectively, in comparison with the corresponding untreated control (A, C, E). Panels (H, J) show increased expression of FZD8 and SPRY2, respectively, in comparison with the untreated control (G, I). Arrows in (F) indicate SKOV3 khat-treated cells with a reduction in the nucleoli number. Arrows in (J) indicate SKOV3 khat-treated cells with an elevated SPRY2 expression.
In Silico Analysis
Prediction of the Molecular Targets of Cathine, Cathinone, Catheduline K2, and Catheduline E5 Using SwissTargetPrediction
SwissTargetPrediction was performed for cathine (Figure 7A), cathinone (Figure 7B), catheduline K2 (Figures 8A,C), and catheduline E5 (Figures 8B,D) using both canonical and isomeric Simplified Molecular Input Line Entry System (SMILES) codes (Supplementary Table S1) computed by OEChem (Version 2.1.5). The cathine and cathinone have the highest percentage of binding (32 and 15%, respectively) with family A G-protein coupled receptors (Figures 7A,B). For the cathedulins K2 and E5, one hundred top targets analysis showed that these compounds show high affinity to bind to the proteases, kinases, and Family A G protein-coupled receptor (Figures 8C,D). This is in addition to other targets such as cytochrome p450, nuclear receptor, and voltage-gated ion channel.
[image: Figure 7]FIGURE 7 | SwissTargetPrediction analysis for cathine (A) (PubChem CID 441457) and cathinone (B) (PubChem CID 62258) showing top targets for both components. Cathine and cathinone have the highest percentage of binding (32 and 15%, respectively) with family A G-protein-coupled receptors.
[image: Figure 8]FIGURE 8 | SwissTargetPrediction analysis of two members of the cathedulins khat constituents, catheduline K2 (A) (PubChem CID 101290208), and catheduline E5 (B) (PubChem CID 124201484) showing top 100 targets for both components (C, D), respectively. Both cathedulins have the potential to highly bind with the protease, kinase, and Family A G protein-coupled receptor in addition to other potential targets.
Over Representation Analysis (ORA) of the Molecular Targets of Cathine and Cathinone Using WebGestalt
All the putative molecular targets of cathine and cathinone were obtained using isomeric SMILES (Supplementary Table S1) as input molecules in wGSEA to perform the ORA. GO Slim Summary for cathine and cathinone molecular targets in humans displaying biological process, cellular component, and molecular function are shown in (Figure 9).
[image: Figure 9]FIGURE 9 | The GO Slim analysis. The summaries are based upon the 88 and 97 unique Entrez gene IDs for the putative protein targets of cathine (A) and cathinone (B), respectively. Potential effects on the biological process (bars in red), cellular component (bars in blue) and molecular function (bars in green). The height of each bar characterizes the number of IDs in the user list and in the category.
The putative target list contains 100 user IDs for either cathine or cathinone. 88 user IDs for cathine were unambiguously mapped to 88 unique Entrez gene IDs and 13 user IDs, while 97 user IDs for cathinone were unambiguously mapped to 97 unique Entrez gene IDs and three user IDs cannot be mapped to any Entrez gene ID. The GO Slim summary for cathine was based upon the 88 unique Entrez gene IDs. Among 88 unique Entrez gene IDs, 6 IDs were annotated to the selected functional categories as well as the reference list, which was used for the enrichment analysis (Figure 9A). Similarly, the GO Slim summary for cathinone was based upon the 97 unique Entrez gene IDs. Among 97 unique Entrez gene IDs, 9 IDs were also annotated in the same way (Figure 9B).
The reference lists consist of all mapped Entrez gene IDs from the selected platform genome. The ORA using OMIM, GLAD4U, and DisGeNET disease databases showed that the putative protein targets of both cathine and cathinone significantly (Supplementary Figure S2, indicated by the false discovery rate (FDR ≤ 0.05) in dark blue) regulate many diseases and disorders such as schizophrenia, Alzheimer’s disease, mental depression, and other major depressive disorders, anxiety disorders, and migraine disorders.
Identification of Cathine and Cathinone-Induced Molecular Targets in Cell Proliferation Disorders, Ovarian Diseases, and Psychiatric Disorders
The Open Targets Platform was used to determine the association between diseases with the putative molecular targets of both cathine and cathinone (Supplementary Figure S1). Our findings showed that 879 types of cell proliferation disorders (Supplementary Table S2), 13 different types of ovarian diseases (Supplementary Table S3), and 322 types of psychiatric disorders (Supplementary Table S4) were significantly (p < 0.05) affected by the molecular targets of cathine. The 13 types of ovarian diseases significantly (p < 0.05) regulated by cathine were noticeably cancer-related diseases.
Additionally, our findings showed that 1,156 types of cell proliferation disorders (Supplementary Table S5), 43 different types of ovarian diseases (Supplementary Table S6), and 408 types of psychiatric diseases (Supplementary Table S7) were significantly (p < 0.05) affected by the molecular targets of cathinone. The 43 types of ovarian diseases significantly (p < 0.05) regulated by cathinone were predominantly related to ovarian cancer disease, ovarian insufficiency, ovarian dysfunction leading to infertility, rare female infertility due to an anomaly of the ovarian function of genetic origin, osteosclerosis-ichthyosis-premature ovarian failure, and ovarian endometriosis. (Supplementary Table S6).
Ingenuity Pathway Analysis of the Putative Protein Targets of Cathine and Cathinone
We used the IPA to decode the canonical pathways, upstream regulators, causal functions, diseases and biofunctions, pathological functions, and nondirectional unique networks that are significantly impacted by both cathine and cathinone. The IPA core analysis of the putative molecular targets of cathine (Supplementary Table S8) and cathinone (Supplementary Table S9) revealed that canonical pathways such as G-protein coupled receptor signaling, dopamine receptor signaling, serotonin receptor signaling, CREB-signaling in neurons, Wnt signaling, FGF signaling, IL-6 signaling, ERK/MAPK signaling, endometrial cancer signaling, and cell cycle were significantly affected (p < 0.05). Furthermore, the diseases and biofunctions such as psychological disorders and many neurological diseases were potentially regulated (p < 0.05) by cathine (Supplementary Table S10) and cathinone (Supplementary Table S11).
Interestingly, the IPA core analysis identified 250 upstream regulators of cathine to target CXCL8 (Interleukin-8), and 43 regulators to target PLAU and its receptor PLAUR (Supplementary Table S12). On the other hand, the analysis identified 33 upstream regulators of cathinone (not the cathine) to target MMP2 and 62 regulators to target PLAU and its receptor PLAUR (Supplementary Table S13).
The IPA analysis identified several upstream micro-RNA regulators. For the cathine, these were miR-16-1-3p, miR-30, miR-30c-5p, miR-31-5p, miR-146a-5p, mir-204, miR-373, miR-424-3p, miR-511-5p, and miR-542-3p (Supplementary Table S12). For the cathinone, these were: miR-9, miR-9-5p, miR-30c-5p, miR-31, miR-34a-5p, miR-103, miR-222-5p, miR-296, miR-451a, miR-491-5p, miR-1180, miR-1275, and miR-1285-3p (Supplementary Table S13).
DISCUSSION
Khat plant is a widespread stimulant which is recreationally munched by many people in Africa, Asia, Europe, and the United States with an estimate of more than 20 million users (El-Menyar et al., 2015). Many studies have shown that khat induces a series of adverse effects during embryonic development and illnesses in adulthood. These include teratogenicity, cancer, and adverse effects on the nervous, cardiovascular, digestive, genitourinary, reproductive, metabolic, and endocrine systems (reviewed by Wabe, 2011). In this study, we evaluated the effects of khat on the human ovarian adenocarcinoma SKOV3 cell line. We detected several cellular and molecular adverse effects, including shrinkage in the cell size, damage to the cell membrane, loss of cell adherence, cell death, metabolic decline, decrease in the "S" and "G2" cell cycle phases, and decrease in the apoptotic cells’ population. Similar effects of inhibition of cell proliferation and cell growth, shrinkage of cells and increased apoptosis were shown after khat extracts treatment in human hepatocytes HepG2 (Taha et al., 2014), rat cardiomyoblasts H9c2 (Mohan et al., 2016), and Madin–Darby bovine kidney cell line (Ageely et al., 2016). It was also previously shown that khat induced a reduction in cell viability and apoptosis in other different cell lines such as L02 human hepatic cell line (Abid et al., 2013) and human breast cancer cell line MDA-MB-231 (Lu et al., 2017). It has been shown that khat induced apoptosis through a mechanism involving activation of caspase-1, -3, and -8 (Dimba et al., 2004).
We tested the khat effects on apoptosis, tumorigenesis, and inflammation using BAX, p53, and IL-6, respectively, and showed an overall increase in the expression of these important genes. Our results agree with several studies that tested the effects of khat on the expression of these markers but using different cell lines. Abid et al. (2013) showed an increase in BAX expression after khat extracts treatment to the human liver cell line L02. An increase of p53 expression and a G1-phase arrest was previously reported after the khat extracts treatment of human oral keratinocytes and oral fibroblasts (Lukandu et al., 2008). An increase in the IL-6 expression in the brain tissue was previously reported after khat extracts treatment in vivo in mice (Ali et al., 2015).
Khat extracts treatment in rats showed stress-related effects on the ovaries due to an imbalance between ROS and the production of antioxidants (Arafa et al., 2019). Similar ROS inhibition induced by khat extracts treatment was reported using murine monocytic macrophages RAW 264.7 cell line (Abdelwahab et al., 2018). It has also been reported that khat induces intracellular ROS in the human fetal hepatocyte L02 cell line resulting in consecutive activation of JNK and ERK signaling pathways (Abid et al., 2013). This, in turn, decreased cell viability and increased apoptosis. In the current study, the effects of khat extracts treatment on ROS were not tested; however, ROS may have been similarly affected in SKOV3 cells.
We aimed to analyze possible molecular signaling pathways after khat extracts treatment to decipher the involved mechanisms of action. Among several signaling pathways, Wnt signaling (represented by β-catenin and FZD8 expression), FGF signaling (represented by SPRY2 expression, FGF negative regulator), and cellular adhesion (represented by E-Cadherin) were tested using respective antibodies against these markers. Despite their crucial roles during many cellular events, these signaling pathways have not been previously analyzed following khat extracts treatment. We showed in the current study that β-catenin expression was severely reduced after khat extracts treatment. This suggests that canonical Wnt signaling through β-catenin was modulated. Interestingly, we also showed that FZD8 (Wnt receptor) expression was strongly elevated in comparison with the untreated SKOV3 control cells. It was previously shown that elevated FZD8 expression was linked with the airway proinflammation induction and associated with chronic bronchitis (Spanjer et al., 2016). As mentioned above, we showed by RT-qPCR an increase in the proinflammation IL-6 expression which could be the trigger for FZD8 expression upregulation. This explanation is supported by some reported evidence linking Wnt/β-catenin signaling with both anti-inflammation and proinflammation functions (Ma and Hottiger, 2016). We also showed that SPRY2 expression was upregulated following treatment with khat extracts. SPRY2 is a negative regulator of FGF signaling, so upregulation of its expression would lead to blocking of the FGF signaling through a negative feedback loop. Compromising FGF signaling might explain some of the cellular damage obtained in our results. We also observed a reduction in E-cadherin expression. It has been previously reported that SPRY2 overexpression inhibited the induction of the transcriptional repressor E-cadherin in the SKOV3 ovarian adenocarcinoma cell line (Cheng et al., 2016).
Our in silico results from various analyses showed that cathine, cathinone, catheduline K2, and catheduline E5 potentially induce several neurological and psychological diseases and symptoms. Our findings agree with earlier results reported by other studies (Odenwald et al., 2005; Hoffman and Al’absi, 2010; El-Setouhy et al., 2016). However, potential induction of several neural disorders we report here by the khat constituents such as developmental disorder of mental health, neurodevelopmental disorder with epilepsy, motor developmental delay, macrocephaly, developmental delay with seizures, and developmental delay associated with premature aging appearance (p < 0.05) (Supplementary Tables S4, S7) have not been previously reported. Further experimental validation of these results would complement the in silico analysis and is highly recommended.
Additionally, the IPA analysis results (Supplementary Tables S2, S5, S8, S9) supported our immunostaining findings which showed that the khat extract affected cell proliferation, Wnt signaling, FGF signaling, and cell adhesion in SKOV3 cells. Besides, the IPA analysis showed that upstream targets of the cathine and cathinone abundantly target MMP2, PLAU, and its receptor PLAUR, and IL-8. It has been previously shown that MMP2 functions as an early marker for ovarian cancer metastasis (Kenny and Lengyel, 2009). The urokinase plasminogen activator (PALU) was shown to play an important role during ovulation in animal models (Ogiwara et al., 2015). Interestingly, IL-8 was shown to increase cell proliferation and correlate with increased MMP2 expression in ovarian cancer (Wang et al., 2012).
The IPA analysis identified several members of the micro-RNAs as potential upstream regulators of the cathine and cathinone. These micro-RNAs have previously been reported to have different important roles in ovarian cancer regulation, prognosis, and/or diagnosis (Alshamrani, 2020; Aziz et al., 2020; Ferreira et al., 2020). Hence, our present analysis could provide potential directions for future studies on the further elucidation of these micro-RNAs’ regulations of the cellular and molecular events induced by khat. In summary, our study identifies several crucial molecular signaling pathways mediated by khat extracts treatment and not been previously identified.
CONCLUSIONS
We examined the cellular and molecular side effects of khat extracts on the human ovarian adenocarcinoma SKOV3 cell line, aiming mainly at deciphering the implicated signaling pathways. We showed by several in vitro assays that khat extracts affects the cellular integrity of SKOV3, including size, membrane, metabolic activity, proliferation, and survival. At the gene and protein levels, expression of BAX, p53, IL-6, FZD8, and SPRY2 was increased while β-catenin, E-cadherin, and Ki-67 was decreased. Our in silico analysis revealed that khat extracts’ major constituents namely cathine, cathinone, and cathedulins are potentially associated with Alzheimer's, schizophrenia, depression, anxiety, and ovarian cancer. Signaling pathways of CREB, Wnt, FGF, IL-6, and ERK/MAPK were among other pathways significantly affected. Besides, the upstream regulators including IL-8, MMP2, PLAU, and an array of micro-RNAs were potentially involved in the khat signaling.
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Alzheimer’s disease (AD), a neurodegenerative disorder, is a major health concern in the increasingly aged population worldwide. Currently, no clinically effective drug can halt the progression of AD. Panax ginseng C.A. Mey. is a well-known medicinal plant that contains ginsenosides, gintonin, and other components and has neuroprotective effects against a series of pathological cascades in AD, including beta-amyloid formation, neuroinflammation, oxidative stress, and mitochondrial dysfunction. In this review, we summarize the effects and mechanisms of these major components and formulas containing P. ginseng in neuronal cells and animal models. Moreover, clinical findings regarding the prevention and treatment of AD with P. ginseng or its formulas are discussed. This review can provide new insights into the possible use of ginseng in the prevention and treatment of AD.
Keywords: Alzeheimer’s disease, ginseng (Panax ginseng C.A. Meyer), ginsenosidase, gintonin, neuroprotection
INTRODUCTION
Alzheimer’s disease (AD) is a neurodegenerative disorder and is one of the most common causes of dementia in the elderly population (Jia et al., 2020). The global costs in 2030 due to dementia could be much higher than the predictions made by the World Alzheimer Report 2015, reaching $2.54 trillion (Jia et al., 2018). According to the Alzheimer’s Association, the incidence and prevalence, mortality and morbidity, use and costs of care, and the overall impact on the caregivers and society of AD are increasingly major concerns (Alzheimer’s Association, 2020). The prevention and treatment of AD has become a global problem due to the increasingly aged population worldwide (Alzheimer’s Association, 2020; Ikram et al., 2020). AD clinically manifests as apathy, anxiety, cognitive and functional decline, and the emergence of neuropsychiatric symptoms (Johansson et al., 2020; Cummings, 2021).
AD pathogenesis is defined by the extracellular deposition of beta-amyloid (Aβ) and tau hyperphosphorylation (Vaz and Silvestre, 2020). Aβ plaque formation is thought to be the main cause of AD symptoms, including memory deficit, due to its neurotoxic effect (Yankner et al., 1989; Sonawane et al., 2021). Aβ is derived from Aβ protein precursors (AβPPs) through the amyloidogenic pathway (Hwang et al., 2012; Kwon et al., 2019). Aβ accumulation accelerates tau phosphorylation (p-tau) during AD development (Gomes et al., 2019), whereas normal tau phosphorylation is essential for neuronal plasticity and axonal outgrowth (Arendt and Bullmann, 2013). Hyperphosphorylated tau protein is released from microtubules and self-assembles into neurotoxic insoluble aggregates such as intracellular neurofibrillary tangles (NFTs) (JeffKuret, 2008). The toxic effects of senile plaques composed of Aβ peptides and NFTs on the brain cholinergic system, mitochondria, and axonal transport result in oxidative stress, intracellular Ca2+ overload, apoptosis, and glutamate dysregulation (Bader Lange et al., 2008; Aalinkeel et al., 2018). In addition, the senile plaques produce more Aβ peptides through microglial activation and release of pro-inflammatory cytokines. The treatments for AD approved by the Food and Drug Administration are mainly based on reducing acetylcholine (ACh) levels and glutamate excitotoxicity and inhibiting Aβ protein deposition in the brain; approved drugs include donepezil, rivastigmine hydrogen tartrate, galanthamine, and huperzine-A (Li et al., 2019; Kareti and P, 2020; Pardridge, 2020). Although these drugs can result in symptomatic improvement, they cannot reverse AD progression and cause various adverse effects after long-term use.
Panax ginseng C.A. Mey. (ginseng) is a well-known and valuable medicinal herb that has been widely used in China and other East Asian countries as traditional Chinese medicine and health food (Shi et al., 2019). Recent studies demonstrated that ginseng extracts, active components (ginsenosides and gintonin), and ginseng formulas can improve the symptoms of AD patients and inhibit the progression of AD by reducing the deposition of Aβ and tau protein hyperphosphorylation. These effects may be mediated by mitochondrial function, neuron conduction, apoptosis, calcium ions, and reactive oxygen species (ROS) (Rajabian et al., 2019; Guo et al., 2021). Ginsenosides, which are mainly classified into protopanaxadiol (PPD) and protopanaxatriol (PPT), according to their sapogenin, can result in significant improvement in AD symptoms (Im and Nah, 2013; Kim et al., 2018; Piao et al., 2020). Previous studies have confirmed that β-site APP cleaving enzyme 1 (BACE1, β-secretase) inhibitors can inhibit the formation of Aβ (Karpagam et al., 2013), and acetylcholinesterase (AChE) inhibition can improve cognitive and memory function (Park et al., 2017). Molecular dynamics analysis combined with enzyme activity experiments showed that ginsenosides CK, F1, Rh1, and Rh2 are potential BACE1 inhibitors, inhibiting the formation of Aβ (Karpagam et al., 2013). In addition, ginsenosides F1, Rd, Rk3, 20(S)-Rg3, F2, and Rb2 possess strong AChE inhibitory activities, which can improve cognitive and memory function (Nah, 2012; Yang et al., 2019a). Gintonin, a component of ginseng, is a bioactive glycolipoprotein that forms nonsaponin multimers (Pyo et al., 2011; Nah, 2012; Jakaria et al., 2020; Choi et al., 2021). Recent studies have shown that gintonin can affect the activation of the phosphatidic acid receptor, which is involved in hemolysis, reducing the formation of Aβ and improving learning and memory abilities (Lee et al., 2018a; Kim et al., 2018). In addition, gintonin can also reduce the symptoms and progress of AD through neurogenesis, autophagy stimulation, anti-apoptosis effects, anti-oxidative stress, and anti-inflammatory activities (Choi et al., 2021).
We first introduce the effects and mechanisms of ginsenosides, gintonin, and ginseng formulas in the prevention and treatment of AD based on the extensive in vitro and in vivo studies. Then, we summarize the clinical findings regarding the prevention and treatment of AD with ginseng or its formulas. This review can provide new insights into the possible use of ginseng in AD treatment.
EFFECTS AND MECHANISMS OF GINSENG IN PREVENTING AND TREATING AD
Ginsenosides
It has been reported that many ginsenosides can target the following pathological processes of AD: (1) inhibiting Aβ aggregation and tau hyperphosphorylation, (2) protecting against neuroinflammation and apoptosis, (3) increasing the secretion of neurotrophic factors, and (4) improving mitochondrial dysfunction.
Aβ Aggregation and Tau Hyperphosphorylation
In Aβ1–40-induced AD rats, ginsenoside Rb1 can improve learning and memory by altering the amyloidogenic process of APP into a nonamyloidogenic process (Lin et al., 2019). Ginsenoside Rb1, an agonist of peroxisome proliferator–activated receptor-γ (PPARγ), could lower cholesterol levels and reduce the cytotoxicity induced by Aβ25–35 by decreasing lipid peroxidation and protecting the rigidity of the cytoskeleton and the membrane surface in PC12 cells (Changhong et al., 2021). Ginsenoside Rd increases soluble APP-α (sAPPα) levels and reduces extracellular Aβ levels, enhancing cognitive and memory functions of ovariectomized rats (Yan et al., 2017). Ginsenoside Re inhibits the activity of BACE1 by increasing PPARγ expression at the mRNA and protein levels in N2a/APP695 cells and thereby reduces the generation of Aβ1–40 and Aβ1–42 (Cao et al., 2016). Another research showed that ginsenoside Rg1 can downregulate cyclin-dependent kinase 5 (CDK5) expression to inhibit the phosphorylation of PPARγ and the activity of its targets, BACE and insulin-degrading enzyme (IDE), reducing Aβ levels, and exerting neuroprotective effects against AD (Quan et al., 2020). In SweAPP-SK cells with mutant APP, Rg3 treatment significantly enhances neprilysin (NEP) gene expression, reducing the levels of Aβ40 and Aβ42 (Yang et al., 2009).
With respect to tau hyperphosphorylation, Rd pretreatment can maintain the functional balance between glycogen synthase kinase 3β (GSK-3β) and protein phosphatase 2A (PP-2A), inhibiting tau phosphorylation (Li et al., 2013). Moreover, Rd inhibits the hyperphosphorylation of tau protein at Ser199/202, Ser396, or Ser404, induced by okadaic acid microinfusion in rats and cortical neurons, increasing the PP-2A activity and protecting against AD (Li et al., 2011). Collectively, these results suggest that ginsenosides Rb1, Rd, Re, and Rg1 can inhibit Aβ aggregation to regulate the phosphorylation of tau protein in the prevention and treatment of AD.
Neuroinflammation
Neuroinflammation is a continuous process that is implicated in the preclinical, moderate, and late stages of AD (Sung et al., 2020). In APP transgenic mice, Rd pretreatment at 10 mg/kg significantly suppresses the NF-κB pathway activity, reducing the generation of pro-inflammatory cytokines, such as interleukin-1 beta (IL-1β), IL-6, tumor necrosis factor-α (TNF-α), and S100 calcium-binding protein B (S100β), which can improve learning and memory abilities (Liu et al., 2015a). Meanwhile, Rd exerts obvious anti-inflammatory, anti-oxidative, and anti-apoptotic effects by reducing caspase-3 expression and apoptosis of normal cells in Aβ1–40-induced AD model rats (Liu et al., 2012). Ginsenoside Rf significantly alleviates Aβ-induced neuronal death in N2A cells and memory deficits in Aβ-treated mice by alleviating inflammation and enhancing Aβ degradation, which suggests that Rf decreases Aβ-induced neurotoxicity during AD development (Du et al., 2018). Ginsenoside Rg1 can reduce the NADPH oxidase 2 (NOX2)–mediated ROS production and neuronal apoptosis, which in turn inhibits the nucleotide-binding domain and leucine-rich repeat pyrin domain–containing protein 1 (NLRP1) inflammasome in H2O2-induced hippocampal neurons (Xu et al., 2019). Moreover, the combination of Rb1 with Rg1 can reduce brain Aβ production by regulating multiple processes, including NLRP3 inflammasome, TNF-α levels, oxidative stress, and astrocyte and microglia activation (Yang et al., 2020). Rb1 has a stronger effect on reducing the levels of apoptosis-related proteins in the hippocampus, and Rg1 has a stronger effect in decreasing iNOS levels and activating glial cells (Yang et al., 2020). In addition, ginsenoside Rg1 suppresses the TLR3/4 signaling pathway to decrease inflammatory factors in Aβ25–35-induced NG108-15 cells (Zhao et al., 2014). In lipopolysaccharide (LPS)-induced rats, Rg3 administration significantly alleviates cognitive impairment by inhibiting the expression of pro-inflammatory mediators (TNF-α, IL-1β, and cyclooxygenase 2 [COX-2]) in the brain (Lee et al., 2013). In Aβ42-treated BV-2 cells, the binding of NF-κB p65 to its DNA consensus sequences and TNF-α expression in activated microglia are effectively reduced by Rg3 treatment (Joo et al., 2008). Compound K (CK), a metabolite biotransformed from ginsenosides Rb1, Rb2, and Rc (Oh and Kim, 2016), can suppress various inflammatory molecules in LPS-stimulated BV2 cells and primary microglia by regulating the mitogen-activated protein kinase (MAPKs), NF-κB/AP-1, and HO-1/ARE signaling pathways (Park et al., 2012). These in vitro and in vivo findings indicate that major ginsenosides can alleviate inflammation in hippocampal neurons and microglia by mainly regulating the NF-κB pathway and NLRP3 inflammasome.
Neurotrophic Factors
Neurotrophic factors are endogenous proteins that maintain survival and differentiated functions of neurons, including the brain-derived neurotrophic factor (BDNF) and tropomyosin-related kinases (Trks) A, B, and C (Schindowski et al., 2008). A study showed that Rb1 can promote endogenous neural stem cell proliferation and differentiation by increasing the protein levels of Nestin, glial fibrillary acidic protein (GFAP), and nucleotide sugar epimerase (NSE), thereby improving cognitive function of AD rats (Zhao et al., 2018). Ginsenoside F1 can decrease phosphorylated cAMP-response element binding protein (CREB) and increase cortical BDNF levels in the hippocampus, reducing Aβ plaques and improving memory function of APP/PS1 double-transgenic AD mice (Han et al., 2019). With respect to other neurotrophic factors, the gene and protein expression levels of the nerve growth factor receptor p75 and TrkA in Neuro2a cells are increased by ginsenoside Re and Rd, which suggest that the NGF-TrkA signaling pathway mediates the ginsenoside-induced neuroprotective effects against AD progression (Kim et al., 2014).
Apoptosis
The balance between of pro-apoptotic and anti-apoptotic factors in brain tissue plays important roles in improving cognitive and memory functions in AD. Rb1 administration significantly reduces the levels of Bax and cleaved caspase-3 and enhances Bcl-2 levels in the hippocampus to prevent cognitive deficit of Aβ1–40-induced rats (Wang et al., 2018; Lin et al., 2019). In Aβ25–35-induced PC12 cells and hippocampal CA1 neurons, Rg2 improves cell survival and inhibits apoptosis by promoting the Bcl-2/Bax ratio and attenuating the cleavage of caspase-3, which is mediated by the enhancement of PI3K/Akt signaling (Cui et al., 2017; Cui et al., 2020). Meanwhile, Aβ25–35-induced oxidative stress and neuronal apoptosis are, obviously, ameliorated by Rd by keeping the oxidation–anti-oxidation balance and regulating apoptotic proteins, such as Bax, Bcl-2, and cytochrome c (Cyto C) (Liu et al., 2015b). In Aβ-induced SH-SY5Y cells, Re can elevate the ratio of Bcl-2/Bax and reduce the release of Cyto C to maintain mitochondrial function by regulating the apoptosis signal–regulating kinase 1 (ASK1)/JNK/Bax and Nrf2/HO-1 pathways (Liu et al., 2019). Ginsenoside Rg2 significantly attenuates glutamate-induced neurotoxic effects through mechanisms related to anti-oxidative (malondialdehyde [MDA] and nitrogen oxide [NO]) and anti-apoptotic (caspase-3) mechanisms (Li et al., 2007). In a scopolamine-exposed AD mouse model, CK was found to enhance Nrf2/Keap1 signaling, increasing the anti-oxidative activity and reducing neuronal apoptosis, which can regulate the balance between Aβ production and clearance and improve memory function (Yang et al., 2019b). Taken together, ginsenosides Rb1, Rg2, Re, and Rd can regulate apoptosis-related proteins, including Bcl-2, Bax, and Cyto C, reducing Aβ-induced or tau protein–induced neurotoxicity during AD development.
Mitochondrial Dysfunction
Mitochondrial dysfunction, including mtDNA lesions and reduced electron transport chain (ETC) enzyme function, is found in the brains of AD subjects, highlighting potential treatment strategies for AD (Perez Ortiz and Swerdlow, 2019). Metabolomic analysis showed that Re treatment can restore metabolic profiling including lecithin, amino acids, and sphingolipids, to exert protective effects in AD mice (Li et al., 2018). Rg1 can improve memory impairment and depression-like behavior in 3 × Tg-AD mice by upregulating the expression of the depression and memory-related proteins complexin-2 (CPLX2), synapsin-2 (SYN2), and synaptosomal-associated protein 25 (SNP25) (Nie et al., 2017). In AD rats, Rg3 can prevent cognitive impairment by directly or indirectly improving mitochondrial dysfunction, ETC function, and amino acid/purine metabolism (Zhang et al., 2019). In Aβ-induced HT22 cells, CK treatment can regulate abnormal expression of proteins related to energy metabolism, promoting Aβ degradation and inhibiting tau expression (Chen et al., 2019).
Overall, the neuroprotective effects of ginsenosides against AD are mediated by the regulation of Aβ accumulation, inflammation, apoptosis, neurotrophic factors, and mitochondrial function, as shown in Table 1 and Figure 1.
TABLE 1 | Summary of effects and mechanisms of ginsenosides in neuronal cells and animal models.
[image: Table 1][image: Figure 1]FIGURE 1 | Summary of different ginsenoside monomers involved in various pathological processes of AD.
Gintonin
The role of gintonin in the prevention and treatment of AD has been evaluated for many years. Gintonin exerts anti-AD effects by affecting Aβ plaque deposition, sAβPPα release, the cholinergic system, neurotrophic factors, autophagy and apoptosis, and G protein–coupled lysophosphatidic acid (LPA) receptors. Gintonin administration attenuates Aβ plaque deposition and stimulates sAβPPα release, improving memory impairment in mice with AD, suggesting that gintonin results in the formation of the beneficial sAβPPα rather than neurotoxic Aβ (Hwang et al., 2012). With respect to the cholinergic system, gintonin can increase choline acetyltransferase expression, causing the release of ACh and attenuating Aβ-induced cholinergic impairments in a transgenic AD mouse model (Kim et al., 2015a). The release and expression of the vascular endothelial growth factor (VEGF) in cortical astrocytes are stimulated by gintonin, which may be mediated by the LPA1/3 receptor or other receptors, exerting neuroprotective effects against hypoxia insults (Kim et al., 2016; Choi et al., 2019). Moreover, gintonin can induce autophagic flux in astrocytes via activation of the AMPK-mTOR signaling pathway and efficiently suppress the production of NO by regulating MAPK and NF-κB pathways (Saba et al., 2015; Rahman et al., 2020). Importantly, gintonin, an LPA receptor ligand, can interact with LPA receptors, which are abundantly expressed in astrocytes to induce transient increases in intracellular Ca2+ concentrations ([Ca2+]i), affecting neurotransmitter release and synaptic transmission and subsequently enhancing cognition. However, ginsenosides or other active components in ginseng have no effect on [Ca2+]i, which may be related to the chemical characteristics of gintonin and its action on G protein-coupled receptors (Im and Nah, 2013; Kim et al., 2015b; Choi et al., 2015).
Other Extracts or Fractions of Ginseng
Apart from ginsenosides and gintonin, extracts or fractions from ginseng have also been widely investigated to explore their molecular mechanisms against AD in a series of cell and animal models. Ginseng extracts result in a reduction of Aβ amount, which may be related to multiple targets, including the balance between mitochondrial fusion and fission, basal respiration, and neuroinflammation attenuation in the AD brain (Chen et al., 2006; Shin et al., 2019). The Korean red ginseng extract, which may regulate alternative pathways such as mitochondrial dysfunction and Aβ degradation/clearance, inhibits tau aggregation but has no direct effect on Aβ1–42 accumulation (Shin et al., 2020). The oil from red ginseng, containing linoleic acid, β-sitosterol, and stigmasterol, exhibits protective effects against Aβ25–35-induced damage through inhibition of the NF-κB and MAPK pathway–mediated inflammation and apoptosis (Lee et al., 2018b). Red ginseng oil can also downregulate the p38/-JNK/-NF-κB pathway to suppress pro-inflammatory mediators, and caspase-3/PARP-1 signaling, inhibiting mitochondria-mediated apoptosis and protecting against Aβ-induced injury (Lee et al., 2017). In addition, the nonsaponin polysaccharide fraction, from ginseng, mitigates Aβ-induced neuronal dysfunction and improves mitochondrial respiration in the subiculum of the 5 × FAD mice model (Shin et al., 2021). Collectively, these results indicate that ginseng extracts and fractions have neuroprotective roles, improving mitochondrial dysfunction and inhibiting inflammation and apoptosis (Table 2). Importantly, the active components of these ginseng extracts should be further identified.
TABLE 2 | Summary of effects and mechanisms of extracts or fractions from ginseng in neuronal cells and animal models.
[image: Table 2]Formulas Containing Ginseng or Combination Treatment
Formulas containing ginseng and drug combinations can be used to achieve treatment efficacy and reduced toxicity. Currently, several decoctions containing ginseng are investigated to confirm the neuroprotective effects and identify the active components. Fuzheng Quxie decoction includes ginsenosides Rg1, Re, Rb1, and coptisine, which can cross the blood–brain barrier to inhibit tau hyperphosphorylation in the hippocampus, inhibiting learning and memory impairments in SAMP8 mice (Yang et al., 2017). The anti-neuroinflammatory effects of the Shenqi Yizhi formula in the 5 × FAD mice model may be mediated by active components including ginsenoside Rg1, astragaloside A, and baicalin by influencing energy metabolism, cytoskeleton, and stress reaction (An et al., 2018; Ren et al., 2020). Shengmai San can inhibit Aβ1–42 production to improve spatial learning and memory of APP/PS1 mice (Zhang et al., 2018). Kaixin San (KXS), a well-known formula that has been used in clinical settings for a long time, has various pharmacological effects; for instance, protecting nerve cells and preventing AD (Lv et al., 2014; Wang et al., 2019). The active components of KXS have been identified as ginsenoside Rf, ginsenoside F1, and dehydropachymic acid, which can activate cAMP-dependent signaling and promote neurotrophic factor synthesis in primary astrocytes and AD mice (Cao et al., 2018; Wang et al., 2019). Importantly, system biology analysis has validated that KXS has multitarget synergistic effects on the amelioration of AD features (Guo et al., 2019). Ninjin-yoei-to (NYT), a formula containing 14 herbs, can promote the production of nerve growth factor in rat embryo astrocytes after incubation for 24 h (Yabe et al., 2003). Additionally, GAPT (Jinsiwei), a combination of several active components, can reduce the AChE activity and expression and increase ACh synthesis to improve cholinergic nerve function, reducing the learning and memory impairments in scopolamine-induced mice (Liu et al., 2020). Pretreatment with P. montana and red ginseng extracts significantly reduces catalase and AChE activities, inhibiting trimethyltin-induced neuronal cell death, oxidative stress, and learning and memory impairments (Seo et al., 2018). Ginsenoside Rg1 combined with the Acori graminei rhizoma extract can reverse the effect of Aβ1–42 accumulation by regulating the expression of miR-873-5p in PC12 cells and SAMP8 mice (Shi et al., 2018). The current findings of formulas or combination treatment in AD have been summarized in Table 3. In vitro and in vivo preclinical studies have demonstrated that ginsenosides, gintonin, and other active components from ginseng or formulas containing ginseng mainly regulate PI3K/Akt, AMPK-mTOR, MAPK, GSK-3β/CDK5, NF-κB, and mitochondrial apoptotic signaling pathways to improve key pathological processes of AD development (Figure 2).
TABLE 3 | Summary of effects and mechanisms of formulas containing ginseng in neuronal cells and animal models.
[image: Table 3][image: Figure 2]FIGURE 2 | Summary of the functional effects of ginseng on AD via multiple links across regulatory mechanisms and multitarget effects. LPA, lysophosphatidic acid; KXS, Kaixin-San; PP-2A, protein phosphatase 2A; RGO, red Ginseng oil; Cyto C, cytochrome C.
CLINICAL TRIALS OF GINSENG, FORMULAS, OR DIETARY SUPPLEMENTS CONTAINING GINSENG
At present, very few clinical trials investigating the effects of ginseng intervention on AD are ongoing or completed. Most clinical trials focus on ginseng or red ginseng extract and employ the Alzheimer’s Disease Assessment Scale (ADAS) and the Mini-Mental State Examination (MMSE) scores to monitor cognitive performances. After ginseng treatment for 12 weeks, the cognitive subscale of ADAS and the MMSE score are significantly improved, indicating that ginseng has positive effect on the cognitive performance of AD patients (Lee et al., 2008). After administration with heat-processed ginseng (4.5 g/day) for 24 weeks, cognitive function and behavioral symptoms in patients with moderately severe AD are improved at 12 weeks, which is sustained for the next 12-week follow-up (Heo et al., 2012). AD patients in the high-dose (9 g/day) Korean red ginseng group show significant improvements on the ADAS and Clinical Dementia Rating scales after 12-week therapy compared with the control group (Heo et al., 2008). In a larger-sized study, oral administration of Memo®, a triple formula (750 mg lyophilized royal jelly, 120 mg Ginkgo biloba extract, and 150 mg ginseng extract) for 4 weeks was shown to exert beneficial effects on cognition during aging and pathologic cognitive impairment in the early stages of AD (Yakoot et al., 2013). Furthermore, a combination of NYT and donepezil is more effective for AD patients with mild depression compared with donepezil-only (Kudoh et al., 2016). In addition, no adverse reactions occurred in all clinical studies, which suggests that ginseng can be used safely and has better tolerance for the patients with AD. The findings from clinical trials have been summarized in Table 4, which preliminarily indicates that ginseng treatment is safe and has a positive effect on cognition in patients with AD. However, it is essential to conduct more and high-quality clinical trials to evaluate the protective and therapeutic effects of ginseng, formulas containing ginseng, and combinations with other drugs in patients with different stages of AD and explore the underlying molecular mechanisms.
TABLE 4 | Summary of clinical trials of ginseng interventions in AD patients.
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In this review, we summarize our recent findings regarding the effects of ginseng on AD and cognitive and memory dysfunction. Ginsenosides, gintonin, extracts/fractions from ginseng, and formulas containing ginseng are widely studied in cells and animal models, which demonstrate that ginseng exerts neuroprotective effects in the prevention and treatment of AD through regulating multiple signaling pathways, such as PI3K/Akt, AMPK-mTOR, and NF-κB pathways, to block or improve pathological processes, including Aβ accumulation, tau phosphorylation, neuroinflammation, neurotrophic factors, apoptosis, and mitochondrial dysfunction in different stages of AD (Figure 3).
[image: Figure 3]FIGURE 3 | Summary of ginseng components and the affected pathways in the pathological process of AD.
However, in preclinical and clinical studies of the effects of ginseng on AD, three important aspects should be considered: 1) Most studies focus on ginsenosides and gintonin with different chemical characteristics. The molecular mechanisms underlying the effects of ginsenosides and gintonin in the regulation of Aβ accumulation, neuroinflammation, and neurotrophic factors are similar, but only gintonin can interact with LPA receptors to mediate transient increases in [Ca2+]i regulating neurotransmitter release and improving cognition. 2) A series of cell models, such as PC12, SH-SY5Y, SweAPP-SK, and hippocampal neurons and several animal models, such as SAMP8, 5 × FAD, and 3 × Tg-AD mice are used to evaluate the neuroprotective effects of ginseng. Based on the current preclinical findings, we think that long-term interventions with ginseng or its formulas are critical to improve cognitive features for AD patients in early stages, which should be validated in larger and multicenter clinical trials. 3) Key pathological procedures of AD, including Aβ synthesis and degradation, neurotoxicity, and mitochondrial function, are potential targets for ginseng treatments. However, the molecular targets and binding sites of ginsenosides, gintonin, and other components in the prevention and treatment of AD remain unclear. Therefore, the network of targets of ginseng needs to be explored in the future. Collectively, this review can provide new insights into the possible use of ginseng in the prevention and treatment of AD.
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Depression is a severe neurological disorder highly associated with chronic mental stress stimulation, which involves chronic inflammation and microglial activation in the central nervous system (CNS). Salidroside (SLDS) has been reported to exhibit anti-neuroinflammatory and protective properties on neurological diseases. However, the mechanism underlying the effect of SLDS on depressive symptoms has not been well elaborated. In the present study, the effects of SLDS on depressive behaviors and microglia activation in mice CNS were investigated. Behavioral tests, including Forced swimming test (FST), Open field test (OFT) and Morris water maze (MWM) revealed that SLDS treatment attenuated the depressive behaviors in stress mice. SLDS treatment significantly reduced the microglial immunoreactivity for both Iba-1 and CD68, characteristic of deleterious M1 phenotype in hippocampus of stress mice. Additionally, SLDS inhibited microglial activation involving the suppression of ERK1/2, P38 MAPK and p65 NF-κB activation and thus reduced the expression and release of neuroinflammatory cytokines in stress mice as well as in lipopolysaccharide (LPS)-induced primary microglia. Also, SLDS changed microglial morphology, attachment and reduced the phagocytic ability in LPS-induced primary microglia. The results demonstrated that SLDS treatment could improve the depressive symptoms caused by unpredictable chronic stress, indicating a potential therapeutic application of SLDS in depression treatment by interfering microglia-mediated neuroinflammation.
Keywords: salidroside, neuroinflammation, microglia, depressive behavior, LPS
INTRODUCTION
Based on the statistical analysis from the World Health Organization, over 450 million people suffer from depression and it will rise to the top financial burden among all the diseases in 2030 (Ustun et al., 2004; Smith 2014; Kato and Kanba, 2015). Typical clinical symptoms of depression include significant and long-term depressive mood, insensitivity, anhedonia and vital exhaustion (Ellis et al., 2004; Szatmari et al., 2018). Further progression may even lead to suicidal tendencies (Mitchell and Malhi 2004). The pathogenesis of depression is still unclear, however multiple studies suggested that chronic mental stress might be one of the critical pathogenic factors during depression formation and progression (Patriquin and Mathew 2017; da Estrela et al., 2020). Recent studies have shown that long-term stress impacts multiple aspects of biological systems, such as neuroendocrine, autonomic regulation, and behaviors (Sterlemann et al., 2008). This long-term stimulation eventually leads to a failure in normal stress responses and brain inflammation, and finally causes mental disorders (Goshen et al., 2008; Patriquin and Mathew 2017).
Many studies have revealed that microglia cells are involved in the formation and development of depression (Singhal and Baune 2017; Deng et al., 2020). Neuroinflammation is a key driver of the pathological process in depression, and is primarily regulated by resident macrophages, which are microglia in the central nervous system (CNS). Microglia normally maintains ramified morphology in the resting state. Upon brain injury, microglia can be activated and transit into the amoeboid morphology, followed by release of multiple pro-inflammatory cytokines which further damage to nearby neurons (Fan et al., 2017). Microglia activation involves two functionally different states, deleterious state (M1 phenotype) and beneficial state (M2 phenotype) depending on the activation conditions and methods. In the presence of lipopolysaccharide (LPS), microglia cells are activated to M1 phenotype and lead to produce and secrete pro-inflammatory cytokines such as TNF-α and IL-6, IL-18, NO, and ROS (He et al., 2019; Laffer et al., 2019; Ahmed et al., 2021; Zong et al., 2020). In contrast, IL-4 or IL-10 induce microglia cells into M2 phenotype which tunes down the M1 phenotype and secretes brain-derived neurotrophic factor (BDNF), transforming growth factor-β (TGF-β) and nerve growth factor (NGF) to repair tissue and extracellular matrix components in CNS(Wei and Jonakait 1999; Szczepanik et al., 2001; Laffer et al., 2019; Yi et al., 2020). LPS is a classic inflammatory trigger that activates M1 phenotype, induces inflammatory response, further leading to inflammatory cytokines expression alterations and cerebral injuries (Nakagawa and Chiba 2014). Iba1 is the protein which widely and specifically expressed in the microglia all over the CNS and used as a microglia marker, while CD68 is a transmembrane protein widely expressed in activated microglia (M1 phenotype) upon LPS induction (Leaw et al., 2017). The morphological changes of microglia cells are closely related to their activation state and are the first sign to be observed in the multi-step microglia activation. These changes include thickening and retraction of processes and the increase in cell body size (Tynan et al., 2010; Fan et al., 2018). Vimentin filaments are parts of the intermediate filament system whose dynamic properties are important for cellular flexibility and vimentin has been revealed as a key component involved in microglia activation (Jiang et al., 2013). Focal adhesions refer to the physical connection between the extracellular matrix and the cell actin cytoskeleton, which are mediated by integrins. They are of fundamental importance in regulating cellular adhesion, mechanical sensing, and signals controlling for cell growth and differentiation (Ilic et al., 1995; Ruggiero et al., 2018). Paxillin has been reported to be phosphorylated by p38 MAPK and ERK1/2 at the residue Ser83 and its phosphorylation is involved in microglial activation and phagocytosis (Huang et al., 2004; Fan et al., 2018). Hippocampus is one of the important functional area of the brain which is responsible for the storage transformation of long-term memory and orientation (Colombo et al., 2001; Shi et al., 2018). Recent research has also highlighted its strong functional linkage to anxiety and depressive behaviors (Lee et al., 2002; Feng et al., 2020). The activation of microglia is pathological characteristics of patients with depression, which results in the release of extensive levels of proinflammatory cytokines in brain and causes neuronal apoptosis (Jiang et al., 2020; Wang T., et al., 2020). Therefore, inhibition of the deleterious microglial activation and migration might be a promising therapeutic strategy to ameliorate depressive symptoms. However, it is still in shortage of clinical drug alternatives.
Salidroside (SLDS), a phenolic glycoside compound, is extracted from a traditional Chinese medicinal plant, Rhodiola rosea. For centuries, this herb has been widely used by Chinese to treat multiple inflammatory diseases. Modern investigations have shown that SLDS has potent protective effects against hepatitis, colitis, skeletal muscle atrophy, and myocardial injury by alleviating excessive inflammation (Hu B et al., 2014; Huang et al., 2019; Liu et al., 2019; Wang N. et al., 2020). Especially, SLDS plays a neuroprotective role in both preclinical models of Alzheimer disease and cerebral ischemia by regulating microglia activation and distribution (Zhang et al., 2016; Liu et al., 2018; Wang et al., 2018; Zuo et al., 2018; Wang H. et al., 2020). Studies showed that SLDS could reduce the blood-brain barrier injury by activating the PI3K/Akt signaling pathway, decrease microvascular endothelial cells apoptosis, increase neuron cells viability and promote M2 macrophage/microglial polarization, thus improving functional recovery after cerebral ischemia (Liuet al., 2018; Wang et al., 2018; Zuo et al., 2018). In addition, SLDS could improve learning and memory impairment by suppressing SIRT1/NF-κB pathway and inhibiting the release of TNF-α, IL-1β and IL-6 (Gao et al., 2016). All these studies indicated that SLDS might become a promising new implement in attenuating depression by modulating microglial activation. Therefore, the goal of this study was to open up new horizons for the medicinal value of SLDS against depression by examining behavioral effects of SLDS and its effects in microglial cell cultures.
MATERIALS AND METHODS
Chemicals
SLDS (98% purity; Solarbio) was dissolved in phosphate buffered saline (PBS) at 50 μm. LPS (≥99% purity; Solarbio) was suspended in PBS at 1 mg/ml.
Animals
Male C57BL/6 mice (20 ± 2 g, 6 weeks old) were purchased from HuaFuKang (Beijing, China) and raised at Institute of Radiation Medicine (Tianjin, China). All the mice were raised individually at 22 ± 1°C, at humidity of 40–50%, with 12 h light/dark cycle. Free access to water and food. Body weight was measured every week. The animal experiments were all proved by the Institutional Animal Care and Use Committee of Institute of Radiation Medicine, Chinese Academy of Medical Sciences.
Chronic Stress Procedure and Drug Treatment
The mice were divided into three groups (10 mice each). Both stress groups were exposed to unpredictable stressors for 28 days using a strategy shown in Table 1 (Nollet et al., 2013; Willner 2017). Random stress strategies include: 24 h Food fasting; 24 h Water fasting; 12 h 50 ml centrifuge tube confinement; 24 h wet mattress; 24 h dirt cage; 30 min hot temperature; 15 min/2 times home cage shake. After 14 days, stressed groups began the intraperitoneal injection with PBS (100 μL/mice) or SLDS (10 mg/kg) every day.
TABLE 1 | Chronic stress strategies.
[image: Table 1]Sucrose Preference Test
Socrose preference test (SPT) was conducted according to the method described previously (Feng et al., 2020). They were tested on the initial days (the 1st day and the day before it) and final days (the 28th day and the day after it). Mice were adjusted to habituate to the presence of two identical drinking bottles before it started. On the day of the tests, mice were exposed to the identical bottles randomly and individually, with one-containing 1% sucrose and another tap water for 2 days. After chronic stress procedure, test was repeat again. The position of the two bottles (right/left) was varied randomly from trial to trial to prevent place-preference by the animals. The percentage of sucrose intake over total intake was calculated as the relative sucrose intake preference.
Forced Swimming Test
FST was conducted as described by Feng et al. (Feng et al., 2020). It has been recognized as one of the most common animal models for the evaluation of antidepressant-like activity in rodents, due to its sensitivity to a broad range of antidepressant drugs (Cryan et al., 2002; Taliaz et al., 2010). The most important advantage of FST is that it is easy to operate and the data is collected and analyzed quickly. The mice were tested on the initial day (the 1st day) and final day (the 28th day). Briefly, mice were put into the transparent plastic buckets gently and separately. The transparent plastic buckets (30 cm in height × 20 cm in diameter) were filled with water of 12 cm high and maintained at 25 ± 2°C. Mice were kept in the water for 6 min and their behaviors were recorded in the last 4 min. When a mouse floated upright and hold its head above the water with a small amount of movements, it can be considered to be immobile.
Open Field Test
OFT was conducted the day after FST as described (Sevastre-Berghian et al., 2020). OFT has been reported as a scientifically valid method to evaluate the general locomotivity and anxiety levels in animal experiments (Sevastre-Berghian et al., 2020; Zhang et al., 2020). Briefly, the open field (Techman software, China) 36 cm × 36 cm was surrounded by walls. The open field area was divided into 25 same small squares with lines. Each mouse was placed in the middle of the area and started to record. Mice were allowed to freely explore the new environment for 5 min. Data were obtained and analyzed using the Techman software Behavior analyzing system.
Morris Water Maze Test
MWM was conducted the day after OFT as described (Bassett et al., 2021). Briefly, in a round water tank (30 cm in height × 100 cm in diameter) filled with water (25 ± 1°C) that was dyed white with milk, a platform was hidden in the water at a specific position. The tank was divided into four quadrants and marked 1, 2, 3 and 4. Mice were given free swimming until they reach the platform. Mice were guided manually to the platform where they were allowed to stay 60 s if the mice couldn’t reach the platform in 90 s. After 6 days of training, the mice were tested on the 7th day with the platform being removed. The mice were allowed to swim freely for 60 s to test their spatial memory for the location of removed platform. Data were obtained and analyzed using the Top Scan Lite-Top View Behavior analyzing system (Noldus Information Technology, United States).
Spontaneous Locomotor Activity Test
Spontaneous locomotor activity test (SLAT) was conducted at the days before and after treatment (Nicolas et al., 2006). Mice were treated with either vehicle (Con group) or 50 μm SLDS (SLDS group) for 7 consecutive days. Data were obtained and analyzed using a Techman software Behavior analyzing system for 10 min in an empty box (36 cm × 36 cm with walls surrounded).
Brain Tissue Collection
After behavioral experiments, mice were anesthetized and killed. The brain was dissected and split along the longitudinal fissure into the left and right hemispheres. The hippocampus from the right hemispheres was evenly segmented and homogenized for ELISA, western blotting or qRT-PCR, while the left hemispheres were fixed in 4% paraformaldehyde at 4°C to further process for immunofluorescence staining.
Cell Culture
Brain tissues of newborn mice C57BL/6 were cut in pieces with scissors and further dissociated by pipetting. Cells pelleted by centrifuge were suspended in DMEM with 10% fetal bovine serum premium (AusGeneX PTY LTD, Australia) and plated in culture flask. After incubation at 37°C with 5% CO2 for 12 days, primary microglia cells were taken off by shaking at 280–310 rpm for 1 h and seeded on the new plates. When cells reached 80% confluence, 1 μg/ml LPS alone or with 50 μM SLDS was given for 24 h.
PC12 cells (generous gift from Gao Wenyuan at Tianjin University, China) were cultured in DMEM containing 10% fetal bovine serum premium and 10% Horse Serum (Gibco, China) at 37°C with 5% CO2.
Cell Viability Assay
CCK-8 kit (Biosharp, China) was utilized to estimate the cell viability according to the manufacturer's instructions. Briefly, primary microglia or PC12 cells were seeded at the density of 5 × 103 cells per well. After 24 h incubation, cells were treated SLDS in different concentration (0, 50, 100, or 200 μM) with or without 1 μg/ml LPS (Wang et al., 2018) for 24 h. For apoptosis assay, primary microglia were pretreated with 50 μM SLDS with or without 1 μg/ml LPS for 12 h. Then the supernatant, defined as conditioned medium (CM) were collected to cultivate PC12 cells for 48 h (CM group) or with supplement of LPS (CM-LPS) or LPS and SLDS (CM-LPS+SLDS). After cultivation, PC12 cells were incubated with CCK-8 solution for 2 h at 37°C. The absorbance was measured at 450 nm with a microplate reader (TECAN, Switzerland).
Western Blotting
The lysates of primary microglia or brain tissue obtained from animal experiment mentioned above (25 μg/lane) were separated by 10% SDS-PAGE and then transferred at 12V to PVDF membrane (Millipore, United States) for 70 min using a semi-dry transfer apparatus (Bio-Rad). The membranes were blocked at room temperature (RT) for 1 h with blocking buffer (Solarbio) and then incubated with different primary antibodies overnight at 4°C. Rabbit polyclonal antibodies against phospho-p42/44 MAPK, p42/44 MAPK, phospho-p38 MAPK, p38 MAPK, phospho-NF-κB p65, NF-κB p65, iNOS (1:5000, CST), phospho-paxillin Ser83 and mouse polyclonal antibodies against paxillin (1:2500, ECM biosciences), α-Tubulin (1:10000, CST) were used. After incubation with a HRP-conjugated secondary antibody, the immunoreactive signals were visualized using Amersham Imager 600 (GE Life Sciences).
ELISA
Inflammation cytokines were measured using ELISA assay (Lanpai Bio, China). Briefly, protein concentration from brain samples or cell cultures were determined by using a BCA kit and equal amount of proteins from different samples were quantitatively analyzed with IL-1β, IL-6, IL-18 and TNF-α according to the manufacturer’s instruction.
Real-Time PCR
Total RNA from brain samples or cell cultures was isolated by Eastep Super RNA isolation kit (Promega, China). Total RNA concentration was determined by a Nanodrop Spectrophotometer (Thermo Fisher Scientific, United States). cDNA synthesis was performed in PCR system (Eppendorf, Germany) using HiScript Q RT SuperMix kit (Vazyme, China) with 800 ng RNA in a total 10 μl reaction system. Subsequently, cDNA was diluted for 15 times and 5 μl of the dilute was mixed with Ultra SYBR mixture low ROX (CW biotech, China) for real-time PCR in a Quant Studio 6 Flex real-time PCR instrument (Thermo Fisher Scientific, China). The primers used for qRT-PCR are listed in Table 2.
TABLE 2 | Primers used in the real-time PCR assay.
[image: Table 2]Immunofluorescence Microscopy
Brain samples from left hemispheres were fixed in the 4% paraformaldehyde and embedded in OCT-freeze medium after sucrose cryoprotection. Brain tissues were sectioned in 25 μm thick using a cryostat (CM 1950; Germany). For the immunofluorescence assay, sections were blocked using 5% goat serum in TBS at RT for 30 min followed by the incubation with rabbit Iba-1 (Proteitech, United States) and mouse CD68 (BioLegend, United States) antibodies at 4°C overnight. After 3 washes with TBST, the sections were further incubated with corresponding secondary antibodies (Immunoway Biotech, China). After 3 times rinsing, sections were mounted with Dapi+ Fluorsave mounting medium (Calbiochem, United States).
Primary microglia cells were with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 in PBS. After washing, cells were blocked followed by incubation with rabbit anti-vimentin or mouse anti-paxillin at 4°C overnight. After incubation with corresponding secondary antibody, cells were washed and mounted.
For phagocytosis assay, 1 μl Alexa594-labeled latex beads (Thermo Fisher) were added to the new cell culture medium to replace the previous medium. The primary microglia cells were fixed and F-actin was visualized with Alexa 488 labeled phalloidin. The images were documented using a Nikon A1+ microscope system.
Statistical Analysis
All the data were analyzed using Prism 8 Software. SPT, FST, SLAT and training day’s data in MWM were analyzed using two-way ANOVA. The rest experiments were analyzed using one-way ANOVA and Tukey correction for multiple testing between categories. P < 0.05 was considered as statistically significant.
RESULTS
SLDS Attenuated the Depressive Symptoms in Chronic Stress Exposed Mice.
To determine whether SLDS treatment has the effects on the depressive symptoms of chronic stress induced mice, randomly grouped mice were left untreated (control group), subjected to unpredictable stress (stress + vehicle group) or injected with SLDS during stress challenge (stress + SLDS group). After 28 days, there was no significant difference in mice body weight among three groups (Figure 1B). And then three behavioral tests, FST, MWM and OFT were performed to evaluate the therapeutic effects (Figure 1A).
[image: Figure 1]FIGURE 1 | SLDS attenuated the depressive symptoms in chronic stress exposed mice. (A) The timeline for chronic stress induction, SLDS treatment, and behavior evaluation (FST, MWM and OFT); (B) The body weight measurements during four weeks chronic stress exposure; (C) The duration of immobility in FST (Source of variation: interaction F(2, 54) = 4.861, P = 0.0114, treatment factor F(2, 54) = 8.296, P = 0.0007, initial/final days comparison F(1, 54) = 15.67, P = 0.0002 ; (D) The total path length distance in OFT [F(2,27) = 3.752, P = 0.0365]; (E) The rate of mice motionless in OFT [F(2,27) = 4.825, P = 0.0158]; (F) The total number of entries in OFT [F(2,27) = 4.332, P = 0.0233]; (G) The number of peripheral entries in OFT [F(2,27) = 8.076, P = 0.0018]; (H) The path length of mice during the navigation test of MWM (Source of variation: interaction F(10, 208) = 1.407, P = 0.179, Treatment factor F(2, 208) = 13.68, P < 0.0001, Days factor F(5, 208) = 21.15, P < 0.0001); (I) The escape latency of mice during the navigation test of MWM (Source of variation: interaction F(10, 208) = 1.554, P = 0.1226, Treatment factor F(2, 208) = 56.55, P < 0.0001, Days factor F(5, 208) = 39.05, P < 0.0001); (J) Representative diagram in the probe trial in MWM; (K) The frequency of passing across the virtual platform in MWM [F(2,27) = 6.577, P = 0.0047]; (L) The time spent in target quadrant at 7th day trial in MWM [F(2,27) = 5.062, P = 0.0136]; (M) The locomotor activity in SLAT (Source of variation: interaction F(1, 36) = 0.2360, P = 0.6301, treatment factor F(1, 36) = 0.0526, P = 0.8198, initial/final day comparison F(1, 36) = 0.5920, P = 0.4467. All data are presented as mean ± SD (n = 10/group). * P < 0.05, ** P <0.01, compare to control group; # P < 0.05 ## P <0.01 ###P < 0.005, compare to stress group.
In FST, the results showed that there was no statistically significant difference in immobility time among three groups before the chronic stress procedure. However, the immobility time was significantly increased in mice of the stress group after four weeks of chronic stress procedure. In contrast, the duration of immobility in stress+ SLDS group was half less than that of the stress group (Figure 1C). These results suggested that SLDS might exhibit antidepressant-like activity.
Subsequent OFT results showed that the total distance of motion was reduced in mice exposed to chronic stress for four weeks, and tendency of motionlessness was increased compared to that of the control group (p <0.05). While in SLDS treatment group, the movement distance and location preference of mice were comparable to that of the control group (Figures 1D–G). These results suggested that chronic stress could induce locomotor activity decrease and SLDS might ameliorate the symptoms significantly.
After OFT, the spatial learning and memory abilities of mice had been monitored with MWM. Results showed that the stress group had a significantly longer path length and increased escape latency compared to the control group during the consecutive 6 training days. However, in SLDS treated group, the path length and escape latency were significantly decreased (Figures 1H,I). On the 7th day, when probe trials were conducted to evaluate the spatial memory abilities, the stress group had a lower frequency of swimming around the original platform position. On the contrary, the stress + SLDS group showed a significantly increased swimming time in the target quadrant and increased frequency in swimming across the original platform position (Figures. 1K,L). These results indicated that SLDS treatment significantly improved the impaired spatial learning and memory caused by chronic stress.
However, for SPT there were no significant difference among all three groups (data were not shown). It might be due to the long-term water deprivation and high temperature environment which resulted in the drinking behavioral alteration. Meanwhile, to examine whether the increased activity of SLDS treated group in FST and MWM was due to a locomotor activity stimulating effect from SLDS, we conducted spontaneous locomotor activity test. The results showed no statistically difference between control group and SLDS alone group, excluding the possibility that the improved behavior in SLDS treated mice was caused by an increase in locomotor activity (Figure 1M).
SLDS Suppressed Microglial Activation and Pro-Inflammatory Cytokines Release in Hippocampus of Chronic Stress Exposed Mice.
In order to visualize and quantify the activated microglia in hippocampus, cryosections of hippocampus from different groups were labeled with Iba1 and CD68. There were no significant differences in the amount of Iba-1 positive microglia cells among all three groups (Figures 2A,B). However, after SLDS treatment, the amount of CD68 positive activated microglia cells was significantly reduced compared with the stress group, indicating that the SLDS suppressed microglial activation (Figures 2A,C).
[image: Figure 2]FIGURE 2 | SLDS suppressed microglia activation and pro-inflammatory cytokines release in hippocampus of chronic stress exposed mice. (A) Representative images illustrating microglia stained with Iba-1 and CD68 antibodies in hippocampal sections. Scale bar, 100 µm; (B) Number of Iba-1 positive microglia in hippocampal sections [F(2,27) = 1.515, P = 0.2568]; (C) Number of CD68 positive microglia in hippocampal sections [F(2,27) = 151.9, P < 0.0001]; (D) mRNA level of IL-1β [F(2,9) = 35.23, P < 0.0001], IL-6 [F(2,9) = 19.28, P = 0.0006], IL-18 [F(2,9) = 9.481, P = 0.0061] and TNF-α [F(2,9) = 12.61, P = 0.0025] in hippocampus determined by qRT-PCR (n = 4); (E) The secretion level of IL-1β [F(2,15) = 8.063, P = 0.0042], IL-6 [F(2,15) = 29.19, P < 0.0001], IL-18 [F(2,15) = 5.890, P = 0.0129] and TNF-α [F(2,15) = 24.66, P < 0.0001] in hippocampus determined using ELISA (n = 4); (F) P-ERK1/2 [F(2,9) = 10.15, P = 0.0049] in hippocampal area tissue; (G) P-p38 MAPK [F(2,12) = 13.05, P = 0.0010] in hippocampal area tissue; (H) P-p65 NF-κB [F(2,15) = 28.59, P < 0.0001] in hippocampal area tissue; (I) iNOS expression [F(2,15) = 14.42, P = 0.0003] in hippocampal area tissue. All data are presented as mean ± SD. * P < 0.05, ** P <0.01, ***P <0.005, compare to control group; # P < 0.05, ## P <0.01, ###P < 0.005, compare to stress group.
Next, we investigated whether SLDS attenuated pro-inflammatory cytokines release in the hippocampus of chronic stress induced mice. Quantitative RT-PCR results revealed that the mRNA levels of IL-1β, IL-6, IL-18 and TNF-α were significantly enhanced in stress group compared with those of control (Figure 2D, p <0.05). On the contrary, the expression levels of these pro-inflammatory cytokines were significantly reduced after SLDS treatment. Then the expression of IL-1β, IL-6, IL-18 and TNF-α in a protein level was evaluated by using ELISA assay. Consistent with the results of qRT-PCR, the protein levels of IL-1β, IL-6, IL-18 and TNF-α were significantly enhanced in stress group compared to those of control, while SLDS treatment significantly attenuated their expression (Figure 2E, p <0.05).
SLDS Inhibited Inflammatory Pathway Signaling in Hippocampus of Chronic Stress Exposed Mice.
To further determine whether SLDS attenuates inflammatory response in the chronic stress induced mice and reveal the underlying mechanism, we examined the activation of p42/p44 MAPK (ERK1/2), p38 MAPK, NF-κB and iNOS. Activation of ERK1/2, p38 MAPK and NF-κB have been highly cited in activated microglia. It is also an important pathway to activate neuroinflammation. The activation state of ERK1/2, p38 MAPK, NF-κB and the expression level of iNOS were analyzed by Western blotting. Our results showed that chronic stress increased the phosphorylation of ERK1/2, p38 MAPK, NF-κB p65 in the mice hippocampus area, which was prohibited in the SLDS treated group (Figures 2F–H). iNOS is an inducible nitric oxide synthase that is induced after brain injury and neuroinflammation. It also has been reported as the downstream product of the p38 MAPK signaling pathway (Yoshida et al., 2020). In this study, the upregulated iNOS expression induced by stress challenge was also attenuated by SLDS (Figure 2I). These data indicated that inflammation-related signaling pathways were most likely inhibited by SLDS treatment after exposure to chronic stress.
SLDS Reduced the Levels of Proinflammatory Cytokines in LPS Induced Primary Microglia.
In order to further examine whether SLDS has the same beneficial effects towards LPS insulting in vitro, primary microglia was cultured and stimulated by LPS. The cytotoxicity of SLDS on primary microglia were firstly evaluated. Different concentrations (0, 50, 100 and 200 μM) of SLDS with or without LPS 1 μg/ml were used to treat primary microglia and the survival rate of cells was determined. It showed that SLDS had no cytotoxicity in primary microglia at settled concentrations (Figures 3A,B). Then the effects of a relatively low concentration of SLDS on the expression and release of proinflammatory cytokines in LPS induced inflammatory response were investigated. qRT-PCR results showed that SLDS significantly reduced mRNA expression of IL-1β, IL-6, IL-18 and TNF-α (Figure 3C, p <0.05). ELISA results also revealed a reduction in secreted IL-1β, IL-6, IL-18 and TNF-α upon SLDS treatment (Figure 3D). It could be concluded that SLDS exhibited anti-proinflammatory effects on LPS induces inflammatory responses in primary microglia.
[image: Figure 3]FIGURE 3 | SLDS reduced the levels of proinflammatory cytokines and suppressed microglial activation in LPS induced primary microglia. (A) The cell viability with SLDS (0, 50, 100 and 200 μM) alone [F(3,12) = 1.524, P = 0.2588] in primary microglia; (B) The cell viability with SLDS (0, 50, 100 and 200 μM) and LPS 1 μg/ml [F(4,31) = 0.6963, P = 0.6003] in primary microglia; (C) mRNA levels of IL-1β [F(2,9) = 17.54, P= 0.0008], IL-6 [F(2,9) = 25.80, P = 0.0002], IL-18 [F(2,9) = 8.516, P = 0.0084] and TNF-α [F(2,9) = 81.80, P < 0.0001] in primary microglia (n = 4); (D) The secretion levels of IL-1β [F(2,21) = 57.51, P = < 0.0001], IL-6 [F(2,21) = 19.17, P < 0.0001], IL-18 [F(2,21) = 21.64, P < 0.0001] and TNF-α [F(2,21) = 23.71, P < 0.0001] in primary microglia (n = 4); (E) P-ERK1/2 [F(2,15) = 72.91, P < 0.0001] in primary microglia; (F) P-p38 MAPK [F(2,12) = 17.38, P = 0.0003] in primary microglia; (G) P-p65 NF-κB [F(2,9) = 86.64, P < 0.0001] in primary microglia; (H) iNOS expression [F(2,11) = 12.46, P = 0.0015] in primary microglia. All data are presented as mean ± SD. ** P <0.01, ***P <0.005, compare to control group; # P < 0.05 ## P <0.01 ###P < 0.005, compare to LPS treated group.
SLDS Decreased LPS Induced Inflammation Through Prohibiting the Same Pathway in Primary Microglia.
Previous studies revealed p38 MAPK, ERK1/2 and NF-κB signaling is an important pathway in the transcriptional regulation of proinflammatory cytokines (Xiao et al., 2002; Dong et al., 2014), and iNOS involves in nitric oxide secretion. Given the beneficial effects of SLDS on LPS induced inflammatory response of primary microglia, it was wondered whether SLDS could prohibit the inflammatory signaling pathway in primary microglia as same as the brain tissue sample. In this study, Western blotting assay for phosphorylation of ERK1/2, p38 MAPK, NF-κB and expression level of iNOS had been performed. The results revealed that SLDS significantly attenuated activation of ERK1/2, p38 MAPK, NF-κB and expression level of iNOS in LPS-stimulated primary microglia (Figures 3E–G), which were consistent with the results that were found in chronic stress exposed mice.
SLDS Inhibits Microglial Morphological Alterations and Phagocytic Ability in LPS Induced Primary Microglia.
In order to determine morphological alterations in microglial cells upon LPS challenging, the length of vimentin filaments was determined, which were in parallel to the longitudinal axis of primary microglia cells. The results showed that the length of vimentin filaments was significantly shortened in LPS induced primary microglia, which resulted in the changes in cell shape and size (Figures 4A,B). However, SLDS significantly reduced the loss of vimentin filaments (Figures 4A,B, p<0.05).
[image: Figure 4]FIGURE 4 | SLDS inhibited microglial morphological alterations and phagocytic ability in LPS induced primary microglia. (A) Representative images illustrating primary microglia stained with vimentin and paxillin antibodies, scale bar: 10 μm; (B) The length of vimentin filaments in primary microglia [F(2,60) = 39.11, P < 0.0001]; (C) The number of focal adhesions in primary microglia [F(2,36) = 55.93, P < 0.0001]; (D) P-paxillin at Ser83 [F(2,9) = 8.705, P = 0.0079] in primary microglia; (E) Representative images illustrating microglial phagocytosis; (F) The number of beads engulfed by primary microglia [F(2,59) = 35.24, P < 0.0001]. All data are presented as mean ± SD. ** P <0.01, ***P <0.005, compare to control group; # P < 0.05, ###P < 0.005, compare to LPS treated group.
We further wondered whether alterations in cell shape and size of microglia affected assembly of focal adhesions. The focal adhesion was examined using the paxillin, which was a component of focal adhesions in primary microglia. The amount of focal adhesions was significantly enhanced in LPS induced primary microglia, and in contrast, SLDS restored focal adhesion numbers comparable to a condition of the resting primary microglia, which was consistent with its inhibition of cell spreading (Figures 4A,C). Western blotting analysis showed SLDS suppressed the enhanced phosphorylation at Ser83 in paxillin induced by LPS in primary microglia (Figure 4D).
The morphological changes and cell adhesion of microglia cells might eventually affect their phagocytic activity. Therefore, we further examined whether the phagocytic ability of primary microglia was affected by SLDS after exposed to LPS by using fluorescent beads. Phagocytosis assay showed primary microglia exhibited stronger phagocytic ability after LPS stimulation, while SLDS could significantly diminish LPS induced phagocytic activity, which was consistent with morphology and adhesion analysis results (Figures 4E,F).
SLDS Prevented Neuronal Apoptosis in Chronic Stress Exposed Mice and Decreased Microglial Neurotoxicity in PC12 Cells.
Microglial activation induced by chronic stress causes neuronal apoptosis. In apoptotic cells, compaction, condensation and segregation of the nuclear chromatin appear. We used Dapi staining to determine whether SLDS could reduce neuronal apoptosis. The immunofluorescence microscopy assay revealed that SLDS could distinctly reduce the amount of apoptotic nucleus in hippocampus of chronic stress exposed mice (Figures 5A,B). To further conform this effect of SLDS, we cultured PC12 cells with CM derived from primary microglia cultures to detect the microglial neurotoxicity. A CCK-8 kit was used to detect whether SLDS exhibited cytotoxicity to PC12 cells. The results showed that SLDS exhibited no cytotoxicity in PC12 cells at the detected concentrations (Figures 5C,D). It showed that the viability of PC12 cells was significantly increased in CM from primary microglia cultures with SLDS pretreatment (Figure 5E). Furthermore, flow cytometry assay with Annexin V/PI staining was used to evaluate neuroprotective properties of SLDS. Results showed that CM from primary microglia cultures pretreated with SLDS significantly reduced apoptosis in PC12 cells (Figures 5F,G). In conclusion, SLDS might achieve neuroprotective functions by inhibiting microglial activation.
[image: Figure 5]FIGURE 5 | SLDS prevented neuronal apoptosis in chronic stress exposed mice and decreased microglial neurotoxicity in PC12 cells. (A) Representative images illustrating apoptotic cells in hippocampal sections, scale bar: 10 μm; (B) Quantification of apoptotic cells in the hippocampus of mice [F(2,13) = 18.20, P = 0.0002]. All data are presented as mean ± SD. ***P <0.005, compare to control group; # P <0.05, compare to stress group. (C) The cell viability for PC12 cells treated with SLDS (0, 50, 100 and 200 μM) alone [F(3,8) = 3.611, P = 0.0650]; (D) The cell viability for PC12 cells treated with SLDS (0, 50, 100 and 200 μM) and LPS 1 μg/ml [F(4,10) = 2.766, P = 0.0874]; (E) The cell viability for PC12 cells treated with CM [F(2,13) = 18.20, P = 0.0002]; (F) Representative images illustrating the flow cytometry analysis for PC12 cells; (G) The percentage of apoptotic and necrotic PC12 cells assessed using flow cytometry analysis [F(2,9) = 19.79, P = 0.0005]. All data are presented as mean ± SD. ***P <0.005, compare to control group; ## P <0.01, ###P < 0.005, compare to CM-LPS group.
DISCUSSION
In this study, we illustrated that SLDS treatment relieved the depressive symptoms induced via unpredictable chronic stress in mice and reduced the amount of deleterious activated microglia (CD68 positive) in hippocampus. It was found that SLDS treatment inactivated ERK1/2, p38 MAPK, NF-κB signaling, suppressed iNOS expression, and caused impaired phagocytosis and reduced the expression and release of pro-inflammatory cytokines (Figure 6). These findings underpinned a possible molecular mechanism that underlies the beneficial effects of SLDS in relieving the behavioral and cognitional disorders in a depressive mouse model, and therefore lying a foundation for the therapeutic opportunity of SLDS in treating depression.
[image: Figure 6]FIGURE 6 | Anti-inflammation mechanism of SLDS in LPS induced primary microglia. LPS signal from infections activates microglia through TLRs and further activates ERK1/2, p38 MAPK, NF-κB signaling. Signals translocate to nucleus and induce the transcription of inflammatory cytokines IL-1β, IL-6, IL-18 and TNF-α. On the other hand, cytoskeleton changes generate the mechanical forces that drive cell motility and phagocytosis which are closely associated with microglial function. LPS signals induce the cytoskeleton protein vimentin filaments assembly which leads to the morphological changes from ramified state to ameboid state. Meanwhile, they regulate focal adhesion assembly which results in the cell attachment state alteration. SLDS can inhibit the LPS signals transduction thus blocking the activation of microglia and prevent cytoskeleton changes.
Unpredictable chronic stresses have been reported as a promising method to cause a series of depressive behaviors in rodents (Farooq et al., 2012; Nollet et al., 2013; Willner 2017). In the present study, the depressive mouse model was generated using this method and depressive symptoms were assessed by using FST, MWM and OFT. For studies using all kinds of depressive animal models, FST is still one of the most commonly used assay for screening antidepressants in preclinical studies (Petit-Demouliere et al., 2005). MWM has been well defined to examine spatial memory and cognition, while OFT has been widely used to evaluate locomotivity and anxiety levels (Jin et al., 2019; Zhang N., et al., 2020). Consistent with previous researches, our results confirmed that the exposure to unpredictable chronic stress leads to a significant memory loss and volitional activity decline (Gouirand and Matuszewich 2005; Hu et al., 2015; Trofimiuk and Braszko 2015; Li et al., 2017). In recent years, studies have revealed that during pathological process, microglia plays an important role in the destruction of neural plasticity and has deleterious effects on neuroprotection, leading to neuroinflammation and aggravation of depression (Singhal and Baune 2017). Moreover, many drugs fulfill their antidepressant function through regulating the activation of microglia and anti-neuroinflammation in preclinical studies (Han et al., 2019; Feng et al., 2020; Vega-Rivera et al., 2020). These findings emphasized the importance of modulating microglia activity for interfering nervous system disorders.
Salidroside, a phenolic glycosides compound extracted from Rhodiola rosea, has been reported in possession of neuroprotective properties (Liu et al., 2018; Wang C., et al., 2018). Researchers also showed that SLDS could suppress inflammatory cytokines release and improved depressive symptoms (Vasileva et al., 2018). However, the underlying molecular mechanism remained unclear. In the pathological process, microglia participates in the immune response by migrating to the pathological area and activating itself to fulfill its functions (Domercq et al., 2013). In this study, it was found that SLDS treatment shared a molecular mechanism similar to many other drugs that regulates microglia activation and anti-neuroinflammation. In addition, we also proposed another molecular mechanism in which SLDS might promote anti-depression by altering the morphology and attachment state of microglia and therefore avoid their enrichment in pathological areas.
Microglia, a type of glial cell that is equivalent to macrophages in the brain and spinal cord, is the first and most important immune defense of the CNS. They normally exist in a resting ramified state and become activated in response to different stimuli. Microglia is of great importance in immune defender in the brain by eliminating apoptotic debris and pathogen (Beyer et al., 2000; Gogoleva et al., 2019). Stimulation of microglia by LPS or colony-stimulating factor (CSF) results in an increased expression of CD68, a lysosomal protein, representing a hallmark for M1 phenotype microglia (Lei et al., 2020). Up-regulated CD68 expression in microglia has also been observed in various kinds of neurological diseases, such as Parkinson’s disease, Alzheimer’s disease, Pelizaeus-Merzbacher disease and brain tumor, which involves in neurodegeneration, neuronal death and neuroinflammation (Aronica et al., 2005; Bachstetter et al., 2013; Bachstetter et al., 2015; Aono et al., 2017). Indeed, the elevated amount of CD68 positive microglia in hippocampus has been observed after chronic stress exposure, indicative of a possible proinflammatory response. We observed that SLDS exhibited strong anti-inflammatory effects by decreasing the CD68 positive microglia cells in hippocampus after chronic stress exposure in mice.
Activated microglia (M1 phenotype) can produce a wide scope of proinflammatory cytokines, such as IL-1β, IL-6, IL-18, TNF-α and other mediators, which eventually induce neuronal damage (Jin et al., 2019; Lajqi et al., 2020). Assessed using ELISA assays and qRT-PCR, the expression levels of cytokines IL-1β, IL-6, IL-18, and TNF-α in hippocampus tissue after chronic stress are increased in a manner similar to that in LPS induced primary microglia, suggesting a robust immune response induced in both model systems. SLDS suppressed the levels of IL-1β, IL-6, IL-18 and TNF-α both in vitro and in vivo. Interestingly, toxicological tests showed that LPS did not inhibit the proliferation of primary microglia as it does in BV2 microglia (Lee et al., 2012), suggesting possible physiological differences between BV2 microglia cells and primary microglia (Fukushima et al., 2015). In addition, the aged microglia cells also showed differences in response to the chemicals, indicating effects of differentiation status of the cells (Perry et al., 1993). In this study, the results newly uncovered that SLDS might be a potential natural product to inhibit microglial activation and neuroinflammation.
SLDS exhibits its anti-neuroinflammation properties by altering many aspects of microglial activation, such as changes in microglial morphology and the secretion of inflammatory cytokines. In our efforts to illustrate the molecular mechanism of SLDS anti-neuroinflammation effects, it was found that SLDS inhibited the phosphorylation of ERK1/2, p38 MAPK, NF-κB p65 and expression level of iNOS in both chronic stress exposed mice and LPS induced primary microglia. Modulation of NF-κB p65 activity by SLDS has been widely reported (Hu H et al., 2014; Wang et al., 2017). Our findings were consistent with previous results that inactivation of ERK1/2, NF-κB p65 and PI3K/Akt by SLDS, led to the reduction of iNOS and Cyclooxygenase-2 (COX-2) expression (Hu H et al., 2014; Wang et al., 2017; Wang, J et al., 2018). Activation of p38 MAPK has been revealed to regulate microglia morphological changes and phagocytic ability (Fan et al., 2018; Yao and Fu 2020). Therefore, we investigated the effect of SLDS on microglial morphological alterations and phagocytic ability. It was observed that the length of vimentin filaments was significantly shortened in LPS induced primary microglia, consistent with many other studies on activated microglial morphology. In activated microglia, cells become more flattened and loss branches (Kloss et al., 2001; Tynan et al., 2010). Focal adhesions assembling involves in cell attachment and phagocytic ability. With paxillin, a component of focal adhesion as the marker, SLDS was found to disassemble the focal adhesion which is assembled after LPS stimulation, indicating the blockage of microglia spreading. Phagocytic activity has been reported to be regulated by paxillin and cofilin (Gitik et al., 2014). SLDS can significantly attenuated LPS induce phagocytic activity. In this study, chronic stress model for depressive symptoms shares similar properties as LPS induced primary microglia. And a certain number of studies also revealed both chronic stress and LPS challenges induced distinct molecular and behavioral changes in mice (Espinosa-Oliva et al., 2011; Couch et al., 2016). For instance, Toll-like receptors (TLRs) play an important role in this depressive behavioral changes (Habib et al., 2015; Zhang.W., et al., 2020). Further studies are needed to address whether antidepressant effects of SLDS also affects TLRs pathway. In conclusion, our data demonstrated that SLDS could prevent the deleterious M1 microglial activation, and improve the depressive symptoms caused by unpredictable chronic stress. This study suggested a potential application of SLDS in therapeutic treatment of depression.
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Natural products remain a crucial source of drug discovery for accessible and affordable solutions for healthy aging. Centella asiatica (L.) Urb. (CA) is an important medicinal plant with a wide range of ethnomedicinal uses. Past in vivo and in vitro studies have shown that the plant extract and its key components, such as asiatic acid, asiaticoside, madecassic acid and madecassoside, exhibit a range of anti-inflammatory, neuroprotective, and cognitive benefits mechanistically linked to mitoprotective and antioxidant properties of the plant. Mitochondrial dysfunction and oxidative stress are key drivers of aging and neurodegenerative disease, including Alzheimer’s disease and Parkinson’s disease. Here we appraise the growing body of evidence that the mitoprotective and antioxidative effects of CA may potentially be harnessed for the treatment of brain aging and neurodegenerative disease.
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INTRODUCTION
Centella asiatica (L.) Urb. (CA) is a medicinal plant commonly consumed in salads or juices in several countries, including Malaysia, India, Sri Lanka, Indonesia and China (Hashim, 2011; Maulidiani et al., 2012; Bachok et al., 2014; Singh et al., 2014). CA has a wide range of ethnomedical applications, including treatment of gastrointestinal disorders, skin diseases, fever, and cognitive and memory problems (Gohil et al., 2010; Jahan et al., 2012; Sabaragamuwa et al., 2018). Studies of the plant extract and its bioactive compounds have revealed a broad range of pharmacological and therapeutic effects, including anti-ulcer (Zheng et al., 2016), anti-microbial (Idris and Nadzir, 2017), cytoprotective (Choi et al., 2016; Tewari et al., 2016), anti-inflammatory (Choi et al., 2016; Park et al., 2017; Ho et al., 2018), anti-oxidant (Zhao et al., 2014; Dewi and Maryani, 2015; Intararuchikul et al., 2019) and mitoprotective (Gray et al., 2017; Zhang et al., 2017; Gray et al., 2018c) properties. The bioactive components of CA readily cross the blood brain barrier and exert beneficial neuroactive effects in a range of models of aging (Zweig et al., 2021) and neurodegenerative disease including Alzheimer’s disease (AD) (Gray et al., 2018c; Matthews et al., 2019) and Parkinson’s disease (PD) (Gopi and Arambakkam Janardhanam, 2017; Teerapattarakan et al., 2018). Recent studies have associated these neuroprotective and anti-inflammatory effects with increased expression of proteins essential for mitochondrial bioenergetics and antioxidant genes (Gray et al., 2018c; Lu et al., 2021; Zweig et al., 2021). Mitochondria play a pivotal role in aging and neurodegeneration, regulating energy metabolism, immune responses and cell death pathways (Moreira et al., 2010; Rizzuto et al., 2012; Mills and O'Neill, 2016; Sun et al., 2016; Shah et al., 2019). Hence, this review focuses on the potential therapeutic application of CA for the treatment of brain-aging and neurodegenerative disease through restoration of mitochondrial function and inhibition of oxidative damage.
CENTELLA ASIATICA (L.) URB. (CA): THE MEDICINAL PLANT
Botany and Geographical Distribution of Centella asiatica (L.) Urb.
CA is commonly known by several names, including gotu kola in Sinhala, pegaga in Malay, ‘léi gōng gēn’ in Chinese and Asian or Indian Pennywort in English (Jahan et al., 2012; Orhan, 2012; Singh et al., 2014; Gajbhiye et al., 2016). CA belongs to the Apiaceae family, which is native to Asian countries and parts of China as well as several other parts of the world, such as northern Australia and the Western Pacific. The plant grows horizontally, with long, slender and tender prostrate stolons that can extend up to 2 m and are characterized by long internodes and nodes. Each node of the stem bears one to three leaves that are about 2–6 cm in length and 1.5–5 cm in width with a slightly cupped circular-reniform shape and palmately netted veins. CA is odorless and flowers from April to June with fascicled umbels that consist of three to four sessile flowers. These flowers bear 4-mm-long fruits that range in shape from oval to globular. Found up to 1800 m above sea level, CA grows in a wide range of habitats, such as open sunny areas, swamps, paddy fields as well as along the banks of lakes and ponds and on stone walls and rocks (Roy et al., 2013; Singh et al., 2014; Sirichoat et al., 2015; Gajbhiye et al., 2016).
Centella asiatica (L.) Urb. and its Major Phytochemical Constituents
CA contains amino acids, alkaloids, carbohydrates, vitamins, minerals, terpenes of various categories (such as monoterpenes, sesquiterpenes, diterpenes, triterpenes and tetraterpene) and phenolic compounds (such as the flavonoids, tannins and other constituents). The phytochemistry of CA has previously been comprehensively reviewed by Brinkhaus et al. (2000), Gray et al. (2018a) and Torbati et al. (2021) therefore will only be summarized briefly here. Terpenes are the dominant group of chemical constituents of CA, with triterpenes being the major and most important component of CA, serving as a marker constituent for quality control analyses (Rafi et al., 2018). The triterpenes (Figure 1) found in CA are mostly pentacyclic triterpenic acids (sapogenins), such as the asiatic acid (PubChem CID: 119034, National Center for Biotechnology Information, 2021a) and madecassic acid (PubChem CID: 73412, National Center for Biotechnology Information, 2021b), and their respective triterpenoid glycosides (saponins, with a trisaccharide moiety linked to the aglycones), such as asiaticoside (PubChem CID: 52912190, National Center for Biotechnology Information, 2021c) and madecassoside (PubChem CID: 131801373, National Center for Biotechnology Information, 2021d) (Azerad, 2016; Rafi et al., 2018).
[image: Figure 1]FIGURE 1 | Antioxidative and mitoprotective activities of Centella asiatica and its main components. Mitochondrial dysfunction in regulating energy metabolism in response to changing bioenergy demands is closely associated with neuroinflammation in aging and neurodegenerative diseases. The antioxidative and mitoprotective activities of CA targeting mitochondrial and oxidative functions may confer neuroprotective benefits that could potentially be harnessed to treat aging and neurodegenerative diseases and improve functional behavioral outcomes. ARE, antioxidant response element genes; MC-I, mitochondrial complex I; MMP, mitochondrial membrane potential; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells; NLRP3, NLR family pyrin domain containing three; Nrf2, NF-E2-p45-related factor 2; Sirt1, Sirtuin 1. Figure created with BioRender.com.
CA extract has been widely studied in the form of ethanolic (Sari et al., 2014; Sari and Rochmah, 2015; Binti Mohd Yusuf Yeo et al., 2018; Suri et al., 2018; Wong et al., 2019; Wong et al., 2020), methanolic (Veerendra Kumar and Gupta, 2003; Arora et al., 2018) and aqueous (Mitha et al., 2016; Gray et al., 2018c; Chintapanti et al., 2018) extract as well as leaf juice (Rao et al., 2007; Thirawarapan et al., 2019). Of these different preparations of CA, it was found that the ethanolic extract retained the highest amount of the triterpenes asiatic acid and asiaticoside compared to other solvents (Puttarak and Panichayupakaranant, 2013; Gajbhiye et al., 2016).
Wide chemotypic variations in triterpenoids were found in CA planted in different growing regions, altitudes and localities (Long et al., 2012; Singh et al., 2014; Srivastava et al., 2014). Genotypic and phenotypic variability have been associated with differences in phytochemicals content of CA including macronutrients, micronutrients, phenolics, flavonoids, tannin, anthocyanin, carotenoids and ascorbic acid (Thomas et al., 2010; Singh et al., 2014; Lal et al., 2017; Chandrasekara et al., 2020). Other than geographical and genotypical influences, the phytochemical compositions of CA also vary due to seasonal variations associated with the cultivation and harvesting procedures, light conditions, as well as the drying conditions post-harvesting (Maulidiani et al., 2012; Rahajanirina et al., 2012; Alqahtani et al., 2015; Plengmuankhae and Tantitadapitak, 2015). This underlines the potential challenges involved in the study of CA plant extract, as differences in specific phytochemical composition may influence the efficacy of the extract.
Neuroactive Effects of Centella asiatica (L.) Urb.: Crossing the Blood Brain Barrier
Several pharmacokinetic studies have confirmed that bioactive components of CA can cross the blood brain barrier (BBB) when administered peripherally, although the transport mechanisms of these phytochemicals remain largely unknown. For example, asiatic acid, asiaticoside and madecassoside were found to accumulate in the brains of animals administered with CA extract or the respective single components (Yin et al., 2012; Anukunwithaya et al., 2017a; Anukunwithaya et al., 2017b). A recent study using primary porcine brain endothelial cells as in vitro BBB model also reported that asiatic acid, asiaticoside and madecassoside exhibit high permeability across the BBB (Hanapi et al., 2021). The bioavailability of these phytochemicals in brain tissue after peripheral administration (Yin et al., 2012; Anukunwithaya et al., 2017a; Anukunwithaya et al., 2017b) indicates they cross the BBB at adequate concentrations to exert neuroactive effects supporting the potential use of these compounds as neurotherapeutics.
Neuroactive Effects of Centella asiatica (L.) Urb.: Cognition
Cognitive-enhancing effects of CA extract have been described in numerous studies, in both normal animals and models of aging and neurodegenerative disease (Doknark et al., 2014; Sari et al., 2014; Sirichoat et al., 2015; Yolanda et al., 2015; Wong et al., 2019; Sbrini et al., 2020). In early studies, CA extract was found to improve memory and ameliorate biochemical and mitochondrial dysfunction in a mouse model of aging (Kumar et al., 2011). In other studies CA was found to confer protection against hippocampal dysfunction, a region of the brain that plays a critical role in learning and memory and is severely affected in AD (Veerendra Kumar and Gupta, 2003; Giribabu et al., 2014). Further, key bioactive components of CA have also been shown to affect learning and memory in models of aging and neurodegenerative disease. For example, asiaticoside has been found to enhance cognitive performance in aged animals (Lin et al., 2013) and a rat model of AD (Zhang et al., 2017). The cognitive effects of CA extract have been linked to changes in synaptic plasticity (Lin et al., 2013) and excitatory neurotransmission (Wanasuntronwong et al., 2018; Wong et al., 2020) as well as improved neuronal health and survival in models of aging and disease (Gray et al., 2018b; Gray et al., 2018c). Here we will examine the evidence that CA and its phytochemicals provide cognitive benefits in aging and neurodegenerative disease via mitoprotective and antioxidant mechanisms (Soumyanath et al., 2012; Chen et al., 2016; Gray et al., 2016; Gray et al., 2017; Matthews et al., 2019).
TARGETING MITOCHONDRIA IN AGING AND NEURODEGENERATIVE DISEASE: ROLE FOR CENTELLA ASIATICA (L.) URB.
Mitochondrial dysfunction is closely associated with aging (López-Otín et al., 2013; Sun et al., 2016), AD (Moreira et al., 2010; Yoo et al., 2020) and PD (Yang et al., 2020). Mitochondria regulate energy metabolism, immune responses and cell-death pathways through their highly flexible and dynamic network. The mitochondrial network responds to changing bioenergetic demands by adjusting the rate of mitochondrial fission and fusion—a function that was found to be affected in most age-associated neurodegenerative conditions (Shah et al., 2019). Studies have shown that age-related toxic protein aggregates, such as Alzheimer’s beta amyloid (Aβ), induce mitochondrial dysregulation by binding to mitochondrial proteins. For example, Aβ has been found to bind to the mitochondrial fission protein (Drp1), and the mitochondrial voltage-dependent anion channel (VDAC) (Manczak et al., 2011; Manczak et al., 2018). These abnormal protein interactions affect mitochondrial biogenesis, increase mitochondrial fragmentation and induce free radical production (John and Reddy, 2020).
Mitochondria are the primary source of free radicals, otherwise known as reactive oxygen species (ROS), and ROS overproduction leads to oxidative damage. Oxidative damage further affects the mitochondrial respiratory chain function in generating energy in the form of adenosine triphosphate (ATP) through oxidative phosphorylation (OXPHOS) (Elfawy and Das, 2019). Perturbations in the electron transport chain function and/or reduction in the mitochondrial membrane potential lead to a vicious cycle of mitochondrial stress, which results in decreased ATP production and increased ROS production (Szalardy et al., 2015; Zorova et al., 2018). The brain is highly susceptible to both bioenergetic dysfunction and oxidative damage due to the high energy demands associated with neurotransmission and a high lipid content, respectively. The use of antioxidant strategies has been reported to provide a protective benefit against aging and neurodegenerative diseases. Further, enhancing mitochondrial biogenesis and quality control may be an efficient strategy for preventing mitochondrial disorders (Smith et al., 2012; Suliman and Piantadosi, 2016; Murphy and Hartley, 2018) and providing neuroprotection in AD and PD mouse models (Johri and Beal, 2012). Several therapeutic approaches that aim to protect against neurodegeneration and inflammation by improving brain bioenergetics, rescuing mitochondrial dysfunction and reducing oxidative damage are being developed (Cunnane et al., 2020; Fairley et al., 2021). In this section, we will focus on the mitoprotective and antioxidative effects of CA and its key phytochemicals as potential therapeutic agents that can 1) promote neuronal health and survival, and 2) reduce neuroinflammation.
Neuroprotective Effects of Centella asiatica (L.) Urb. and its Major Constituents: Antioxidative and Mitoprotective Effects
Neuroprotective effects of CA have been described in several models of neurodegenerative disease and injury, linked to effects on mitochondrial energy production, oxidative stress and mitochondrial-induced apoptosis. For example, the CA extract, asiatic acid has been shown to prevent mitochondrial morphology abnormalities in a rat model of kainic acid-induced seizure, which protected synaptic function and alleviated cognitive deficits (Lu et al., 2021). In a separate study, the CA phytochemical asiaticoside was found to inhibit Aβ-induced neuronal apoptosis by restoring and maintaining mitochondrial membrane potential (Song et al., 2018). Several potential molecular mechanisms mediating the mitoprotective effects of CA have been proposed, including increased conductance and stabilization of VDAC (Tewari et al., 2016). VDAC plays a critical role in cell survival, transport of substrates for energy production and maintenance of mitochondrial membrane potential (Camara et al., 2017), making it a target of interest in regulating mitochondrial function.
Meanwhile, other studies have implicated CA and its bioactive components in the regulation of important antioxidant response signaling pathways. In mouse models of AD, CA extract has been found to promote antioxidative responses, countering Aβ pathology-driven oxidative stress, mitigating neuronal loss around the plaques and improving memory function (Gray et al., 2017; Gray et al., 2018c). CA extract has also been found to protect rotenone-induced parkinsonism rats against lipid peroxidation, dopaminergic neuronal death and locomotor deficit. These protective effects were associated with increased antioxidant enzyme expression and preservation of mitochondrial complex I activity, which is responsible for the rate-limiting step in OXPHOS (Teerapattarakan et al., 2018). Madecassoside was also found to be effective at ameliorating the deficits observed in PD rat models via its antioxidative activities, maintaining the redox balance (Xu et al., 2013). Similarly, asiaticoside has been found to reduce oxidative stress induced by rotenone (Gopi and Arambakkam Janardhanam, 2017; Subaraja and Vanisree, 2019). Likewise, asiatic acid provided antioxidative benefits in a drosophila PD model, protecting mitochondria against rotenone-induced oxidative stress and apoptosis. The antioxidative properties of asiatic acid are also thought to mediate neuroprotection and improve spatial memory function in animals treated with valproic acid (Xu et al., 2012; Umka Welbat et al., 2016). Outside of the brain, antioxidative effects of CA are also observed in other organs and systems. For example, CA extract was found to inhibit lipid peroxidation in rotenone-treated rats (Intararuchikul et al., 2019) and regulate lipid metabolism via antioxidant effect (Zhao et al., 2014). These findings support the notion that the neuroprotective effects of CA and its bioactive components are at least in part mediated through enhanced antioxidative responses.
CA-induced antioxidative responses have been linked to the higher expression of antioxidant response element genes (AREs) activated via Nrf2 (NF-E2-p45-related factor two, encoded by the NFE2L2 gene) (Matthews et al., 2019). The Nrf2/ARE signaling cascade regulates a plethora of cellular activities, including metabolic reprogramming, mitochondrial physiology and biogenesis, antioxidant stress response, drug detoxification, inflammation, autophagy and unfolded protein response and proteostasis (Dinkova-Kostova and Abramov, 2015; He et al., 2020). Altered expression of Nrf2-targeted genes is associated with AD, and previous studies have demonstrated that the activation of Nrf2 ameliorates Aβ pathology and cognitive deficits in AD mouse models (Bahn et al., 2019). Consequently, activation of Nrf2 pathway represents a promising therapeutic direction for enhancing mitochondrial quality control and biogenesis in aging and neurodegenerative diseases (Kerr et al., 2017; Gureev et al., 2019; Gureev and Popov, 2019; Brandes and Gray, 2020; Bento-Pereira and Dinkova-Kostova, 2021). Subsequent studies found that Nrf2 is a crucial component of the mitoprotective effects of CA, whereby long-term CA treatment improved the cognitive performance of wild type but not Nrf2 deficient mice (Nrf2 knockout) (Zweig et al., 2021). Further, these studies associated hippocampal mitochondrial dysfunction with cognitive performance.
In addition to the general ability to induce antioxidant responses, disease-specific mitoprotective effects of CA have also been identified in models of PD. For example, CA components have been shown to block the translocation of α-synuclein to the mitochondria, therefore maintaining mitochondrial membrane integrity and ATP production (Ding et al., 2018). Further, pre-treatment with asiatic acid significantly decreased mitochondrial ROS production in a 1-methyl-4-phenyl-pyridine (MPP+)-induced neuroblastoma model of PD and protected the cells form the loss of mitochondrial membrane potential (Chen et al., 2019). Additionally, CA and its triterpenoids may also reduce ROS production (Gray et al., 2017; Nataraj et al., 2017), thus potentially restoring mitochondrial function in the central nervous system (Onyango et al., 2017). For example, madecassic acid inhibited ROS production in human retinal microvascular endothelial cells (hMRECs) following hypoxia-induced oxidative stress (Yang et al., 2016). The molecular targets mediating these effects are yet to be elucidated and whether they are generalized to other disease models remains to be determined.
Anti-Inflammatory Effects of Centella asiatica (L.) Urb. and its Major Constituents
The mitochondrial and metabolic fitness of the brain’s innate immune system plays an important role in the neuroinflammatory responses involved in neurodegenerative diseases (Paolicelli and Angiari, 2019)—a concept known as “immunometabolism” (O'Neill et al., 2016). Mitochondrial-dependent OXPHOS and fatty acid oxidation (FAO) are associated with anti-inflammatory responses (Mills and O'Neill, 2016) while, on the other hand, inflammatory responses are associated with a shift toward non-mitochondrial erobic glycolysis (Rodríguez-Prados et al., 2010; Galván-Peña and O’Neill, 2014). This switch toward erobic glycolysis causes several functional changes: 1) rapid supply of ATP, 2) proinflammatory cytokine production, 3) rearrangement of the tricarboxylic acid (TCA) cycle and accumulation of intermediate metabolites, such as succinate and citrate, and 4) repurposing of the electron transport chain (ETC) to produce ROS (Lampropoulou et al., 2016; Millet et al., 2016; Mills et al., 2016). Furthermore, microglial activation releases neurotoxic factors, such as mitochondrial-generated ROS, that exacerbate the neuroinflammation, thus resulting in neuronal death and neurodegeneration (González et al., 2014; Simpson and Oliver, 2020). Microglia are metabolically plastic and, hence, are potential therapeutic targets for the treatment of AD using metabolic reprogramming strategies (Fairley et al., 2021).
CA and its derivatives have also been shown to affect inflammatory responses through the regulation of mitochondrial and oxidative functions. Asiatic acid, asiaticoside and madecassoside have been found to demonstrate anti-inflammatory effects through a reduction of cytokine levels and the activation of microglia in stroke models (Krishnamurthy et al., 2009; Chen et al., 2014; Luo et al., 2014). Sirtuin 1 (Sirt 1) protein is an important epigenetic regulator for many physiological processes, modulating downstream pathways by targeting proteins such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and plays a role in alleviating oxidative stress (Elibol and Kilic, 2018). In an immortalized microglial cell line, asiatic acid was found to prevent LPS-induced neuroinflammation by enhancing Sirt1 expression while suppressing NF-κB activation, attenuated the production of nitric oxide and the expression of inducible nitric oxide synthase (iNOS) and reduced the expression and release of inflammatory cytokines in response to LPS-induced inflammation (Qian et al., 2018). Asiatic acid was shown to protect BV2 cells from LPS-induced damage by suppressing NLRP3 (NLR family pyrin domain containing three) expression and decreasing mitochondrial ROS, effectively ameliorating mitochondrial dysfunction (Chen et al., 2019).
Anti-inflammatory effects have also been reported in models of AD. In a study that used the intracerebroventricular infusion of toxic forms of Alzheimer’s Aβ, the neuroprotective effects of asiaticoside in Aβ-infused rats were suggested as being associated with the anti-inflammatory properties of asiaticoside, hence mitigating mitochondrial injuries and regulating the expression of apoptosis markers (Zhang et al., 2017). The mitoprotective effects of asiatic acid have been demonstrated in earlier studies that targeted the regulation of the mitochondrial membrane potential and ROS production (Xiong et al., 2009; Xu et al., 2012). Taken together, these findings demonstrate that CA and its major phytochemicals inhibit ROS production and ameliorate mitochondrial dysfunction, reducing detrimental inflammatory responses.
CONCLUSION
Plants produce chemically, structurally and molecularly diverse phytochemicals that determine their evolutionary success. These compounds represent biological functions and continue to provide crucial novel pharmacological leads for the treatment of human diseases. CA and its phytochemicals have wide ethnopharmacological applications in various cultures, and its biological effects have been substantiated in numerous studies. These findings suggest that CA confers pleiotropic neuroprotective and anti-inflammatory benefits through its mitoprotective and antioxidative effects, which could potentially be harnessed for the treatment of aging and neurodegenerative diseases. Further research is still needed to determine the synergistic effects, safety, efficacy, bioavailability and metabolism of these components.
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The present study investigated the impact of carnosic acid (CA) from rosemary on the levodopa (L-dopa)-induced dyskinesia (LID) in rats treated with 6-hydroxydopamine (6-OHDA). To establish the model of LID, 6-OHDA-lesioned rats were injected intraperitoneally with 30 mg/kg L-dopa once a day for 36 days. Rats were daily administrated with 3 or 15 mg/kg CA by oral intubation prior to L-dopa injection for 4 days. Rats pretreated with CA had reduced L-dopa-induced abnormal involuntary movements (AIMs) and ALO scores (a sum of axial, limb, and orofacial scores). Moreover, the increases of dopamine D1-receptor, p-DARPP-32, ΔFosB, p-ERK1/2, and p-c-Jun ser63, along with the decrease in p-c-Jun ser73, induced by L-dopa in 6-OHDA-treated rats were significantly reversed by pretreatment with CA. In addition, we used the model of SH-SY5Y cells to further examine the neuroprotective mechanisms of CA on L-dopa-induced cytotoxicity. SH-SY5Y cells were treated with CA for 18 h, and then co-treated with 400 μM L-dopa for the indicated time points. The results showed that pretreatment of CA attenuated the cell death and nuclear condensation induced by L-dopa. By the immunoblots, the reduction of Bcl-2, p-c-Jun ser73, and parkin and the induction of cleaved caspase 3, cleaved Poly (ADP-ribose) polymerase, p-ERK1/2, p-c-Jun ser63, and ubiquitinated protein by L-dopa were improved in cells pretreated with CA. In conclusion, CA ameliorates the development of LID via regulating the D1R signaling and prevents L-dopa-induced apoptotic cell death through modulating the ERK1/2-c-Jun and inducing the parkin. This study suggested that CA can be used to alleviate the adverse effects of LID for PD patients.
Keywords: carnosic acid, 6-hydroxydopamine, levodopa-induced dyskinesia, DARPP-32/ΔFosB, ERK1/2-c-jun
INTRODUCTION
Parkinson’s disease (PD) is a progressive neurodegenerative disease. Levodopa (L-dopa), the precursor of dopamine, is the primary drug used to treat PD (Cenci, 2014). However, long-term exposure to L-dopa causes motor complications, called levodopa-induced dyskinesia (LID) (Chaudhuri et al., 2019). LID develops in about 40–50% of patients in the 5 years after treatment and in up to 100% of patients after 10 years of treatment (Manson et al., 2012). The symptoms of LID include chorea, ballism, dystonia, and myoclonus (Calabresi et al., 2010). New adjunct therapies to delay or reduce these adverse effects are needed.
The mechanisms by which LID develops are complex. LID is associated with the hypersensitization of striatum dopamine D1-receptor (D1R) induced by impaired receptor trafficking (Feyder et al., 2011; Spigolon and Fisone, 2018), which results in the abnormal change of proteins of PKA, ΔFosB, and extracellular signal-regulated kinases1/2 (ERK1/2) (Fieblinger et al., 2014). An evidence has shown that pulsatile administration of L-dopa activates the proteins of DARPP-32, ERK, and ΔFosB in 6-OHDA-lesioned rats (Lebel et al., 2010). L-Dopa stimulates D1R coupled with G-protein α/olf to activate PKA, and then phosphorylates DARPP-32 protein at Thr34, leading to increase the ERK1/2 activity. The activation of ERK1/2 results in increased the activation of ΔFosB by cAMP response element-binding protein (CREB) (Fanni et al., 2018; Spigolon and Fisone, 2018). Striatal ΔFosB protein is correlated with the severity of LID in L-dopa-treated monkeys (Berton et al., 2009). ΔFosB is also found in the striatum of PD patients treated with L-dopa (Lindgren et al., 2011). Silencing of striatal ΔFosB-expression neurons improves the motor complication of LID in PD rat model (Engeln et al., 2016). Conversely, overexpression of ΔFosB in 6-hydroxydopamine (6-OHDA)-treated rats exacerbates the effects of LID (Cao et al., 2010).
Accumulating evidence indicates that cells cultured with L-dopa induced neurotoxicity via generating oxidative damage (Colamartino et al., 2015). It has been shown that the process of dopamine synthesis from L-dopa enhances the formation of reactive oxygen species (ROS) via regulating monoamine oxidase (Stansley and Yamamoto, 2013). This induction is enhanced for PD patients treated with L-dopa and leads to the apoptotic neuronal cell death (Hald and Lotharius, 2005; Dorszewska et al., 2014). Consistent with the results, the increment of cleaved-caspase 3 and -poly (ADP-ribose) polymerase (PARP) proteins is observed in PD patients treated with L-dopa (Hald and Lotharius, 2005). In addition to oxidative stress, study indicates that L-dopa-induced cell death is mediated by ERK1/2-c-Jun pathway (Park et al., 2016). The transcription factor c-Jun regulates cell survival and cell death through regulating its phosphorylation sites by ERK1/2 pathway. An observation by Park et al. suggested that the neurotoxicity caused by long-term L-dopa administration may involve the induction of c-Jun phosphorylation at ser63 and reduction of c-Jun phosphorylation at ser73, which acts as a pro- or anti-apoptotic factor, respectively (Park et al., 2016). An understanding of the possible of neurotoxicity by L-dopa in PD will help to improve the motor complication of LID.
Carnosic acid (CA), a diterpene phenolic compound from rosemary, has multiple physiological benefits, including anti-oxidant and neuroprotective (Guo et al., 2016; Lin et al., 2020). In our previous study, we reveals that the neuroprotective mechanisms of CA are related to the upregulation of anti-oxidant enzymes in PD models (Chen et al., 2012; Wu et al., 2015). CA stimulates glutathione synthesis to inhibit 6-hydroxydopamine (6-OHDA)-induced apoptosis of SH-SY5Y cells through down-regulating of c-Jun NH2-terminal kinase (JNK) and p38 (Chen et al., 2012). Furthermore, administration of CA with 6-OHDA-lesioned rats improves the antioxidant capacity, neurotoxicity, and motor impairment (Wu et al., 2015). Although CA is currently being investigated for therapeutic benefits in PD, the actions of CA on the development of LID have not yet been described. Therefore, in this study, we explored the roles of CA on LID in 6-OHDA-lesioned rats and further examined the cytotoxicity of L-dopa in SH-SY5Y cells.
MATERIALS AND METHODS
Experimental Animals and Treatments
Eight-week-old male Wistar rats (BioLASCO Experimental Animal Center, Taipei, Taiwan) were used in this study. The protocols for animal-related experiments were approved by the Institutional Animal Care and Use Committee of China Medical University (protocol no. 2017–189). The temperature of the animal husbandry rooms was set at 23 ± 1°C with a 12-h day and night cycle. Animals had ad libitum access to a chow diet and water. After 11 days of adaptation, 6-OHDA (Sigma, St. Louis, MO, United States) injury surgery was performed as described below to induce PD. On day 17 after lesion formation, an apomorphine (0.25 mg/kg)-induced rotation experiment (exhibited >7 full turns/min) were performed to select for next experiment (Zhang et al., 2018). The experimental groups were as follows: 1) vehicle group (6-OHDA lesion, n = 5); 2) L-dopa group: 30 mg/kg L-dopa + 15 mg/kg benserazide (n = 5); 3) L-dopa + CA3 group: 30 mg/kg L-dopa + 15 mg/kg benserazide +3 mg/kg CA (n = 5); 4) L-dopa + CA15 group: 30 mg/kg L-dopa + 15 mg/kg benserazide +15 mg/kg CA (n = 5). L-Dopa (Sigma, St. Louis, MO, United States) and benserazide (Sigma, St. Louis, MO, United States) were injected intraperitoneally with potassium phosphate buffer once per day for 36 consecutive days. In the CA-treated group, CA (Cayman, Ann Arbor, MI, Cat No.89820) was dissolved in 0.5% sodium carboxymethyl cellulose and was administered 4 days before the L-dopa injection by oral intubation once per day until the rats were sacrificed.
6-OHDA Injury Surgery
According to a previous study in our laboratory (Wu et al., 2015), rats were anesthetized with tiletamine/zolazepam (Zoletil50®; Virbac Lab., Carros, France) by intramuscular injection. The rats were fixed on a stereotaxic apparatus and 2.5 μl of 6-OHDA (5 μg/μl) was injected into the right striatum (anteroposterior: +1.5 mm; lateral: −4 mm; dorsoventral: −7.2 mm) with a flow rate of 1 μl/min. The drug delivery tube was left in place for 1 min before being removed to avoid seepage of 6-OHDA. The sham operation group was injected with 0.5% ascorbic acid-saline.
Abnormal Involuntary Movement Scores
Behavioral analysis subtypes and scoring criteria were based the study by Winkler et al. (Winkler et al., 2002). AIM scores were assessed on days 12, 26, and 33 after L-dopa administration. The rats were placed in a transparent cage for a 2-h photographic record and were scored for 1 min every 20 min. Each rat was assessed for four AIM subtypes: axial, limb, orofacial, and locomotor movements. A severity score ranging from 0 to 4 was assigned for each AIM subtype. The AIM scores from four subtypes were summed for each time point. The ALO score (sum of the axial, limb, and orofacial scores) is more responsive to human dyskinesia than are locomotive scores (Castello et al., 2020). Therefore, the ALO score was also analyzed in this study.
Preparation of Animal Tissues
After the animals were sacrificed, the striatum on the right side was separated and homogenized (10% w/v) in RIPA buffer (Biokit, Taiwan) containing 1% protease inhibitor (Sigma, St. Louis, MO, United States) and 1% phosphatase inhibitor (Sigma, St. Louis, MO, United States). The supernatant was obtained after centrifugation at 15,000 rpm for 30 min at 4°C.
Cell Culture and Sample Preparation
The SH-SY5Y cells were purchased from American Type Culture Collection (ATCC, Manassas, VA, United States). The method of cell culture was based on our previous study (Lin et al., 2016). The cells were plated on 3.5 cm cell culture dishes and incubated with Dulbecco’s modified Eagle medium (DMEM) including 10% FBS, 1% L-glutamine, 1% non-essential amino acid, 1 mM sodium pyruvate, 1.5 g/ml sodium bicarbonate, 1% penicillin-streptomycin; pH = 7.4. Cells were pretreated with 0.1% dimethylsulfoxide (DMSO) or 0.5, 1, or 3 μM CA for 18 h followed by treatment with PBS or 20, 200, or 400 μM L-dopa for an additional 24 or 72 h. After treatment, the RIPA buffer containing 1% protease inhibitor and 1% phosphatase inhibitor was added to each plate and the cells were collected for protein analysis. Lysates were centrifuged at 14,000 rpm for 20 min at 4°C to obtain the supernatant. The protein assay dye reagent concentrate (BIO-RAD, Hercules, CA, United States) was used to measure protein concentration.
Western Blot Analysis
Samples containing the same protein concentrations were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes (Millipore, Bedford, MA, united States). The membranes were placed in 50 g/L skim milk at 4°C to block the nonspecific binding sites. The membranes were incubated with primary antibodies, including D1R (Santa Cruz Biotechnology (SCBT); sc-33660), p-DARPP-32 (GeneTex; GTX82714), ΔFosB (Cell Signaling Technology (CST); #14695), p-ERK1/2 (SCBT; sc-7383), ERK1/2 (SCBT; sc-93), p-c-Jun ser63 (SCBT; sc-822), p-c-Jun ser73 (CST; #3270), Bcl-2 (CST; #2876), caspase 3 (CST; #9662), cleaved caspase 3 (CST; #9661), PARP (CST; #9542), cleaved PARP (CST; #9541), parkin (SCBT; sc-32282), ubiquitin (Sigma-Aldrich; 05–944), β-tubulin (SCBT; sc-9104) and GAPDH (SCBT; sc-365062) at 4°C overnight and were then subsequently incubated with horseradish peroxidase-conjugated goat anti-rabbit (SCBT; sc-2004), goat anti-mouse IgG (SCBT; sc-2005), or mouse IgG kappa binding protein (m-IgGκ BP)-HRP (SCBT; sc-516102) secondary antibodies. The protein expression on the membrane was detected with an enhanced chemiluminescence reagent (Millipore, Burlington, MA, United States) and analyzed by a luminescent image analyzer (LAS-4000, FUJIFILM).
Cell Viability Assay
Cells were washed with phosphate-buffered saline and incubated with DMEM containing 0.5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide (MTT) for 2 h at 37°C. After the medium was removed, the formazan crystal was dissolved with 1 ml of isopropanol and then centrifuged at 15,000 rpm for 5 min to get the supernatant. The supernatant was added to a 96-well plate, and absorbance was measured at 570 nm by ELISA (Bio-Rad, Japan). The value in the control cells was set as 100% viability.
Nuclear Staining With Hoechst 33258
Cells were washed with phosphate-buffered saline and fixed with 3.7% paraformaldehyde (pH 7.4) solution for 50 min. Then, the cells were stained with Hoechst 33258 for 1 h at 25°C in the dark and morphological changes were observed by using a fluorescence microscope. Fluorescence intensity was obtained by use of Image-Pro Plus 6.0 (Media Cybernetics, Inc., Bethesda, MD, United States).
Statistical Analysis
All in vivo data are presented as the mean ± SEM. The in vitro data are expressed as mean ± SD. Statistical analysis was performed with t-tests between two sample comparisons. The multiple comparisons were conducted with a one-way analysis of variance (ANOVA) with SAS software followed by Tukey’s post hoc test. Statistically significant differences were considered when the p-value was less than 0.05.
RESULTS
CA Improves AIMs Induced by L-Dopa in Lesioned Rats
The axial, limb, and orofacial scores on day 26 in the L-dopa group were significantly higher than in the vehicle group (p < 0.05), whereas those in the groups pretreated with 3 or 15 mg/kg CA were significantly lower than in the L-dopa group (p < 0.05) (Figure 1A). We then divided the total recording time into 20-min intervals, and used a total of 6 intervals for score statistics. In this analysis, CA improved the ALO score (the sum of the axial, limb, and orofacial scores) during the 20–40 min and 40–60 min intervals (Figure 1B). In addition, the ALO scores in the L-dopa group were significantly higher than in the vehicle group on days 12, 26, and 33. However, the ALO scores in the group pretreated with 3 and 15 mg/kg CA were lower compared with those in the L-dopa group (p < 0.05) (Figure 1C). These results suggest that CA can improve AIMs caused by L-dopa.
[image: Figure 1]FIGURE 1 | Effect of CA on L-dopa-induced abnormal involuntary movements (AIMs) in 6-OHDA lesioned rats. The axial, limb, and orofacial AIMs were calculated on days 12, 26, and 33 for 1 min every 20 min over 120 min. (A) The integrated AIM scores of axial, limb, and orofacial subtype on day 26 over 120 min. (B) The ALO score (the sum of axial, limb, and orofacial) on day 26 for 1 min every 20 min over 120 min. (C) The ALO score on days 12, 26, and 33. The results are expressed as mean ± SEM (n = 5). Means without a common letter differ, p < 0.05.
CA Reduces LID Marker Proteins in Lesioned Rats
Over-activation of D1R phosphorylates DARPP-32, which ultimately leads to an increase in FosB family proteins, which causes LID (Ahn et al., 2017). Rats treated with L-dopa significantly increased D1R and p-DARPP-32, as well as ΔFosB protein (p < 0.05). Pretreatment of rats with CA at 15 mg/kg prior to 4 days of L-dopa treatment, significantly reduced D1R and p-DARPP-32 compared with that in the L-dopa group (p < 0.05). However, pretreatment with 3 mg/kg CA had no significant effect. ΔFosB proteins were reduced in the group pretreated with 3 and 15 mg/kg CA by 44 and 69%, respectively, compared with the L-dopa group (Figure 2). This result suggests that CA reduced the activation of D1R and DARPP-32, leading to improved accumulation of ΔFosB protein induced by L-dopa.
[image: Figure 2]FIGURE 2 | Effect of CA on L-dopa-induced D1R, p-DARPP-32, and ΔFosB protein in 6-OHDA-lesioned rats. (A,B) D1R, p-DARPP-32, and ΔFosB protein were determined by Western blotting. β-Tubulin was used as the internal control. (C–E) The level of the L-dopa group was set at 1.0. Values are mean ± SEM (n = 3). #p < 0.05 compared with L-dopa-treated group.
Effect of CA on the Phosphorylation of ERK1/2 and c-Jun in Lesioned Rats
It has been reported that L-dopa induces continuous activation of ERK1/2 to promote c-Jun phosphorylation at Ser63 (as a pro-apoptotic factor) and reduces c-Jun phosphorylation at Ser73 (as an anti-apoptotic factor) (Park et al., 2016). We found that rats treated with L-dopa significantly increased the activation of ERK1/2 and c-Jun Ser63 (p < 0.05). (Figures 3A, 4A). However, phosphorylation of ERK1/2 and c-Jun Ser63 was reduced in cells pretreated with 3 and 15 mg/kg CA (Figures 3B, 4B). CA at 15 mg/kg reduced the activation of ERK1/2 and c-Jun Ser63 by 60 and 88%, respectively, compared with that in the L-dopa group (p < 0.05). However, only the group pretreated with 15 mg/kg CA showed an increase in the phosphorylation of c-Jun Ser73 of about 97% compared with the L-dopa group (p < 0.05) (Figure 4B).
[image: Figure 3]FIGURE 3 | Effect of CA on L-dopa-induced activation of ERK1/2 and c-Jun in 6-OHDA lesioned rats. The phosphorylation of ERK1/2 (A,B) in striatum tissues were determined by Western blotting. β-Tubulin was used as the internal control. (C) The level of the L-dopa group was set at 1.0. Values are mean ± SEM (n = 3). #p < 0.05 compared with L-dopa-treated group.
[image: Figure 4]FIGURE 4 | Effect of CA on L-dopa-induced activation of ERK1/2 and c-Jun in 6-OHDA lesioned rats. The phosphorylation of c-Jun Ser63 and c-Jun Ser73 in striatum tissues were determined by Western blotting (A,B). β-Tubulin was used as the internal control. (C,D) The level of the L-dopa group was set at 1.0. Values are mean ± SEM (n = 3). #p < 0.05 compared with L-dopa-treated group.
CA Prevents Apoptosis Induced by L-Dopa in SH-SY5Y Cells
We further used SH-SY5Y cells to explore the effect of CA on cytotoxicity induced by L-dopa. The results indicated that L-dopa dose-dependently reduced cell viability. Cell viability in cells treated with 400 μM L-dopa was reduced by about 36% compared with the control group (Figure 5A) Pretreatment with 1 and 3 μM CA, however, was able to increase cell viability by 21 and 34%, respectively, in L-dopa-treated cells compared with that in cells treated with L-dopa alone (p < 0.05) (Figure 5B). The results of Hoechst 33258 staining were similar, as shown in Figure 5C. Exposure to L-dopa induced the intensity of Hoechst 33258 fluorescence, suggesting that L-dopa treatment increased nuclear condensation and then induced apoptosis. However, the effect of L-dopa on nuclear condensation was reduced in cells pretreated with CA. We then used immunoblotting to examine the effect on proteins related to apoptosis. L-Dopa dose-dependently reduced the expression of Bcl-2 protein and increased the ratio of cleaved caspase 3/caspase 3 and cleaved PARP/PARP (Figures 6A,B). CA pretreatment reversed these findings.
[image: Figure 5]FIGURE 5 | Effect of CA on L-dopa-induced toxicity in SH-SY5Y cells. Cell viability was measured by MTT assay. (A) Cells were pretreated with 20, 200, and 400 μM L-dopa for 72 h. Control (−) was treated with PBS. (B) Cells were pretreated with 0.1% DMSO alone (−) or 0.5, 1, and 3 μM CA for 18 h and were then treated with 400 μM L-dopa for an additional 72 h. (C) Nuclei were visualized with Hoechst 33258 staining. Cells were pretreated with DMSO alone (−) or 0.5, 1, or 3 μM CA for 18 h and were then treated with 400 μM L-dopa for an additional 24 h. One representative image out of three independent experiments is shown. Values are mean ± SD (n = 3). Means not sharing a common letter are significantly different, p < 0.05.
[image: Figure 6]FIGURE 6 | Involvement of reduction in apoptosis-related proteins in the neuroprotective effects of CA. (A) Cells were pretreated with DMSO alone (−) or 0.5, 1, or 3 μM CA for 18 h and were then treated with 20, 200, and 400 μM L-dopa for an additional 24 h. One representative immunoblot out of three independent experiments is shown. (B) The control group was regarded as 1. Values are mean ± SD (n = 3). Means not sharing a common letter are significantly different, p < 0.05.
CA Regulates ERK1/2/c-Jun Signaling Induced by L-Dopa in SH-SY5Y Cells
The phosphorylation of ERK1/2 and c-Jun Ser63 was increased in cells treated with L-dopa, and the activation of c-Jun Ser73 was reduced (Figure 7). However, pretreatment with CA improved the effects of L-dopa on these proteins (p < 0.05).
[image: Figure 7]FIGURE 7 | Effect of CA on the activation of ERK1/2 and c-Jun in L-dopa-treated SH-SY5Y cells. (A) Cells were pretreated with DMSO alone (−) or 0.5, 1, or 3 μM CA for 18 h and were then treated with 400 μM L-dopa for an additional 0.5 h. One representative immunoblot out of three independent experiments is shown. (B) The control group was regarded as 1. Values are mean ± SD (n = 3). Means not sharing a common letter are significantly different, p < 0.05.
CA Improves the Expression of Parkin and Ubiquitinated Protein Induced by L-Dopa in SH-SY5Y Cells
Parkin is a ubiquitin protein ligase E3 and plays a critical role in the ubiquitin-proteasome system (UPS) (Higashi et al., 2004). The activation of D1R by L-dopa is associated with the dysregulation of the (Berthet et al., 2012). Therefore, in this study, we also examined ubiquitinated-related proteins. We found that parkin protein was reduced and ubiquitinated protein was increased in cells treated with L-dopa (Figure 8). CA pretreatment improved both proteins in cells treated with L-dopa (p < 0.05).
[image: Figure 8]FIGURE 8 | Effect of CA on the expression of parkin and ubiquitinated protein in L-dopa-treated SH-SY5Y cells. Cells were pretreated with DMSO alone (−) or 0.5, 1, or 3 μM CA for 18 h and were then treated with 400 μM L-dopa for an additional 24 h. One representative immunoblot out of three independent experiments is shown. The control group was regarded as 1. Values are mean ± SD (n = 3). Means not sharing a common letter are significantly different, p < 0.05.
DISCUSSION
LID is the adverse events after long-term use of L-dopa in PD patients (Chaudhuri et al., 2019). Several strategies for overcoming LID have been developed, but some of these have limitations (Ryu et al., 2018). In the current study, we revealed that CA could improve the development of LID in a 6-OHDA-lesioned rat model. CA inhibited D1R-induced signaling, including p-DARPP-32, p-ERK1/2, and ΔFosB. Moreover, we revealed that CA attenuated the levels of cleaved-caspase 3 and -PARP by L-dopa is associated with the regulation of the ERK1/2-c-Jun pathway. In addition, we found that CA increased parkin protein to reduce the ubiquitinated protein by L-dopa. It is the first study to show the favorable effect of CA against the side effects inducing by L-dopa treatment for PD.
LID is a serious motor complication that develops after long-term L-dopa therapy for PD (Sun et al., 2020). Study indicated that the time-course of L-dopa during 0–60 min exhibits higher total AIM and ALO scores (Ryu et al., 2018). Consistent with these results, our results revealed that the ALO scores are higher after L-dopa administration during 0–60 min. CA group decreased the ALO scores during 20–60 min. Moreover, CA treatment exhibited lower the ALO scores up to 33 days. These results suggested that CA is beneficial for long-term treatment of LID for PD. Recent studies have reported that the behavioral expression of LID is associated with D1R signaling. However, the signaling was unchanged by continuous administration of L-dopa through a subcutaneous mini-pump, suggesting prevention the fluctuation of L-dopa concentrations relieved the LID (Lebel et al., 2010). In the present study, CA attenuated the activation of D1R/DARPP32/ERK1/2 cascade and subsequently led to counteract the effect of LID in 6-OHDA-lesioned rats. Because D1R signaling is triggered by the activation of PKA, study reported that treatment with PKA inhibitor Rp-cAMPS alleviated the LID in 6-OHDA-lesioned rats (Lebel et al., 2010). Similarly, researchers showed that blocking ERK1/2 phosphorylation by SL327 reduces LID in 6-OHDA-lesioned mice treated with L-dopa (Santini et al., 2007). Study also indicated that ΔFosB is accumulated after abusing some drugs and increased the sensitivity to the behavioral effects (Nestler et al., 2001). The present study found that striatal ΔFosB protein induction is related with the AIM and ALO scores by L-dopa. In parallel with behavior reversal, CA treatment reduced D1R/DARPP32/ERK1/2 cascade and decreased ΔFosB protein caused by L-dopa treatment.
Research shows that ERK1/2 activation is involved in the neuronal cell viability induced by L-dopa treatment (Park et al., 2016). Treatment of PC12 cells with L-dopa induces the activation of ERK1/2 and caspase 3 (Jin et al., 2010; Park et al., 2014). Similarly, in 6-OHDA-lesioned rats, administration of L-dopa upregulated the ERK1/2 activation, leading to increase c-Jun phosphorylation at ser63, but decrease c-Jun phosphorylation at ser73 (Park et al., 2016). It is because L-dopa at high concentrations was cytotoxic and stimulated the activities of ERK1/2 and caspase 3. These results could explain that PD patients after long-term exposure to L-dopa increased neurotoxic events (Blandini et al., 2004) and stimulated abnormal involuntary movements (Chaudhuri et al., 2019). Our results in the present study supported the report that L-dopa increased ERK1/2/c-Jun activation and enhanced caspase 3 activation (Figures 3, 4, 6, 7). CA treatment could increase the cell survival through reducing the ERK1/2 activation and alleviating the alternation of c-Jun pathway to prevent apoptotic neuronal cell death.
Recently, evidence reported that dysregulation membrane localization of dopamine D1R impairs the striatal ubiquitin-proteasome system and increases the accumulation of ubiquitinated protein to exaggerate the D1R transmission (Barroso-Chinea et al., 2015). Parkin, an ubiquitin E3 ligase, facilitates multiple misfolded proteins degradation by 26S proteasome, and plays an important role in neuroprotection (Wilhelmus et al., 2012). Study reported that knockdown of parkin displays the higher AIMs scores than in wild-type mice. Moreover, compare to control mice, parkin mutant mice shows an earlier onset of AIMs (Berthet et al., 2012). Our previous study indicated that CA acts to attenuate 6-OHDA-induced neurotoxicity associated with the induction of parkin through enhancing UPS and preventing apoptosis (Lin et al., 2016). In this study, we have shown that SH-SY5Y cells treated with L-dopa decreased the parkin and increased the ubiquitinated protein; however, CA pretreatment reversed parkin and ubiquitinated proteins by L-dopa. Therefore, we speculated that CA up-regulated the parkin protein and reduced the D1R abnormal trafficking, leading to alleviation of D1R signaling and LID.
In conclusion, the results of the current indicate that CA can alleviate LID-induced behavior changes in 6-OHDA-treated rats by regulating the D1R-mediated activation of DARPP-32 and ΔFosB. The protective mechanisms of CA are involved with the inactivation of ERK1/2/c-Jun pathway and the induction of parkin protein, leading to reduction of apoptotic neuronal cell death and LID (Figure 9). CA could be recommended as a beneficial therapy for delaying the development of LID in PD patients.
[image: Figure 9]FIGURE 9 | The actions of neuroprotective mechanism of CA on LID in in vivo and in vitro studies. (A) In in vivo study, L-dopa stimulates DIR protein, and then activates the phosphorylation of DARPP-32 and ERK1/2, which elevates ΔFosB protein, leading to develop the LID in 6-OHDA-lesioned rats. Moreover, L-dopa administration induced neuronal cell death through regulating ERK1/2-c-Jun pathway. However, CA alleviates these effects induced by L-dopa. (B) In in vitro study, pretreatment of CA with SH-SY5Y cells attenuates L-dopa-triggered apoptotic cell death mediated via increasing c-Jun ser73 activation and decreasing c-Jun ser63 activation by ERK1/2. Additionally, CA could be improved the development of LID is related to the induction of parkin protein, leading to prevent the ubiquitinated protein accumulation and D1R abnormal trafficking (gray line).
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SARS-CoV-2 is the causative agent for coronavirus disease-19 (COVID-19) and belongs to the family Coronaviridae that causes sickness varying from the common cold to more severe illnesses such as severe acute respiratory syndrome, sudden stroke, neurological complications (Neuro-COVID), multiple organ failure, and mortality in some patients. The gene expression profiles of COVID-19 infection models can be used to decipher potential therapeutics for COVID-19 and related pathologies, such as Neuro-COVID. Here, we used the raw RNA-seq reads (Single-End) in quadruplicates derived using Illumina Next Seq 500 from SARS-CoV-infected primary human bronchial epithelium (NHBE) and mock-treated NHBE cells obtained from the Gene Expression Omnibus (GEO) (GSE147507), and the quality control (QC) was evaluated using the CLC Genomics Workbench 20.0 (Qiagen, United States) before the RNA-seq analysis using BioJupies web tool and iPathwayGuide for gene ontologies (GO), pathways, upstream regulator genes, small molecules, and natural products. Additionally, single-cell transcriptomics data (GSE163005) of meta clusters of immune cells from the cerebrospinal fluid (CSF), such as T-cells/natural killer cells (NK) (TcMeta), dendritic cells (DCMeta), and monocytes/granulocyte (monoMeta) cell types for comparison, namely, Neuro-COVID versus idiopathic intracranial hypertension (IIH), were analyzed using iPathwayGuide. L1000 fireworks display (L1000FWD) and L1000 characteristic direction signature search engine (L1000 CDS2) web tools were used to uncover the small molecules that could potentially reverse the COVID-19 and Neuro-COVID-associated gene signatures. We uncovered small molecules such as camptothecin, importazole, and withaferin A, which can potentially reverse COVID-19 associated gene signatures. In addition, withaferin A, trichostatin A, narciclasine, camptothecin, and JQ1 have the potential to reverse Neuro-COVID gene signatures. Furthermore, the gene set enrichment analysis (GSEA) preranked method and Metascape web tool were used to decipher and annotate the gene signatures that were potentially reversed by these small molecules. In conclusion, our study unravels a rapid approach for applying next-generation knowledge discovery (NGKD) platforms to discover small molecules with therapeutic potential against COVID-19 and its related disease pathologies.
Keywords: SARS-CoV-2, COVID-19, Neuro-COVID, bronchial epithelium, cerebrospinal fluid, RNA sequencing, next-generation knowledge discovery platforms, therapeutics
INTRODUCTION
Coronaviruses (CoVs) belong to the order Nidovirales, family Coronaviridae, and subfamily Coronavirinae, which can further be divided into four genera: alpha, beta, gamma, and delta CoVs. SARS CoV2 is the causative agent of coronavirus disease-19 (COVID-19), belongs to the genus beta-CoV, and can cause sickness varying from the common cold to more severe illnesses such as severe acute respiratory syndrome, gastrointestinal complications, sudden stroke, multiple organ failure, and mortality in some cases (Cui et al., 2019). SARS-CoV-2 infected more than 186 million people, resulting in the death of about 4 million people globally (Johns Hopkins COVID-19 Data Center on 10th July 2021) (Dong et al., 2020). SARS-CoV-2 has a positive-sense RNA genome encapsulated by a nucleocapsid. SARS-CoV-2 infects host cells through surface receptors, angiotensin-converting enzyme 2 (hACE2), and transmembrane protease serine-type 2 (TMPRSS2) (Hoffmann et al., 2020). An increase in the expression of ACE2, a tissue-protective mediator during lung damage, was found to be associated with interferon signaling in airway epithelial cells, and SARS-CoV-2 could exploit interferon-mediated stimulation of ACE2 to augment infection (Ziegler et al., 2020). The differential expression of genes that are necessary for SARS-CoV-2 interaction and subsequent host response determine susceptibility to COVID-19, disease progression, and recovery (Kasela et al., 2021).
RNA sequencing is a recently developed NGS methodology for whole transcriptome or single-cell transcriptomic approaches (Liu and Di, 2020). Single-cell RNA sequencing of COVID-19 infected bronchial epithelial cells and bronchioalveolar immune cells revealed important cellular and molecular processes implicated in COVID-19 infection at the single-cell level and provided information about the mechanisms of disease severity (Liu T. et al., 2020; Liao et al., 2020; Zhou et al., 2020). Notably, IL-17-associated signaling was significantly increased but not Th2-related inflammation following COVID-19 infection (Kasela et al., 2021). A recent study showed that SARS-CoV-2 infection caused a twofold higher induction of interferon stimulation compared to SARS-CoV in Calu-3 human epithelial cells and subsequent induction of cytokines such as IL6 or IL-10 (Wyler et al., 2021). The interferon-induced genes IFIT2 and OAS2 were widely stimulated compared to interferon lambda (IFNL) and interferon-beta (IFNB). Besides, scRNA-seq data suggested that interferon regulatory factor (IRF) activity occurs before the induction of nuclear factor-κB (NF-κB) in SARS-CoV-2-infected cells (Wyler et al., 2021).
COVID-19 patients, especially those with greater disease severity, can develop neurological complications such as neuroinflammation, headache, and cerebrovascular disease called Neuro-COVID (Heming et al., 2021). Developing novel drug candidates and identifying suitable existing therapeutics for drug repurposing for COVID-19 and Neuro-COVID are critical for controlling this ongoing pandemic and reducing the enormous economic burden on health care systems and socioeconomic devastation of individuals, families, small to large businesses, and countries. Understanding COVID-19-associated gene signatures is essential for developing robust therapeutics for treating infected patients effectively and reducing infection rates and mortality. To address this important issue, the gene expression profiles of COVID-19 infection models can be used to identify potential therapeutic targets that could be targeted by known drugs. Here, we used RNA-seq datasets from the COVID-19 infection model of human bronchial epithelial cells (NHBE) and the scRNA-seq datasets of immune cells isolated from the cerebrospinal fluid (CSF) of Neuro-COVID patients, obtained from public repositories and analyzed using next-generation knowledge discovery (NGKD) platforms to understand disease-specific gene signatures and uncover drugs from synthetic and natural sources that can reverse these gene signatures for potential therapeutics.
MATERIALS AND METHODS
Ethical Statement
This study was exempted from Institutional Review Board (IRB) approval since it did not involve any animal models or human subjects and was conducted using RNA-seq datasets retrieved from the Gene Expression Omnibus (GEO) (Barrett et al., 2013).
Data Source
In the present study, the raw RNA-seq reads (Single-End) (FASTQ format) in quadruplicates derived using Illumina Next Seq 500 from SARS-CoV-infected and mock-treated NHBE cells were obtained from the GEO (Accession No: GSE147507) (Blanco-Melo, et al., 2020). Additionally, the single-cell transcriptomics data (Accession No: GSE163005) of immune cells isolated from the CSF of Neuro-COVID patients (Heming et al., 2021) were used for additional analysis using high-throughput knowledge discovery platforms. Heming et al. (2021) provided the entire dataset for the open-source interactive platform cerebroApp at http://covid.mheming.de/ (Hillje et al., 2020).
COVID-19 RNA-seq Data: Quality Control (QC)
Raw RNA-seq reads (Single-End) (FASTQ format) in quadruplicates were evaluated for quality using the CLC Genomics Workbench 20.0 (Qiagen, United States) as described previously (Ewing and Green, 1998; Liu and Di, 2020).
BioJupies Analysis of the RNA-seq Data
BioJupies is a freely available web-based application (http://biojupies.cloud) that has 14 RNA-seq analysis library plug-ins and provides the user with the automatic generation, storage, and deployment of Jupyter Notebooks containing RNA-seq data analyses (Torre et al., 2018). In BioJupies, the RNA-seq datasets were user-submitted, compressed in an HDF5 data package, and uploaded to Google Cloud. Raw counts were normalized to log10-Counts per million (log CPM) and the differentially expressed genes (DEGs) were derived between the control group and the experimental group using the limma R package (Ritchie et al., 2015). The Jupyter Notebooks created for each RNA-seq raw data analysis were permanently available through a URL and stored in the cloud. The notebooks consist of executable code of the whole pipeline, description of the methods, enrichment analysis, interactive data visualizations, differential expression, and so on (Torre et al., 2018).
Principal component analysis (PCA) was performed using the PCA function from the sklearn Python module by transforming the log CPM using the Z-score method. An interactive heatmap was generated using a clustergram (Fernandez et al., 2017). In the volcano plots, the log2 fold changes of the DEGs are shown on the x-axis and p-values were corrected using the Benjamini-Hochberg method, transformed (–log10), and presented on the y-axis (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001). In contrast, for the MA plot, average gene expression is shown on the x-axis; p-values were corrected using the Benjamini-Hochberg method (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001), transformed (–log10), and presented on the y-axis.
In Silico Analysis of the RNA-seq Expression Data Using iPathwayGuide
The impact analysis method (IAM) (Draghici et al., 2007; Khatri et al., 2007; Tarca et al., 2009) was used to determine the significantly impacted gene signatures and pathways from the DEGs (log2FC cut-off 0.6, adjusted false discovery rate (FDR) p-value ≤ 0.05) obtained from the COVID-19 using BioJupies and the DEGs with log2FC (cut-off 0.3) and adjusted p-value ≤ 0.001 based on Bonferroni method in meta clusters of T-cells/natural killer cells (NK) (TcMeta), dendritic cells (DCMeta), and monocytes/granulocyte (monoMeta) cell types of the comparison, namely, Neuro-COVID versus idiopathic intracranial hypertension (IIH) for the Neuro-COVID infection models in the iPathwayGuide (Advaita Bioinformatics, United States). Here, the p-value calculated based on Fisher’s method was used to compute the pathway score method (Fisher, 1925). The p-value was further corrected based on multiple testing corrections for FDR and Bonferroni corrections (Bonferroni, 1935; Bonferroni, 1936). The gene interactions and pathways based on the DEGs were generated using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Kanehisa and Goto, 2000; Kanehisa et al., 2002; Kanehisa et al., 2010; Kanehisa et al., 2012; Kanehisa et al., 2014). For each gene ontology (GO) term (Ashburner et al., 2000; Gene Ontology Consortium, 2001; Ashburner and Lewis, 2002; Gene Ontology Consortium, 2004), the number of DEGs annotated to the term was compared to that expected by chance. iPathwayGuide uses an overrepresentation approach to compute the statistical significance of observing at least a given number of DEGs (Draghici et al., 2003a; Draghici et al., 2003b; Draghici 2011). The hypergeometric distribution was used to compute the p-values in the iPathwayGuide analysis and corrected using FDR and Bonferroni for multiple comparisons (Draghici et al., 2003a; Draghici et al., 2003b; Draghici 2011). The prediction of upstream chemicals, drugs, and toxins (CDTs), either as present (or overly abundant) or absent (or insufficient), is based on two types of information: 1) the enrichment of DEGs from the experiment and 2) a network of interactions from the Advaita Knowledge Base (AKB v2012) (Draghici et al., 2003a; Draghici 2011). The analysis uses Fisher’s standard method to combine p-values into one test statistic (Fisher, 1925).
L1000CDS2 and L1000FWD Queries
The L1000 characteristic direction signature search engine (L1000CDS2) analysis was performed by submitting the top 2000 DEGs to the L1000CDS2 signature search application programming interface (API) (Duan et al., 2016). Similarly, the L1000FWD analysis was performed by submitting the top 2000 DEGs to the L1000 Fire Works Display (L1000FWD) signature search API (Wang et al., 2018). Similarly, the DEGs obtained from TcMeta, DCMeta, and monoMeta cell types were compared; namely, Neuro-COVID versus IIH were subjected to both L1000CDS2 and L1000FWD analyses to identify drugs that reverse the gene signatures differentially regulated by COVID-19. An FDR (q-value) of 0.05 was considered statistically significant.
Gene Set Enrichment Analysis (GSEA) Preranked
GSEA against a ranked list of genes was performed using the GSEA preranked method (Subramanian et al., 2005). The RNK-formatted files were created to the comparison of SARS-CoV-2-NHBE vs. Mock-NHBE, Neuro-COVID vs. IIH-TcMeta, Neuro-COVID vs. IIH-DCMeta, and Neuro-COVID vs. IIH-monoMeta, based on the ranking metric log2FC of the DEGs. Gene matrix files (GMTs) were created using the gene signatures (combined, up, and down) of withaferin A, importazole, camptothecin, trichostatin A, narciclasine, and JQ1 from the L1000FWD web tool (Wang et al., 2018). GSEA preranked was run by weighting each gene’s contribution to the enrichment score by the value of its ranking metric against GMT files using Java-based desktop application GSEA 4.1.0 (Broad Institute, United States) under default settings as described previously (Subramanian et al., 2005).
Metascape Analysis of Gene Signatures Reversed by Small Molecules
The Metascape web tool (http://metascape.org) offers an easy and effective way to explore and understand gene lists derived from experimental data. The gene signatures reversed by small molecules identified in our study in COVID-19 and Neuro-COVID models were first automatically converted into Human Entrez Gene ID in Metascape. Then, all statistically enriched terms, accumulative hypergeometric p-values, and enrichment factors were calculated and used for filtering to obtain enrichment ontology clusters based on GO/KEGG terms, canonical pathways, and hallmark gene sets (Zhou et al., 2019).
RESULTS
Raw RNA-seq reads (Single-End) (FASTQ format) derived using Illumina Next Seq 500 from SARS-CoV-infected NHBE and mock-treated NHBE cells were obtained from the GEO and the QC was evaluated using the CLC Genomics Workbench 20.0, before the RNA-seq analysis using BioJupies web tool. iPathwayGuide analysis was performed to decipher the disease-specific signatures, pathways, and small molecules, either synthetic or derived from natural sources, to reverse disease-specific gene signatures. In addition, single-cell transcriptomic data of immune cells isolated from the CSF of Neuro-COVID-19 patients were further analyzed using iPathwayGuide, L1000CDS2, and L1000FWD analyses.
Hierarchically clustered heatmaps were generated using the Clustergrammer web tool to visualize and analyze high-dimensional RNA-seq data of SARS-CoV-infected NHBE cells and mock-treated NHBE cells (Supplementary Figure S1A). PCA was used to uncover global patterns in RNA-seq datasets analyzed and helped to understand the difference between COVID-19-infected and mock-treated NHBE cells (Supplementary Figure S1B). The volcano plot was generated using transformed gene fold changes using log2 and is shown on the x-axis (Supplementary Figure S1C). The MA plot was based on the average gene expression, which was calculated using the mean of the normalized gene expression values and shown on the x-axis (Supplementary Figure S1D).
iPathwayGuide Analysis of DEGs From COVID-19 and Neuro-COVID Infection Models
In this experiment, 1,072 DEGs were identified from a total of 10,663 DEGs obtained from BioJupies analysis of the RNA-seq reads of the SARS-CoV-infected NHBE cells and mock-treated NHBE cells based on a p-value cut-off of 0.05 and a log2 fold change cut-off of 0.6. In contrast, DEGs with a logFC cut-off of 0.3 and adjusted p-value based on the Bonferroni method from clusters in TcMeta, DCMeta, and monoMeta of the comparison, namely, Neuro-COVID versus IIH, were also subjected to iPathwayGuide analysis separately, followed by comparative analyses. Subsequently, the DEGs were analyzed in the context of pathways obtained from the KEGG database (Kanehisa and Goto, 2000; Kanehisa et al., 2002), GO from the Gene Ontology Consortium database, a network of regulatory relationships from BioGRID: Biological General Repository for Interaction Datasets v4.0.189 (Szklarczyk et al., 2017), chemicals/drugs/toxicants from the Comparative Toxicogenomics Database (Davis et al., 2021), and diseases from the KEGG database. In summary, 22 pathways were found to be significantly impacted in SARS-CoV-2-infected NHBE cells compared to mock-treated NHBE cells. In addition, 503 GO terms, 18 miRNAs, 190 gene upstream regulators, 213 chemical upstream regulators, and 14 diseases were found to be significantly enriched before correction for multiple comparisons.
COVID-19 infection of NHBE cells triggers key immune-related pathways, such as cytokine-cytokine receptor interactions and viral protein interactions with cytokine receptors (Table 1). The top five upstream regulators, IL-17, TNF-alpha, STAT2, IRF9, and TLR4, were predicted to be activated (Table 2). The top identified biological processes, molecular functions, and cellular components for each pruning type are provided in Tables 3–5.
TABLE 1 | Top identified pathways and their associated p-values are given in the table.
[image: Table 1]TABLE 2 | Top identified upstream regulators activated based on Bonferroni correction were listed in the table.
[image: Table 2]TABLE 3 | Top identified biological processes for each pruning type.
[image: Table 3]TABLE 4 | Top identified molecular functions for each pruning type.
[image: Table 4]TABLE 5 | Top identified cellular components for each pruning type.
[image: Table 5]The bar chart (Figure 1A) shows the top small molecules identified by the L1000CDS2 query using the DEGs identified from SARS-CoV-2-NHBE. The left panel shows small molecules such as geldanamycin, radicicol, AZD8330, trametinib, NVP-AYU922, GSK2126458, and JW-7-24-1, which mimic the observed gene expression signature; the right panel displays small molecules such as camptothecin (Figure 1B), importazole (Figure 1C), and withaferin A (Figure 1D). The upstream regulator drugs and natural products that reverse the molecular signatures based on iPathwayGuide analysis are shown as a dendrogram (Figure 1E). The top five upstream drugs, natural products, and chemicals predicted as absent (or insufficient) based on iPathwayGuide analysis were coumestrol, methylprednisolone, JinFuKang (JFK), selenium, and gold sodium thiomalate (Figure 1F). However, withaferin A was found to reverse the COVID-19-induced molecular signatures in both L1000CDS2 and L1000FWD analyses, along with other small-molecule drugs (Table 6) in the SARS-CoV-2-infected NHBE cells.
[image: Figure 1]FIGURE 1 | (A) The bar chart displaying the top five small molecules identified by the L1000CDS2 query. The left panel displays the small molecules which mimic the observed gene expression signature, while the right panel displays the small molecules which reverse it. (B–D) The two-dimensional structures of camptothecin, importazole, and withaferin A. (E) Dendrogram show the drugs and natural products that reverse the COVID-19 associated molecular signatures and (F) bar graph shows the drugs and natural products that potentially reverse COVID-19 associated molecular signatures based on iPathwayGuide analysis.
TABLE 6 | Natural products and drugs with opposite molecular signatures based on L1000FWD web-based tool for querying gene expression signatures (SARS-CoV-2-NHBE vs. Mock-NHBE) against signatures created from human cell lines treated with over 20,000 small molecules and drugs for the LINCS project.
[image: Table 6]We identified 14 genes that were commonly expressed between Neuro-COVID and IIH (TcMeta, DCMeta, and monoMeta), as depicted in the Venn diagram (Figure 2A). The upregulated genes (Figure 2B), downregulated genes (Figure 2C), and the common genes between the meta clusters of immune cells in Neuro-COVID were presented as rank diagrams based on log2FC values. The genes GABARAP, GNAI2, COTL1, ATP5F1D, CD81, GNAS, TAF10, and CHCHD10 were significantly upregulated, and genes such as XIST, SLC25A6, MTRNR2L1, C6orf48, NAP1L1, and GPR183 were significantly downregulated in the meta clusters of immune cells in Neuro-COVID (Figure 2D).
[image: Figure 2]FIGURE 2 | Differentially expressed genes (DEGs) in Neuro-COVID vs. IIH comparison based on iPathwayGuide analysis. (A) Venn diagram shows the DEGs between TcMeta, DCMeta, and monoMeta. (B) The rank diagram shows the upregulated DEGs in TcMeta, DCMeta, and monoMeta. (C) The rank diagram shows the downregulated DEGs in TcMeta, DCMeta, and monoMeta. (D) The rank diagram shows the common DEGs between TcMeta, DCMeta, and monoMeta.
GO analysis showed that 61 biological processes (Figure 3A), 13 molecular functions (Figure 3C), and 12 cellular components (Figure 3E) were commonly enriched in the meta clusters of immune cells in Neuro-COVID. The top five biological processes enriched were bicarbonate transport, gas transport, oxygen transport, hydrogen peroxide, and drug transport (Figure 3B), the top five molecular functions enriched were haptoglobin binding, oxygen binding, oxygen carrier activity, heme binding, and tetrapyrrole binding (Figure 3D), and the top five cellular components enriched were endocytic vesicle, haptoglobin-hemoglobin complex, hemoglobin complex, cytosolic small ribosomes, and cytosolic ribosomes (Figure 3F). The top five differentially expressed pathways identified based on iPathwayGuide analysis of immune cell meta clusters from Neuro-COVID patients were malaria, African trypanosomiasis, cocaine addiction, Parkinson’s disease, and leukocyte transendothelial migration. The differentially regulated pathways in the meta clusters of immune cells from patients with Neuro-COVID are provided in Supplementary Table S1. The upstream genes activated in TcMeta, DCMeta, and monoMeta clusters are listed in Supplementary Table S2.
[image: Figure 3]FIGURE 3 | Enrichment of gene ontologies (GO) such as biological process (BP), molecular function (MF), and cellular component (CC) in Neuro-COVID vs. IIH comparison based on iPathwayGuide analysis. (A) Venn and (B) rank diagrams show the BP enriched between TcMeta, DCMeta, and monoMeta. (C) Venn and (D) rank diagrams show the MF enriched between TcMeta, DCMeta, and monoMeta. (E) Venn and (F) rank diagrams show the CC enriched between TcMeta, DCMeta, and monoMeta.
L1000FWD and L1000CDS2 Analyses
The L1000FWD analysis of DEGs of meta clusters of Tc, DC, and Mono of Neuro-COVID compared to IIH revealed that withaferin A was the top molecule capable of reversing the COVID-19 induced gene signatures (Tables 7–9). Furthermore, the rank diagram (Figure 4A) showed that JQ1 was the top drug based on the in silico prediction of insufficient signaling of drugs, natural products, and chemicals in the meta clusters of Tc, DC, and Mono of Neuro-COVID compared to IIH using iPathwayGuide (Figure 4B). The L100CDS2 analysis of DEGs of meta clusters of Tc, DC, and Mono of Neuro-COVID compared to IIH revealed that narciclasine (Figure 4C) and trichostatin A (Figure 4D) were some of the top molecules potentially reversing the Neuro-COVID gene signatures (Tables 10–12).
TABLE 7 | Top small molecules with opposite molecular signatures based on L1000FWD web-based tool for querying gene expression signatures (Neuro-COVID vs. IIH-Tc Meta) against signatures created from human cell lines treated with over 20,000 small molecules and drugs for the LINCS project.
[image: Table 7]TABLE 8 | Top small molecules with opposite molecular signatures based on L1000FWD web-based tool for querying gene expression signatures (Neuro-COVID vs. IIH-DC Meta) against signatures created from human cell lines treated with over 20,000 small molecules and drugs for the LINCS project.
[image: Table 8]TABLE 9 | Top small molecules with opposite molecular signatures based on L1000FWD web-based tool for querying gene expression signatures (Neuro-COVID vs. IIH-monoMeta) against signatures created from human cell lines treated with over 20,000 small molecules and drugs for the LINCS project.
[image: Table 9][image: Figure 4]FIGURE 4 | (A) The rank diagram based on the in silico prediction of insufficient signaling of drugs and natural products in TcMeta, DCMeta, and monoMeta using iPathwayGuide analysis. (B–D) The two-dimensional structures of JQ1, narciclasine, and trichostatin A.
TABLE 10 | Top small molecules identified by the L1000CDS2 query that reverse the Neuro-COVID vs. IIH-TcMeta gene signature.
[image: Table 10]TABLE 11 | Top small molecules identified by the L1000CDS2 query that reverse the Neuro-COVID vs. IIH-DCMeta gene signature.
[image: Table 11]TABLE 12 | Top small molecules identified by the L1000CDS2 query that reverse the Neuro-COVID vs. IIH-monoMeta gene signature.
[image: Table 12]GSEA Preranked and Metascape Analyses
To obtain the specific gene signatures potentially reversed by camptothecin, importazole, and withaferin A, GSEA preranked analysis was performed using ranked DEGs from SARS-CoV-2-NHBE vs. Mock-NHBE comparison against gene signatures differentially regulated by these small molecules derived from the L1000FWD web tool. The gene signature (Signature ID: CPC002_PC3_24H: BRD-A30437061:10.0) downregulated by camptothecin was positively enriched (normalized enrichment score (NES) = 1.32, and q-value = 0.065) and the upregulated genes were negatively enriched (NES = −1.12 and q-value = 0.27) in the SARS CoV2-NHBE cells (Supplementary Figure S2A). The gene signature (Signature ID: CPC006_A375_24H: BRD-A02481876:60.0) downregulated by importazole was positively enriched (NES = 1.31 and q-value = 0.036) (Supplementary Figure S2B) and the gene signature (Signature ID: CPC014_VCAP_6H: BRD-A52193669:10.0) downregulated by withaferin A was significantly enriched (NES = 1.21 and q-value = 0), and the upregulated genes were negatively enriched (NES = −1.21 and q-value = 0.14) in the SARS CoV2-NHBE cells (Supplementary Figure S2C).
Camptothecin potentially reversed 28 genes that were positively enriched in SARS-CoV-2 in NHBE cells, and the top 10 genes were COL6A2, CSE1L, TMEM135, PPA2, MNAT1, BNIP3L, DLGAP5, TMEM47, ARHGAP29, and OLA1. In contrast, 11 genes upregulated by CPT were negatively enriched in SARS-CoV-2- NHBE cells, including RSAD2, CD74, HSPA2, SDC3, ZDHHC11, NEU1, S100A8, ISG15, MAFB, TSPAN7, and PEG3. Importazole potentially reversed 66 genes that were positively enriched in SARS-CoV-2-NHBE cells, and the top 10 genes were CDH19, CD58, TFF3, SNX10, SMC4, TMEM135, MNAT1, PBK, and TFPI. Withaferin A potentially reversed 134 genes that were positively enriched in SARS-CoV-2-NHBE cells, and the top 10 genes were NUDT4, CCNG1, ASPM, NLGN4X, USP1, SERP1, DIAPH2, PLEKHF2, XPO1, SUB1, SMC4, and HSPA6. In contrast, 23 genes upregulated by withaferin A were negatively enriched in SARS-CoV-2- NHBE cells and the top 10 genes were MT1F, CBR3, RAB20, SLC22A18, SLC37A4, EIF4EBP1, IRX5, S100A8, COL1A1, and ABHD14A. In addition, the gene signatures enriched in SARS-CoV-2-NHBE cells that were potentially reversed by withaferin A, camptothecin, and importazole were analyzed using Metascape to identify the enrichment ontology clusters based on GO/KEGG terms, canonical pathways, and hallmark gene sets (Figure 5). The genes enriched in GSEA preranked analysis of SARS CoV2-NHBE vs. Mock-NHBE against the gene signatures of camptothecin, importazole, and withaferin A are provided in Supplementary Datasheet S1.
[image: Figure 5]FIGURE 5 | GSEA preranked analysis was performed to decipher the potential gene signatures downregulated by camptothecin, importazole, and withaferin A using the RNK file generated from DEGs of SARS CoV2-NHBE vs. Mock-NHBE comparison. The Metascape analyses to decipher the gene ontology clusters based on the (A) enrichment of gene signature (Signature ID: CPC014_VCAP_6H: BRD-A52193669:10.0) downregulated by withaferin A (B) enrichment of gene signature (Signature ID: CPC002_PC3_24H: BRD-A30437061:10.0) downregulated by camptothecin, and (C) enrichment of gene signature (Signature ID: CPC006_A375_24H: BRD-A02481876:60.0) downregulated by importazole in SARS CoV2-NHBE cells.
Similarly, the GSEA preranked analysis was performed using ranked DEGs from Neuro-COVID vs. IIH-TcMeta, Neuro-COVID vs. IIH-DCMeta, and Neuro-COVID vs. IIH_monoMeta comparisons against gene signatures differentially regulated by withaferin A, camptothecin, trichostatin A, narciclasine, and JQ1 small molecules. The gene signature (Signature ID: CPC014_VCAP_6H: BRD-A52193669:10.0) upregulated by withaferin A was positively enriched (NES = 1.62, q = 0.028) in TcMeta, DCMeta (NES = 1.23, q-value <= 0.24), and monoMeta (NES = 1.50, q-value = 0.06). However, the downregulated genes of withaferin A were moderately enriched in TcMeta and DCMeta (Supplementary Figure S3). The gene signature (Signature ID: CPC002_PC3_24H: BRD-A30437061:10.0) downregulated by camptothecin was significantly enriched (NES = 1.52, q = 0.051) in TcMeta and moderately enriched in DCMeta and monoMeta (Supplementary Figure S4).
The gene signature (Signature ID: CPC012_A375_6H: BRD-K68202742:10.0) downregulated by trichostatin A was moderately enriched (NES = 1.34 and q = 0.11) in TcMeta, DCMeta (NES = 0.92 and q-value = 0.59), and monoMeta (NES = 1.2 and q = 0.20). The upregulated genes of trichostatin A were negatively enriched in DCMeta (NES = −1.39 and q-value = 0.085) and monoMeta (NES = −1.47 and q-value = 0.10) (Supplementary Figure S5). The gene signature (Signature ID: CPC006_HA1E_24H: BRD-K06792661:10.0) upregulated by narciclasine was negatively enriched in TcMeta (NES = −1.97 and q-value = 0), DCMeta (NES = −1.65 and q-value = 0), and monoMeta (NES = −2.77 and q-value = 0). The differentially regulated genes of narciclasine were negatively enriched in monoMeta (NES = −2.01 and q-value = 0). However, the downregulated genes of narciclasine were moderately enriched in TcMeta (NES = 1.22 and q-value = 0.19) and DCMeta (NES = 1.32 and q = 0.15) (Supplementary Figure S6). The gene signature (Signature ID: LJP008_A549_24H: BRD-K54606188:10) downregulated by JQ1 was negatively enriched in the DCMeta (NES = −0.68 and q-value = 0.98) and Neuro-COVID vs. IIH-monoMeta (NES = −1.40 and q = 0.14) groups. The upregulated genes of JQ1 were moderately enriched in all three meta clusters of immune cells in Neuro-COVID (Supplementary Figure S7).
The gene signatures upregulated by withaferin A (GNLY CST7 PPIB TSPO BCL2 S100A10 GSTP1), (S100A10, TSPO, PPIB, HLA-DQB1, BCL2, GSTP1, EDF1, and FLOT1), and (S100A9, S100A8, TSPO, and HOMER3) were positively enriched in TcMeta, DCMeta, and monoMeta clusters in Neuro-COVID. Camptothecin potentially reversed seven genes that were positively enriched in TcMeta, including AHNAK, MBNL1, LGALS1, HNRNPA2B1, S100A10, TGFBR2, and CAPN2. Trichostatin A potentially reverses five genes that were positively enriched in DCMeta, such as RGS2. IL32, ZFP36, SRGN, and STAB1, as well as nine genes that were positively enriched in monoMeta, such as SRGN, RGS2, IL32, ZFP36, JUNB, SAT1, PADI2, ALOX5AP, and IL2RG. The upregulated gene signatures of narciclasine (H3F3B, ZFP36, RGS2, and XIST) and (XIST, CREM, ZFP36, JUNB, NR4A2, FOS, EGR1, EVI2A, SAT1, EGR2, IER2, NR4A1, and KDM5A) were negatively enriched in DCMeta and monoMeta, respectively. JQ1 potentially increased six genes that were negatively enriched in DCMeta, such as H3F3B, AP2A2, PIGF, SOS1, TRIO, FHL3, H3F3B, MBNL2, TRIO, AP2A2, PSIP1, and ARHGEF6 in monoMeta. In addition, the gene signatures enriched in Neuro-COVID vs. IIH (TcMeta, DCMeta, and monoMeta) that are potentially reversed by withaferin A, camptothecin, trichostatin A, narciclasine, and JQ1 were analyzed using Metascape to find the enrichment ontology clusters based on GO/KEGG terms, canonical pathways, and hallmark gene sets. The enrichment ontology clusters derived for the gene signatures reversed by withaferin A, trichostatin A, and narciclasine in Neuro-COVID vs. IIH-TcMeta are shown in Figure 6. The genes enriched in GSEA preranked analysis of Neuro-COVID vs. IIH comparison against the gene signatures of withaferin A, camptothecin, trichostatin A, narciclasine, and JQ1 are provided in Supplementary Datasheet S2.
[image: Figure 6]FIGURE 6 | GSEA preranked analysis was performed to decipher the potential gene signatures downregulated by withaferin A, trichostatin A, and narciclasine using the RNK file generated from DEGs of Neuro-COVID vs. IIH (TcMeta) comparison. The Metascape analyses to decipher the GO clusters based on the (A) enrichment of gene signature (Signature ID: CPC014_VCAP_6H: BRD-A52193669:10.0) downregulated by withaferin A, (B) enrichment of gene signature (Signature ID: CPC012_A375_6H: BRD-K68202742:10.0) downregulated by trichostatin A, and (C) enrichment of gene signature (Signature ID: CPC006_HA1E_24H: BRD-K06792661:10.0) downregulated by narciclasine in Neuro-COVID vs. IIH-TcMeta.
DISCUSSION
COVID-19 caused by SARS-CoV-2 infection remains an ongoing pandemic (Huang C. et al., 2020; Liu J. et al., 2020; Novel Coronavirus Pneumonia Emergency Response Epidemiology Team, 2020) and patients with severe COVID-19 may also develop neurological complications called Neuro-COVID (Heming et al., 2021). RNA sequencing is a very recently developed NGS methodology for the whole transcriptome or single-cell transcriptomics approaches (Liu and Di, 2020) and is broadly used to explore biological, cellular, and molecular processes implicated in COVID-19 infection (Liu T. et al., 2020; Liao et al., 2020; Zhou et al., 2020). Hence, either developing novel drug candidates or identifying suitable existing therapeutics for drug repurposing for COVID-19 and Neuro-COVID is essential to decrease the infection rate and control the COVID-19 pandemic and reduce the enormous economic burden on healthcare systems. Because the gene expression profiles of COVID-19 infection models can be used to decipher potential therapeutic targets that could be targeted by known drugs (Daamen et al., 2021), we used RNA-seq datasets from the COVID-19 infection models of NHBE cells, and the scRNA-seq datasets of immune cells isolated from the CSF of Neuro-COVID patients and analyzed using NGKD platforms to understand the disease-specific gene signatures and pathways and further uncover small molecules from both synthetic and natural sources that potentially reverse these diseases.
Here, we found that COVID-19 infection of NHBE cells activated upstream genes such as IL-17, TNF-alpha, STAT2, IRF9, and TLR-4. Biological processes such as humoral immune response, acute-phase response, and molecular functions such as cytokine activity, receptor regulator activity, signaling receptor activity, receptor-ligand activity, and chemokine activity were enriched in the COVID-infected cells. Importantly, the cytokine and cytokine receptor interaction and viral protein interaction with the cytokine and cytokine receptors were activated in COVID-infected NHBE cells. Cytokines are important for both innate and adaptive inflammatory host responses, cell differentiation, cell death, growth, repair and development, and cellular homeostasis (Pushparaj, 2019; Bahlas et al., 2020; Harakeh et al., 2020; Jafri et al., 2020; Pushparaj, 2020). Studies have shown that several circulating cytokines and chemokines such as TNFα, CXCL-10, IL-6, and IL-8 are differentially expressed during SARS-CoV-2 infection, and this cytokine/chemokine storm likely contributes to the poor prognosis of COVID-19 (Liu J. et al., 2020; Vaninov, 2020). RNA sequencing analysis of cell and animal models of SARS-CoV-2 infection, blood, lung, and airway biopsies from COVID-19 patients showed inflammatory responses characterized by low levels of type I and III IFNs, increased interleukin-6 (IL-6), and a variety of chemokines (Blanco-Melo et al., 2020; Daamen et al., 2021). The spike protein (S protein) of SARS-CoV-2 is essential for the attachment between the coronavirus and hACE2 surface receptor through its receptor-binding domain (RBD) (Lan et al., 2020) and is proteolytically activated by human proteases, thus helping the coronavirus to enter the host cells (Shang et al., 2020). A recent study showed that hACE2 was stimulated by IFN in human airway epithelial cells (Ziegler et al., 2020) and thus helps in the entry of SARS-CoV-2 into host cells.
SARS-CoV-2 and other coronaviruses have developed different mechanisms to avoid detection and subsequent destruction by copying and repurposing cytokine and cytokine receptor genes in the host (Heimfarth et al., 2020; Choudhary et al., 2021). COVID-19 induced cytokines and cytokine receptors, chemokines, and other specific cytokine receptors and binding proteins may subvert and alter the host cytokine networks (Choudhary et al., 2021). Here, the COVID-19-induced cytokines, cytokine receptors, receptor-binding proteins, and chemokines may stimulate or prevent cytokine signaling and may significantly alter various facets of host immunity. In addition, Daamen et al. (2021) found that COVID-19 pathogenesis was driven by highly inflammatory myeloid-lineage cells with distinct transcriptional signatures and the absence of cytotoxic cells in the lungs, leading to reduced viral clearance.
Heming et al. (2021) stated that lumbar puncture to obtain immune cells from COVID-19 patients without neurological manifestations as controls was not ethically permitted for scientific purposes. Since IIH is a benign disorder associated with high pressure in the brain, the immune cells derived from the CSF of patients with IIH were used as controls to compare Neuro-COVID. The cluster of differentiation molecule 81 (CD81) is one of the commonly regulated genes in the meta clusters of immune cells from the CSF of patients with Neuro-COVID and belongs to the tetraspanin superfamily, which has been shown to regulate viral entry, viral replication, infectivity, and virion exit of different types of viruses (Benayas et al., 2020). Therefore, it is essential to investigate the importance of CD81 in patients with COVID-19 and Neuro-COVID. One of the upstream genes activated in TcMeta cluster, Cell cycle division 37 (CDC37), a heat shock protein 90 (HSP90) cochaperone that could play an important role in the pathogenesis of Neuro-COVID. COVID-19 progression to a systemic disease could be associated with HSP-related molecular mimicry autoimmune phenomena (Cappello et al. 2020; Kasperkiewicz, 2021). It was postulated that Hsp90 inhibition could also be a potential treatment option for cytokine storm-mediated acute respiratory distress syndrome in COVID-19 patients (Kasperkiewicz, 2021). Recently, Wyler et al. (2021) identified HSP90 as a target for COVID therapy based on transcriptomic profiling of SARS-CoV-2 infected human cell lines.
Interestingly, the top five differentially expressed pathways identified based on iPathwayGuide analysis of immune cell meta clusters from Neuro-COVID patients were malaria, African trypanosomiasis, cocaine addiction, Parkinson’s disease, and leukocyte transendothelial migration. Studies have shown a potential link between the presentation of malaria and COVID-19. The opposite relationship between COVID 19 and malaria has been suggested to be linked with the wide use of antimalarial drugs, including hydroxychloroquine (HCQ) and chloroquine (CQ), in countries that are endemic to malaria (Hussein et al., 2020).
There are many types of COVID-19 vaccines currently available for prophylaxis, and many are under development (Mandolesi et al., 2021). Several therapeutics are available based on WHO guidelines to treat the complications of COVID-19 and related complications (Lamontagne et al., 2021); however, these therapeutics are not specifically designed for the treatment of COVID-19 and its related complications such as Neuro-COVID, and their efficacies substantially differ across the globe and are not very effective in ameliorating disease severity (Surnar et al., 2020). In this study, we utilized NGKD platforms such as iPathwayGuide, L1000FWD, and L1000CDS2 tools to identify promising druggable molecules based on their in silico potential to reverse gene signatures induced by COVID-19 and Neuro-COVID. We found that camptothecin, importazole, and withaferin A had insufficient signaling or gene signatures (or absent) in COVID-19 infected NHBE cells. Based on L1000CDS2 analysis, trichostatin A, a histone deacetylase inhibitor, mildly inhibited the ACE receptors (Takahashi et al., 2021), and narciclasine and camptothecin are some of the top small molecules that reverse the gene signatures in Neuro-COVID vs. IIH immune datasets. In addition, a comparative analysis of the Neuro-COVID vs. IIH immune cell meta cluster datasets showed that JQ1 had insufficient signaling (or absence).
The GSEA preranked analysis calculates if a priori defined sets of genes display statistically significant enrichment at either end of the ranking (Subramanian et al., 2005). The gene signature potentially reversed by withaferin A in SARS-CoV-2 NHBE vs. Mock-NHBE based on preranked GSEA involved in various biological, molecular, and cellular processes, including viral genome replication (GO:0019079), modulation of the process of other organisms involved in symbiotic interactions (GO:0051817), and positive regulation of translational initiation (GO:0045948). The gene signature potentially reversed by importazole in SARS-CoV-2 NHBE vs. Mock-NHBE based on preranked GSEA involved in various biological, molecular, and cellular processes, including regulation of single-stranded viral RNA replication via a double-stranded DNA intermediate (GO:0045091). The gene signature potentially reversed by withaferin A in Neuro-COVID vs. IIH-TcMeta based on preranked GSEA involved in various biological, molecular, and cellular processes, including regulation of type 1 interferon production (GO:0032479) and interferon signaling (R-HSA-913531). The gene signature potentially reversed by withaferin A in Neuro-COVID vs. IIH-TcMeta based on preranked GSEA involved in various biological, molecular, and cellular processes, including regulation of type 1 interferon production (GO:0032479) and interferon signaling (R-HSA-913531). The gene signature potentially reversed by narciclasine in Neuro-COVID vs. IIH-TcMeta based on preranked GSEA involved in negative regulation of viral entry into host cells (GO: 0046597), PDGFR beta signaling pathway (PID-M186), EGF/EGFR signaling pathway (WP437), VEGFA/VEGFR2 signaling pathway (WP3888), and positive regulation of cell migration (GO:0030335). The gene signatures upregulated by withaferin A (GNLY CST7 PPIB TSPO BCL2 S100A10 GSTP1), (S100A10, TSPO, PPIB, HLA-DQB1, BCL2, GSTP1, EDF1, and FLOT1), and S100A9, S100A8, TSPO, and HOMER3) were positively enriched in Neuro-COVID. Granulysin (GNLY) is a member of the saposin-like protein (SAPLIP) family, is located in the cytotoxic granules of T-cells and NK cells, is released on antigen stimuli, and has antimicrobial activity. The S100 genes include 13 members and have antibacterial and antifungal properties (Crinier et al., 2018).
Our L1000FWD analyses showed that withaferin A was the top natural product that reverses the signature of Neuro-COVID in all the meta clusters of immune cells from the CSF of Neuro-COVID patients. Withaferin A is a component of Withania somnifera (ashwagandha or Indian ginseng) (Srivastava et al., 2020). W. somnifera has been used in traditional medicine as an antioxidant, antianxiety, anti-inflammatory, antibacterial, aphrodisiac, and herbal tonic for general health (Sood et al., 2018). The active ingredients include withanolides, saponins, alkaloids, and steroidal lactones. In vitro studies have shown that ashwagandha has neuroprotective, cardioprotective, immunomodulating, and anticancer properties (Singh et al., 2021).
Adjunctive treatment with ashwagandha improved symptoms and stress in patients with schizophrenia, offering beneficial effects on cognitive function in patients with bipolar disorder and improves balance in patients with progressive degenerative cerebral ataxias (Sood et al., 2018; Singh et al., 2021). It was recently shown that withanolides present in ashwagandha possess anti-COVID-19 properties, and these compounds exhibit good absorption and transport kinetics with no related mutagenic or adverse effects (Srivastava et al., 2020). Withaferin A was predicted to bind and stably interact with the binding site of TMPRSS2, similar to its known inhibitor, camostat mesylate (Kumar et al., 2020). Camostat was found to reduce SARS-CoV-2 infection in TMPRSS2 expressing Vero cells (Hoffmann et al., 2020). David et al., 2021 in their MedRixv preprint showed that a common variant of TMPRSS2 protects against COVID-19. In silico screening of several phytochemicals identified that Withanone, one of the constituents of ashwagandha, showed a potential inhibition of ACE2 (Balkrishna et al., 2021). Additionally, Ghosh et al. (2021) used molecular dynamic simulations and pharmacophore modeling approaches to predict the highly potent small-molecule derivative of withaferin A that potentially inhibits SARS-CoV-2 protease (Mpro), a favorable future therapeutic against COVID-19.
Recent studies have demonstrated the antiviral properties of narciclasine, an alkaloid found in various Amaryllidaceae species, and camptothecin, a topoisomerase inhibitor first isolated from the stem of Camptotheca acuminata (used in Chinese traditional medicine) against SARS-CoV-2 (Huang C.-T. et al., 2020; Mamkulathil Devasia et al., 2021). However, importazole, an inhibitor of importin-β transport receptors, and other small molecules identified to reverse COVID-19-induced gene signatures need to be further explored because developing effective therapeutics is essential to control the COVID-19 pandemic (Surnar et al., 2020).
In conclusion, the present study unravels a rapid approach to using high-throughput RNA sequencing technologies coupled with NGKD platforms to decipher specific drugs and small molecules derived either synthetically or from natural sources for the amelioration of COVID-19 related disease pathologies such as Neuro-COVID. Further studies are warranted to validate the small molecules identified in our study using in vitro and in vivo model systems of COVID-19 and Neuro-COVID to determine their mechanism(s) of action followed by suitable clinical trials to confirm the efficacy and safety for possible therapeutic intervention for COVID-19-related disease pathologies.
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Background: The incidence of cerebral ischemia disease leading cause of death in human population worldwide. Treatment of cerebral ischemia remains a clinical challenge for researchers and mechanisms of cerebral ischemia remain unknown. During the cerebral ischemia, inflammatory reaction and oxidative stress plays an important role. The current investigation scrutinized the neuroprotective and anti-inflammatory role of pterostilbene against cerebral ischemia in middle cerebral artery occlusion (MCAO) rodent model and explore the underlying mechanism.
Methods: The rats were divided into following groups viz., normal, sham, MCAO and MCAO + pterostilbene (25 mg/kg) group, respectively. The groups received the oral administration of pterostilbene for 30 days followed by MCAO induction. The neurological score, brain water content, infarct volume and Evan blue leakage were estimated. Hepatic, renal, heart, inflammatory cytokines and inflammatory mediators were estimated.
Results: Pterostilbene treatment significantly (p < 0.001) improved the body weight and suppressed the glucose level and brain weight. Pterostilbene significantly (p < 0.001) reduced the hepatic, renal and heart parameters. Pterostilbene significantly (p < 0.001) decreased the level of glutathione (GSH), glutathione peroxidase (GPx), superoxide dismutase (SOD) and decreased the level of malonaldehyde (MDA), 8-Hydroxy-2′-deoxyguanosine (8-OHdG). Pterostilbene significantly (p < 0.001) inflammatory cytokines and inflammatory parameters such as cyclooxygenase-2 (COX-2), inducible nitric oxidase synthase (iNOS) and prostaglandin (PGE2). Pterostilbene significantly (p < 0.001) down-regulated the level of metalloproteinases (MMP) such as MMP-2 and MMP-9. Pterostilbene suppressed the cellular swelling, cellular disintegration, macrophage infiltration, monocyte infiltration and polymorphonuclear leucocyte degranulation in the brain.
Conclusion: In conclusion, Pterostilbene exhibited the neuroprotective effect against cerebral ischemia in rats via anti-inflammatory mechanism.
Keywords: cerebral ischemia reperfusion, pterostilbene, inflammation, oxidative stress, COX-2
INTRODUCTION
Stroke is a complicated disease that causes the number of death and disability whole over the world, and it is accompanied by cognitive dysfunctions (Vakili et al., 2014; Wang K. et al., 2020). According to the World Health Organization (WHO), over 15 million people are affected by stroke (Alva-Díaz et al., 2020). Ischemia stroke is the most frequent type of stroke, accounting for 87 percent of all instances. It is caused by thromboembolic blockage of cerebral arteries, which causes an ischemic cascade and tissue injury (Özön and Cüce, 2020; Tuo et al., 2021). Cerebral ischemia disease is the major neurological disease worldwide and incidence of cerebral ischemia rapidly increases last few decades (Yuan et al., 2020). The treatment of cerebral ischemia still challenge to the researcher (Wang et al., 2018; Leung et al., 2020). But few research suggest that neurovascular units involve in the disease (Pan et al., 2018) and the researcher targeting the neurovascular unit (NVU) for the treatment of overall disease, which exhibited the protective against the neuronal damage, neurons and blood brain barrier (BBB) such as extracellular matrix, vascular endothelial cells, microglia and astrocytes (Crofts et al., 2020; Lake et al., 2017).
During the ischemic cascade, oxygen and energy deprivation start the production of reactive oxygen species (ROS), followed through inflammatory reaction, deposition of intracellular calcium and glutamate excitotoxicity (Michalski et al., 2017; Tuo et al., 2021). Ischemic tissue reperfusion enhances the neuroinflammatory reaction and production of ROS. Various studies have shown that oxidative stress is linked to neuronal cell death in ischemic lesions (Patel et al., 2020; Yan et al., 2020). ROS such as nitric oxide (NO), hydrogen peroxide (H2O2), superoxide anion (O2) and hydroxyl free radicals destroys the cellular structures includes nucleic acid, proteins, lipids, redox sensitive enzymes, membrane receptors and channels, which eventually induces the neuronal injury in the ischemic lesions (Jin et al., 2016; Liang et al., 2019; Leung et al., 2020). Furthermore, the increased proportion of ROS leakage from the mitochondrial cytochrome C, which further recruits caspases, worsening neuronal death after ischemia and reperfusion injury (Tang et al., 2016; Han et al., 2018; Zhang et al., 2020). Due to increase the level of ROS leading the cell death, inflammatory reaction and neural dysfunction after the reperfusion (Zhang et al., 2018; Leung et al., 2020). Following cerebral ischemia, an inflammatory response plays a key role in the development of secondary brain injury. Inflammatory mediators include COX-2, nuclear factor kappa B (NF-κB) and MMPs play a significant role in the expansion of cerebral ischemic (Li et al., 2017; Zhang et al., 2018). During the cerebral ischemia injury, the level of above discuss enzymes boosted to considerable level in the brain area. In the treatment of cerebral ischemia, antioxidants and anti-inflammatory agents are helpful (Liang et al., 2020).
Extracellular Matrix (ECM) degrading enzymes such as MMP-2 and MMP-9, are most directly linked to BBB degradation (Traystman, 2003; Ma et al., 2020). The inhibition of ECM degrading enzymes considerably suppresses the cerebral infarct volume and cerebral edema induced via ischemia and suppress the BBB injury (Turner and Sharp, 2016). Previous study showed that the reperfusion is the protective in suppressing the ischemic brain injury and also showed the beneficial effect for recovering the various reversible injury (Gresoiu and Christou, 2020; Yu et al., 2020). Though, few research suggest that the blood reperfusion for ischemic tissue could causes the dysfunction and injury in some cases (Gresoiu and Christou, 2020). Furthermore, consideration is always taken of how to inhibit reperfusion injury during the treatment of ischemic stroke (Vakili et al., 2014). During the ischemic reperfusion stop or abrupt the blood supply in the brain area which resultant shortage the oxygen and glucose level in the brain that leading to the anaerobic pathway of glycolytic cycle. The glycolytic cycle generate the high H+ ion, lactic acid and reversal to the mitochondrial matrix (Liang et al., 2019; Wang et al., 2020a; Zhao et al., 2020). All the cascade suppressed the cytoplasmic pH and increase the formation of free radicals. Due to continuous production of free radicals, its finally induces the oxidative stress and start the inflammatory reaction (Li et al., 2017; Zhang et al., 2018).
More than hundred traditional Chinese medicine (TCM) patents have been filed in China in the last few years for the treatment of ischemic stroke, including therapies for ischemia reperfusion injury (Gupta et al., 2010; Peng et al., 2019; Singh et al., 2020). Dietary phytochemicals getting more popularity due to its wide range of benefits includes regulation of immune system, anti-oxidation and suppression of inflammation. Resveratrol (polyphenol flavonoids) isolated from the skin of red grape and suggested the protective effect against various inflammatory reaction. Pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene) is a stilbene, that is naturally occurring methoxylated analog of Revesterol, commonly found in blueberry (Acharya and Ghaskadbi, 2013; Shi et al., 2019). Pterostilbene shows the higher bioactivity and bioavailability than resveratrol due to presence of two extra methyl group in the structure (Supplementary Figure S1). The structure of pterostilbene showed the removal of two hydroxy group with two methoxy group, which increase the bioactivity and oral bioavailability and demonstrate the prolong metabolism (Wu et al., 2017; Yang et al., 2017; Shi et al., 2019). Pterostilbene having the bioavailability (85%) as compared to the bioavailability of revesterol (20%) in animal model. Additionally, clinical studies showed that the pterostilbene may be a potent anti-inflammatory drug against various diseases (Acharya and Ghaskadbi, 2013; Shi et al., 2019; Zhang et al., 2021). In this experimental study, we try to explore the neuroprotective and anti-inflammatory effect of pterostilbene against the MCAO rat model.
MATERIAL AND METHODS
Experimental Rodent
Swiss Wistar rats (weight 200 ± 20 g, sex-both, aged 8–10 weeks) were used in this study. The whole experimental study was carried out using the institutional animal ethical committee guidelines. All the rats were kept in the standard laboratory condition 20 ± 5°C temperature, 12 h dark and 12 h light cycle and 65% relative humidity. All the rats were received the standard pellet (rat chow) and water ab libitum. The rats were kept 7 days for acclimatization for adopting the laboratory condition.
MCAO/R Method
Briefly, the rats were anesthetized using the 50 mg/kg intraperitoneal injection of ketamine hydrochloride and 5 mg/kg xylazine and monitored accordingly. The common carotid artery was isolated and the branches of external carotid artery (right) were carefully removed (Pan et al., 2018). To obstruct the source of MCAO, a nylon monofilament suture (4–0) with a silicon coated tip was pushed to the internal carotid artery (Yuan et al., 2020). The same operation was performed on the normal group (sham group), but no suture was put. After cerebral ischemia (2 h), the suture was removed for reperfusion (24 h). The rats were divided into different groups such as Group I: control; Group II: Sham; Group III: MCAO and Group IV: MCAO + pterostilbene (35 mg/kg), respectively.
Neurological Deficits
Neurological dysfunction were assessed after 2 h of MCAO and then every day for the next 5 days (Shamim and Khan, 2019). The behavioural impairments and post chemical motor were examined using a 4-point neuro score (Yuan et al., 2020). The grade for neurological impairments was as follows:
Symptoms are absent in grade 0.
Grade 1: bending of the forelimbs
Grade 2: reduced lateral push (and forelimb flexion) resistance without circling
Grade 3: circle and the same conduct as grade 2.
Blood and Tissue Sampling
The rats were euthanized at the end of the protocol so that blood (plasma/serum) and organs (liver and brain) could be collected and kept at 80°C. All the blood and tissue samples kept for the histopathological evaluation and biochemical estimation.
BBB Permeability
For the determination of BBB permeability, the all-group rats were received the Evans blue (2%) in the tail vein before the sacrifice (2 h). after that removed the brain tissue and weighted and placed into the 1 ml dimethylformamide and incubated for next 24 h at 60°C. Afterthat centrifuge at 1 g rpm for 10 min to separate the supernatant (Pan et al., 2018). The supernatant collected and take absorbance at 620 nm wavelength using the spectrophotometer.
Cerebral Edema
For the determination of cerebral edema, the brain water content was estimated using the dry weight method of previous reported method with minor modification (Yang et al., 2020). Briefly, the brain tissue was successfully removed after the reperfusion (24 h) and weight immediately and baked in the oven for 24 h at 120°C and again weight.
The brain water content was estimated using the following formula
[image: image]
Biochemical Assays
Turbid Metric Immunoassay model was used for the estimation of serum C-reactive protein (CRP) using the kit (Conformidad Europea, Spain).
Enzymatic colorimetric GOD-POD kit was used for the estimation of blood glucose (Global, United Kingdom). Lactate dehydrogenase (LDH) assay kit was used for the determination of LDH activity (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China) following the manufacture protocol.
For the estimation of lipid parameters such as high-density lipoprotein cholesterol (HDL-c), triglyceride (TG) and cholesterol (TC) was estimated using the enzymatic kit kit (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China). The low-density lipoprotein cholesterol (LDL-c) and very low-density lipoprotein cholesterol (VLDL-c) were determined using the Friedewald’s formula (Mendes de Cordova et al., 2018).
Berthelot colorimetric model was used for the estimation of urea concentration in the serum. Jaffe’s method was used for the determination of creatinine using the enzymatic kit (Biogene Diagnostics, United States). Blood urea nitrogen (BUN) and uric acid was estimated using the previous reported method with minor modification (Pandey et al., 2018; Kumar et al., 2021).
The hepatic parameters include alkaline phosphatase (ALP), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) using the enzymatic kit (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China).
Antioxidant Parameters
The antioxidant parameters include SOD, GSH, GPx, MDA and CAT were estimated using the previous reported method with minor modification (Bhatt et al., 2017, 2018).
MMP Levels
MMP-2 and MMP-9 were estimated using the gelatinase assay kit (Chemicon International, Inc. Temecula, CA, United States) following the manufacture protocol.
Inflammatory Cytokines
Pro-inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-4 (IL-4), tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), interleukin-1 (IL-10) and interleukin-1 (IL-1) were estimated using the Enzyme-Linked Immunosorbent Assay Kits (ELISA) (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China) following the manufacture protocol.
Inflammatory Mediators
Inflammatory mediators such as NF-κB, i-NOS, NO, COX-2 and PGE2 using the Enzyme-Linked Immunosorbent Assay Kits (ELISA) (Institute of Biological Engineering of Nanjing Jiancheng, Nanjing, China) following the manufacture protocol.
Statistical Analysis
The current study’s findings were given as a mean standard error mean (S.E.M.). The statistical analysis was performed using Graphpad Prism 7. The difference between the intergroups was determined using a post hoc t test. The significance level was set at p < 0.05.
RESULTS
Effect of Pterostilbene on Neurological Parameter
During cerebral ischemia, it increases the neurological score. A neurological score of 0 was observed in the normal and sham group rats. The MCAO group rats showed an enhanced neurological score, which started from day 0 and reached its maximum on day 1 and remained at the higher end of the protocol (day 5). Pterostilbene treated rats significantly (p < 0.001) suppressed the neurological score. Pterostilbene treated rats exhibited a reduced neurological score at different time intervals (day 0, 1, and 5) as compared to the MCAO group (Figure 1A).
[image: Figure 1]FIGURE 1 | showed the neurological parameter and score of among experimental groups. (A) neurological score, (B) infarct volume, (C) brain edema, (D) evans blue leakage and (E) brain water content. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Infarct volume (Figure 1B), brain edema (Figure 1C), Evans blue leakage (Figure 1D) and brain water content (Figure 1E) were higher observed in the MCAO group rats. Pterostilbene treated rats exhibited the suppressed level of infarct volume, brain edema, Evans blue leakage and brain water content.
Effect of Pterostilbene on Body Weight, Glucose Level and Organ Weight
The body weight was slightly reduced in the sham control and MCAO group rats. MCAO group rats receiving pterostilbene significantly (p < 0.001) improved their body weight (Figure 2A).
[image: Figure 2]FIGURE 2 | showed the body weight and glucose level of among experimental groups. (A) body weight and (B) blood glucose level. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
The blood glucose remained constant in the normal and sham control group rats. The blood glucose level slightly decreased in the MCAO group. Pterostilbene treated group rats improved the blood glucose level (Figure 2B).
The brain weight slightly enhanced in the sham group rats as compared to the normal rats. MCAO group rats exhibited the increased brain weight as compared to all experimental group. MCAO group rats treated with the pterostilbene treated group rats demonstrated the reduced brain weight (Figure 3).
[image: Figure 3]FIGURE 3 | showed the brain weight of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on LDH and CRP
The level of LDH (Figure 4A) and CRP (Figure 4B) were estimated in the different groups. The level of LDH (691 ± 12.45 U/L) and CRP (10.89 ± 1.32 mg/dl) slightly enhanced in the MCAO group and pterostilbene treated rats significantly (p < 0.05) reduced the level of LDH (687 ± 11.34 U/L) and CRP (9.91 ± 1.93 mg/dl).
[image: Figure 4]FIGURE 4 | showed the LDH and CRP level of among experimental groups. (A) LDH and (B) CRP. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Hepatic Parameter
MCAO group rats displayed the boosted level of ALT (25.45 ± 2.38 U/L), AST (40.73 ± 4.93 U/L) and ALP (51.61 ± 2.83 U/L) as compared to normal and sham group rats. After the pterostilbene treatment reduced the level of hepatic parameters ALT (23.04 ± 2.93 U/L), AST (31.59 ± 3.82 U/L) and ALP (42.82 ± 3.89 U/L) (Figure 5).
[image: Figure 5]FIGURE 5 | showed the hepatic parameters of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Renal Parameters
The levels of Uric acid (4.67 ± 0.83 mg/dl) (Figure 6A), creatinine (0.56 ± 0.03 mg/dl) (Figure 6B), BUN (22.51 ± 1.34 mg/dl) (Figure 6C) and urea (49.46 ± 3.94 mg/dl) (Figure 6D) were observed in different experimental group. MCAO group rats demonstrated the increased level of uric acid (2.62 ± 0.67 mg/dl), creatinine (0.35 ± 0.04 mg/dl), BUN (16.54 ± 2.32 mg/dl) and urea (33.05 ± 2.93 mg/dl), which was significantly (p < 0.001) diminished after the pterostilbene treatment.
[image: Figure 6]FIGURE 6 | showed the renal parameters of among experimental groups. (A) uric acid, (B) creatinine, (C) BUN and (D) urea. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on NO Level
The NO level was considerably boosted in the MCAO group rats as compared to normal and sham control. MCAO group rats received the NO significantly (p < 0.001) repressed the level (Figure 7).
[image: Figure 7]FIGURE 7 | showed the level of nitric oxide of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Lipid Parameters
Figure 8 exhibited the lipid parameters in experimental groups. The level of lipid parameters such as TG, LDL, TC, VLDL boosted and HDL level reduced in the MCAO group. Pterostilbene treated rats exhibited the reduced level of TG, LDL, TC, VLDL and enhanced level of HDL.
[image: Figure 8]FIGURE 8 | showed the lipid parameters of among experimental groups. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Antioxidant Parameters
Figure 9 exhibited the antioxidant parameters of different group rats. MCAO group rats exhibited the decreased level of SOD (55.03 ± 5.32 U/mg protein) (Figure 9A), CAT (5.57 ± 0.83 U/mg protein) (Figure 9B), GPx (7.11 ± 0.93 U/mg protein) (Figure 9C), GSH (0.47 ± 0.04 U/mg protein) (Figure 9D) and enhanced level of MDA (263.4 ± 10.34 U/mg protein) (Figure 9E), 8OdhG OdhG (0.97 ± 0.09 μg/mg protein) (Figure 9F) as compared to normal and sham group rats. MCAO group rats treated with pterostilbene significantly (p < 0.001) improved the level of SOD (102.34 ± 7.54 U/mg protein), CAT (28.85 ± 1.33 U/mg protein), GPx (33.73 ± 4.34 U/mg protein), GSH (1.34 ± 0.45 U/mg protein) and suppressed the level of MDA (89.45 ± 3.45 U/mg protein), 8-OdhG (0.28 ± 0.05 μg/mg protein).
[image: Figure 9]FIGURE 9 | showed the antioxidant parameters of among experimental groups. (A) SOD, (B) CAT, (C) GPx, (D) GSH, (E) MDA and (F) 8-OhdG. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Inflammatory Cytokines
The level of inflammatory cytokines boosted during the cerebral ischemia due to expansion of inflammatory disease. MCAO group rats exhibited the increased level of TNF-α (41.34 ± 1.57 pg/mg) (Figure 10A), IL-1β (14.37 ± 1.23 pg/mg) (Figure 10B), IL-6 (41.45 ± 2.34 pg/mg) (Figure 10C) and reduced level of (9.89 ± 1.34 pg/mg) IL-10 (Figure 10D). MCAO group rats received the pterostilbene treatment significantly diminished the level of TNF-α (10.34 ± 0.89 pg/mg) (Figure 10A), IL-1β (5.23 ± 0.83 pg/mg) (Figure 10B), IL-6 (17.04 ± 2.93 pg/mg) (Figure 10C) and improved the level of IL-10 (28.34 ± 1.83 pg/mg) (Figure 10D).
[image: Figure 10]FIGURE 10 | showed the inflammatory cytokines of among experimental groups. (A) TNF-α, (B) IL-1β, (C) IL-6 and (D) IL-10. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Inflammatory Mediators
Figures 11A–C showed the level of inflammatory parameters in different experimental group. MCAO group rats showed the improved level of COX-2 (37.34 ± 2.34 pg/mg) (Figure 11A), PGE2 (41.93 ± 3.23 pg/mg) (Figure 11B) and iNOS (36.54 ± 2.93 pg/mg) (Figure 11C) and pterostilbene treatment reduced the inflammatory parameters such as COX-2 (12.34 ± 0.45 pg/mg), PGE2 (10.02 ± 0.93 pg/mg) and iNOS (10.34 ± 1.83 pg/mg).
[image: Figure 11]FIGURE 11 | showed the inflammatory mediators of among experimental groups. (A) COX-2, (B) PGE2 and (C) iNOS. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on MMP
MCAO group showed the increased level of MMP-2 (1.13 ± 0.37 pg/mg) (Figure 12A) and MMP-9 (1.08 ± 0.89 pg/mg) (Figure 12B) as compared to different group. MCAO group treated with the pterostilbene significantly (p < 0.001) suppressed the level of MMP-2 (0.28 ± 0.08 pg/mg) and MMP-9 (0.56 ± 0.04 pg/mg).
[image: Figure 12]FIGURE 12 | showed the MMP level of among experimental groups. (A) MMP-2 and (B) MMP-9. Values are expressed as mean ± SEM. The t-test was used for the significant difference between groups: *p < 0.05, **p < 0.01, ***p < 0.005. NS, non-significant.
Effect of Pterostilbene on Histopathology
Table 1 demonstrated the effect of pterostilbene on the brain tissue histopathology. MCAO group rats demonstrated the development of cellular swelling, cellular disintegration, macrophage infiltration, monocyte infiltration and polymorphonuclear leucocyte degranulation. Pterostilbene treatment suppressed the cellular swelling, cellular disintegration, macrophage infiltration, monocyte infiltration and polymorphonuclear leucocyte degranulation.
TABLE 1 | showed the histopathological index of brain.
[image: Table 1]DISCUSSION
Stroke and its related disorder cause the disability and death whole over the world. The loss of cerebral blood flow during an ischemic stroke causes metabolic, biochemical and hemodynamic alteration in the damaged brain area to shut down, resulting in brain injury and reduced or lost brain function (Wang et al., 2020b; Yuan et al., 2021b). The neuronal necrosis is aggravated by reperfusion after an ischemic insult. Although the cause of cerebral ischemic stroke is complicated, some pathogenic mechanisms have shown that increasing oxidative stress and reducing endogenous antioxidant enzymes, can restore the most harmful effects of the disease (Bu et al., 2019; Shi et al., 2021). Some studies showed that oxidate stress and inflammatory reactions play a significant role to induces the serve toxicity in the biological macromolecules, which further leading the injury in the cell and tissue (Wang et al., 2020b; Shi et al., 2021). MCAO is a well-established animal model for ischemic stroke-related brain injury in order to study about the stroke phenomena and to assess the efficacy of possible neuroprotection therapies. Furthermore, neutralizing the oxidative stress, inflammatory reaction, enhanced antioxidant intake would be a beneficial therapy for the treatment of ischemic disease (Pan et al., 2018). Herb and its phytoconstituent having long history to treat the oxidative stress and inflammatory disease. Previous studies showed that the plant and its phytoconstituent having the potent anti-inflammatory, antitumor, antidiabetic and antioxidant activity (Wang et al., 2020b; Tian et al., 2020; Shi et al., 2021). The neuroprotective effect of pterostilbene against MCAO-induced cerebral ischemia reperfusion was studied in this experimental study.
During the cerebral ischemia, start the production of oxygen free radicals (OFR) via enzymatic and non-enzymatic systems and later on they can attack on the polyunsaturated fatty acid (PUFA), which are commonly found in the brain cells and vascular endothelial cells (Bu et al., 2019; Yuan et al., 2021b; Shi et al., 2021). Free radical starts the lipid peroxidation reaction which further start the production of various products such as hydroxy, aldehyde (MDA), keto, inner peroxy or carbonyl radicals. Some reported suggest that oxidant and free radicals play a crucial role in the expansion of edema and disruption of BBB after the cerebral ischemia (Chen et al., 2013; Bu et al., 2019). Drugs that exhibited the neuroprotective effect via targeting the production of free radicals to treat the disease. MDA (an indicator of lipid peroxidation, LPO) used to estimation of LPO degree and indirectly shows the cell injury in the brain (Stegner et al., 2019; Wang et al., 2020b). According to the results, pterostilbene showed the neuroprotective effect via decreasing the brain lesions and edema may be related to its effect in restriction the free radical production and improved the antioxidant effect. GSH neutralize the hydroperoxides and other toxic free radicals in the brain tissue (Wang et al., 2020b; Yuan et al., 2021b). GSH is endogenous antioxidant enzymes against the oxidative stress. SOD averts formation of hydroxyl radical through catalyzing the super radicals into the H2O2. CAT detoxifies the H2O2 into the water and molecular oxygen. In the brain tissue, CAT is the 2nd line antioxidant that protect brain from oxidative injury. During the cerebral ischemia and oxidation of free radical, the activity of SOD reduced in the brain tissue and serum (Si et al., 2009; Zhang et al., 2019). Large amount of SOD in consumed for neutralize or scavenge the free radicals. Due to continues uses of the SOD to neutralize or scavenge the free radicals, the activity of SOD reduces. However, the activity of SOD indirectly reflects the level of scavenged free radicals (Si et al., 2009; Li et al., 2020). Our result clearly showed that pterostilbene may contribute to suppressing the excessive production of free radical and enhance the SOD activity in the serum and brain. Pterostilbene treated group exhibited the reduction in the MDA content and enhancement of SOD content, but the result not significant (He et al., 2019; Chen et al., 2020). On the basis of result, we can say that Pterostilbene altered the cerebral ischemia via scavenging pathway of LPO, not antioxidant effects.
Stroke is a primary cause of acquired impairment in adults and one of the top causes of death worldwide, with a complicated pathological process (He et al., 2019; Chen et al., 2020). Recently, the researcher targeting the neurovascular unit for the treatment of stroke. Neurovascular unit is made up to several neurons, glial cells (microglia and astrocyte), extracellular matrix (ECM), endothelial cells (vascular cells) and BBB (Pan et al., 2018). The BBB is the most important component of the neurovascular unit, and MMPs have long been thought to play a role in the breakdown of the BBB following a stroke. During the early stage of stroke, MMPs induce the various neruo vascular dysfunction includes leakage of BBB and neuronal death. Previous report showed that MMP-9 is unusually expressed in brains suffering from cerebral ischemia injury and its enhance the brain injury and breakdown of BBB (Li et al., 2017). The patients suffer from the ischemic stroke exhibit the enhance level of MMP (MMP-2 and MMP-9) in the circulation (Gu et al., 2013; Li et al., 2017). The increase level of MMP-9 in the circulation related with the poorer prognosis. The reduction of MMP-9 in the circulation and gene considerably decreased the bleeding complications and infarct size (Li et al., 2017). Our result showed that pterostilbene may protect the BBB permeability via suppressing of MMP-9. Studies that used MMP inhibitors before a stroke, showed similar benefits, which matched our findings.
The recruitment of systemic macrophages and endogenous microglia indicates an early inflammatory response in cerebral ischemia injury. Inflammatory cells interact with the cerebral stimulus through production of pleiotropic mediators such as prostanoids, cytokines and chemokines (Chen et al., 2020; Li et al., 2020). The inflammatory or immune response following a stroke includes changes in numerous pro and anti-inflammatory cytokines and chemokines in the brain tissue. Previous reports suggest that targeting the inflammatory cytokines is beneficial for the treatment of cerebral ischemia (Li et al., 2020). Inflammatory reaction initiates the tissue lesions such as accumulation of free radicals as well targeting the toxic enzyme of brain tissue. Report suggest that various inflammatory mediators interact with each other and enhance the brain injury. Increases the level of inflammatory cytokines in the brain and begins the breakdown of BBB during cerebral ischemia (Gong et al., 2014; Li et al., 2020).
Report suggests that the TNF-α is activated during the brain ischemia. TNF-α generated through monocytes and macrophages and its over generated due to activation of inflammation related cells during the cerebral ischemia, that boost the local inflammation reaction in the brain tissue (Chen et al., 2020; Li et al., 2020). The level of cytokines increased as a result of leukocyte leakage into the circulation, causing an influx of neutrophils, macrophages, and microglia to enter the ischemic area, causing neuronal cell death and injury. TNF-α induces the cerebral endothelial cells injury and also enhance the BBB permeability, thus contributing to the formation of brain edema (Gong et al., 2014; Li et al., 2020). Moreover, the antiedematous effect of pterostilbene due to reduction the synthesis of TNF-α and also provide the protection of the BBB against disruption. Other inflammatory cytokines such as IL-6 and IL-1β and NF-κB activation play an important role in the pathogenesis of brain edema (He et al., 2017; Hou et al., 2018; Li et al., 2020). Recently report suggest that pterostilbene considerably suppressed the inflammatory cytokines and activated the NF-κB in the endothelial cells and lipopolysaccharide induced lung injury (Liu et al., 2016). All these results suggest that the preventive effect of pterostilbene, at least in part, from suppression the cytokines production and subsequently their signaling pathways. More molecular research needs to elucidate these possibilities.
During cerebral ischemic injury, enhance the level of iNOS due to development of injury cause by inflammatory cytokines and mediators (Li et al., 2017; Zhang et al., 2020). During the normal process, NO generated from the oxidation of L-arginine and further catalysed through synthesis of nitric oxide. The iNOS level boosted in the cerebral ischemic group, confirm the expansion of inflammation and pterostilbene considerably suppressed the iNOS level and confirm the reduction in the inflammatory reaction. Inflammatory mediators and cytokines increased the level of immunocyte such as neutrophils and macrophages (Gong et al., 2014; Li et al., 2017; Zhang et al., 2020). The boosted level of iNOS, PGE2 and COX-2, observed after the cerebral ischemia, which further expand the brain injury via inducing the damage in the neuronal cells (Gong et al., 2014; Li et al., 2021).
Prostaglandin is formed when arachidonic acid (AA) is metabolised, and it has been shown to have both a pro and anti-inflammatory effect in mammalian systems, as well as other physiological activities (Liang et al., 2020; Yuan and Zhang, 2021). COX is thought to have a role in brain homeostasis, such as blood flow regulation. Due to COX’s important involvement in vasodilation, rodents lacking the enzyme were more prone to stroke. COX is divided into two isomers (COX-1 and COX-2), which have similar catalytic actions but differing physiological functions (Liang et al., 2020). COX-2 is an inducible COX that catalyses the first committed step in prostaglandin production from arachidonic acid (Liang et al., 2020; Yuan et al., 2021a). COX-2 levels and PG production increase in endothelial cells, neurons, and glial cells in the brain tissue in response to diverse stimuli such as inflammatory mediators, excitatory synaptic activity, hypoxia, and growth factors. Previous report suggest that the COX-2 enzymatic activity involved in the stroke animal model that leads to the enhanced stroke damage and neuronal death (Wei et al., 2016; Liang et al., 2020). The use of pharmacological or genetic techniques to suppress COX-2-dependent PG production reduces infarct volume. As a result, a major effort is ongoing to investigate how to minimise the PG receptor pathways that cause COX-2-mediated cerebral damage after stroke. COX-2 levels are higher in infarcted human brains, according to clinical and prior studies, and it is found in both glial and neuronal cells. Previous research suggests that the enhanced level of COX-2 infiltrating the vascular cells, neutrophils and neurons in the peri-infarct zone (Abd El-Aal et al., 2013; Yu et al., 2015; Wei et al., 2016). It is well documented that COX-2 play an important role to providing the protection of brain tissue against cerebral ischemic injury during the brain injury in the rodents. The higher level of COX-2 rodent having higher infarcts volume after experimental stroke. In animal models, selective pharmacologic suppression of COX-2 activity has shown to be a viable therapeutic target for stroke. Prostanoids (prostaglandin E2 and prostaglandin D2) formed through the COX pathway. (Liang et al., 2020; Yuan et al., 2021a). The level of PGE2 have been boosted in the brain after the cerebral ischemia (Liang et al., 2020). Following doubts regarding the safety of COX-2 inhibitors in 2004, most research on the role of the cyclooxygenase system in stroke focused on the PGE2 and PGD2 receptors (Ahmad and Graham, 2010). The actions of PGE2 receptors are triggered by four G-protein coupled receptors, which are the mediators of stroke injury (Liang et al., 2020; Yuan and Zhang, 2021). The level of PGE2 rose during cerebral ischemia due to the production of brain damage. Our control group rats showed a similar finding, with pterostilbene administration significantly suppressing COX-2 and PGE2, indicating an anti-inflammatory effect (Duan et al., 2016; Sotomayor-Sobrino et al., 2019). NF-κB is another significant transcription factors which activates after the reperfusion of cerebral ischemia (Simão et al., 2012; Yuan et al., 2021a). It is well known that oxidative stress/ROS activates the NF-κB signaling pathway that are involved in the various inflammatory reaction initiate after the cerebral ischemia. NF-κB play a crucial role in implementation of various inflammatory reactions that induces the brain injury during the cerebral ischemia (Abd El-Aal et al., 2013; Wei et al., 2016). NF-κB triggered the various parameters such as inflammatory cytokines and inflammatory mediators that are involved in the brain injury during the cerebral ischemia injury (Liang et al., 2020). Targeting the NF-κB is the novel approach to treat the cerebral ischemia. In this study, pterostilbene considerably suppressed the level of COX-2, PGE2 and NF-κB, suggesting the anti-inflammatory potential against cerebral ischemia.
CONCLUSION
In conclusion, the current investigation showed that pterostilbene has beneficial and protective effect against cerebral ischemia reperfusion injury. Pterostilbene significantly reduced the brain edema, infarct volume and neurological score. Pterostilbene maintain the liver enzymes, renal and lipid parameters at a baseline level. Pterostilbene considerably altered the level of antioxidant enzymes in the brain tissue and reduces the oxidative stress. Pterostilbene significantly suppressed the level of inflammatory cytokines, inflammatory mediators and increased the level of anti-inflammatory cytokines. These findings show that pterostilbene may be an effective treatment for cerebral ischemic stroke. It also emphasises pterostilbene’s clinical applications in the treatment of cerebral ischemia reperfusion.
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Amyotrophic lateral sclerosis (ALS) is a complex disease characterized by motor neuron loss and muscle atrophy. There is no prominent treatment for ALS as the pathogenic process in the skeletal muscle and spinal cord is complex and multifactorial. Therefore, we investigated the effects of a herbal formula on the multi-target effects in the skeletal muscle and spinal cord in hSOD1G93A transgenic mice. We prepared a herbal extract (HE) from Glycyrrhiza uralensis, Atractylodes macrocephala Koidzumi, Panax ginseng, and Astragalus membranaceus. Control and HE-treated mice underwent rotarod and footprint tests. We also performed immunohistochemical and Western blotting analyses to assess expression of inflammation-related and oxidative stress-related proteins in the muscle and spinal cord tissues. We found that the HE increased motor activity and reduced motor neuron loss in hSOD1G93A mice. In addition, the HE significantly reduced the levels of inflammatory proteins and oxidative stress-related proteins in the skeletal muscles and spinal cord of hSOD1G93A mice. Furthermore, we demonstrated that the HE regulated autophagy function and augmented neuromuscular junction in the muscle of hSOD1G93A mice. Based on these results, we propose that the HE formula may be a potential therapeutic strategy for multi-target treatment in complex and multifactorial pathological diseases.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that leads to progressive degeneration and death of the motor neurons and muscle paralysis. Ten percent of patients with ALS are known to have familial ALS that is caused by genetic mutations in genes, such as SOD1 and C9ORF72. However, 90% of the cases are sporadic. Despite several attempts to find effective therapy, only two drugs are permitted for the treatment of ALS—riluzole reduces excessive glutamate excitotoxicity and edaravone reduces oxidative stress. However, even these show only a mild effect in delaying disease progression and extending life (Miller et al., 2012; Watanabe et al., 2018).

Amyotrophic lateral sclerosis is caused by the loss of motor neurons and muscle atrophy. However, it remains controversial whether muscle atrophy is caused by the loss of the motor neurons or pathogenic mechanisms in the muscle that lead to death of motor neurons. Wong and Martin (2010) demonstrated that expression of mutant human SOD1 (hSOD1) in the skeletal muscles causes motor neuron degeneration in an ALS animal model and suggested that the muscles could be the primary site for pathogenesis in ALS. Boillee et al. (2006) showed that microglia and astrocytes contribute to the degeneration of motor neurons, leading to disease pathogenesis. Therefore, therapeutic strategies should target both the motor neurons and skeletal muscles to alleviate the disease suffering and to improve the quality of life of patients with ALS and their families.

Herbal medicines, which are common, complementary, alternative medicines, are used worldwide for the treatment of various diseases, such as cancer (Molassiotis et al., 2005), immune dysfunction diseases (Liu et al., 2018), and neurodegenerative diseases (Zhang et al., 2015; Jarrell et al., 2018) and muscle regeneration and energy metabolism in muscle (Tan et al., 2014; Go et al., 2020).

Based on herbal function, herbal combinations, with each herb having differing mechanisms of action, help increase the therapeutic efficacy. According to a previous study by our group, Bojungikgi-tang (BJIGT) has neuroprotective effects and delays the progression of disease in an ALS animal model (Cai et al., 2019). Therefore, we designed the present study to find a herbal formula in BJIGT that increases the anti-inflammatory and anti-oxidative effects in the ALS model and to examine combined herbal extracts (HEs), including Glycyrrhiza uralensis, Atractylodes macrocephala Koidzumi, Panax ginseng, and Astragalus membranaceus, in the skeletal muscles and spinal cord in the ALS animal model. G. uralensis is primarily used for its anti-inflammatory effects on gastric ulcers (Katakai et al., 2002), as well as its anti-allergic and neuroprotective effects (Kobayashi et al., 1995; Yu et al., 2008; Hasanein, 2011). Atractylodes macrocephala Koidzumi is also used in traditional medicine for its anti-inflammatory (Li et al., 2007) and antitumor effects (Kimura, 2006). P. ginseng has been widely used to improve the motor functions in spinal cord injury models (Kim et al., 2015), and its active compound, ginsenoside Re, has increased anti-inflammatory effects in hSOD1G93A mice and LPS-induced BV2 microglial cells (Lee et al., 2012; Cai and Yang, 2016). A. membranaceus is reported to have bioactive compounds with immunomodulatory, anti-inflammatory, and antioxidant effects in diabetic nephropathy and heart disease (Fu et al., 2014). Additionally, A. macrocephala regulates the mitochondrial function and energy metabolism in C2C12 myotubes (Song et al., 2015).

In the present study, we performed behavioral tests, including rotarod test and foot printing, immunohistochemistry, and Western blotting, in hSOD1G93A mice. We found that the herbal combination extracts improved motor activity and increased anti-neuroinflammation and anti-oxidation activity in the skeletal muscle (tibialis anterior and gastrocnemius) and spinal cord of hSOD1G93A mice.



MATERIALS AND METHODS


Animals

Hemizygous male hSOD1G93A mice were used as the ALS model. They were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). hSOD1G93A B6SJL mice carry a mutation of a glycine-to-alanine at the 93rd codon of the cytosolic Cu/Zn superoxide dismutase gene and were maintained as described previously (Yang et al., 2010). They were handled in accordance with the United States National Institutes of Health guidelines (Bethesda, MD, United States). Animal experiments were approved by the Institutional Animal Care and Use Committee of the Korea Institute of Oriental Medicine (protocol number: 17-061). All mice were housed in Specific Pathogen Free (SPF) animal facility and acclimatized at a constant temperature (21 ± 3°C) and humidity (50 ± 10%) under a 12 h light/dark cycle with free access to water and stand chow ad libitum.



Preparation of Herbal Extracts and Treatment

Medicinal herbs, such as G. uralensis, A. macrocephala Koidzumi, P. ginseng, and A. membranaceu, were purchased from Kwangmyungdang Medicinal Herbs Co. (Ulsan, South Korea). For water extraction of medicinal herbs, these four medicinal herbs were mixed in a 1:1:1:1 ratio. Mixed herbs were extracted with distilled water for 24 h at room temperature, filtered through Whatman filter paper, and concentrated under reduced pressure. The extracts were then freeze-dried to obtain a powdered extract. The extracts were stored at −20°C for further use. For the treatment of HEs, the powdered extract was dissolved in distilled water before use.

Twenty-four male mice were randomly divided into the following groups: non-transgenic mice (nTg) = 8, hSOD1G93A transgenic mice (Tg) = 8, and HE-treated hSOD1G93A transgenic mice (Tg-HE) = 8. HEs were administered once daily for 6 weeks as an oral dose of 1 mg/g, starting in 8-week-old hSOD1G93A transgenic mice. The nTg and hSOD1G93A transgenic mice were the controls and were treated with distilled water.



Rotarod Test

The mice were trained for 2 weeks before the test. To measure motor coordination, each mouse was placed on the rotating rod (10 rpm), as described previously (Yang et al., 2010). Each mouse was tested three times, and the average time spent on the rod was determined for each group.



Footprint Test

Footprint tests were performed the day before the mice were euthanized to determine the extent of muscle loosening (Filali et al., 2011; Mancuso et al., 2011). The hind paws of mice were painted with a non-toxic, water-soluble ink to pass through an alley that was 70 cm in width, 16 cm in length, and 6 cm in height. At least three attempts were made to obtain a clearly visible footprint.



Tissue Preparation

The tibialis anterior (TA) and gastrocnemius (GC) muscles and the spinal cords of mice were collected from hSOD1G93A mice. Mice tissue were homogenized in radioimmunoprecipitation assay (RIPA) lysis buffer [50 mM Tris–Cl pH 7.4, 1% NP-40, 0.1% sodium dodecyl sulfate (SDS), and 150 mM NaCl], containing a protease and phosphatase inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA, United States). Homogenate was quantified using bicinchoninic acid assay kit (Pierce, IL, United States).



Western Blotting Analysis

Total proteins (20 μg) were separated by SDS-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membrane for Western blotting. The membranes were blocked with 5% skim milk (Sigma) in Tris–buffered saline for 1 h at room temperature and then incubated with various primary antibodies overnight at 4°C: tumor necrosis factor (TNF)-α, cluster of differentiation 11b (CD11b), heme oxygenase (HO)-1, ferritin, and tubulin (all 1:1,000; Abcam, Cambridge, MA, United States); NAD(P)H quinone dehydrogenase 1 (NQO1), B-cell lymphoma-2 (Bcl-2)-associated X protein (BAX), transferrin, and actin (all 1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, United States); p62 and microtubule-associated protein 1A/1B light chain (LC) 3B (all 1:1,000; Cell Signaling Technology, Danvers, MA, United States); and glial fibrillary acidic protein (GFAP) (1:5,000; Agilent Technologies, Santa Clara, CA, United States). Further, the blots were probed with horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies (Santa Cruz Biotechnology) and visualized using SuperSignal West Femto Substrate Maximum Sensitivity Substrate (Thermo Fisher Scientific). A ChemiDoc image analyzer was used to detect immunoblotted bands (Bio-Rad, Hercules, CA, United States).



Immunohistochemistry

For neuromuscular junction, the experiment was performed, as described previously (Cai et al., 2019). Briefly, the GC tissue was fixed with 4% paraformaldehyde and incubated in 20% sucrose for 24 h. The GC tissue was then embedded in optimal temperature cutting compound, and the sections were cryo-sectioned. For staining, the sections were incubated with α-bungarotoxin (1:500 dilution) for 2 h.



Nissl Staining

The spinal cord tissues were fixed with 4% paraformaldehyde and paraffinized. Further, the tissue slices were gradually dehydrated in alcohol (70, 80, 90, and 100%) for 5 min with two changes and placed in xylene for 5 min with three changes. Then, the slices were stained with 0.1% cresyl violet (Sigma, St. Louis, MO, United States) for 5 min, washed three times in distilled water, and dehydrated two times in gradient alcohol (70, 80, 90, and 100%) for 5 min each. Finally, the slices were transferred and rinsed again in xylene for three times, 5 min each time, and covered with a coverslip using Histomount media and dried at room temperature. The following criteria were used to quantify motor neuron loss: neurons must be located in the ventral horn of spinal cord L4∼5, the diameter of soma should be more than 20 μm, and neurons should have a distinct nucleolus (Lance-Jones, 1982).



Statistical Analyses

Data are presented as the mean ± standard error of the mean (SEM), where indicated. The experiments were performed at least three independently and analyzed using GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, United States). Comparisons between each group were analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparison tests or Newman-Keuls test.




RESULTS


Herbal Extract Improves Motor Function in hSOD1G93A Mice

The body weight and muscle weight of the mice were significantly reduced by 1.1- and 1.7-fold (p < 0.05, p < 0.001), respectively, in the Tg group compared with the nTg group (Figure 1A). There was no change in the body weight of mice in the Tg-HE group, although the muscle weights of TA and GC of mice in the Tg-HE group were significantly increased by 1.3- and 1.2-fold, respectively, compared with those of mice in the Tg group (Figure 1A).
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FIGURE 1. Effect of herbal extract (HE) on the motor functions in hSOD1G93A mice. (A) The body weight and tibialis anterior (TA) or gastrocnemius (GC) muscle weight of non-transgenic mice, hSOD1G93A mice, and HE-treated hSOD1G93A mice. (B) Comparison of outcome of rotarod and footprint tests between groups. Data are expressed as the mean ± SEM (N = 8, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001). The statistical analyses were conducted using one-way ANOVA followed by Bonferroni’s multiple comparison tests. nTg, non-transgenic mice; Tg, hSOD1G93A mice; Tg-HE, HE-treated hSOD1G93A mice.


The rotarod and footprint tests were performed as behavioral tests to determine the effect of HE administration on the motor function of the hSOD1G93A mice after administration of the HE (1 g/kg) for 6 weeks. As shown in Figure 1B, compared with the motor function in the nTg group, motor function in the Tg group was reduced by 4.1-fold (p < 0.05) in the rotarod test. However, the Tg-HE group showed a 3.8-fold (p < 0.05) increase in motor function compared with the Tg group. Additionally, the Tg group showed stride length of 4.7 ± 0.3 cm, which was reduced by 1.3-fold (p < 0.01) compared with the nTg group; and the Tg-HE group showed stride length of 5.5 ± 0.2 cm, which was 1.2-fold (p < 0.05) that of the Tg group (Figure 1B).



Herbal Extract Reduces Inflammation in the Muscles of hSOD1G93A Mice

To examine the effect of HE on inflammation in the muscles of hSOD1G93A mice, we investigated the expression of inflammation-related proteins—GFAP, TNF-α, and CD11b—by Western blotting. Quantitative analysis showed that the expressions of GFAP and TNF-α were increased by 3.3- and 4.6-fold (p < 0.01), respectively, in the TA of the Tg group compared with that in the nTg group (Figures 2A,B). However, treatment with HE significantly decreased their expressions by 1.7- and 2.0-fold (p < 0.05), respectively, in the Tg-HE group compared with the Tg group.
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FIGURE 2. Herbal extract (HE) relieves inflammation in the tibialis anterior (TA) and gastrocnemius (GC) of hSOD1G93A mice. (A–D) Western blotting of non-transgenic mice (nTg, N = 3), hSOD1G93A mice (Tg, N = 3), and HE-treated hSOD1G93A mice (Tg-HE, N = 3). (A) Data for Western blotting analysis of glial fibrillary acidic protein (GFAP) and tumor necrosis factor (TNF)-α in the TA. (B) Quantification of levels of GFAP and TNF-α with respect to levels of actin that is used as a loading control. (C) GC is immunoblotted with TNF-α, GFAP, and cluster of differentiation 11b (CD11b) using nTg, Tg, and Tg-HE (N = 3). (D) Quantification of levels of TNF-α, GFAP, and CD11b with respect to that of or actin that is used as a loading control. Data are shown as mean ± SEM. The statistical analyses were conducted with one-way ANOVA followed by Bonferroni’s multiple comparison tests (*p < 0.05 and **p < 0.01).


Moreover, the expressions of TNF-α, GFAP, and CD11b were increased by 2. 8−, 2. 0−, and 6.3-fold (p < 0.01, p < 0.05, and p < 0.01), respectively, in the GC of the Tg group compared with that in the nTg group; whereas treatment with HE significantly decreased expression of the same proteins by 1. 6−, 8. 0−, and 2.1-fold (p < 0.05, p < 0.01, and p < 0.05), respectively, in the Tg-HE group compared with the Tg group (Figures 2C,D).



Herbal Extract Attenuates Oxidative Stress in the Muscles of hSOD1G93A Mice

We analyzed the effects of HE on the expression of oxidative stress-related proteins in the muscles of hSOD1G93A mice. The expressions of HO1, NQO1, BAX, and ferritin in the TA of the Tg group increased by 7. 5−, 2. 6−, 7. 9−, and 2.8-fold (p < 0.05, p < 0.001, p < 0.001, and p < 0.05), respectively, compared with that in the nTg group. In contrast, in the GC, they were increased by 2. 1−, 2. 8−, 2. 1−, and 5.3-fold (p < 0.01, p < 0.01, p < 0.01, and p < 0.01), respectively, in the Tg group compared with the nTg group (Figures 3A–D). However, after administration of HE, expressions of HO1, NQO1, BAX, and ferritin in the TA significantly decreased by 2. 9−, 2. 2−, 2. 9−, and 2.3-fold (p < 0.05, p < 0.01, p < 0.05, and p < 0.01), respectively, in the Tg-HE group compared with the Tg group. On the other hand, they decreased in the GC by 4. 0−, 1. 7−, 1. 4−, and 2.2-fold (p < 0.05), respectively, in the Tg-HE group compared with that in the Tg group (Figures 3A–D).
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FIGURE 3. Herbal extract (HE) reduces oxidative stress in the muscles of hSOD1G93A mice. Representative data for Western blotting analysis of HO1, NQO1, BAX, and ferritin in the (A) tibialis anterior (TA) and (C) gastrocnemius (GC) using nTg, Tg, and Tg-HE (N = 3); and quantitative analysis of the expression level of each protein in (B) TA and (D) GC. Data are shown as the mean ± SEM. The statistical analyses were conducted with a one-way ANOVA followed by Bonferroni’s multiple comparison tests (*p < 0.05, **p < 0.01, and ***p < 0.001).




Herbal Extract Reduces the Expression of Autophagy-Associated Proteins in the Gastrocnemius of hSOD1G93A Mice

We investigated the expression of autophagy-related proteins, p62 and LC3B, to examine the effect of HE on autophagy dysfunction in the GC of hSOD1G93A mice. The expression of p62 and LC3B increased by 1.5− and 28.0-fold (p < 0.05 and p < 0.001), respectively, in the GC in the Tg group compared with that in the nTg group (Figures 4A,B). However, treatment with HE significantly decreased their expression by 3.8− and 10.0-fold, respectively, in the Tg-HE group compared with that in the Tg group.
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FIGURE 4. Herbal extract (HE) regulates autophagy dysfunction in the gastrocnemius (GC) of hSOD1G93A mice. (A) GC is immunoblotted with p62 and LC3b using nTg, Tg, and Tg-HE (N = 3). (B) Protein expression is quantified relative to the expression of actin, which was used as loading control. Data are shown as the mean ± SEM. The statistical analyses were conducted with a one-way ANOVA followed by Bonferroni’s multiple comparison tests (**p < 0.01 and ***p < 0.001).


In a previous study, we observed a relatively small muscle fiber diameter and abnormal muscle fiber nuclei in the skeletal muscles of hSOD1G93A transgenic mice (Cai et al., 2015). To analyze the alterations in the structure of the GC muscle fiber following administration of HE, we performed hematoxylin/eosin staining of the cross sections of the muscle tissues. HE administration reduced the abnormal nuclei in GC by 4.7-fold and enlarged the fiber diameter compared to those of the Tg (Figure 5A). In addition, we found that enlarged the fiber diameter in GC of HE-treated group compared to those of the Tg but it was not significant (Figure 5A).
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FIGURE 5. Herbal extract (HE) prevents muscle degeneration in the gastrocnemius (GC) of hSOD1G93A mice. (A) Representative images of H&E staining of the GC of the nTg, Tg, and Tg-HE groups and quantification of the number of abnormal of nucleus and myocyte cross-sectional area (CSA). The arrowhead indicates an abnormal nucleus. (B) α-bungarotoxin staining of the GC and quantification of the number of BTX-positive cells (N = 3); scale bar = 500 μm. Data are shown as the mean ± SEM. The statistical analyses were conducted with a one-way ANOVA followed by Bonferroni’s multiple comparison tests (*p < 0.05).


Next, we determined the effect of HE on the pathological morphology of the GC. We found that treatment with HE retarded the typical features of muscle atrophy, such as increases in the number of small muscle fibers and abnormal nuclei (Figure 5A). Additionally, α-bungarotoxin staining demonstrated that treatment with HE increased the number of neuromuscular junctions (NMJs) in the GC by 2.4-fold (p < 0.05) in the Tg-HE group compared with that in the Tg group (Figure 5B).



Herbal Extract Reduces Expression of Neuroinflammation or Oxidative Stress-Related Proteins in the Spinal Cord of hSOD1G93A Amyotrophic Lateral Sclerosis Mice

Neuroinflammation is a key cellular process in the pathogenesis of ALS (Liu and Wang, 2017). Nissl staining showed that the loss of motor neurons in the saline-treated Tg mice was dramatically reduced by 4.5-fold in the anterior horn of the lumbar spinal cord compared with that in the nTg mice (p < 0.05; Figure 6A). However, treatment with HE reduced the loss of motor neurons by 4.1-fold in the spinal cord of the hSOD1G93A mice. This was consistent with the choline acetyltransferase immunohistochemistry data (p < 0.05; Figure 6A). To study the molecular mechanism of the motor neuron protection by HE, we investigated the levels of neuroinflammation-related proteins, such as GFAP, CD11b, and TNF-α, in the spinal cord of the hSOD1G93A mice using Western blotting (Figures 6B,C). The analysis indicated that the expressions of GFAP, CD11b, and TNF-α were dramatically increased by 1. 8−, 15. 1−, and 1.8-fold (p < 0.05, p < 0.01, and p < 0.05), respectively, in the Tg group compared with in the nTg group; while treatment with the HE in the Tg-HE group significantly reduced the levels of GFAP, CD11b, and TNF-α by 2−, 2. 3−, and 1.8-fold (p < 0.05), respectively, compared with those in the Tg group (Figures 6B,C). In addition, we confirmed that HE treatment reduced by 2.4− and 2.5-fold (p < 0.01), respectively, the immunoreactivity of GFAP and Iba1 in anterior horn of the spinal cord compared to those of the Tg group (Figure 6D).
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FIGURE 6. Herbal extract (HE) inhibits motor neuron death and increases anti-neuroinflammatory and anti-oxidative effects. (A) Nissl staining of the motor neurons (arrowheads) in the anterior horn of L4-5 lumbar spinal cords (N = 3); scale bar = 100 μm. (B) Representative Western blotting images showing the expression of inflammation-related proteins [glial fibrillary acidic protein (GFAP), cluster of differentiation 11b (CD11b), and tumor necrosis factor (TNF)-α] in the spinal cord of each group of mice (N = 3). (C) Quantification of immunoblots normalized to the expression of tubulin. (D) Immunohistochemistry with anti-GFAP and anti-Iba1 in spinal cord. scale bar = 2 mm. (E) Representative Western blotting images showing the expression of transferrin and BAX in the spinal cord of each group of mice (N = 3). (F) Quantification of immunoblots normalized to the expression of tubulin. Data are shown as the mean ± SEM. The statistical analyses were conducted with a one-way ANOVA followed by Newman-Keuls multiple or Bonferroni’s multiple comparison tests (*p < 0.05, **p < 0.01, and ***p < 0.001).


Oxidative stress is a mechanism contributing to ALS that leads to motor neuron cell death (Barber et al., 2006). To determine whether treatment with HE regulates oxidative stress, we evaluated the levels of oxidative stress-related proteins, transferrin and BAX, using Western blotting in the spinal cord of ALS mice (Figures 6E,F). The expression levels of transferrin and BAX were significantly increased by 1.9− and 2.7-fold (p < 0.05 and p < 0.001), respectively, in the Tg group compared with the nTg group, while treatment with HE in the Tg-HE group dramatically reduced their expression levels each by 1.8-fold (p < 0.05 and p < 0.01) compared with those in the Tg group.




DISCUSSION

Amyotrophic lateral sclerosis is a complex and incurable disease that leads to motor neuronal cell death and muscle paralysis. Studies have attempted to find treatment against ALS, but there is still no effective drug to treat ALS patients. Riluzole and edaravone have been used for the treatment of patients with ALS, but they do not offer complete cure. Therefore, it is necessary to develop drugs against multiple targets because ALS is a complex disease of the muscles and spinal cord.

Herbal medicine comprises multiple components and is primarily used to improve the immune system. Therefore, we investigated whether a herbal formula extract could be helpful in achieving immunity and anti-oxidation in the muscle and spinal cord of the hSOD1G93A transgenic mice. The hSOD1G93A transgenic mice have decreased muscle function in their skeletal muscles, such as strength, mitochondrial structure, and contractile apparatus, as well as loss of motor neurons in the spinal cord (Dobrowolny et al., 2008; Martin and Wong, 2020). Many studies have focused on the pathological mechanisms of motor neuron death (Renton et al., 2014; Alsultan et al., 2016; Taylor et al., 2016); however, only some studies have demonstrated that the skeletal muscles are a critical target for developing effective treatment for patients with ALS (Wong and Martin, 2010).

Oxidative stress is a critical factor leading to motor neuron death and muscle atrophy in ALS because oxidative stress impairs mitochondrial function and dysregulates protein homeostasis (Le Gall et al., 2020). Reactive oxygen species cause oxidative stress and increase production of cytokines and chemokines involved in abnormal glial oxidative responses in neurodegeneration (Nijssen et al., 2017). In the ALS model, immune cell infiltration is observed in the extensor digitorum longus muscle (Trias et al., 2018). Additionally, oxidative stress accelerates presynaptic decline in the NMJs and causes abnormal secretion of acetylcholinesterase. Therefore, the subsequent reduction in acetylcholine levels in the synaptic cleft can lead to the loss of muscle strength in patients with ALS (Pollari et al., 2014). Edaravone, an antioxidant, is a free radical scavenger and is used for the treatment of patients with ALS (Yoshino and Kimura, 2006), although it does not extend patients’ survival. Other antioxidants, including vitamin E, acetylcysteine, and creatine, were effective in ALS animal models, but they are not valuable for disease symptoms in patients with ALS (Louwerse et al., 1995). Therefore, studies on the discovery of multitarget treatment should be considered in ALS pathology as neuroinflammation and oxidative stress are linked and together causes loss of motor neurons and muscle degeneration. We focused on the anti-inflammatory and anti-oxidative effects of the herbal formula (G. uralensis, A. macrocephala Koidzumi, P. ginseng, and A. membranaceus) in the spinal cord and skeletal muscles of 14-week-old (presymptomatic stage) hSOD1G93A mice to determine its preventive effect. We found that treatment with HE increased muscle weight and motor activity in the rotarod and foot printing tests. Additionally, we demonstrated that the expression levels of inflammation-related proteins (GFAP, TNF-α, and CD11b) and oxidative stress-related proteins (HO1, NQO1, Bax, and ferritin) were significantly reduced by HE in the TA and GC of hSOD1G93A mice compared with those of the control mice.

Glial fibrillary acidic protein expression was increased in the hindlimb of GFAP-luc/SOD1G93A mice at disease onset in damaged sciatic nerves ALS, suggesting that GFAP upregulation could be a valid marker at peripheral axons/neuromuscular junction and in the spinal cord/brain area according to the ALS pathogenesis stage (Keller et al., 2009).

Furthermore, we found that treatment with HE increased NMJ in the muscles to raise the motor function in hSOD1G93A mice. These findings suggest that treatment with HE can delay disease progression through anti-inflammatory and anti-oxidative effects in the skeletal muscles of mice with ALS. However, whether HE can extend the survival of hSOD1G93A mice remains to be investigated.

Mitochondrial dysfunction is detected in the muscles and spinal cord of hSOD1G93A mice (Mattiazzi et al., 2002; Scaricamazza et al., 2020), plays a critical role in the degeneration of motor neurons in ALS, and is considered a therapeutic target due to its involvement in disease onset. Oxidative stress modulates the autophagy signaling pathway in the muscles and motor neurons (Rodney et al., 2016; Le Gall et al., 2020). Olivan et al. (2015) demonstrated a significant activation of the autophagy marker, LC3-II/LC3-I, in the muscles derived from hSOD1G93A mice (Olivan et al., 2015). Furthermore, Zhou et al. (2019) showed that oxidative stress, mitochondrial dysfunction, and reduction in autophagy function promoted recurrent mitochondrial damage. Therefore, we suggest that an increase in motor activity and NMJ following treatment with HE results from loss of mitochondrial damage by anti-oxidation and autophagy regulation in hSOD1G93A mice. As fiber transition from glycolysis to β-oxidation in the ALS muscle correlates with disease onset and defects in motor functions (Dobrowolny et al., 2018; Scaricamazza et al., 2020), the relationship between metabolic changes and motor function after treatment with HE should be investigated.



CONCLUSION

This study demonstrated that treatment with HE improved motor activity and prevented the loss of motor neurons in hSOD1G93A mice. Additionally, we identified anti-inflammatory and anti-oxidative mechanisms of HE in the skeletal muscles and spinal cord of ALS mice. Treatment with HE reduced the expression levels of inflammation-related proteins (GFAP, CD11b, and TNF-α) and oxidative stress-related proteins (HO1, NQO1, Bax, and ferritin) in the muscles (GC and TA) and spinal cord of hSOD1G93A mice. The limitation is that we did not investigate the bio-active components of the anti-inflammatory and anti-oxidative effects of HE in the ALS model. Taken together, HE can be helpful for the treatment of multi-target complex diseases, such as ALS.
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Impaired cerebral hemodynamic autoregulation, vasoconstriction, and cardiovascular and metabolic dysfunctions cause cerebral hypoperfusion (CH) that triggers pro-oxidative and inflammatory events. The sequences linked to ion-channelopathies and calcium and glutamatergic excitotoxicity mechanisms resulting in widespread brain damage and neurobehavioral deficits, including memory, neurological, and sensorimotor functions. The vasodilatory, anti-inflammatory, and antioxidant activities of cucurbitacin E (CuE) can alleviate CH-induced neurobehavioral impairments. In the present study, the neuroprotective effects of CuE were explored in a rat model of CH. Wistar rats were subjected to permanent bilateral common carotid artery occlusion to induce CH on day 1 and administered CuE (0.25, 0.5 mg/kg) and/or Bay-K8644 (calcium agonist, 0.5 mg/kg) for 28 days. CH caused impairment of neurological, sensorimotor, and memory functions that were ameliorated by CuE. CuE attenuated CH-triggered lipid peroxidation, 8-hydroxy-2′-deoxyguanosine, protein carbonyls, tumor necrosis factor-α, nuclear factor-kappaB, myeloperoxidase activity, inducible nitric oxide synthase, and matrix metalloproteinase-9 levels in brain resulting in a decrease in cell death biomarkers (lactate dehydrogenase and caspase-3). CuE decreased acetylcholinesterase activity, glutamate, and increased γ-aminobutyric acid levels in the brain. An increase in brain antioxidants was observed in CuE-treated rats subjected to CH. CuE has the potential to alleviate pathogenesis of CH and protect neurological, sensorimotor, and memory functions against CH.
Keywords: cerebral hypoperfusion, cucurbitacin E, memory, GABA, bay-K8644, caspase-3, inflammation, working memory
INTRODUCTION
Cerebral hypoperfusion (CH) originates from cardiovascular abnormalities that result in severe neurobehavioral deficits similar to Alzheimer’s-type dementia and vascular cognitive impairment and dementia (Dong et al., 2018). A decease in cerebral blood flow (CBF) is typically observed in old age along with other comorbidities that share some major risk factors, such as cardiac disorders (e.g., cardiac arrest), hypertension, atherosclerosis, dyslipidemia, and metabolic diseases (e.g., hyperglycemia, obesity) (Duncombe et al., 2017). The brain is vulnerable to hemodynamic alterations owing to the need of an uninterrupted supply of glucose and oxygen to meet the energy requirements for fulfillment of metabolic demands. However, vascular impairments and deregulation of hemodynamic autoregulatory mechanisms cause hypoperfused states in the brain that give rise to a sequence of events detrimental to brain architecture and functions (Liu and Zhang, 2012; Saxena et al., 2015). At present, the pharmacotherapeutic approaches in patients of CH are limited to symptomatic treatment only, and there is a dearth of some novel therapeutic agents that can modify or even reverse the pathogenesis of CH (Farkas et al., 2002).
Hemodynamic aberrations hamper aerobic respiration and energy supply that results in failure of ion-channel activity and biogenesis of reactive oxygen species in the mitochondria. A pathogenic increase in free radicals not only depletes endogenous antioxidants, but also instigates catastrophic events of oxidative stress and inflammation in the hypoperfused brain (Chen et al., 2011). Ion channelopathy, such as hyperactivation of postsynaptic N-methyl D-aspartate receptors (NMDAR), leads to a calcium (Ca2+) influx that initiates proteolytic mechanisms (e.g., calpains) and Ca2+-dependent cell death pathways (e.g., caspase-3). Ca2+ plays a vital role in long-term brain damage by increasing free radicals and expression of pro-inflammatory cytokines during brain hypoperfusion (Warner et al., 2004; Daulatzai, 2017). An excessive rise in cytoplasmic Ca2+ levels activates the nitric oxide synthase–nitric oxide pathway that fortifies the glutamatergic activation of NMDARs, thereby establishing a vicious cycle of neurodegenerative pathways. Together, free radicals, inflammatory molecules, proteolytic enzymes (e.g., matrix metalloproteinases, myeloperoxidase), and adhesion molecules damage the vascular architecture in the brain, including the blood–brain barrier (BBB) (Wang et al., 2020). These events lead to infiltration of neutrophils and monocytes and activation of macrophages and microglia that further amplify brain damage (Liu and Zhang, 2012). Inhibition of glutamatergic excitatory drive and reestablishment of CBF can alleviate the oxidative and inflammatory insult and protect neurobehavioral functions (Farkas et al., 2002).
Cucurbitacins are steroidal tetracyclic terpenes abundantly found in Cucurbitaceae (e.g., cucumbers, pumpkins, gourds) and several other plant families, such as Scrophulariaceae, Begoniaceae, Primulaceae, Liliaceae, Tropaeolaceae, and Rosaceae (Kaushik et al., 2015). Cucumis melo L. and cucurbitacin are Chinese traditional medicines used as antimalarial, emetics, narcotics, and against jaundice (Dhiman et al., 2012; Zhong et al., 2020). Cucurbitacin B and E are the most common and widely studied (Chung et al., 2015). In earlier studies, cucurbitacin showed cytotoxic, antitumor, hepatoprotective, anti-inflammatory, antimicrobial, anthelmintic, cardiovascular, and antidiabetic effects (Dhiman et al., 2012; Chung et al., 2015; Kaushik et al., 2015; Garg et al., 2018; Zhong et al., 2020). Many of the pharmacological activities (e.g., antiproliferative, antiobesity, immunomodulatory, and neuroprotective) of Cucurbitacin E (CuE) are attributed to antioxidant and anti-inflammatory properties (Murtaza et al., 2017; Song et al., 2018; Xie et al., 2020). CuE can modulate several molecular mechanisms (e.g., Janus kinase, signal transducer and activator of transcription, cyclo-oxygenase-2, autophagy, cofilin) that may be exploited for potential benefits in various cerebral disorders (Murtaza et al., 2017; Song et al., 2018). Yuan et al. (2019) showed that pretreatment with cucurbitacin-rich extract of Cucumis melo L. inhibited phenylephrine-mediated vasoconstriction, enhanced acetylcholine-mediated vasodilation, and suppressed the angiotensin II-induced increase in systolic blood pressure in mice. Furthermore, anti-inflammatory and antioxidant effects of CuE were observed in carrageenan-induced paw edema and liver damage animal models (Peters et al., 1997; Hussein et al., 2017). Cell culture studies revealed the neuroprotective effects of CuE against 1-methyl-4-phenylpyridinium (MPP+) induced Parkinson’s disease by modulating lysosomal-autophagic mechanisms (Arel-Dubeau et al., 2014). These findings indicate that CuE may have therapeutic value against CH states and improve the behavioral outcomes by improving the blood flow and attenuating oxidative and inflammatory cascades in the brain. The present study investigated the neuroprotective and memory-enhancing effects of CuE in permanent 2-vessel occlusion (2-VO)-induced CH in rats.
MATERIALS AND METHODS
Experimental Subjects
The research protocol was accepted by the Animal Ethics Committee of Henan Hospital of Traditional Chinese Medicine (The Second Affiliated Hospital of Henan University of Chinese Medicine) (Henan, China) vide approval reference no. ky20210429001 on April 29, 2021. Wistar rats (7–8 month adults) of male sex (body weight range 220 ± 10 g) were housed under a standard laboratory environment. Each rat was housed individually in polyacrylic cages and nurtured using a regular diet and water with unlimited access. Rats were fasted for 12 h before surgery, but water was provided ad libitum. The caregivers were blinded to the treatment groups. The experiments on animals were conducted after 2 weeks of an acclimatization phase. Experiments were performed between 0900 and 1600 h.
Drugs and Chemicals
CuE (mol. weight 556.69, purity >95%) was acquired from Merck (China). Monosodium phosphate (NaH2PO4), dipotassium phosphate (K2HPO4), sodium cyanide (NaCN), p-Nitrobluetetrazolium chloride (NBT), ethylenediaminetetraacetic acid (EDTA), riboflavin, hydrogen peroxide (H2O2), Folin–Ciocalteu’s reagent, formaldehyde, bovine serum albumin (BSA), trichloroacetic acid, n-butanol, thiobarbituric acid (TBA), acetic acid, 5,5′-Dithiobis-(2-nitrobenzoic acid) (DTNB), sulfosalicylic acid, dimethyl sulfoxide (DMSO), pyridine, and sodium dodecyl sulphate (SDS) (TCI, Shanghai, China); acetylthiocholine (AcTh) iodide, methanol, acetonitrile (HPLC grade), copper sulfate (CuSO4), 2,4 dinitrophenylhydrazine (DNPH), sodium-potassium tartrate, sodium nitrite (NaNO2), sodium carbonate (Na2CO3), sulphanilamide, N-1-Napthyl ethylenediamine dihydrochloride, 0.5% hexadecyltrimethylammonium bromide (HETAB), 3,3′,5,5′-tetramethylbenzidine (TMB), N, N′-dimethylformamide, heptanes (Fischer-Scientific); catalase (Cayman Chemicals, Ann Arbor, MI, United States) were used. The standards including amino acids viz. glutamate and GABA used were procured from Sigma Chemical Co., St. Louis, MO, United States.
Surgery-CH
The procedure and techniques used in bilateral common carotid arteries occlusion (BCCAo)-induced CH are adopted from previous protocols (Yanpallewar et al., 2005; Bhuvanendran et al., 2019). Atropine sulfate (0.5 mg/kg, i.p.) was injected as a preanesthetic treatment. An anesthesia cocktail of ketamine (90 mg/kg) and xylazine (10 mg/kg) was administered through the intraperitoneal (i.p.) route in rats. Eye reflex, toe or tail pinch responses were checked to determine the level of general anesthesia. The surgical zone was disinfected using 70% ethanol. A skin incision in the ventral side of the neck (midline) was performed between the sternocleidomastoid and sternohyoid muscles in line with the windpipe (area in the middle of the neck and sternum to reveal the windpipe). Common carotid arteries (both right and left) next to the sternocleidomastoid muscle were isolated vigilantly from the vagosympathetic nerve and adventitial sheath. Bilateral common carotid arteries were permanently double-ligated (p-BCCAo) using a sterilized 3–0 silk suture in the CH model. The skin incision was applied with penicillin and 0.5% bupivacaine and then sutured. The first carotid to be ligated, either right or left, was interchanged throughout the experiment (Soria et al., 2013). The temperature of the animals was monitored at regular intervals by a rectal thermometer probe. Body temperature at 37°C ± 0.5°C was maintained during the entire phase using a feedback-adjusted heat-cushion. After sutures, a warm atmosphere (37°C ± 0.5°C) was preserved to avoid hypothermia in animals. Each rat was kept independently in a distinct cage and allowed unhindered access to a semisolid standard diet, and purified water was given. Rats showing reluctance to drinking water postsurgery were given buprenorphine (0.05%, i.p) once. Sham rats were exposed to matching surgery without carotid artery ligation.
Experimental Design
CuE was homogenously suspended in a vehicle (0.5% carboxymethylcellulose; CMC) and given in doses 0.25 and 0.5 mg/kg in rats through the oral route (Lu et al., 2017; Murtaza et al., 2017). The rats were dispersed in six groups in a single blind manner by a random distribution technique (n = 12): 1) Sham (S), 2) S + CuE(0.5), 3) CH, 4) CH + CuE(0.25), 5) CH + CuE(0.5), 6) CH + Bay-K8644 + CuE(0.5). Rats were subjected to sham or CH surgery on day 1. CuE was administered for 28 consecutive days after CH or sham procedure on day 1. Bay-K8644 (0.5 mg/kg, i.p., 28 days) (Jackson and Damaj, 2009) was given to rats that were subjected to CuE (0.5 mg/kg) treatment for 28 days and CH on day 1. Animals in sham or CH groups were given the vehicle (0.5% CMC dose volume 5 ml/kg) from days 1–28. The neurological functions and sensorimotor performance were assessed on days 1, 7, 14, 21, and 28. Working memory of rats was evaluated on day 25 using the novel object recognition test (NORT). On days 26 and 27, the animals were exposed to a passive avoidance test. Afterward, whole brain samples were collected for histopathological examination and assessment of biochemical parameters of oxidative stress, such as 8-hydroxy-2′-deoxyguanosine (8-OHdG), thiobarbituric acid reactive substances (TBARS), superoxide dismutase (SOD), catalase, and glutathione (GSH), protein carbonyls, cellular demise viz. lactate dehydrogenase (LDH) and caspase-3, acetylcholinesterase (AChE), γ-aminobutyric acid (GABA), glutamate, inducible nitric oxide synthase (iNOS), inflammation such as tumor necrosis factor-α (TNF-α), nuclear factor-kappaB (NF-κB), myeloperoxidase (MPO), and vascular injury such as matrix metalloproteinase 9 (MMP-9).
Evaluation of Neurological Deficits
Abnormal gait, reflexes, and hemiplegia functions were determined by adopting the standard technique of assessing neurological deficits using a modified 12-point neurological scale (mNSS) (Table 1).
TABLE 1 | Scoring scale (12-point) for modified neurological severity score test (mNSS) in rats. Each animal was exposed to four different tests (twisting of thorax, forelimb flexion, beam-walk test, and hanging-wire test) and scores added to obtain neurological deficit score (NDS) of an individual animal.
[image: Table 1]Sensorimotor Test
The rotarod test was used for determining the balance and coordination aspects of sensorimotor performance in rodents. The rats were trained until they were able to run for more than 60 s on a rod rotating at nine rotations per min (rpm). After the training, each rat was placed on the rod and the rotation speed was enhanced incrementally every 10 s from 6 rpm (initial speed) to 30 rpm (final speed) over the course of 50 s. The fall-off latency (s) over the rotating rod before induction of and after CH was noted.
Evaluation of Working Memory
The assessment of recognition type working memory used discrimination between a familiar and a new article via innate probing behavior of rodents in novel object recognition task (NORT) (Ennaceur and Delacour, 1988). An open arena with plywood walls (80 × 40 × 60 cm3) and solid-wood objects (three similar copies) of three varied shapes (compact cube, cylinder, and pyramid) having a height of 10 cm were used. Experiments were performed in a noise-attenuated place with uniform lighting conditions. Rats were familiarized prior to testing for 3 successive days by permitting search of the vacant arena for 5 min duration. In the training trial, two alike objects were situated at indiscriminately designated divergent angles of the arena with a 10 cm gap from the plywood walls. Each animal was positioned in the center of the arena facing at a 90° angle away from the alike objects. Afterward, time expended by the animal to scrutinize the individual objects (z1 and z2) was observed (cutoff period 5 min). In probing behavior, sniffing, touching, or investigating the object within a 2 cm zone was acceptable. After 5 min of intertrial pause, the retention trial was initiated. A new article replaced one of the former articles, and time expended in investigation of each article (z3 and y) by the animal was observed. To decline plausible partiality caused by fondness for specific places or articles, complete amalgamations and settings within the arena were compensated. After every single trial, olfactive signs were circumvented by wiping the apparatus using 20% ethanol. The discrimination index (DI) mirrors the variation in time expended examining the familiar article and the new article (y—z3) that represents the memory. DI was quantified using formula (y—z3)/entire investigation time during the retention trial.
Passive Avoidance (PA) Test
Restriction over the impulsive investigative habit of rodents is used in this inhibitory avoidance test in which the animal adapts to circumvent the aversive stimulus given in the form of a foot shock (1.0 mA for 5 s). The step-through PA instrument is made of twin alike dimensions light–dark compartments (23 × 22 × 23 cm3) separated by a guillotine gate. The dark box consists of plywood walls, and the light box consists of plexiglass walls having a light source (bulb 60 W). A grid floor arrangement viz. 3.1 mm stainless-steel rods placed at a distance 8 mm away from each other made the floor of the dark compartment to issue a scrambled electric shock to rodents. A noise-attenuated place was used to perform the trials. During the training trial (day 26), an individual rat was positioned in the light compartment with the snout contrary to the guillotine gate, which was opened after 10 s, and the rat was permitted to pass into the dark compartment. The time taken to pass into the dark compartment from the light compartment was determined using a digital stopwatch. Afterward, the guillotine gate was shut, and an inevitable foot shock ensued. The animal escaped from the dark compartment after 15 s of termination of shock and placed in its home cage. A retrieval test was performed 24 h post training trial (i.e., on day 27) with an identical practice excepting the foot shock. The step-through latency time (STL) to pass into the dark compartment was noted during acquisition and retrieval trials for the individual rat, giving a 300 s cutoff period (Gimenez De Bejar et al., 2017).
Estimation of Biochemical Parameters
The rats were euthanized by the cervical dislocation method (Sodium pentobarbitone 150 mg/kg). Instantly, the complete brain was harvested and bathed with freezing sterile isotonic normal saline. The brain was homogenized using tissue homogenizer in ice-cold 50 mM sodium-phosphate phosphate buffer (pH 7.40) to prepare 10% w/v brain homogenate. Subsequently, a clear supernatant was obtained by centrifuging the whole brain homogenate for 15 min at 4°C at 12,000 × g force. The clear supernatant was separated for evaluation of biochemical parameters.
Lipid Peroxidation
For assessment of thiobarbituric acid reactive substances (TBARS) (Ohkawa et al., 1979) the assay blend (final volume 4 ml) containing 0.10 ml homogenized brain, 1.50 ml TBA (0.8%), 1.50 ml glacial acetic acid (20%, pH 3.50), 0.20 ml SDS (8.10%), and 0.70 ml purified water was boiled at 95°C for 1 h, n-butanol/pyridine (5 ml in 15:1 ratio) was added into test tubes, assay blend centrifuged at 4000 × g (10 min), and supernatant was separated. Optical density (O.D.) of the malondialdehyde-thiobarbituric acid (MDA-TBA2) chromophore was determined at the wavelength (λmax = 532 nm) using a two-beam UV1700 spectrophotometer (Shimadzu, Japan). The molar extinction coefficient (ε) = 1.56 × 105 /M/cm at λmax = 532 nm was used to estimate TBARS expressed as nmol per mg protein.
Glutathione Levels
Glutathione was assessed adopting the technique of Ellman (1959). Briefly, the test blend comprising homogenate supernatant (1.0 ml) and 4% sulfosalicylic acid (1 ml) was centrifuged for 10 min (4°C) at 2000 × g force. Subsequently, 2.7 ml sodium-potassium phosphate buffer (50.0 mM, pH 7.80) and 0.20 ml DTNB (0.10 mM, pH 8.0) was mixed with 0.10 ml separated supernatant. Glutathione (µmol GSH per mg protein) was enumerated spectrophotometrically (λmax = 412 nm) by using ε = 1.36 × 104 /M/cm at λmax = 532 nm.
Superoxide Dismutase Activity
The activity of superoxide dismutase (SOD) was appraised by following the technique of Winterbourn et al. (1975). Briefly, the test tubes (final volume 3 ml) containing 0.05 ml supernatant of homogenized whole brain, 0.05 ml riboflavin (0.12 mM), 0.10 ml NBT (1.50 mM), 0.20 ml of 0.10 M EDTA (0.30 mM NaCN), and Na+/K+ PO43- buffer (67.0 mM, pH 7.81) q.s. were illuminated for 13 ± 3 min below a 100 W fluorescent-tube (Bajaj®) and O.D. variability (λmax = 560 nm) noted. The SOD in the sample impedes the reduction of NBT by O2− and formazan synthesis. SOD activity (µmol NBT reduced per min per mg protein) is quantified using ε (formazan) = 15,000 /M/cm.
Catalase Activity
For estimation of catalase activity, the disparity in O.D. of the analyte (3.0 ml) containing 0.05 ml homogenized brain supernatant, 1.10 ml H2O2 (0.02 M) in Na+/K+ PO43− buffer (pH 7.80, 0.05 M), and 1.85 ml of 0.05 M Na+/K+ phosphate buffer (pH 7.0) was noted at λmax = 240 nm (Claiborne, 1985). Catalase activity (µmol H2O2 decomposed per min per mg protein of brain) was enumerated by means of ε = 43.6 /M/cm.
Acetylcholinesterase Activity
Acetylcholinesterase (AChE) activity was determined by following the technique of Ellman et al. (1961). Briefly, the test tube volume was made of 0.10 ml acetylthiocholine (AcTh) iodide (1.585 M), 0.10 ml DTNB (0.01 M), 3 ml Na+/K+ PO43− buffer (0.10 M, pH 8.0), and 0.05 ml supernatant. Variation in O.D. was observed at λmax = 412 nm by employing twin-beam UV-spectrophotometer. The activity of AChE (µmol acetylthiocholine iodide hydrolyzed per min per mg protein) was determined utilizing ε = 1.36 × 104 /M/cm at λmax = 412 nm.
Lactate Dehydrogenase Activity
The lactate dehydrogenase activity (µmol NADH oxidized/min/mg protein) was examined using a technique given by Horecker and Kornberg (1948) using ε = 6220 M−1cm−1 at λmax = 340 nm. The total reaction mixture (3 ml) contained 1 ml of 0.2 M Tris-HCl buffer (pH 7.4), 0.15 ml of 0.1 M KCl, 0.15 ml of 50 mM sodium pyruvate, 0.20 ml of 2.4 mM NADH and supernatant. A decrease in extinction for 2 min at 25°C was measured, and the result was expressed in micromole NADH oxidized/min/mg protein.
Total Protein
The total protein content (mg per mL of homogenate) was quantified using a typical curve of BSA with a concentration range 0.2–2.4 mg/ml. The test blend was arranged using 0.25 ml homogenate supernatant, Lowry’s reagent (5.0 ml), Na+/K+ PO43- buffer (1.0 ml), and Folin–Ciocalteu reagent (0.50 ml of 1.0 N). O.D. was determined at λmax = 650 nm (Lowry et al., 1951).
Estimation of Myeloperoxidase Activity
A pellet was used for determination of myeloperoxidase (MPO) activity (units per mg protein) used as a biomarker of inflammatory neutrophil extravasation (Grisham et al., 1990). The pellet is homogenized in 10 volumes of 50 mM potassium phosphate buffer (ice cold, pH 6.2) added with 0.5% hexadecyltrimethylammonium bromide (HETAB) and 10 mM EDTA. MPO catalyzes the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) by hydrogen peroxide to produce a blue chromophore that has λmax = 655 nm. The above homogenate is mixed with 0.5 ml reaction mixture having 80 mM potassium phosphate buffer (pH 5.4), HETAB (0.5% w/v), and TMB (1.6 mM) added as a stock solution (10 mM) prepared in N, N′-dimethylformamide. The reaction is then heated to 37°C and started with hydrogen peroxide (0.3 mM). Each test tube is incubated for 3 min (37°C). The reaction is ended by sequential addition of catalase (20 μg/ml) and 0.2 M sodium acetate (2 ml, pH 3.0) at 4-min intervals and ice cooled. Centrifugation can be used to eliminate extraneous membranous material that can affect spectrophotometric analysis. The O.D. of each reaction test tube is noted at λmax = 655 nm and subsequently corrected by subtracting the blank value. One unit of activity is the quantity of enzyme existing that produces an alteration in O.D. per minute of 1.0 at 37°C in concluding reaction volume comprising sodium acetate. MPO activity was calculated: MPO activity (U/mg protein) =  N/tissue weight with N = 10 × (change in O.D./min)/volume of supernatant taken in final reaction.
Estimation of Protein Carbonyl Content
Brain homogenates were diluted to 750–800 μg/ml of protein in individual samples, and 1 ml of diluted sample was added with 10.1 mM DNPH (0.2 ml) or the same volume of 2 M HCl. The sample was incubated at 25°C for 1 h in a dark environment. Subsequently, 0.6 ml of denaturing buffer (150 mM sodium phosphate buffer, pH 6.8 with 3% SDS), 1.8 ml of heptanes (99.5%), and 1.8 ml of ethanol (99.8%) were added. The sample was vortexed for 40 s and centrifuged at 4000 × g force for 15 min. Protein was secluded from the interface and washed twice with 1 ml of ethyl acetate/ethanol 1:1 (v/v). Separated protein was suspended in 1 ml of denaturing buffer and absorbance noted at λmax = 370 nm spectrophotometrically. Protein carbonylation was quantified using ε = 22,000 /M/cm (Reznick and Packer, 1994; Yan et al., 1995).
HPLC-FLD Analysis of Neurotransmitters
The brain was swiftly harvested on frozen ice, weighed, and homogenized using 15 volumes of methanol/water (85:15 v/v). The homogenate was centrifuged (7800 × g for 15 min at 4°C) and supernatants detached, filtered by means of a cellulose membrane of pore size 0.22 µm, and then kept at −20°C until derivatization for GABA/glutamate analysis. The filtered supernatant (10 μL) was diluted with deionized water (990 µL). The OPA derivatization technique was used for assessment of GABA and glutamate. Standard (glutamate or GABA) or supernatant (100 µL) was subjected to precolumn derivatization in microcentrifuge tubes (Eppendorf) using OPA solution (22 µL) at room temperature in the dark for 10 min. The OPA solution consisted of methanolic OPA (5 mg/ml), 75 µL borate buffer (pH 9.9), and 5 µL 3-mercaptopropionic acid. The derivatization product (20 µL) was inoculated into the column (C18 column; 5 μm, 4.6 × 250 mm) of HPLC system (Waters) with fluorescence detection (Agilent 1260 Infinity FLD G1321C) coupled with an LC-10 AD pump. The mobile phase used comprised 0.05 M sodium acetate, tetrahydrofuran, and methanol (HPLC grade) (49:1:50 v/v/v) (pH 4.1) and filtered through 0.22 µm and vacuum degassed before disseminated in HPLC at flow rate 0.05–0.1 ml/min. The column temperature was upheld at 23°C–27°C. Compounds were eluted isocratically over a 15-min runtime at a flow rate of 1 ml/min. The fluorescent detector was set at an excitation wavelength of λmax = 337 nm and an emission wavelength of λmax = 454 nm. The concentrations of neurotransmitters were measured by means of external standards and the zone under the peak procedure. The peak zones were determined by injecting serial dilutions of standards. Peak zones (upright axis) versus matching concentrations (flat axis) of individual discrete amino acid were plotted to obtain a linear standard arc and used to quantify the concentrations in samples. Concentration of glutamate and GABA reported as µg/mg of the brain tissue.
Enzyme-Linked Immunosorbent Assay
A double antibody sandwich ELISA method was employed to measure the TNF-α (#KB3145, Krishgen Biosystems), NF-κB (#K11-0,288, KinesisDX, United States), MMP-9 (E-EL-R3021, Elabscience), caspase-3 (#E4592, Biovision), 8-hydroxy-2′-deoxyguanosine (#ADI-EKS-350, Enzo LifeSciences), and iNOS (#E4649, Biovision) levels in the rat brain samples. The assay procedure specified in the instruction brochure provided in the kits was appropriately followed. Briefly, whole brain tissue was homogenized and then centrifuged at 2500 × g for 20 min. Supernatant was taken and filled in wells (12 × 8 wells) that were precoated with rat monoclonal antibodies. The plates were incubated at 37°C for 1 h. Biotin-labeled detection antibody followed by streptavidin-horseradish peroxidase were added and plates were covered and again incubated. A bluish coloration was obtained by the addition of chromogenic solution A/B or TMB substrate. The reaction was stopped by adding stop solution, and instantly (within 15 min) O.D. was observed at a wavelength λmax = 450 nm by using an ELISA reader (iMARK, BIORAD). A standard curve of different biomarkers (concentrations standard rat TNF-α 450, 225, 56.25, 28.13, 14.06, 7.03, and 3.51 pg/ml; NF-κB 12, 6, 3, 1.5, and 0.75 ng/ml; MMP-9 7.81, 15.63, 31.25, 62.5, 125, 250, and 500 ng/ml; caspase-3 and iNOS 0.313, 0.625, 1.25, 2.5, 5, 10, and 20 ng/ml, 8-OHdG 0.94, 1.875, 3.75, 7.5, 15, 30, and 60 ng/ml) was plotted to estimate TNF-α (pg/ml), NF-κB (ng/ml), MMP-9 (ng/ml), caspase-3 (ng/ml), iNOS (ng/ml), and 8-OHdG (ng/ml) in the samples.
Brain Histopathology
Animals were deeply anesthetized and intracardially (via left ventricle) perfused with 10% neutral buffered formalin solution (10% NBF) by using a gravity fed perfusion setup. The cortex were fixed for 6 days (4°C) in 10% neutral buffered formalin with 0.05% sodium azide (pH 7.0) in a fixative-to-tissue ratio of 10:1. A 70% ethanol was used as storage medium (4°C) for the previously fixed brain tissues. A rotary microtome was used to section out thin slices (5.0 μm) that were stained using hematoxylin and eosin (H&E) dye. Permanent slides were prepared using DPX-resin mounting medium and subsequently coverslipped. These slides were scrutinized using light microscopy at ×40 magnifications. In histomorphometric analysis, cortical neuron densities (per µm2) were determined by counting viable neurons using ImageJ software (NIH Image 1.61; National Institute of Health; Bethesda, MD).
Statistical Analysis
Data were analyzed by a skilled experimenter blinded to miscellaneous treatments received by diverse clusters of rats. Data from the PA test, NORT, biochemical and histomorphometry parameters were analyzed using one-way ANOVA and Tukey’s honestly significant difference (HSD) post hoc test. Grubb’s test was applied to eradicate likely outliers even though no outliers were detected. To determine the typical distribution of variables, the Kolmogorov–Smirnov test was used. Levene’s test was applied to test the homogeneity of variance (HOV). One-way ANOVA was applied to compare the means of normally distributed variables. If the variance was homogeneous (p > .05, Levene’s test) and the outcomes of one-way ANOVA were substantial (p < .05, F-statistic), Tukey’s HSD post hoc test was used for multiple comparisons. If the variance was unequal (p < .05, Levene’s test), Welch’s ANOVA was used (F′-statistic), and if the matching p was <.05, the Games–Howell technique was used for the post hoc analyses. The post hoc tests were only applied when ANOVA results were significant (p < .05). Box and whisker plots (Tukey) demonstrate mean (+), median (bold horizontal line), quartiles (box), and total range (whisker). Data from mNSS and rotarod were analyzed using two-way ANOVA. When two-way ANOVA generated a significant interaction, then Bonferroni’s post hoc test was applied. Results of mNSS and rotarod expressed as mean ± standard deviation (S.D.). Statistical significance was considered at p < .05.
RESULTS
CuE Attenuated CH-Induced Neurological and Sensorimotor Deficits
Rats exposed to CH on day 1 showed substantial neurological and sensorimotor deficits (days 1, 7, 14, 21, and 28, p < .001) relative to sham rats. CuE (0.25 and 0.5 mg/kg) post-treatment in rats for 28 days attenuated CH-induced neurological deficits (p < .001) [F(20,330) = 12.63, p < .001] (Figure 1A) and also improved sensorimotor performance (p < .001) [F(20,330) = 1.41, p < .001] (Figure 1B) compared with rats that were given CH and vehicle treatments alone. Interestingly, administration of Bay-K8644 (Ca2+ agonist) significantly attenuated CuE (0.5 mg/kg) induced decline in mNSS (day 1 p < .001, day 7 p < .001, day 14 p < .01, day 21 p < .001, and day 28 p < .001) in rats exposed to CH relative to rats that were subjected to CuE (0.5 mg/kg) and CH surgery. Furthermore, CuE (0.5 mg/kg) showed a dose-dependent decrease in mNSS (day 21 p < .05; day 28 p < .01) in comparison with CuE (0.25 mg/kg) in rats subjected to CH.
[image: Figure 1]FIGURE 1 | CuE, 0.25 and 0.5 mg/kg, p.o., post-treatment for 28 days attenuated neurological and sensorimotor deficits in rats subjected to CH on day 1. Neurological deficit scores (12-point scale) (A) and latency to fall (s) in rotarod test (B) evaluated on different days. Bay-K8644 significantly attenuated CuE-induced decrease in mNSS. Data expressed as mean ± S.D. (n = 12). ### (p < .001) vs. Sham (S) group; *** (p < .001) vs. CH group; (p < .05), (p < .01), (p < .001) vs. CH + CuE(0.5) group
CuE Attenuated CH-Induced Memory Deficits
Estimation of DI in NORT on day 25 revealed that permanent 2-VO on day 1 debilitated recognition type of working memory in rats. Rats subjected to CH showed a considerable decrease (p < .001) in DI relative to sham [F(5,71) = 60.52, p < .001]. CuE (0.25 and 0.5 mg/kg) post-treatment in rats subjected to CH attenuated the memory deficits (p < .01, p < .001) relative to rats that were exposed to CH and vehicle administrations (Figure 2A). In the PA test, STL was evaluated to determine the effects of CuE on memory of rats subjected to CH. In acquisition trials, no significant intergroup variation in day 26 STL of rats was noted in the PA test [F(5,71) = 0.2264, p > .05] (Figure 2B). In the retrieval trials (day 27), a significant increase (p < .001) in the STL (Figure 2C) was noted in rats subjected to CH in reference to vehicle-treated sham. CuE (0.25 and 0.5 mg/kg) treatment attenuated the CH-triggered decline in the STL (p < .05, p < .001) with respect to the rats that were subjected to CH and vehicle treatments only [F(5,71) = 62.67, p < .001]. CuE (0.5 mg/kg) significantly enhanced the DI (p < .001) and STL (p < .001) in comparison with CuE (0.25 mg/kg) in p-BCCAo operated rats. Bay-K8644 (Ca2+ agonist) significantly attenuated (p < .001) CuE (0.5 mg/kg) induced improvement in DI and STL relative to CuE (0.5 mg/kg) in p-BCCAo operated rats.
[image: Figure 2]FIGURE 2 | Post-treatment with CuE, 0.25 and 0.5 mg/kg, p.o., decreased CH-induced loss of memory in rats. In a novel object recognition task, animals treated with CuE exhibited increase in discrimination index (A). STL (s) during acquisition trials in PA tests showed no significant difference (B), CuE significantly decreased retention trial STL (C). Bay-K8644 significantly attenuated increase in DI and STL by CuE. Box and whisker plots (Tukey) show mean (+), median (bold horizontal line), quartiles (box), and total range (whisker) (n = 12). *(p < .05), ** (p < .01), *** (p < .001)
CuE Decreased Brain Oxido-Nitrosative Stress Against CH
Rats subjected to vehicle treatments and CH displayed a substantial (p < .001) upsurge in the brain lipid peroxidation (TBARS content), 8-OHdG, and protein carbonyls, and decrease of endogenous antioxidants (GSH, SOD, and catalase activities) relative to vehicle-treated sham rats (Figure 3). CuE (0.25 and 0.5 mg/kg) post-treatment for 28 days daily in rats exposed to CH attenuated the lipid peroxidation (p < .05, p < .001) [F(5,41) = 45.64, p < .001], 8-OHdG (p < .05, p < .001) [F(5,41) = 59.65, p < .001], and protein carbonyls (p < .01, p < .001) [F(5,41) = 26.94, p < .001], and significantly enhanced the GSH (p < .05, p < .001) [F(5,41) = 79.92, p < .001], SOD (p < .001, p < .001) [F(5,41) = 41.61, p < .001], and catalase (p < .01, p < .001) [F(5,41) = 58.36, p < .001] activities in relation to rats that had undergone CH and vehicle treatments. CuE (0.5 mg/kg) post-treatment for 28 days caused a dose-dependent decline in TBARS (p < .001), 8-OHdG (p < .001), protein carbonyls (p < .05), and increase in GSH (p < .001), SOD (p < .01), and catalase (p < .001) in the brain with respect to CuE (0.25 mg/kg) post-treatment for the same duration in rats operated to p-BCCAo on day 1. Bay-K8644 (Ca2+ agonist) significantly attenuated (p < .001) CuE (0.5 mg/kg) induced decline in TBARS, 8-OHdG, protein carbonyls, and increase in antioxidants (GSH, SOD, catalase) relative to CuE (0.5 mg/kg) in p-BCCAo operated rats.
[image: Figure 3]FIGURE 3 | CuE post-treatment (0.25 and 0.5 mg/kg, p.o.) for 28 days decreased oxido-nitrosative stress against CH. CuE significantly decreased the brain (A) lipid peroxidation (TBARS) level, (B) 8-hydroxy-2' -deoxyguanosine (8-OHdG) content, and (C) protein carbonyls levels. A significant increase in (D) GSH content, (E) SOD activity, and (F) catalase activity was observed in CuE-treated rats subjected to CH on day 1. Bay-K8644 attenuated antioxidant activity of CuE. Box and whisker plots (Tukey) show mean (+), median (bold horizontal line), quartiles (box), and total range (whisker) (n = 7). * (p < .05), ** (p < .01), *** (p < .001)
CuE Attenuated CH-Triggered Inflammation in the Brain
Data from ELISA showed a significant rise (p < .001) in inflammatory cytokines (TNF-α, NF-κB, MPO, MMP-9, and iNOS) in the brain of rats in response to CH when juxtaposed with sham rats. In the present study, CuE (0.25 and 0.5 mg/kg) post-treatment for 28 successive days attenuated the CH-induced increase in TNF-α (p < .05, p < .001) [F(5,41) = 81.95, p < .001], NF-κB (p < .01, p < .001) [F(5,41) = 27.97, p < .001], MPO (p < .01, p < .001) [F(5,41) = 43.84, p < .001], MMP-9 (p < .01, p < .001) [F(5,41) = 31.52, p < .001], and iNOS (p < .05, p < .001) [F(5,41) = 33.60, p < .001] in the brain of rats with respect to rats that were exposed to CH and vehicle treatments (Figure 4). Bay-K8644 (Ca2+ agonist) significantly attenuated CuE (0.5 mg/kg) induced decline in TNF-α (p < .001), NF-κB (p < .001), MPO (p < .001), MMP-9 (p < .001), and iNOS (p < .01) relative to CuE (0.5 mg/kg) in p-BCCAo operated rats. CuE (0.5 mg/kg) post-treatment caused substantial reduction in TNF-α (p < .001), NF-κB (p < .01), MPO (p < .01), MMP-9 (p < .001), and iNOS (p < .05) relative to CuE (0.25 mg/kg) in p-BCCAo operated rats.
[image: Figure 4]FIGURE 4 | CuE post-treatment (0.25 and 0.5 mg/kg, p.o.) for 28 days decreased inflammatory cascade against CH. CuE significantly lowered (A) TNF-α, (B) NF-κB level, (C) MPO activity, (D) MMP-9, and (E) iNOS in the brain of rats exposed to CH on day 1. Bay-K8644 attenuated anti-inflammatory activity of CuE. Box and whisker plots (Tukey) show mean (+), median (bold horizontal line), quartiles (box), and total range (whisker) (n = 7). * (p < .05), ** (p < .01), *** (p < .001)
CuE Attenuated CH-Triggered Cell Death in the Brain
LDH activity and caspase-3 were quantified to assess the extent of cell death in the brain of rats. In the present study, LDH activity and caspase-3 contents were substantially enhanced (p < .001) in the brain of rats that were subjected to CH when juxtaposed with sham rats. CuE (0.25 and 0.5 mg/kg) post-treatment for 28 successive days considerably attenuated (p < .001, p < .001) the LDH activity [F(5,41) = 39.55, p < .001] (Figure 5A) and caspase-3 content [F(5,41) = 46.58, p < .001] (Figure 5B) in rats subjected to CH with respect to rats that were exposed to CH and vehicle treatments. CuE (0.5 mg/kg) post-treatment caused substantial reduction (p < .01) in caspase-3 levels relative to CuE (0.25 mg/kg) in rats exposed to CH. Bay-K8644 (Ca2+ agonist) significantly attenuated (p < .001) CuE (0.5 mg/kg) induced decline in LDH activity and caspase-3 relative to CuE (0.5 mg/kg) in p-BCCAo operated rats.
[image: Figure 5]FIGURE 5 | CuE post-treatment (0.25 and 0.5 mg/kg, p.o.) for 28 days attenuated cell death against CH. CuE significantly lowered (A) LDH activity and (B) caspase-3 levels in the brain of rats exposed to CH on day 1. Bay-K8644 attenuated pro-survival effects of CuE. Box and whisker plots (Tukey) show mean (+), median (bold horizontal line), quartiles (box), and total range (whisker) (n = 7). * (p < .05), ** (p < .01), *** (p < .001)
CuE Attenuated Acetylcholinesterase Activity and Ameliorated Neurotransmitter Levels in the Brain of Rats Subjected to CH
Biochemical analysis revealed a substantial (p < .001) upsurge in brain acetylcholinesterase (AChE) activity in rats exposed to CH and vehicle treatments observed with respect to vehicle-treated sham rats. In HPLC-FLD chromatograms (Figure 6), we detected a significant increase in glutamate levels and decline in GABA levels in rats exposed to CH and vehicle treatments observed with respect to vehicle-treated sham rats. Post-treatment with CuE (0.25 and 0.5 mg/kg) for 28 successive days diminished the AChE activity (p < .001, p < .001) [F(5,41) = 44.51, p < .001] (Figure 7A), glutamate levels (p < .05, p < .001) [F(5,41) = 90.03, p < .001] (Figure 7B), and enhanced the GABA levels (p < .05, p < .01) [F(5,41) = 32.52, p < .001] (Figure 7C) in the brain of rats subjected to CH in comparison to rats that were exposed to CH and vehicle treatments only. CuE (0.5 mg/kg) post-treatment caused substantial reduction in AChE activity (p < .01), glutamate level (p < .001), and enhanced GABA content (p < .05) relative to CuE (0.25 mg/kg) in rats exposed to CH. Bay-K8644 (Ca2+ agonist) significantly attenuated CuE (0.5 mg/kg) induced decline in AChE activity (p < .001), glutamate level (p < .001), and increase in GABA (p < .01) relative to CuE (0.5 mg/kg) in p-BCCAo operated rats.
[image: Figure 6]FIGURE 6 | Representative HPLC-FLD chromatograms of glutamate and GABA OPA derivatives: (A) glutamate standard solution (0.75 µg), (B) GABA standard solution (0.1 µg), (C) brain sample showing glutamate and GABA peaks.
[image: Figure 7]FIGURE 7 | CuE post-treatment (0.25 and 0.5 mg/kg, p.o.) for 28 days decreased AChE activity and ameliorated neurotransmitter levels against CH. CuE significantly lowered (A) AChE activity, (B) glutamate levels, and enhanced (C) γ-aminobutyric acid (GABA) level in the brain of rats exposed to CH on day 1. Bay-K8644 attenuated amelioration of neurotransmitters by CuE. Box and whisker plots (Tukey) show mean (+), median (bold horizontal line), quartiles (box), and total range (whisker) (n = 7). * (p < .05), ** (p < .01), *** (p < .001)
CuE Attenuated CH-Triggered Neurodegenerative Changes
In histopathological examination using H&E stain, rats subjected to permanent BCCAo exhibited neurodegenerative deviations highlighted by blebbing of the plasma membrane (b), swelling (s), and pyknosis (p) in the cortex areas of the brain. Sham rats displayed no signs of neurodegeneration. Administration of rats with CuE (0.25 and 0.5 mg/kg) attenuated CH-induced neuropathological changes in plasma membrane and genetic material (Figure 8). Bay-K8644 was found to enhance the neurodegenerative signs in the brain of rats subjected to CuE (0.5 mg/kg) treatment and CH. CH significantly reduced (p < .001) the cortical neuron density relative to sham. Viable neuron density was significantly increased by CuE (0.25 and 0.5 mg/kg) in the cortex (p < .05; p < .001) [F(5,29) = 23.21, p < .001] that were subjected to CH. CuE (0.5 mg/kg) caused substantial increase in cortical neuron density (p < .05) relative to CuE (0.25 mg/kg) in p-BCCAo operated rats. Bay-K8644 (Ca2+ agonist) significantly attenuated CuE (0.5 mg/kg) induced protection of cortical neurons (p < .001) relative to CuE (0.5 mg/kg) in rats subjected to CH.
[image: Figure 8]FIGURE 8 | CuE, 0.25 and 0.5 mg/kg, p.o., attenuated CH triggered neurodegenerative changes in the cortical regions (n = 5) (H & E stain, × 40, scale 100 µm). Pyknosis (p), bulging of plasma membrane (b), and swelling (s) were observed. Histomorphometric determinations indicate cortical neuron density per µm2. Box and whisker plots (Tukey) show mean (+), median (bold horizontal line), quartiles (box), and total range (whisker) (n = 5). *p < .05, **p < .01, ***p < .001
DISCUSSION
Several risk factors (e.g., age, cardiovascular disorders, metabolic disorders) and mechanisms related to vascular and hemodynamic alterations underlie the pathogenesis of CH and related disorders, such as dementia (Dong et al., 2018). Uninterrupted CBF is indispensable in the brain owing to glucose dependence, high metabolic rate, and energy recoupment via mitochondrial aerobic respiration (Duncombe et al., 2017). An inequality in the demand/supply relation of nutrients and oxygen to the brain owing to hemodynamic turbulences unfavorably affects the mitochondrial electron transport chain, oxidative phosphorylation, and cellular energy-homeostasis that accentuates free radicals, glutamate activity, ionic imbalance, recruitment of inflammatory biomolecules, amyloid-β burden, and tauopathy in the brain. Subsequently, electrical inactivity, edema, microangiopathy, and vascular resistance unite to cause irrevocable damage to the brain leading to extensive neurobehavioral discrepancies (Dong et al., 2018). Findings from prior studies suggest that cucurbitacins, particularly CuE, modulate diverse molecular targets and pathways that may protect against hypoperfusion states (Murtaza et al., 2017; Song et al., 2018; Xie et al., 2020). Although a few studies indicate promising effects of CuE in neurodegenerative disorders (Arel-Dubeau et al., 2014), nevertheless, the potential of CuE against perfusion defects has received very little emphasis so far.
Free radicals instigate endothelial damage and infiltration of leucocytes (neutrophils) via cellular lipid and protein modifications (Saxena et al., 2015). Free radicals readily react with polyunsaturated fatty acids that generate extremely reactive aldehydes (e.g., malondialdehyde, 4-hydroxy 2-nonenal, acrolein), which further modify proteins (Schiff base or Michael addition) and lipoproteins (e.g., low-density lipoproteins) (Chen et al., 2011). Malondialdehydes defunctionalize the autophagic process, form toxic adducts such as advanced lipid peroxidation end products (ALEs) (e.g., malondialdehyde-methylglyoxal), and react with genetic material (Liu et al., 2017). Under the hypoperfusion state, activation of iNOS culminates in nitrosative stress that leads to protein carbonylation and nitrosylation by peroxynitrites. Excess nitric oxide can cause irreversible cell injury, necrosis, and microvascular abnormalities by attenuating complex I and II activity in the mitochondrial electron transport chain, damage to DNA, and instigation of poly(ADP-ribose) polymerase (Daulatzai, 2017). In this study, CH caused increases in brain lipid peroxidation and DNA damage marked by increase in TBARS and 8-OHdG, which were substantially reduced by CuE post-treatment in rats. Hyperactivation of iNOS resulted in a disproportionate rise in protein carbonyls in rat brains exposed to CH. The present findings indicate that CuE treatment for 28 days daily alleviated the accumulation of protein carbonyls in the brain by decreasing the iNOS hyperactivity in rats against CH. Although antioxidants present in the brain scavenge the free radicals and detoxify dysfunctional proteins, however, under extreme oxidative stress, depletion of antioxidants severely hampers the defense mechanisms against CH. Experiments on transgenic animal models indicate that endogenous antioxidants, such as SOD and catalase, protect the brain against CH (Warner et al., 2004). Oral administration of CuE for 28 days increased the endogenous antioxidants (GSH, SOD, and catalase) in the brain of rats that were previously exposed to CH on day 1.
Hemodynamic aberrations damage the brain capillary network (e.g., BBB) by instigating unsolicited proteins (e.g., MPO and matrix metalloproteinases), cytokines (e.g., TNF-α), inflammatory transcription factor (e.g., NF-κB), and reactive oxygen species (Wang et al., 2020), which, in turn, paves the way for invasion of neurotoxins, monocytes, neutrophils, and chemotactic factors in the brain parenchyma. TNF-α triggers caspase-associated apoptotic cell death and excitotoxic-nitric oxide pathway-mediated necrotic cell death. It augments transcription activity of NF-κB that enhances expression of interleukins, matrix metalloproteinases, MPO, C-reactive protein, cell adhesion molecules, cyclo-oxygenase-2, and iNOS (Liu et al., 2017; Duncan et al., 2020). MPO in neutrophils, macrophages, and neurons promote oxidative stress and inflammation by catalyzing the production of hypochlorous acid (Chen et al., 2020). Activation of MMP-9 degrades the capillary vasculature (basal lamina) including BBB integrity (Vafadari et al., 2016). In the current study, CH increased TNF-α level, NF-κB, MPO activity, and vascular injury biomarker MMP-9 in the brain of rats over a 28-day period. CuE post-treatment for 28 days significantly attenuated the TNF-α level, NF-κB, MPO activity, and MMP-9 in the brain of rats subjected to CH. In this study, the biomarkers of necrotic cell death (LDH) and apoptotic cell death (caspase-3) were measured in the brain of rats. A significant increase in brain LDH activity and caspase-3 expression in rats subjected to CH indicated coparticipation of necrotic and apoptotic cell death mechanisms. The histopathological analysis well supported the biochemical findings. CH caused significant neurodegenerative changes marked by pyknosis, swelling, and blebbing of membranes in the cortical regions. However, CuE post-treatment for 28 days attenuated cell death and neurodegenerative changes in the CH rat model. Forebrain regions (e.g., cerebrum particularly temporal and parietal cortices) form the major seat of cognitive functions and processing of inputs and evidence indicate that these regions are most adversely affected during CH (Farkas et al., 2007). Histomorphometry analysis showed that CuE protected the neurons against CH in the cortical portion of the brain of rats marked by a substantial higher number of viable neurons. Bay-K8644 attenuated the prosurvival function of CuE in CH rat model.
Acetylcholine regulates cognitive functions by modulating synaptic plasticity, long-term potentiation, acquisition, encoding, consolidation, reconsolidation, extinction, and retrieval of memory (Resende and Adhikari, 2009). Acetylcholine plays an important part in regulating biological rhythms (e.g., wakefulness, sleep), stress response, inflammatory response, and vascular tone (Jin et al., 2015). In line with earlier findings (Sun et al., 2020), in this study, CH increased the AChE activity that might adversely affect the acetylcholine levels in the brain. Following the energy depletion and ionic imbalance, accumulation of glutamate in synapse depolarizes the postsynaptic membrane, triggers Ca2+ influx and nitric oxide release that establishes a vicious cycle of Ca2+-dependent catabolic (proteolytic) mechanisms (Belov Kirdajova et al., 2020). These excitotoxic pathways perpetuate inflammatory and oxidative mechanisms during CH. Recently, GABA is proposed to counter the glutamatergic excitatory drive in the brain. GABA can impart neuroprotective, antioxidant, antiapoptotic, and anti-inflammatory effects through improvement in CBF, glucose utilization, and energy production (Chen et al., 2019; Ngo and Vo, 2019). Because hyperpolarization of neurons decreases the metabolic rate, free radicals, and inflammatory cascade, analogous to hypothermia (Neumann et al., 2013; Lee et al., 2018), GABA refereed hyperpolarization of neurons is a documented neuroprotective tactic used in brain ailments involving excitotoxic pathogenesis. In this study, CuE post-treatment in rats attenuated the brain AChE activity and glutamate level and enhanced the GABA levels in the CH model.
In the current study, neurological scores, sensorimotor performance, and memory functions were evaluated in all the animals. Results displayed that CH severely hampered the neurological and motor functions over a 4-week period. CuE post-treatment improved the neurological and sensorimotor functions evident by a decline in mNSS and increase in latency to fall from the rotating rod, respectively, in the CH rat model. Earlier findings also substantiate CH-triggered decrease in neurological and motor performance and damage to memory skills in animals (Yanpallewar et al., 2005; Bhuvanendran et al., 2019). In the present study, oral administration of CuE significantly increased DI and STL, which highlighted enhancement in the memory performance of rats exposed to CH on day 1. Furthermore, we detected a dose-dependent betterment of biochemical parameters and neurobehavioral activity in rats by CuE. Administration of CuE (0.5 mg/kg) exhibited a substantial improvement in the parameters of oxidative stress, inflammation, cell death, and neurotransmitters in comparison to CuE (0.25 mg/kg) in rats against CH. Commensurate with biochemical findings, CuE (0.5 mg/kg) enhanced the cognitive functions relative to CuE (0.25 mg/kg) in rats against CH.
Interestingly the current findings highlight that Bay-K8644 (Ca2+ agonist) attenuates the antioxidative and anti-inflammatory effects of CuE (0.5 mg/kg) in a rat model of CH that promoted brain damage evident by an increase in caspase-3. Glutamate induced N-methyl D-aspartate receptor hyperactivation is known to enhance the cytoplasmic Ca2+ levels that trigger catastrophic cell death pathways. Furthermore, Ca2+-induced excessive nitric oxide biogenesis perpetuates this vicious cycle, resulting in profound brain damage. In the present study, administration of Bay-K8644 revealed a pathogenic increase in iNOS, protein carbonyls, and glutamate levels in the rat CH model that substantiated involvement of Ca2+ pathways in cerebroprotective effects of CuE in the current prototype. Bay-K8644 significantly attenuated the CuE induced decrease in AChE activity and rise in GABA content in rats subjected to CH. Behavioral data also reflected a decrease in neurological, sensorimotor, and cognitive performance of rats treated with Bay-K8644. Taken together, it might be possible that CuE exerted the antioxidative, anti-inflammatory, neuroprotective, and memory-enhancing effects via suppression of Ca2+-linked pathways in the CH state (Figure 9).
[image: Figure 9]FIGURE 9 | Events associated with CH injury and putative neuroprotective mechanism of CuE. Inflammation, oxidative stress, and ion influx are the primary events associated with reduced CBF followed by derangement of neurotransmitters. CH recruit MMP-9 and myeloperoxidase leading to sequential activation of TNF-α, NF-κB, and iNOS. CH-induced formation of reactive oxygen species and mitochondrial dysfunction leads to decline of endogenous antioxidants and damage to biomolecules (e.g., lipids, proteins, genetic material). A decrease in adenosine triphosphates (ATPs) further potentiates the glutamate toxicity and activates apoptotic and necrotic pathways of cell death through caspases in the brain. Ionic imbalance and glutamate excess increase the intracellular calcium (Ca2+) levels that aggravates oxidative stress and activate proteases, lipases (e.g., phospholipase A2), and Ca2+ dependent calpains. Reduction in GABAergic transmission in response to CH paves the way for undeterred glutamate excitotoxicity. CuE attenuates inflammatory cascade (1) and free radicals (2) that protect brain against proteolytic damage (3). Improvement in GABA levels by CuE antagonizes the CH triggered glutamate toxicity (4) and enhances the cholinergic function in the brain against CH leading to neuroprotective effects and improvement in cognitive functions. Bay-K8644 (Ca2+ agonist) can enhance the Ca2+-induced catastrophe and antagonize the brain protective effects of CuE in CH rat model.
CONCLUSION
The findings of the present study suggest that CuE possess therapeutic worth against CH. CuE mitigated neurobehavioral discrepancies against CH by antioxidant, anti-inflammatory, and neuroprotective effects. CuE can ameliorate brain cholinergic neurotransmission by declining AChE activity and has the potential to alleviate glutamate excitatory drive via GABAergic activity that may resurrect neurobehavioral functions in hypoperfusion states. The current research findings specify that CuE has potential against CH-associated cerebral disorders.
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Introduction: Alzheimer’s disease (AD) is a major cause of the development of cognitive decline and dementia. AD and associated dementias (ADRD) are the major contributors to the enormous burden of morbidity and mortality worldwide. To date, there are no robust therapies to alleviate or cure this debilitating disease. Most drug treatments focus on restoring the normal function of neurons and the cells that cause inflammation, such as microglia in the brain. However, the role of astrocytes, the brain’s housekeeping cells, in the development of AD and the initiation of dementia is still not well understood.
Objective: To decipher the role of astrocytes in the entorhinal cortex of AD patients using single nuclear RNA sequencing (snRNASeq) datasets from the Single Cell RNA-seq Database for Alzheimer’s Disease (scREAD). The datasets were originally derived from astrocytes, isolated from the entorhinal cortex of AD brain and healthy brain to decipher disease-specific signaling pathways as well as drugs and natural products that reverse AD-specific signatures in astrocytes.
Methods: We used snRNASeq datasets from the scREAD database originally derived from astrocytes isolated from the entorhinal cortex of AD and healthy brains from the Gene Expression Omnibus (GEO) (GSE138852 and GSE147528) and analyzed them using next-generation knowledge discovery (NGKD) platforms. scREAD is a user-friendly open-source interface available at https://bmbls.bmi.osumc.edu/scread/that enables more discovery-oriented strategies. snRNASeq data and metadata can also be visualized and downloaded via an interactive web application at adsn.ddnetbio.com. Differentially expressed genes (DEGs) for each snRNASeq dataset were analyzed using iPathwayGuide to compare and derive disease-specific pathways, gene ontologies, and in silico predictions of drugs and natural products that regulate AD -specific signatures in astrocytes. In addition, DEGs were analyzed using the L1000FWD and L1000CDS2 signature search programming interfaces (APIs) to identify additional drugs and natural products that mimic or reverse AD-specific gene signatures in astrocytes.
Results: We found that PI3K/AKT signaling, Wnt signaling, neuroactive ligand-receptor interaction pathways, neurodegeneration pathways, etc. were significantly impaired in astrocytes from the entorhinal cortex of AD patients. Biological processes such as glutamate receptor signaling pathway, regulation of synapse organization, cell-cell adhesion via plasma membrane adhesion molecules, and chylomicrons were negatively enriched in the astrocytes from the entorhinal cortex of AD patients. Gene sets involved in cellular components such as postsynaptic membrane, synaptic membrane, postsynapse, and synapse part were negatively enriched (p < 0.01). Moreover, molecular functions such as glutamate receptor activity, neurotransmitter receptor activity, and extracellular ligand-gated ion channels were negatively regulated in the astrocytes of the entorhinal cortex of AD patients (p < 0.01). Moreover, the application of NGKD platforms revealed that antirheumatic drugs, vitamin-E, emetine, narciclasine, cephaeline, trichostatin A, withaferin A, dasatinib, etc. can potentially reverse gene signatures associated with AD.
Conclusions: The present study highlights an innovative approach to use NGKD platforms to find unique disease-associated signaling pathways and specific synthetic drugs and natural products that can potentially reverse AD and ADRD-associated gene signatures.
Keywords: astrocytes, alzheimer’s disease and dementia, scREAD, single-nucleus RNA sequencing, in silico tools, anti-rheumatic agents, dasatinib, natural products
1 INTRODUCTION
Alzheimer’s disease (AD) is a major cause of the development of cognitive decline and dementia in the elderly (Winblad et al., 2016; Matthews et al., 2019). AD-related dementias (ADRD) contribute to 50-70 percent of dementias worldwide (Winblad et al., 2016). AD and associated dementias (ADRD) are the largest contributors to the burden of morbidity and mortality and higher costs in health care systems worldwide (Hurd et al., 2013). Important risk factors for ADRD include ethnicity, age, and gender. Approximately 6.2 million Americans aged 65 years or older were affected by AD and this number is expected to double to 13.8 million by 2060 in the United States of America (United States) (Claxton et al., 2015; Matthews et al., 2019; Alzheimer’s Disease Facts and Figures, 2021). Therefore, ADRD has been declared a health priority worldwide (World Health Organization, 2012). In the United States of America (United States), AD is the sixth leading cause of death in the general population and the fifth leading cause of death in Americans aged 65 years and older. In contrast, reported deaths from other debilitating diseases such as stroke, heart disease, and HIV have declined, while deaths from AD have increased by more than 145% in the U.S. between 2000 and 2019 (Alzheimer’s Disease Facts and Figures, 2021).
AD is a neurodegenerative disease of the brain (Figure 1), and symptoms such as cognitive decline and language difficulties have slowly developed in AD patients in recent years. It is mostly diagnosed in the older population with an average age of 65 years or more and is referred to as late-onset AD (LOAD) (Gauthaman et al., 2014; Rasool et al., 2018; Rasool et al., 2021). The progressive damage to neurons from the aggregation of amyloid-beta (Ab) protein and tau protein, as well as neuroinflammation in certain parts of the brain, significantly impairs learning, speech, memory, and other cognitive abilities (Gauthaman et al., 2014; Rasool et al., 2018; Rasool et al., 2021). Importantly, the risk of ADRD is significantly increased in AD patients with diabetes mellitus (Gauthaman et al., 2014; Rasool et al., 2018; Rasool et al., 2021). Moreover, the cellular and molecular mechanisms of AD pathology and the role of specific cells in the brain in the development of ADRD are poorly understood (Rasool et al., 2021).
[image: Figure 1]FIGURE 1 | Pathology of Alzheimer’s Disease (Created using Biorender.com).
AD and ADRD pathology differ by brain region, cell type, age, and gender (Sala Frigerio et al., 2019; Rasool et al., 2021). Genome-wide association studies (GWAS) using genetic mapping concepts have revealed genes enriched in AD susceptibility loci, and transcriptomics of whole brain tissue using next-generation sequencing (NGS) platforms or microarray applications have shown an increase in microglial gene connectivity and impairment of neuronal connectivity in AD (Hitzemann et al., 2014). Although transcriptional network dynamics of mass analysis can provide more information about AD pathogenesis, it does not reveal all the dynamic changes at the cellular and molecular levels that contribute to AD pathology. A detailed understanding of the underlying role of individual cell types in AD patients is therefore essential for the development of new therapeutics to treat dementia.
Recent advances in NGS applications such as single-cell RNA sequencing (scRNA-Seq) have enabled researchers to study and understand the dynamic transcriptomic profile of individual cells in brain tissue or other biological samples. RNA-sequencing of posterior cingulate astrocytes (PC) in AD patients revealed differential expression of mitochondria-related genes, including TRMT61B, FASTKD2, and NDUFA4L2. In addition, immune response genes such as CLU, C3, and CD74 were identified to play a central role in the generation or clearance of amyloid-beta (Sekar et al., 2015). scRNASeq provides a higher resolution of cellular dynamics and a better understanding of individual cells in the tissue microenvironment (Grubman et al., 2019; Jiang et al., 2020; Wu and Zhang, 2020). Similarly, the single nucleus RNA sequencing (snRNA-Seq) technique is used to study frozen samples where dissociation of single cells becomes a problem and affects gene expression patterns. Although AD is one of the major reasons for the development of cognitive decline and dementia (Gauthaman et al., 2014; Rasool et al., 2018; Rasool et al., 2021), there are still no robust therapies to alleviate or cure this debilitating disease (Gao et al., 2016; Rasool et al., 2018) and most drug treatments focus on restoring normal function of cells that cause inflammation, such as microglia and neurons in the brain (Oksanen et al., 2017). However, the genetic basis of astrocytes in the development of AD, and the triggering of dementia is still not clearly understood (Oksanen et al., 2017; Kery et al., 2020). Therefore, a precise understanding of the underlying role of astrocytes in AD patients may provide clues for the development of effective therapies to treat dementia. Here, we used an innovative approach to leverage next-generation knowledge discovery (NGKD) platforms to decipher the AD -specific gene signatures in astrocytes isolated from the entorhinal cortex of AD patients and specific synthetic drugs and natural products to improve AD and associated disease pathologies such as dementia.
2 MATERIALS AND METHODS
2.1 Ethical Statement
This study was exempt from Institutional Review Board (IRB) approval because it did not involve animal models or human subjects. It was performed using DEGs derived from the Single Cell RNA-seq Database for Alzheimer’s Disease (scREAD) based on publicly available and previously published single nucleus RNA sequencing datasets from the Gene Expression Omnibus (GEO).
2.2 Data Source
In the present study, we snRNASeq data from the scREAD, originally obtained from astrocytes isolated from the entorhinal cortex of AD brains and healthy brains from the Gene Expression Omnibus (GEO) (GSE138852 and GSE147528). scREAD is a user-friendly open-source interface available at https://bmbls.bmi.osumc.edu/scread/to enable more discovery-oriented strategies (Wu and Zhang, 2020; Jiang et al., 2020; Jiang et al., 2021) (Supplementary Figure S1). Datasets were filtered in scREAD by selecting the options for species (human), condition (all), region in the brain (entorhinal cortex), and gender (all), and are listed in Table 1 with the corresponding Braak levels (Braak and Braak, 1991). scREAD webtool was also used to visualize all cell types and sub-clusters of astrocytes in the entorhinal cortex region of the brain using Uniform Manifold Approximation and Projection (UMAP) (Becht et al., 2018). All snRNASeq data are freely available in the Gene Expression Omnibus (GEO) under accession numbers GSE138852 and GSE147528.
TABLE 1 | Information on the snRNASeq datasets obtained from scREAD database for NGKD analysis (Human)*.
[image: Table 1]Importantly, the snRNAseq datasets (GSE138852) are available via an interactive web application at adsn.ddnetbio.com (Grubman et al., 2019). The characteristics of all AD and healthy snRNASeq scREAD datasets used in this study are provided in Table 1. As of May 2021, the snRNASeq datasets used for this study had been already published and are publicly available (Barrett et al., 2013).
2.3 The snRNASeq Data Analysis Using iPathwayGuide
DEGs were obtained using scREAD analysis of snRNASeq data from astrocytes of AD groups (AD00203, AD00205, and AD00206) compared with the healthy control group (AD00201). DEGs of AD groups (AD00203, AD00205, and AD00206) were further filtered using a p-value cut-off of 0.05, and log2 fold change (Log2Fc) of ±0.3 in iPathwayGuide Software (Advaita Bioinformatics, United States) to obtain 739, 241, and 639 DEGs. Further analysis of these DEGs using iPathwayGuide software showed that 93 DEGs were commonly regulated in all disease groups (Figure 2). The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to decipher differentially regulated pathways (Kanehisa and Goto, 2000; Kanehisa et al., 2002; Kanehisa et al., 2010; Kanehisa et al., 2012; Kanehisa et al., 2014), and the Gene Ontology Consortium database (Ashburner et al., 2000; Gene Ontology Consortium 2001) was used to identify the differentially regulated GO functions, and the Comparative Toxicogenomics Database was used to find the chemicals/drugs/toxicants (CDT and the KEGG database for diseases (Kanehisa and Goto, 2000; Kanehisa et al., 2002). The iPathwayGuide software used the Impact Analysis Method (IAM) (Draghici et al., 2003; Draghici et al., 2007; Draghici, 2011) to obtain significantly impacted DEGs and pathways compared with the corresponding control group; the p-value computed using Fisher’s method was used to determine the pathway score, and the p-value was adjusted based on the false discovery rate (FDR) (Benjamini and Hochberg, 1995; Benjamini and Yekutieli, 2001). and Bonferroni multiple testing corrections (Bonferroni, 1935). The p-values were computed based on the hypergeometric distribution in iPathwayGuide analysis and the FDR and Bonferroni methods for multiple testing corrections (Draghici et al., 2003; Draghici, 2011).
[image: Figure 2]FIGURE 2 | Venn diagram showing the DEGs obtained using the scREAD analysis of snRNASeq data from astrocytes of AD groups (AD00203, AD00205, and AD00206) compared to astrocytes of the healthy control group (AD00201) were 739, 241, and 639 respectively after filtering with a p-value cut off of 0.05 and log2 fold change (Log2Fc) of ±0.3. Further analysis of DEGs using iPathwayGuide software showed that 93 DEGs were commonly regulated in all the disease groups.
2.4 Determination of Upstream Drugs and Natural Products Using iPathwayGuide
The determination of upstream drugs or natural products was predicted based on the enrichment of DEGs and 2) a network of connections or interactions from the Advaita Knowledge Base (Draghici et al., 2003; Draghici, 2011). The iPathwayGuide analysis was based on two hypotheses (HP and HA). The overly abundant or present upstream chemical, drug, or toxicant (CDT) was predicted under the conditions analyzed under the first hypothesis called HP and the upstream CDT. is insufficient (or absent) was predicted under the conditions analyzed under the second hypothesis. HA. iPathwayGuide calculates a Z-score for each CDT z(u) by iterating over the genes in DT(u) and their incoming edges in (g) in testing both HP and HA. Subsequently, the p-value was computed corresponding to the z-score Pz (One-Tailed) under the probability density function for a normal distribution, N (0,1) (Draghici et al., 2003; Draghici, 2011).
2.4.1 Determination of Upstream Drugs and Natural Products Present or Overly Abundant Using iPathwayGuide
To determine the presence or abundance of CDTs based on the differentially expressed (DE) genes, CDT u, DE genes downstream of u, DTA (u) were compared to measured target genes predicted by chance to be both DE and consistent. An over-representation method was applied to calculate the statistical significance (p-value) based on the number of consistent DE genes in the iPathwayGuide analysis. The Ppres (p-value) was calculated based on the hypergeometric distribution (Draghici et al., 2003; Draghici, 2011). Then, the global probability value (PG) was computed by combining Pz and Ppres: and was used to rank the upstream regulators and test the HP research hypothesis. The p-values were combined into one test statistic using the standard Fisher’s method.
2.4.2 Determination of Upstream Drugs and Natural Products Absent or Insufficient Using iPathwayGuide
To determine the absence or insufficiency of CDTs based on the DE genes, Pabs was calculated using the iPathwayGuide analysis. The upstream CDTs that were absent or insufficient under the conditions investigated based on the number of consistent DE genes downstream of u, and DTI (u) was compared to the measured target genes predicted by chance to be both DE and consistent. The Pabs (p-value) was calculated based on the hypergeometric distribution (Draghici et al., 2003; Draghici, 2011). Then the PG was computed by combining Pz and Pabs and was used to rank the upstream regulators that were absent or insufficient and to test the research hypothesis HA. The analysis combines Pabs and Pz, using Fisher’s method as described previously, where Pz was measured only for significant negative z-scores (z ≤ −2) (Draghici et al., 2003; Draghici, 2011).
2.5 L1000FWD and L1000CDS2 Analyses
DEGs were subjected to L1000 Fire Works Display (L1000FWD) analysis using the L1000FWD signature search application programming interface (API) (Wang et al., 2018) to identify the top 50 drugs and natural products that have the potential to reverse AD-associated signaling. Similarly, the same set of DEGs was subjected to L1000 Characteristic Direction Signature Search Engine (L1000CDS2) analysis using the L1000CDS2 Signature Search API to identify the top 50 drugs and natural products with the potential to reverse AD-associated signaling (Duan et al., 2016).
3 RESULTS
In the present study, snRNASeq datasets of astrocytes isolated from the entorhinal cortex region of AD patients and healthy brains were obtained from the scREAD database for NGKD platform analysis (Table 1). The scREAD web tool was used to visualize all cell types and sub-clusters of astrocytes in the entorhinal cortex region of the brain in AD and healthy snRNASeq datasets using UMAP (Supplementary Figure S1). A UMAP example for the healthy control and AD scREAD datasets is shown in Supplementary Figure S2.
DEGs in astrocytes from the entorhinal cortex compared to healthy controls were determined using paired comparisons with the healthy control (AD00201) and AD (AD00203, AD00205, and AD00206) datasets (Supplementary Tables S1–S3) The 93 DEGs common to all AD datasets can be found in Supplementary Table S4. The 15 pathways most affected by DEGs in the AD groups compared to healthy controls are listed in Tables 2–4. Based on the number of DEGs, the top signaling pathways differentially regulated in the astrocytes of AD patients in the context of neurodegeneration include Alzheimer’s disease, prion disease, Parkinson’s disease, Huntington’s disease, neurodegeneration signaling pathways (multiple diseases), amyotrophic lateral sclerosis, and the phosphatidylinositol 3-kinases/protein kinase B (PI3K/AKT) pathway. The differentially regulated KEGG pathways of Alzheimer’s disease in the groups of AD are shown in Figures 3–5, and the differentially regulated KEGG pathways of neurodegenerative degeneration (multiple diseases) are shown in Figures 6–8. Analysis of WNT pathway perturbation and PI3K/AKT pathways followed by iPathwayGuide coherent cascade activation revealed the dysregulation of these pathways in the astrocytes of AD patients from the entorhinal cortex (Supplementary Figure S3A and Supplementary Figure S4B). The differentially regulated genes in the WNT pathways and the PI3K/AKT pathways are also shown in Supplementary Figure S3B and Supplementary Figure S4B, respectively. In addition to the neurodegenerative diseases, we also observed the signaling pathways associated with Salmonella infection, human papillomavirus (HPV) infection, and human T-cell leukemia virus infection in the astrocytes of the severe AD groups (Table 2 and Table 4) compared with the healthy controls. Gene set enrichment analysis (GSEA) showed that gene sets involved in cellular components, such as postsynaptic membrane, synaptic membrane, postsynapse, synapse, and synapse, were negatively enriched (p < 0.01). Neuroactive ligand-receptor interaction based on KEGG pathways was significantly downregulated (p < 0.01), and cellular function of the transporter complex was also negatively enriched (p < 0.01). Similarly, genes associated with glutamate receptor activity, neurotransmitter receptor activity, glutamate receptor signaling, heterophilic cell-cell adhesion via plasma membrane cell adhesion molecules, cell-cell adhesion via plasma membrane adhesion molecules, and behavior were also negatively enriched (p < 0.01) in astrocytes from AD patients (Table 5). Importantly, differential expression of GWAS genes in astrocytes from the entorhinal cortex in the brain of AD is listed in Table 6. The most downregulated GWAS genes in astrocytes from the entorhinal cortex associated with the pathogenesis of AD were NKAIN3, LRRC4C, CADM2, DLC1, APOE, TNIK, GADD45G, FRMD4A, CTNNA2, NPAS3, NCKAP5, and RORA.
TABLE 2 | Top 15 pathways ranked based on their associated differentially expressed genes derived from astrocytes based on the comparison AD00203 (disease) vs. AD00201 (control).
[image: Table 2]TABLE 3 | Top 15 pathways ranked based on their associated differentially expressed genes derived from astrocytes based on the comparison AD00205 (disease) vs. AD00201 (control).
[image: Table 3]TABLE 4 | Top 15 pathways ranked based on their associated differentially expressed genes derived from astrocytes based on the comparison AD00206 (disease) vs. AD00201 (control).
[image: Table 4][image: Figure 3]FIGURE 3 | iPathwayGuide analysis shows the differentially regulated genes in the KEGG Alzheimer’s disease pathway in astrocytes from the AD group (AD00203) compared to astrocytes from the healthy control group (AD00201).
[image: Figure 4]FIGURE 4 | iPathwayGuide analysis shows the differentially regulated genes in the KEGG Alzheimer’s disease pathway in astrocytes from the AD group (AD00205) compared to astrocytes from the healthy control group (AD00201).
[image: Figure 5]FIGURE 5 | iPathwayGuide analysis shows the differentially regulated genes in the KEGG Alzheimer’s disease pathway in astrocytes from the AD group (AD00206) compared to astrocytes from the healthy control group (AD00201).
[image: Figure 6]FIGURE 6 | iPathwayGuide analysis shows the differentially regulated genes in the KEGG neurodegeneration pathway (multiple diseases) in the astrocytes of the AD group (AD00203) compared to the astrocytes of the healthy control group (AD00201).
[image: Figure 7]FIGURE 7 | iPathwayGuide analysis shows the differentially regulated genes in the KEGG neurodegeneration pathway (multiple diseases) in the astrocytes of the AD group (AD00205) compared to the astrocytes of the healthy control group (AD00201).
[image: Figure 8]FIGURE 8 | iPathwayGuide analysis shows the differentially regulated genes in the KEGG neurodegeneration pathway (multiple diseases) in the astrocytes of the AD group (AD00206) compared to the astrocytes of the healthy control group (AD00201).
TABLE 5 | Top 25 Impacted Pathways obtained using Gene Set Enrichment Analysis (GSEA) based on Normalized Enrichment Score (NES) and False Discovery Rate (FDR) using the web tool available at http://adsn.ddnetbio.com/
[image: Table 5]TABLE 6 | Top 25 differentially expressed GWAS genes in astrocytes from entorhinal cortex in AD brain based on analysis using the web tool available at http://adsn.ddnetbio.com/.
[image: Table 6]Comparative analysis of the AD datasets from the scREAD based on the DEGs with iPathwayGuide showed that the antirheumatic drugs, vitamin E, salinomycin, and clorgyline have insufficient (p < 0.05) signaling effect in the astrocytes of AD patients (Table 7). In addition, Tables 8–10 list the drugs or natural products that could potentially reverse the gene signatures of astrocytes in the AD groups (AD00203, AD00205, and AD00206) based on the L1000FWD web tool analysis. L1000FWD analysis revealed that natural products such as emetine, cephaeline, homoharringtonine, narciclasine, withaferin A and several synthetic drugs such as dasatinib can significantly reverse gene signatures associated with AD pathology.
TABLE 7 | The upstream Chemicals, Drugs, or Toxicants (CDTs) were predicted as absent (or insufficient) in the astrocytes of AD based on the number of DEGs significantly impacted in each category.
[image: Table 7]TABLE 8 | The top 50 drugs or natural products that reverse DEGs of astrocytes from entorhinal cortex in AD (AD00203 (disease) vs AD00201 (control) based on L1000FWD analysis.
[image: Table 8]TABLE 9 | The top 50 drugs or natural products that reverse DEGs of astrocytes from entorhinal cortex in AD (AD00205 (disease) vs AD00201 (control) based on L1000FWD analysis.
[image: Table 9]TABLE 10 | The top 50 drugs or natural products that reverse DEGs of astrocytes from entorhinal cortex in AD (AD00206 (disease) vs AD00201 (control) based on L1000FWD analysis.
[image: Table 10]The drugs or natural products that could potentially reverse the gene signatures of astrocytes in AD groups (AD00203, AD00205, and AD00206) based on the L1000CDS2 web tool are provided in Supplementary Tables S1–S3, respectively. The L1000CDS2 analysis uncovered the natural products emetine, narciclasine, trichostatin A, homoharringtonine, ouabain, bufalin, and withaferin A, as well as synthetic drugs, such as dasatinib, that have the potential to reverse AD-associated gene signatures in astrocytes from AD patients.
4 DISCUSSION
AD is a neurodegenerative disease of the brain and a major cause of the development of cognitive decline and dementia in the elderly (Winblad et al., 2016; Matthews et al., 2019). ADRD contributes to the majority of dementia cases worldwide (Winblad et al., 2016). Recent advances in genome sequencing technologies such as scRNA-Seq and snRNASeq are critical for deciphering the roles of heterogeneous cell populations in the brain at the single-cell level, and subsequent dissecting of these datasets using high throughput knowledge discovery platforms may provide clues as to why a particular group of cells is susceptible to AD and ADRD (Jiang et al., 2020; Wu and Zhang, 2020; Wang et al., 2021). Here, snRNASeq datasets of astrocytes isolated from the entorhinal cortex region of AD patients and healthy brains were obtained and analyzed using scREAD web-tool. scREAD includes 73 datasets from 16 studies, 10 brain regions, and 713,640 cells, and provides cell type and sub-cluster predictions, decipherment of DEGs, and discovery of cell type-specific regulons (Jiang et al., 2020; Wu and Zhang, 2020; Wang et al., 2021).
We observed that Wnt signaling and PI3K/AKT signaling pathways were dysregulated or impaired in astrocytes from the entorhinal cortex of AD patients. Wnt signaling is very important at the synapse and necessary for synaptic plasticity and maintenance in the brain (Palomer et al., 2019). The PI3K/AKT pathway regulates apoptosis, cell proliferation, and metabolism and is essential for protection against amyloid protein (Aβ)-induced neurotoxicity (Long et al., 2021). Neuroactive ligand-receptor interaction, axon guidance, Alzheimer’s disease, GABAergic synapse, glutamatergic synapse, etc. were negatively enriched or dysregulated in astrocytes from AD patients. GABAergic transmission is essential for all central nervous system functions (Luscher et al., 2011) and the GABAergic synapse pathway is impaired in the astrocytes of AD. This was also confirmed by GSEA analysis, which showed that the sets of genes involved in cellular components such as postsynaptic membrane, synaptic membrane, postsynapse, transporter complex, and interaction between neuroactive ligands and receptors were negatively enriched in the astrocytes of AD patients. Similarly, genes associated with glutamate receptor activity, neurotransmitter receptor activity, glutamate receptor signaling, heterophilic cell-cell adhesion via plasma membrane cell adhesion molecules, cell-cell adhesion via plasma membrane adhesion molecules, and behavior were also negatively enriched in the astrocytes of AD patients. Importantly, the downregulated GWAS genes in astrocytes derived from the entorhinal cortex, such as NKAIN3, LRRC4C, CADM2, DLC1, APOE, TNIK, GADD45G, FRMD4A, CTNNA2, NPAS3, NCKAP5, RORA, etc., associated with AD pathogenesis, can be used either as biomarkers for neuropathology, AD or LOAD (Riaz et al., 2021). Interestingly, we found signaling pathways associated with Salmonella infection, HPV infection, and human T-cell leukemia virus infection in the astrocytes of severe AD groups. Previous studies have shown that infections with Salmonella (Himmelhoch et al., 1947), HPV (Lin et al., 2020), and human T-cell leukemia virus (Lycke et al., 1993) are associated with dementia and cognitive decline in humans.
We have previously shown that natural products such as albiziasaponin-A, iso-orientin, and salvadorin can ameliorate the pathologies associated with AD in vivo (Rasool et al., 2018) and that the natural products could be useful for the treatment of age-related degenerative diseases (Kalamegam et al., 2020). In addition, we have recently shown that NGKD platforms can be successfully used to find drugs and natural products that may reverse disease-specific gene signatures (Pushparaj et al., 2021). Therefore, NGKD platforms can be used to find drugs and natural products that can potentially reverse AD-associated gene signatures in astrocytes. Here, we used iPathwayGuide, L1000FWD, and L1000CDS2 tools to identify promising drug-responsive molecules for ADRD. Comparative analysis of AD datasets using iPathwayGuide showed that antirheumatic drugs have insufficient signaling in astrocytes from AD patients. Disease-modifying antirheumatic drugs (DMARDs) are used to treat patients with rheumatoid arthritis (Bahlas et al., 2019) and recent studies have found that patients with rheumatoid arthritis taking antirheumatic drugs have a lower risk of developing dementia (Judge et al., 2017; Huang et al., 2019). Our finding is consistent with these studies that antirheumatic drugs can reverse AD-associated gene signatures in astrocytes. Similarly, vitamin E gene signatures were absent in astrocytes from AD. The role of vitamin E in the treatment of AD remains a controversial topic to date (Browne et al., 2019) and our results provide some evidence for the importance of vitamin E in the treatment of AD and ADRD. A recent study found that emetine may have the potential to clear amyloid-beta plaques in AD (Ahmad et al., 2019). The isoquinoline alkaloids emetine and its desmethyl analog cepaheline have been predicted to be protective against cognitive decline and AD (Fernández-Martínez et al., 2020). Withaferin A is a steroidal lactone and a withanolide found in the medicinal plant Withania somnifera, and a number of studies have shown that it plays a neuroprotective role in AD (Das et al., 2021). Narciclasine is an active constituent of the Lycoris radiata (L'Her.) herb. It is used in traditional Chinese medicine for the treatment of AD (Shen et al., 2019). A recent study found that senolytic therapy with a combination of dasatinib and quercetin reduced Aβ-associated oligodendrocyte progenitor cell senescence and cognitive decline in an AD model (Zhang et al., 2019). The histone deacetylase inhibitor trichostatin A (Hsing et al., 2015) increased albumin expression and Aβ clearance in APP/PS1 mice and improved cognitive deficits (Su et al., 2021). Trichostatin A increased the antioxidant capacity and cell viability of SH -SY5Y cells by enhancing Keap1-mediated inhibition of the Nrf2 pathway, thereby reducing amyloid-β peptide-mediated cell damage (Li et al., 2020). Importantly, we recently predicted the potential of withaferin A, narciclasine, and trichostatin A to reverse gene signatures in neuro- COVID (Pushparaj et al., 2021). However, the effects of natural products such as emetine, cephaeline, narciclasine, withaferin A, trichostatin A and drugs such as DMARDs and dasatinib which may be able to reverse AD gene signatures in astrocytes should be validated with appropriate experimental models from AD before being used for further clinical testing.
5 CONCLUSION
The present study provides a valuable method for analyzing snRNASeq datasets deposited in open-source repositories with NGKD platforms to decipher AD -specific pathways, genes, and drugs from synthetic and natural sources for the amelioration of AD-related disease pathologies such as ADRD. However, further studies are required to confirm these drugs and natural products that reverse the gene signatures of AD using appropriate experimental models to deduce the precise mechanisms of action, followed by appropriate clinical trials to evaluate the safety and efficacy of the likely therapeutic interventions for AD and ADRD in a typical clinical milieu. Our innovative approach of applying NGKD platforms to uncover AD-specific pathways and potential drugs and natural products that reverse the AD-specific signatures could be useful in the future for developing personalized medicine for AD patient care.
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Supplementary Figure S3 | (A) The iPathwayGuide analysis showing the differentially regulated genes in the Wnt signaling KEGG pathway in the astrocytes of the AD group (AD00203) compared to astrocytes of the healthy control group (AD00201). (B) Bar graph depicting the differentially regulated genes in the Wnt signaling pathway in the astrocytes of AD compared to healthy control.
Supplementary Figure S4 | (A) The iPathwayGuide perturbation analysis based on the differentially regulated genes in the PI3K/AKT KEGG pathway in the astrocytes of the AD group (AD00203) compared to astrocytes of the healthy control group (AD00201). (B) Bar graph depicting the differentially regulated genes in the PI3K/AKT signaling pathway in the astrocytes of AD compared to healthy control.
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Test

Twisting of thorax

Each rat was dangled freely by tail (5 s), 25 cm above the floor. Bending of thorax (upward
movement of rat toward its tail) was noted
Forelimb flexion

Rat was suspended by tail and foreiimb observed as it reaches floor
Walk-beam test

This method evaluates fore- and hinc-imbs motor coordination (imb paralysis). Each rat was
placed on the narrow beam (70 cm length x 1.5 om widith) situated at 50 cm height and
observed for 155

Prehensile traction test

Forelimbs of rat were placed on a nylon rope (70 cm height) with 5 cm thick underneath foam
sheet (cutoff period 5 ) and duration of adherence to rope noted

Score

S N X

wr = o

Interpretation

No twisting (animal tries to grasp floor)

Wobble to contralateral side (damaged striatum or
cortex)

Bending upwardly, not touch tail

Bending upwardly, touch tail

Extension of both forepaws towards the ground
Contralateral side flexion of contralateral forepaw with
slight flexion

45" flexion

Distinct 90 flexion

Grip normal and no slipping

Grip not firm with irregular sipping

Grip completely lost, feet resting on beam

Grip completely lost, feet sagging over beam,
immovable

>4s

<4s

<3s

<1s
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Upstream regulator (u) DTA (u) DT (u) p-value p-value (FDR) p-value (Bonferroni)

IL17A 13 17 1.139%¢-6 0.001 0.001
TNF 23 28 1.857e-6 0.001 0.002
STAT2 9 9 5.589e-6 0.002 0.007
IRF9 8 8 2.248e-5 0.007 0.028
TLR4 8 8 8.493e-5 0.021 0.106

Table 2 indicates the number of differentially expressed (DE) targets supporting the hypothesis that each upstream regulator (u) is activated (DTA(u)), the total number of DE genes
downstream of u (DT{u)), the combined raw p-value, and the comected p-value for multiple comparisons.
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Pruning type: none

Pruning type: high specificity

Pruning type: smallest common

denominator

Go term pvalue  p-value p-value Go term p-value Go term p-value
(FDR) (Bonferroni)

Keratinization 6.600e-9  4.710e-5 4710e-5  Comification 1.718e-4  Keratinization 4.7108-5

Comification 2400e-8 856365 1.713e-4  Acute-phase response 0033 Acute-phase response 0.100

Humoral immune  2.900e-7  6.898e-4 0.002 Peptide cross-linking 0200 Humoral immune response 0.167

response

DNA repication 90006 0,002 0.064 Double-strand break repair via break-  0.371  Peptide cross-linking 0371

initiation induced repiication

Acute-phase 9300e-6 0012 0.066 Antimicrobial humoral immune response  0.371  Double-strand break repair via  0.371

response mediated by antimicrobial peptide break-induced replication
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Pruning type: none

Go term

Cytokine activity

Receptor regulator activity
Signaling receptor activator
activity

Receptor-iigand activity

Chemokine activity

p-value

1.200e-7
6.500e-7
4.500e-6
7.900e-6

6.000e-5

p-value
(FDR)

1.691e-4

4.579e-4
0.002
0.003

0.017

p-value
(Bonferroni)

1.691e-4

9.158e-4
0.006
0.011

0.085

Pruning type: high specificity

Go term

Cytokine activity
Chemokine activity
DNA replication origin binding

2'-5"-Oligodenylate synthetase
activity

Structural constituent of skin
epidermis

p-value

0.061
0.061
0.341
0.341

0.341

Pruning type: smallest common

denominator
Go term

Cytokine activity
Serine hydrolase activity
DNA repiication origin binding

2'-5"-Oligodenylate synthetase
activity

Structural constituent of skin
epidermis

p-value

1.691e-4
0.341
0.341
0.341

0.341
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Pruning type: none Pruning type: high specificity  Pruning type: smallest common
denominator
Go term p-value  p-value (FDR) p-value (Bonferroni) Go term p-value Go term p-value
Comified envelope 3.6000-5 0.024 0.033 Comified envelope 0033  Cormified envelope 0.024
Intermediiate flament 5.200e-5 0024 0.048 Intermediiate flament 0279 Intermediate flament 0.024
DNA packaging complex 2.7000-4 0082 0247 Blood microparticle  0.485  DNA packaging complex  0.082
Intermediate filament cytoskeleton 0.001 0.209 0.924 MCM complex 0.492 Blood microparticle 0.364
Extracelular matrix 0001 0200 1.000 Nucleosome 0492 MCM complex 0470
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Pathway name Pathway ID
Cytokine-cytokine receptor interaction 04060
Staphylococcus aureus infection 05150
Viral protein interaction with cytokine and cytokine receptor 04061
Systemic lupus erythematosus 05322
Herpes simplex virus 1 infection 05168

The p-value comssponding fo the pathway wae calulaied based on ovemapresentation analysis.

p-value

6.711e-8
4.009e-7
1.050e-7
3.414e-4
6.444e-4

p-value (FDR)

2.0202e-5

6.034e-5

1.053e-4
0.026
0.039

p-value (Bonferroni)

2.020e-5

1.207e-4

3.160e-4
0.103
0.194
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s.NO Pathology type Groups

Normal Sham MCAO MCAO + pterostilbene
1 Celluiar sweling - +1 +3 +1
2 Cellular disintegration - - +3 +2
3 Macrophage infilration - +1 +3 +1
4 Monooyte infiltration - +1 +3 +
5 Polymorphonuclear leucocyte degranulation - +1 +3 +1
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Signature ID

ERG005_VCAP_6H:BRD-K88378636-001-02-8:20
CPC006_SNUC5_6H:BRD-A19633847-050-20-6:10
CPCO013_SKB_24H:BRD-K16798053-001-01-0:10
CPCO17_SKB_24H:BRD-A20968261-001-01-3:10
CPC006_CORL23_6H:BRD-A04706586-236-01-7:10
CPCO007_A375_24H:BRD-K03067624-003-19-3:10
CPC007_A375_6H:BRD-K03067624-003-19-3:10
CPC012_MCF7_6H:BRD-K41652870-001-01-9:10
CPCO005_A375_24H:BRD-A78360835-001-01-1:10
CPCO006_PL21_6H:BRD-K78659596-001-01-3:10

Drug or
natural product

Withaferin A
Perhexiline
ST-4029573
WAY-213613
Bucladesine
Emetine

emetine
BRD-K41652870
Cercosporin
MLN-2238

Similarity score

-0.0533
-0.0414
-0.0382
-0.0414
-0.0358
-0.0398
-0.0374
-0.0366
-0.0358
-0.0334

p-value

2.68e-13
4.51e-08
201e-07
281e-07
2.08e-06
1.42e-06
3.86e-06
7.70e-06
2.49e-05
3.27e-05

q-value

1.06e-08
3.85e-04
8.62e-04
1.00e-03
4.95¢e-03
3.80e-03
8.48e-03
1.32e-02
2.74e-02
3.33e-02

Z-score

1.65
1.80
1.76
1.68
1.84
178
1.81
175
1.83
1.85

combined score

-20.79
-13.23
-11.79
-11.01
-10.48
-10.42
-9.79
-8.97
-8.40
-8.28
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Rank

= TR R R e

Overlap

0.0358
0.0353
0.0278
0.0254
0.0249
0.0244
0.0244
0.0239
0.0239
0.0239

Perturbation

5212475
BRD-K56411643
F3055

Nerciclasine

Ro 31-8220 mesylate
Enythrosine sodium
Parthenolide
Teniposide
Daunorubicin

€293

Cell line

VCAP
VCAP
A375
HATE
HCC515
HATE
A375
A375
A549
PC3

Dose

100 ym
10.0 ym
100 ym
100 ym
10.0 pm
100 ym
20.0 um
1.25 ym
100 ym
10.0 pym

Time (h)

240
240

6.0
240
240
240
240
240

6.0

6.0
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Rank

= AR RSN CRER e

Overlap

0.0337
0.0304
0.0207
0.0277
0.0277
0.0271
0.0264
0.0257
0.0257
0.0257

Perturbation

Trichostatin A
Narciclasine
Camptothecin (S.+)
Enythrosine sodium
Vorinostat

F3055
Parthenolide
Curcumin
BRD-K56411643
Ceastrol

Cell line

A375
HAE
PC3
HAIE
A375
A375
A375
MCF7
VCAP
HME1

Dose

10.0 ym
100 um
100 um
100 um
114 pm
100 um
200 ym
480 pm
100 um
10 pm

Time (h)

240
240
240
240
240

6.0
240
240
240

3
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Rank

= TR R R e

Overlap

0.0398
0.0390
0.0366
0.0350
0.0334
0.0326
0.0326
0.0326
0.0326
0.0310

Perturbation

Trichostatin A
Narciclasine
Parthenolide
HY-10518
Vorinostat
Teniposide
BRD-K56411643
BL-081
Camptothecin (S.+)
Enythrosine sodium

Cell line

A375
A375
A375
VCAP
A375
A375
VCAP
VCAP
PC3

HATE

Dose

100 ym
100 pym
200 pm
100 ym
114 pm
1.25 ym
100 um
100 um
100 um
10.0 pm

Time (h)

240
240
240
240
240
240
240
240
240
240
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Signature ID

CPCO006_PC3_6H:BRD-A36630025-001-02-6:0.35
CPCO11_A549_24H:BRD-K97614127-045-02-0:10
CPC015_MCF7_24H:BRD-K520757156-001-03-4:10
CPCO19_HT29_6H:BRD-K67870070-001-01-4:10
ERG005_VCAP_6H:BRD-K88378636-001-02-8:20
CPCO012_MCF7_24H:BRD-K69496360-001-01-5:10
CPCO015_MCF7_24H:BRD-K47869605-001-18-9:10
CPCO001_HCC515_24H:BRD-K82823804-001-01-7:10
MUC.CP003_MCF7_24H:BRD-K02407574-001-04-8:3.3333
CPC002_PC3_6H:BRD-K06926592-001-01-7:10

Drug or
natural product

SN-38
Vinorelbine
Oxibendazole
SA-247615
Withaferin A
BRD-K69496360
Podophyliotoxin
SA-792987
Parbendazole
Tretinoin

Similarity SCORE

-0.0598
-0.0598
-0.0573
-0.0560
-0.0547
-0.0522
-0.0509
-0.0509
-0.0496
-0.0496

p-value

1.04e-11
2.32e-11
2.91e-10
7.96e-11
1.28e-09
1.03e-08
1.78¢-08
3.61e-08
8.46e-08
7.24e-08

q-value

2.02e-08
3.82e-08
3.37e-07
1.22e-07
1.19e-06
5.72e-06
8.35e-06
1.44e-05
2.85e-05
2.54e-05

Z-score  Combined score

179 -1961
172 -18.26
167 -15.88
1.69 -17.05
1.65 -1471
178 -1381
167 -1297
181 -13.45
162 -11.45
1.79 -12.80
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Signature ID

ERG005_VCAP_6H:BRD-K88378636-001-02-8:20
CPCO012_VCAP_24H:BRD-A59985574-003-01-9:10
CPCO12_VCAP_24H:BRD-K62459624-001-08-7:10
CPC006_HCC515_6H:BRD-K16406336-311-01-2:10
CPCO11_PC3_6H:BRD-K04548931-003-11-6:10
NMHO02_NPC_24H:BRD-K32610195-001-14-9:10
CPCO12_VCAP_24H:BRD-K56196992-001-01-2:10
CPCO015_NPC_24H:BRD-K14920963-304-01-9:10
CPCO013_SKB_24H:BRD-K16798053-001-01-0:10
CPC004_PC3_6H:BRD-A41519720-001-03-0:10

Drug or
natural product

Withaferin A
Topotecan
BRD-K62450624
Methylene-blue
Pidorubicine
Androstenedione
BRD-K56196992
Enythrosine
ST-4029573
Ezetimibe

Similarity score

-0.0492
-0.0303
-0.0293
-0.0303
-0.0278
-0.0269
-0.0269
-0.0269
-0.0269
-0.0264

p-value

3.55e-16
6.34e-05
1.66e-04
8.54e-04
1.04e-03
1.58e-03
9.60e-03
1.51e-03
4.94e-04
1.21e-02

q-value

1.52e-11
4.35e-01
8.86e-01
1.00e+00
1.00e+00
1.00e+00
1.00e+00
1.00e+00
1.00e+00
1.00e+00

Z-score

1.65
175
177
17z
177
1.63
172
175
1.76
1.78

Combined score

-2555
-7.36
-6.69
-5.43
-5.27
-4.57
-3.47
-4.93
-5.82
-342
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Signature ID

ERG005_VCAP_6H:BRD-K88378636-001-02-8:20
CPCO015_NPC_24H:BRD-K14920963-304-01-9:10
CPC006_HCC515_6H:BRD-K16406336-311-01-2:10
CPC012_HCC516_6H:BRD-K56653679-001-01-2:10
CVDOO1_HUH7_6H:BRD-K81142122-001-14-
CPC004_HT29_6H:BRD-K77830450-001-02-4:10
CPC013_SKB_24H:BRD-K16798053-001-01-0:10
CPCO014_HA1E_6H:BRD-U66370498-000-01-0:10
CPCO005_A375_24H:BRD-A78360835-001-01-1:10
CPCO014_HCC515_6H:BRD-A80960055-001-01-7:10

Drug or
natural product

Withaterin A
Enythrosine
Methylene-blue
MD-041
STK-249718
Forskolin
ST-4029573
Androstanol
Cercosporin
Celastrol

Similarity score

-0.0587
-0.0304
-0.0330
-0.0317
-0.0323
-0.0264
-0.0277
-0.0264
-0.0200
-0.0290

p-value

2.84e-19
2.86e-04
3.94e-04
4.22e-04
3.91e-04
1.31e-03
9.86e-04
1.43e-03
2.06e-03
2.78e-03

q-value

121e-14
7.64e-01
8.88e-01
9.03e-01
8.88e-01
1.00e+00
1.00e+00
1.00e+00
1.00e+00
1.00e+00

Z-score

1.65
175
177
172
1.62
1.90
1.76
177
1.82
1.72

Combined score

-3067
-6.19
-6.02
-581
-5.52
-547
-5.29
-5.03
-4.90
-4.40





OPS/images/fphar-12-720170/fphar-12-720170-t010.jpg
Signature ID

CPC006_A375_24H:BRD-A75817871-001-04-2:40
CPC004_MCF7_6H:BRD-K37991163-003-06-8:10
CPCO14_HT29_6H:BRD-K53561341-001-02-6:10
CPCO014_VCAP_24H:BRD-A52886023-001-01-7:10
CPCO009_VCAP_24H:BRD-K94390040-019-01-9:10
5 _2 RD-K19540840-001-04-5:10
CPC015_HEPG2_6H:BRD-K92093830-003-05-
CPC006_JHUEM2_6H:BRD-K12502280-001-01-5:11.1
CPCO006_LOVO_6H:BRD-A62182663-001-01-4:10
CPCO003_HA1E_24H:BRD-K72783841-001-01-0:10
CPCO006_A375_6H:BRD-K13049116-001-01-6:10
PCLB003_A375_24H:BRD-K95309561-001-19-7:0.12
CPCO013_HEPG2_6H:BRD-K00954209-001-01-0:10
CPCO013_VCAP_6H:BRD-A81530502-001-01-6:10
CPCO18_A375_6H:BRD-K18787,491-001-07-
CPCO011_PC3_6H:BRD-K92093830-003-23-3:10
CPC003_HA1E_24H:BRD-K17415526-001-02-7:10
CPC008_HEPG2_6H:BRD-K54687541-001-01-8:10
CPC006_HA1E_24H:BRD-K28360340-001-01-8:10
CPCO14_SKB_24H:BRD-K89014967-001-01-9:10
CPC018_A375_6H:BRD-K12244279-001-02-5:10
LJPOO1_SKBR3_24H:BRD-K49328571-001-06-9:2
CPC006_VCAP_6H:BRD-K12994359-001-07-7:177.6
CPCO14_HCC515_6H:BRD-M16762496-001-01-9:10
LJPO01_SKBR3_24H:BRD-K49328571-001-06-9:10
HOGO002_A549_6H:BRD-K34581968-001-01-2:11.1
CPCO013_SKB_24H:BRD-K49328571-001-04-4:10
CPCO14_SKB_24H:BRD-K05804044-001-01-1:10
CPCO012_MCF7_24H:BRD-K45842176-001-01-3:10
CPCO14_MCF7_6H:BRD-K73293050-001-01-5:10
CPC012_PC3_6H:BRD-A19248578-001-03-7:10
CPCO018_HEPG2_6H:BRD-K15588452-003-01-9:10
CPCO006_HA1E_24H:BRD-K68336408-001-04-2:56.78
CPCO019_HT29_6H:BRD-K65366129-001-04-0:10
CPCO14_HT29_6H:BRD-K16478699-001-02-7:10
CPC006_A549_6H:BRD-K20285085-001-01-4:10
LJP0O02_MCF10A_6H:BRD-K41859756-001-03-5:
CPC018_HEPG2_6H:BRD-K46419649-001-01-
CPCO013_MCF7_24H:BRD-K16541732-001-01-3:10
CPC006_A375_24H:BRD-K10705233-003-02-8:40
CPCO12_SKB_24H:BRD-K08307026-001-01-4:10
CPC012_MCF7_24H:BRD-K41220170-236-01-4:10
MUC.CP004_MCF7_6H:BRD-K36627727-001-01-3:1.1111
CPC006_HA1E_6H:BRD-K64634304-001-01-5:40
CPC003_HA1E_24H:BRD-K37691127-001-02-2:10
CPCO10_VCAP_6H:BRD-A04327189-001-11-(
CPCO18_NPC_24H:BRD-K22385716-001-01-
CPC003_PC3_24H:BRD-K17415626-001-02-7:10
CPC006_SW620_6H:BRD-K34581968-001-01-2:11.1
CPCO019_PC3_24H:BRD-K92817986-001-01-7:10

Drug

Blebbistatin
Paroxetine
KIN0O1-220
Antimycin-a
BRD-K4390040
Saracatinib
Doxorubicin
TG-101348
YK-4279
Tyrphostin-AG-565
BMS-754807
Dienestrol
BRD-K00954209
BRD-AB1530502
U-0126
Doxorubicin
Tyrphostin-AG-835
BRD-K54687541
TW-37

AS-703026
MEK1-2-inhibitor
Dasatinib
Valdecoxib

PIK-75

Dasatinib
BMS-536924
Dasatinib

AZ-628
BRD-K45842176
WZ-3146
Latruncuiin-b
R-06544
Tyrphostin-AG-1478
SD-6-035-A3
PLX-4720
Fostamatinib
NVP-AUY922
U126
BRD-K16541732
GW-405833
BRD-K08307026
BRD-K41220170
Tamibarotene
Tretinoin

Hinokitiol
Synephrine
LY-303511
Tyrphostin-AG-835
BMS-536924
BUM-CSC-19

Similarity score

-0.0593
-0.0571
-0.0549
-0.0527
-0.0527
-0.0505
-0.0505
--0.0505
-0.0484
-0.0484
-0.0484
-0.0484
-0.0484
-0.0484
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.0462
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.044
-0.0418
-0.0418
-0.0418
-0.0418
-0.0418
-0.0418
-0.0418
-0.0418

p-value

131607
1.12E-06
243E-06
4.90E-06
7.95E-06
557E-06
12105
5.98E-06
2.82E-05
4.68E-05
358E-05
2.64E-05
1.04E-04
4.39E-05
413E-05
6.26E-05
264E-04
6.26E-05
1.66E-04
1.48E-04
6.46E-05
286E-04
989E-05
1.62E-04
250E-04
1.326-04
1.86E-04
1.11E-04
1.62E-04
258E-04
122604
22404
6.76E-04
1.25E-04
224E-04
980E-05
1.69E-04
1.37E-04
990E-04
8.40E-04
251E-04
4.08E-04
472604
753E-04
4.35E-04
312604
6.46E-04
539E-04
1.256-03
7.34E-04

a-value

1.12E-03
3.67E-03
4.92E-03
7.23E-03
8.74E-03
7.94E-03
1.19E-02
8.08E-03
2.11E-02
2.78E-02
2.47E-02
2.02E-02
4.04E-02
2.77E-02
2.77E-02
3.18E-02
6.89E-02
3.18E-02
4.87E-02
4.79E-02
3.18E-02
7.25E-02
3.92E-02
4.87E-02
6.68E-02
4.61E-02
5.27E-02
4.14E-02
4.87E-02
6.78E-02
4.37E-02
6.12E-02
1.10E-01
4.39E-02
6.12E-02
3.92E-02
4.91E-02
4.69E-02
1.32E-01
1.22E-01
6.68E-02
8.32E-02
9.18E-02
1.17E-01
8.70E-02
7.52E-02
1.09E-01
9.88E-02
1.51E-01
1.15€-01

Z-score

1.79
1.79
1.69
1.69
1.75
1.67
1.71
1.84
18
1.82
1.82
1.64
1.71
172
1.71
177
1.81
18
1.79
17
17
16
1.78
1.71
1.62
1.65
1.71
172
173
1.71
1.78
1.69
1.78
1.69
1.71
1.83
1.65
17
167
1.76
172
1.75
1.62
18
1.89
1.81
1.66
1.84
1.77
1.68

Combined score

-1229
-10.68
-95
-897
-893
-8.77
-8.42
-9.63
-8.21
-79
~81
-75
-6.82
-7.47
-75
-7.46
-6.46
-757
-6.76
-6.51
-7
-5.67
-7.15
-6.47
-5.85
-6.38
-6.38
—6.8
-6.556
-6.14
-697
-6.15
-5.64
-6.59
-6.24
-7.33
-6.23
-6.57
-5.03
-5.41
-6.21
-594
-5.38
-561
-6.34
-6.33
-6.31
-6.02
-5.14
-5.28
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Signature ID

CPC003_PC3_6H:BRD-K76534306-001-11-0:10
CPC006_U937_6H:BRD-K78126613-001-16-0:10
CPCO19_HA1E_6H:BRD-K98824517-001-06-4:10
CPCO018_MCF7_24H:BRD-K36055864-001-09-3:10
CPCO14_MCF7_24H:BRD-K16485616-001-03-0:10
CPC016_A375_6H:BRD-K63516691-003-01-2:10
CPD001_MCF7_24H:BRD-K21680192-300-11-0:10
CPCO016_MCF7_24H:BRD-K80348542-001-01-4:10
CPCO017_HEPG2_6H:BRD-K04546108-066-01-5:10
CPCO013_A375_6H:BRD-K35638681-001-01-5:10
CPC014_PC3_24H:BRD-K95901403-001-01-1:10
CPC013_HCC515_6H:BRD-K94493764-001-01-3:10
CPC006_MCF7_6H:BRD-A67788537-001-01-7:120
CPD002_MCF7_6H:BRD-K42635745-001-19-
CPCO006_A375_6H:BRD-K05402890-001-02-7:0.35
CPCO018_A549_6H:BRD-A71459254-001-02-8:10
CPC010_A549_6H:BRD-K28916077-001-04-0:10
CPCO014_PC3_24H:BRD-A18497,530-001-05-3:10
LJP002_BT20_6H:BRD-A24396574-001-02-3:10
CPCO06_HT29_24H:BRD-K19894101-001-01-6:11.1
CPCO018_HT29_6H:BRD-A80383043-001-01-7:10
CPCO10_HEPG2_6H:BRD-K28916077-001-04-0:10
CPC004_PC3_6H:BRD-A09472452-015-11-9:10
CPCO19_A375_6H:BRD-K98824517-001-06-4:10
BRAF001_A375_24H:BRD-K16478699-001-06-0:0.625
CPCO001_HA1E_6H:BRD-K02690140-001-01-2:10
LJPOO1_MCF7_6H:BRD-K99252663-001-01-1:10
CPCO012_MCF7_24H:BRD-K08307026-001-01-4:10
NMH001_NPC_24H:BRD-K14282469-001-09-8:10
CPCO10_HCC515_6H:BRD-K78385490-019-02-2:10
CPC006_MCF7_24H:BRD-K28360340-001-01-8:10
CPCO008_A549_6H:BRD-K32944375-019-01-3:10
CPC012_PC3_6H:BRD-K28610502-001-01-0:10
CPC009_A549_6H:BRD-K95138506-019-01-8:10
CVD001_HUH7_6H:BRD-K76674262-001-01-7:2.5
CPCO013_MCF7_6H:BRD-K35638681-001-01-5:10
CPC010_PC3_6H:BRD-K69676861-001-02-4:10
CPC015_A375_6H:BRD-K15409150-001-01-7:10
CPCO014_PC3_6H:BRD-U86922168-000-01-3:10
CPC002_HA1E_6H:BRD-K91370081-001-10-3:10
CPC006_TYKNU_6H:BRD-K92317137-001-04-0:10
CPCO008_VCAP_24H:BRD-K44432556-001-03-0:10
CPC006_MCF7_6H:BRD-A62025033-001-01-8:10
CPC006_HCC516_24H:BRD-K04430056-001-09-4:80
CPCO014_A375_6H:BRD-U33728988-000-01-6:10
HOGO001_MCF7_24H:BRD-K06854232-001-03-3:0.0045
CPCO14_HT29_6H:BRD-K50720187-050-04-1:10
CPCO19_VCAP_24H:BRD-K20000640-001-01-6:10
CPC019_HT29_6H:BRD-K86027709-001-01-7:10
CPCO006_SW620_6H:BRD-K06792661-001-01-9:10

Drug

Enrofioxacin
Menadione
BRD-K98824517
Cycloheximide
Mocetinostat
T-0156
Mitoxantrone
Cephasline
JAK3-inhibitor-VI
BRD-K35638681
XL-147
BRD-K04493764
Salermide
Suloctidil
BRD-K05402890
Cymarin
BRD-K28916077
5-iodotubercidin
Celastrol
MST-312
BRD-AB0383043
BRD-K28916077
Flecainide
BRD-K98824517
PLX-4720
0-2050
QLXI-47
BRD-K08307026
LY-165163
BRD-K78385490
™W-37
BRD-K32944375
RAN-05
BRD-K95138506

Homoharringtonine

BRD-K35638681
BRD-K69676861
Penfluridol
QLXI-47
Anisomycin
BRD-K92317137
VU-0418046-1
Temsirolimus
7-nitroindazole
QLX-138
AM-580
Fiupirtine
SA-247384
BRD-K86027709
Narciclasine

Similarity score

-0.1071

-0.0893
-0.0893
-0.0893
-0.0893
-0.0833
-0.0833
-0.0833
-0.0833
-0.0833
-0.0774
-0.0774
-0.0774
-0.0774
-0.0774
-0.0774
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
—0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
-0.0714
--0.0714
-0.0714
-0.0714
-0.0714
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655
-0.0655

p-value

7.61E-10
5.38E-07
3.48E-07
3.68E-07
6.83E-07
2.78E-06
1.561E-06
2.64E-06
1.18E-06
2.27E-06
2.79E-05
1.12E-05
8.02E-06
6.60E-06
1.07E-05
1.09E-05
4.69E-05
4.03E-05
4.21E-05
4.79E-05
4.99E-05
2.41E-05
3.16E-05
2.64E-05
4.30E-05
4.39E-05
5.90E-05
4.49€E-05
5.10E-05
1.01E-04
5.64E-05
8.47E-05
1.36E-04
4.30E-05
6.94E-05
1.03E-04
4.39E-05
3.01E-04
1.65E-04
1.62E-04
2.60E-04
2.55E-04
3.59E-04
1.43E-04
2.85E-04
3.63E-04
1.65E-04
3.17E-04
2.95E-04
2.24E-04

a-value

1.09E-05
1.62E-03
1.43E-03
1.43E-03
1.62E-03
4.25E-03
2.93E-08
4.19E-03
2.67E-03
3.90E-03
1.44E-02
9.40E-03
8.18E-03
7.63E-03
9.40E-03
9.40E-03
1.826-02
1.79E-02
1.79E-02
1.83E-02
1.87€-02
1.37E-02
1.56E-02
1.44E-02
1.79E-02
1.79E-02
1.90E-02
1.81E-02
1.88E-02
2.54E-02
1.88E-02
2.20E-02
3.22E-02
1.79E-02
2.07E-02
2.57E-02
1.79E-02
4.42E-02
3.56E-02
3.63E-02
4.26E-02
4.26E-02
4.85E-02
3.28E-02
4.34E-02
4.80E-02
B.44E-02
4.59E-02
4.42E-02
4.00E-02

Z-score

1.87
1.78
1.67
171
1.73
17
1.67
1.68
172
174
1.68
172
1.82
17
1.81
1.69
1.76
173
1.66
18
1.66
18
184
1.7
1.84
1.85
1.62
1.76
1.61
1.73
1.81
1.75
17
178
1.65
1.69
1.76
1.69
1.73
1.85
177
177
177
1.84
1.69
1.62
171
1.66
1.65
178

Combined score

-17.05
-11.15
-108
-1097
-10.64
-9.44
-9.71
-9.39
-1021
-9.82
-7.66
-853
-9.25
-879
-9.01
-84
-764
-762
-725
-7.77
-713
-8.32
-8.28
-78
-8.05

-6.87
-787
-6.92
-6.91
-7.69
-713
-6.56
-7.77
-6.85
-6.73
-767
-594
-6.53
-7.02
-6.36
-6.36
=81
-7.07
-6.01
-558
-6.53
-6.82
-5.82
-6.49
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Signature ID

CPC006_HEPG2_6H:BRD-K01976263-003-04-5:f
CPC017_MCF7_24H:BRD-A62184259-001-02-
HOGO003_A549_24H:BRD-K01976263-003-04-5:3.3333
CVD001_HEPG2_24H:BRD-K03067624-001-01-5:10
CPCO006_HT29_6H:BRD-K01976263-003-04-5:0.63
CPCO14_SKB_24H:BRD-M16762496-001-01-9:10
CPC004_HCC515_24H:BRD-A25687296-300-03-5:10
CPC018_MCF7_24H:BRD-K36056864-001-09-3:10
CPC002_HCC515_24H:BRD-K80348542-001-01-4:10
CPC008_A375_24H:BRD-K66032149-001-01-9:10
CPCO017_HEPG2_6H:BRD-A25687296-300-03-5:10
CPC004_HT29_6H:BRD-A25687296-300-03-5:10
CPC009_PC3_6H:BRD-K21773564-001-01-8:10
CPC004_HEPG2_6H:BRD-A62184259-001-02-8:10
CPC006_HEPG2_6H:BRD-A45889380-300-04-8:10
CPC016_HEPG2_6H:BRD-K80348542-001-01-4:10
CPCO017_A549_24H:BRD-K11927976-050-01-1:10
CPC013_SKB_24H:BRD-K87909389-001-01-2:10
CPCO018_A549_6H:BRD-K63606607-001-01-8:10
CPC004_VCAP_24H:BRD-A01593789-001-02-3:10
CPC004_HA1E_6H:BRD-K14920963-304-01-9:10
CVDO0O01_HUH7_6H:BRD-K03067624-001-01-
CPCO17_MCF7_6H:BRD-A25687296-300-03-
CPCO008_A375_6H:BRD-U88878891-000-01-9:10
CPCO14_HT29_6H:BRD-A26002865-001-01-5:10
CPCO017_MCF7_6H:BRD-K60511616-236-01-4:10
CPCO007_HT29_24H:BRD-K03067624-003-19-3:10
CPCO010_A375_6H:BRD-A24643465-001-05-3:10
CPCO015_MCF7_6H:BRD-K63550407-001-08-
CPC004_MCF7_6H:BRD-A25687296-300-03-
CPCO008_MCF7_24H:BRD-K64409586-001-04-5:10
CPC006_PC3_24H:BRD-A75517195-001-01-3:40
CPC006_LOVO_6H:BRD-K01976263-003-04-5:0.63
CPCO14_SKB_24H:BRD-K80622725-001-10-2:10
CPC012_MCF7_24H:BRD-K48935217-001-01-3:10
CPCO006_MCF7_24H:BRD-K01976263-003-04-5:0.63
CPCO014_PC3_6H:BRD-K70549064-001-03-3:10
CPC008_A375_24H:BRD-K14749055-001-01-3:10
CPC017_A375_6H:BRD-A26687296-300-03-6:10
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Chronic stress strategies

Change to new cage and Food fasting
Shaking home cage and Water fasting

50 ml centrifuge constraint and Wet mattress
Switch to dirty cage and Hot temperature
Shaking home cage and Food fasting

50 ml centrifuge constraint and Water fasting
Rest and Change to new cage

Hot temperature and Food fasting

Switch to dirty cage and Water fasting

50 ml centrifuge constraint and Hot temperature
Switch to dirty cage and Food fasting

Shaking home cage and Water fasting

50 ml centrifuge constraint and Food fasting
Rest and Change to new cage

Shaking home cage and Food fasting

Switch to dirty cage and Water fasting

Hot temperature and Food fasting

50 ml centrifuge constraint and Water fasting
Shaking home cage and Hot temperature

Hot temperature and Water fasting

Rest and Change to new cage

50 ml centrifuge constraint and Hot temperature
Switch to dirty cage and Food fasting

Shaking home cage and Water fasting

50 ml centrifuge constraint and Food fasting
Hot temperature and Water fasting

Shaking home cage and Switch to dirty cage
Rest and Change to new cage
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Reverse
Forward
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Reverse
Forward
Reverse
Forward
Reverse

Oligonucleotide Sequence

5' CTCAAGCCCTGGTATGAGCC 3'

5' GGCTGGGTAGAGAACGGATG 3
5' CCTGCAGCTGGAGAGTGTGGAT 3’
5' TGTGCTCTGCTTGTGAGGTGCT 3'
5' GGAGCCCACCAAGAACGATA 3'

5' CAGGTCTGTTGGGAGTGGTA 3

5' ACGTGTTCCAGGACACAACA 3'

5' GGCGCATGTGTGCTAATCAT 3'

5' AGCCTCGTCCCGTAGACAAAA 3'
5' TGGCAACAATCTCCACTTTGC 3'

Length (bp)
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Data ID

AD00201

AD00202

AD00203

AD00204

AD00205

AD00206

File name

H-H-Entorhinal Cortex-Male

H-H-Entorhinal Cortex-Female

H-AD-Entorhinal Cortex-Male_001

H-AD-Entorhinal Cortex-
Female_001

H-AD.Braak 2-Entorhinal cortex
-Male_001

H-AD.Braak 6-Entorhinal cortex
-Male_001

Condition

Control

Control

Disease

Disease

Disease

Disease

Brain region

Entorhinal
cortex
Entorhinal
cortex
Entorhinal
cortex
Entorhinal
cortex
Entorhinal
cortex
Entorhinal
cortex

Sex

Male

Female

Male

Female

Male

Male

Braak
Stage

NA
NA

45

GEO ID

GSE138852 (n = 6); GSE147528
(n=3

GSE138852 (1 = 2)

GSE138852 (1 = 6)

GSE138852 (1 = 2)

GSE147528 (1 = 3)

GSE147528 (n = 3)

Number of
cells

29,993

1,122

3,770

2,303

25,492

25,537

NA, not applicable; the mean age range of samples from the GSE138852 dataset was 77.6 (ange 67.3-91 years) and the mean age range of samples from the GSE147528 dataset was
74.4 frange, 50-91 years).
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GAPDH

Primer sequence

F: 5'-TGGAGCTGCAGAGGATGATTG-3'
R: 5'-GCTGCCACTCGGAAAAAGAC-3'
F: 5'-CCACTCACCTCTTCAGAA-3'

R: 5'-GCGCAAAATGAGATGAGT-3"

F: 5'-GCGCACAGAGGAAGAGAATC-3
R: 5'-CTCTCGGAACATCTCGAAGC-3'
F: 5'-ACCACAGTCCATGCCATCAC-3"
R: 5'-TCCACCACCCTGTTGCTGTA-3'
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Model
AD

AD

AD

Neuronal
damage

AD

AD

AD

AD

ADflearning and
memory
impairments

AD

AD
AD

AD

AD

AD

AD
AD

Mermory
impaired

AD

Inflammation

AD

AD

AD

AD

AD

AD

AD

AD

AD

Inducer

Azs-a5

H0,

A1z

ABssas
Asas

Glutamate

Apiz

D-Galactose/
LPS

Apraz

A1ao
Ap1ao
Azs-a5

ABiao

ABio

Scopolamine
hydrobromide

ABraz

LPS

ABas.as

Azsas
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Ovariectomy/
Inhibitor

Experimental model
NG108-15 neurogiial
cells

3 x Tg-AD mice

SAMP8 mice

Hippocampal neurons
cells

Rat hippocampal
neurons cells

3x Tg-AD mice

Male SD rats

PC12 cells

PC12 cells
BV-2 microglial cells

Adult male SD rats

C6/THP-1 cells

Male Wistar rats
Male SD rats

PC12 cells

Male SD rats

‘SAMP8 mice

Old APP/PS1 mice
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ICR mice
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primary cultured
microgia
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Male kunming mice

Male SD rats

APP transgenic mice

APP transgenic mice

Primary cultured
hippocampal neurons
cells

Adult male SD rats/
Cortical neurons cells
Adult female rats/
HT22 hippocampal
neuronal cells
Neuro2a cells

Mechanism

TLR3, TLR4, NF-xB, TRAF-6, TNF-
a, IFN-p, INOS |

Arachidonic acid, 11b-PGF2a, cyte
450, enzyme prostaglandin-F
synthase, tryptophan, lysine|
Activated microgiia cels, activated
astrocytes, INOS, AB|
p-Galactosidase, ROS, caspase-3,
NOX2, p22phox, NLRP1, ASC,
caspase-1, IL-1, IL-18]
p-PPARy, CDKS5, BACE1, APP,
Ap1-42]

IDET

SYN2, CPLX2, SNP25, PSD-951

Caspase-3, Bax|

Bel-2, p-Akt]

LDH, [Ca*"Ji, ROS, caspase-
3, Bax|

p-Akt, Bol-21

(Ca®", MDA, NO, calpain Il,
caspase-3|

TNFa, IL-1B, INOS|

Caspase-3, caspase-9, Bax, AlF,
cyto C, Bel-2, TNF-a, IL-1B,
COX-2|

Cyto C, ROS, TNF-a, IL-1B]

IL-1B, Ap, GFAP|

Bax, caspase-3|

Bol-2f

Cholesterol, ROS, lipid
peroxidation|,

PPARyT

Nestin, GFAP, NSE, NSCs, NPCsT

TNF-a, activated microglia cells,
activated astrocytes, ASC,
caspase-1, INOS, AB|

AB plaque]

PCREB, BDNFT

ROS, Ca?*, IFN-y|.

Mmp, IL-137

SOD, GSH-PX, Bel-2, IDE, Nrf2,
HO-17

MDA, Bax, caspase-3, APP,
BACET, PS1, Ap, Keap1|

IRS2, IDE, GLUT1, GLUT31
GSK3p, tau].

Number of activated microglia, NO,
TNF-q, IL-1B, iINOS, IL-6, MCP-1,
MMP-3, MMP-9, ROS, NADPH,
MAPKS]|

CREBT

Caspase-3/7, caspase-9, oyt C,
ASK-1, JNK, Bax, ROS|
Caspase-8, caspase-12—

MMP, ATP, Bcl-2/Bax, GSH,
SOD, GpxT

SAPPB, C99, BACE1]

PPARy protein and mRNAT
Tryptophan|

LPC, hexadecasphinganine,
phytosphingosine, phenylalanine?
IL-1B, IL-6, TNF-a, S1008 mRNA,
PC, HNE, caspase-3|

IL-10, HSP70 mRNAT

IL-1p, IL-6, TNF-a, S100p mRNA,
NF-xB p65]

IL-107

GSK-3p, Tyr216]

Serd, PP-2AT

ROS, Bax mRNA, caspase-3, cyto
C mRNA|

SOD, GSH-Px, Bel-2 mRNAT
Tau|

P-2AT

BACET, AB|.

SAPPa, ADAMT

ChAT, VAT, ach, MAP-2, p75,
D21, TrkAT

Effects

Neuroinflammation

Oxidative stress, inflammation
reaction

Oxidative stress,
neuroinfiammation
Oxidative stress, apoptosis,
neuroinfiammation

Apoptosis, Ap degradation and
reduction

Modulating the expression of the
proteins of memory and
depression

Apoptosis

Mitochondrial dysfunction,
apoptosis

Anti-oxidation, anti-apoptosis

Neurotoxicity, microglial
activation, inflammation
Mitochondrial dysfunction,
energy metabolism, ETC, amino
acid metabolism, purine
metabolism, anti-apoptosis,
neuroinflammation

AB plaques, ABPP-A4, oxidative
stress, mitochondrial dysfunction,
neuroinflammation

AB plaques, neuroinflammation

Apoptosis

Apoptosis, PPARy activation,
cholesterol reduction

Promote the proliferation and
differentiation of endogenous
NSCs

Oxidative stress,
neuroinflammation

Amyloid protein (AB)
accumulation

Apoptosis, neuroinflammation,
oxidative stress

AB plaques, neurotoxicity,
oxidative stress, apoptosis

AB intake and accumulation,
energy metabolism disorder
Microglial activation, NF-xB/ap-1
activities suppresses
inflammatory molecules

Mitochondrial apoptosis,
oxidative damage, oxidative
stress

AB production

Metabolormics

Inflammation, oxidative stress,

apoptosis

Inflammation, NF-xB

ptau

Oxidative stress, neuronal
apoptosis

Tau

Activating estrogen-lie activity

Cholinergic markers
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Red ginseng i

Nonsaponin fraction with
tich polysaccharide (NFP)
from red ginseng

KRG extracts.

Model

AD

AD

Inducer

Azsss

Apzsss

A1z

APraz

Experimental model

PC12 cells

PC12 cells

14 months old SD
rats/5 x FAD mice/
HT22 cells

5 x FAD mice/HT22
cells

Mechanisms

Ca®, Bax, caspase-3, caspase-9,
PARP-1, JNK, p38 NF-x8, iNOS, COX-
2, PGE2, NO, TNF-a|

MMP, Bl-21

iNOS, p-NF-xB, COX-2, p-IxB, p38,
P-ERK, p-JNK, Ca®*, Bax, caspase-8,
caspase-9, caspase-3, RARP-1, TNF-
a, IL-1p, NO, PGE2, INOS, COX-2,
p-pes5L

MMP, Bcl-21

Iba-1(+) area|

NeuN-positive cells, mitochondrial
numbers, mitochondrial dynamics,
OCR, ATP, mitochondrial respiration?
Defective brain mitochondrial
dynamics, number of DCX (+) neurons,
dendriic morphology

4G8 (+) arealba-1 (+), GFAP (+), Ki-67
(+),DCX ()]

Nonmitochondrial respiration|

OCR, basal respiration, ATP-linked
respiration Maximal respiration

capacity!

Effects

Mitochondial dysfunction, apoptosis,
neuroinflammation

Oxidative stress, apoptotic responses,
pro-infiammatory medators

AB deposition, neuroinflammation,
neurodegeneration, mitochondrial
dysfunction, impaired ault
neurogenesis, cognitive dysfunction

AB accumulation, neuroinfiammation,
impaired adult neurogeness, neuronal
death, cognitive dysfunction,
mitochondrial dysfunction
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Formulas

Fuzheng
Quxie
Decoction
savz
granules

Shendi yizhi
granules

Kai-xin-san

Kai-xin-san

GAPT,
GEPT, or
jinsiwei

P. montana
and red
ginseng
extracts
Rg1 and
Acori
graminei
Rhizoma

Medicines

Renshen, huan glian, and
chuanxiong (9:6:5)

Ginsenoside Rg1,
astragaloside a, and
baicalin

Panaxginseng, Astragalus
nmembranaceus, and
Scutelaria baicalensis
Georgi (2:4:3)

Panax ginseng, Polygala
tenuifolia Wild, Poria

cocos (Schw.) Woff, and
Acorus tatarinowii Schott
@

Ginseng Redli et
Rhizoma, Polygalae Radix,
Acori Tatarinowii, and
Poria (3:2:2:3)

Ginseng, epimedium,
polygala, and tuber
curoumae

Hongshen and gegen

Ginsenoside Rg1 and
shichangpu

Model Inducer

AD

AD

AD

AD Azs-as

Learning and Scopolamine
memory-disordered
model

Neurodegeneration ~ TMT

AD APraz

Experimental
model

SAMP8 mice

APP/PS1 double
transgenic mice

APP/PS1 double
transgenic mice

SD rats/PC12 cells

Primary mouse
astrocytes cells

6 months old male
ICR mice

5 weeks old male
ICR mice

SAMPS mice/
Primary
hippocampal
neurons cells/PC12
cells

Mechanism

p-tau]

p-PP2A, NR2A,
nissl bodies]
ABa2,
dynamin-1]
MAPK3, TCA
(dalt, Fabps, idhb,
Glot,

Enof), HSPT
AtpSb, Dt
Mohc, PKM,
ATP, HSPT
acetyl-CoA

AChE, Bcl-2,
ROS, TNF-a,
IL-1B)

Ach, Bax,
cleaved-caspase-
3, p-PI3K, p-Akt,
and p-GSK-3p1
PIBK/AKL, tau
MMP-9,
TIMP-1—

NGF, BDNF,
CREB, tPAT
MDA,

AChE, ROS|
ChAT, SOD,
GPX, Acht
AChE]

Catalase, MDAT

HMOX1 |
mir-873-5p1

Effects

p-tau

AP deposition,
neuroinflammation, stress
responses, energy
metabolism

Energy metabolism, stress
response, cytoskeleton,
synaptic transmission, signal
transduction, amino acid
metabolism

Oxidative stress,
neuroinfiammation,
apoptosis, AB deposition,
oytoskeleton

GAMP-dependent pathway,
synthesis of neurotrophic
factors via regulation of the
tPA system

Protecting cholinergic
neurons, reducing oxidative
stress injury, neuroprotective

Ach, oxidative stresses

Apoptosis
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Medicine Model
Ginseng AD
Ninjin-yoei-to (renshen  Mid to
yangrong tang) moderate

probable AD
Heat-processed AD
ginseng
Koreanred ginseng ~~ AD

Memo® (combining of ~ AD
lyophilized royal jelly,
extracts of G. bioba

and P. ginseng)

Sample size

Control group (n = 39),
ginseng group (n = 58)

Donepezil (1 = 11),
donepezi + NYT
(n=12)

1.5 g/day (n=10), 3¢/
day (n = 10), 4.5 g/day
{n =10), control (n = 10)

Low-dose (4.5 g/day, n
= 15), high-dose (9 g/
day, n = 15), control (n
=31)

Experimental group (n=
30) control group (n
=30

Inclusion criteria

1. NINDS-ADRDA
2. Patients without other
neurodegenerative disorders or
cognitive impairments.

3. The use of drugs for concomitant
conditions was permitted

1. Patients diagnosed with AD
between 65 and 85 years of age
2. Patients who scored 15-23
points on the MMSE after treatment
with donepezil (5 mg/day) for more
than 8 months, but who did not
exhibit any significant change in
cognitive function

3. Patients without an otherwise
healthy condition

1. Age older than 50 years

2. MMSE score of <20

3. CDR score of 1

4. Without psychiatric disorder,
seizure disorder, or a medical
condition

5. Without cognitive impairment due
to stroke, neoplasia, infection,
hypoxic brain injury, or medications
1. Aged older than 50 years and
baseline MMSE score o210

and <26

2. Patients were without psychiatric
disorder, seizure disorder, or a
medical condition that would imit
the completeness of the study

3. Patients without cognitive
disorder caused by stroke, hypoxic
brain, cerebral neoplasia, infection,
and medications

1. Aged 50-80 years, complaining
of memory impairment or
forgetfuiness

2. Satisfying the clinical criteria of
memory complaint, normal activities
of daily living, abnormal memory for
age, and no documented dementia

Evaluative
criteria

MMSE, ADAS

MMSE,
ADAS-J
cog, NPI

ADAS, MMSE

ADAS,
K-MMSE,
CDR

MMSE

Results

Ginseng as a cognitive enhancer
for AD patients

No significant differences
between the two groups

Sigrificant improvement on the
MMSE and ADAS. Higher dose
group (4.5 g/day) showed
improvements in ADAS and
MMSE score as early as at

12 weeks, which sustained for
24-week folow-up

High-dose KRG group was
signiicant improvement on the
ADAS and CDR but normally
improved on the MMSE after
12 weeks of KRG therapy when
compared with those in the
control group

Beneficial n treating the
cognitive decline that occurs
during the aging process as well
as in the early stages of
pathologic cognitive impairment
of insidious-onset vascular
dementia and in AD
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Characteristics

Age (Yrs)
Male (n)
Females (n)
Weight (kg)
SBP (mmHg)
DBP (mmHg)
BMI (kg/m?)

Schizophrenics (n = 288)

13-73
162
126

2171

133.48

84.59

21.87

Control (n = 100)

15-70
47
53

20-80

130.21

81.24

20.76
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S. No PubChem ID

1 5213

2 6407

3 26757

4 57267

5 121938

6 400769

7 3033769
8 5280863
9 5464105
10 9876264
il 10605023
12 10629565
13 10865694
14 11079173
16 11113741
16 11145024
17 11949626
18 15922618
19 16216038
20 21574494
21 21509442
22 44421667
23 44421668
24 53398644
25 71312546
26 90472275
27 91827005
28 101062564
29 1,01219808
30 101995276
31 101996847
32 101996848
33 102000288
34 102080690
356 102080691
36 102080692
37 102418532
38 102418533
39 118856250
40 39484

Ligand
name

Silybin

Chloral

Selegiine
Eticlopride
LY134046
CDDO-Me
Raclopride
Kaempferol
Nitecapone
Bacopaside Il
Bacopasaponin G
Bacopaside X
Bacopaside IV
Bacopaside A
Bacopaside B
Bacopaside C
Bacopaside N1
Bacopaside Il
Bacosaponin F
Bacopaside N2
Bacopaside |
Bacopaside VI
Bacopaside |
Bacoside A
Bacopaside |
Bacopaside Il
Bacoside A3
Bacopasaponin E
Bacopaside V
Bacopasaponin A
Bacopasaponin B
Bacopasaponin C
Bacopasaponin D
Bacopaside VI
Bacopaside VI
Bacopaside Vil
Bacopaside XI
Bacopaside XiI
Bacopasaponin C
MPP*

-B2

-10.3

-10.1

-10.3

7.4
-10.1
-93
-87
-10.7
-1.2
-97
-9.4
-95
-11.9
-9.4
-93
-95
-11.2
-148
-104

-02
-93
-10
-63
-02
-79
-86
-10.1
-83
-93
-89
-96
-89
-7.8
-93
-89
-88
9
-96
-92
-10.3
=81
-3
=91
-95
-89
-89
-133
-94

7.6
-85
-8.3
-82
-5.4
=77
-73
-79
-89
-7.8
-7.8
8
-8.2
-7.9
-76
8
-9.1
-7.9
-8.2
-8.2
-8.2
-84
=B.7
=7
-9.2
-86
-84
-88
-138
-85

-104
-9.4
-99
-92
-6.5
-6.8
-7.8
-87
-9.8
-8.8
-95
-96
-97
-92
-7.7
-8.9
-86
-8.7
-89
-98
82
-8.8
-9.9
-85
-94
-10
-9.1
-92

-129
-93

0.1
-86
-9.8
-95
-7
8.1
-103
92
-10.1
75
-10.1
-95
-10.2
-102
-87
-97
-108
-98
-88
-10
-9.8
-10
-95
-10
-104
-10.2
-89
-10.2
-134
-10

-1
-108
-115
-7.3
-85
-10.1
-109
-126
-9.2
-10
-1
-10.4
-108
-11.3
-104
-99
-9.9
-1
-12
-123
-104
-102
-0.9
-11.4
-10.1
-103
-103
-147
-103

-89
-7
-83
-98
-86
-97
-96
-93
-92
-94
-9.1
-75
-97
-9.1
-88
-95
-10.1
-89
-89
-9.1
~87
-98
-86
-83
-82
-155
-98

|
0
2

-79

49

“Proteins. P1: COMT; P2: MAO-A Chain A; P3: MAO-A Chain B; P4: MAO-B; P5: PNMT; P6: PST; P7: UGT; P8: KEAP1; P9: ALDH1A1; P10: D3 dopamine receptor; P11: D2 dopamine

recapior (5. no. 1 o 9 mpresent standard figand for their respective proiein).
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Variables

Zn (mg/kg)

Cu (mgkg)

Fe (umollL)
Fertitin (ug/L)
Selenium (ppm)

Schizophrenics vs. control (mean + SD)

Control

0.16 £ 0.0023
1.51 £ 0.0026
1.23 + 0.0093
1.12 £ 0.0033
0.0293 + 0.000956

Schizophrenics

0.27 +0.0027
0.95 + 0.0067
1.36 + 0.0034
1.83 £ 0.0092
0.0075 + 0.00043

Schizophrenics (male)

027 +0.0014
0.91 +0.0053
1.34 + 0.0039
1.82 £ 0.0023
0.0056 + 0.00073

Schizophrenics (female)

0.27 + 0.0025
0.98 + 0.0063
1.37 £ 0.0036
1.84 £ 0.0024
0.0094 + 0.00051

P-values (< 0.05)

0.0068
0.0067
0.0454
0.0845
0.0319
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Variables Schizophrenics vs. Control (Mean + SD) p-values (<0.05)

Control Schizophrenics Schizophrenics (Male) Schizophrenics (Female)

Homocysteine (wmol/L) 6.96 + 1.987 17.56 + 2612 19.56 + 3.712 15.56 + 2.87 000
Glutamate (mmol/L) 19.77 £ 376 1270 + 462 13.02 + 376 12.46 £2.78 0145
Methionine (umol/L) 99.20 + 536 17.87 + 1.23 15.54 + 2.87 20.20 +1.97 .0012
Cysteine (molL) 487 + 924 1.08 + 089 099 + 025 117 £.002 034
NOS (UL) 7.87 +1.87 56.76 + 2.67 45.76 + 3.561 67.76 £+ 2.76 0176
Serotonin (ng/m) 196.98 + 635 77.98 £ 701 60.76 + 6.26 86.20 £ 7.27 0017
Dopamine (pg/mi) 7.98 + 1.82 378+ .92 287 +.729 4.69 + .623 0014
Prolactin (ng/mi) 15.76 + 2.65 3243 + 167 29.76 + 2.87 35.10+3.78 000
8-OHdG (ng/mi) 1.18 + .0045 2.76 + 0067 1.98 + .0032 3.54 + .0056 .0011
Glycine (umol/L) 256.73 + 7.87 267.87 + 6.63 27034 + 9.53 265.40 + 6.43 0498
Leucine (umol/L) 145.35 + 387 156.35 + 6.64 159.36 + 3.98 151.34 £ 8.54 156
Phenylalanine (umol/L) 63.87 + 487 64.76 + 498 65.36 + 3.98 63.40 754 287
Tyrosine (umol/L) 67.56:3.76 65.90 + 754 63.36 + 2.89 62,54 £ 634 0042
Threonine (umol/L) 129.76 + 4.67 134.35 + 6.98 132.76 + 4.43 135.94 + 3.98 0425

Arginine (umol/L) 95.35 + 4.76 91.65 + 398 92.79 + 6.45 90.51 + 6.43 0052
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Variables

Homocysteine Vs. L-Arginine

Homocysteine Vs. NOS
Homocysteine Vs. Vit-E

Homocysteine Vs. Vit-C
Homocysteine Vs. Vit-B6
Homocysteine Vs. Vit-B9
Homocysteine Vs. Vit-B12

Homocysteine Vs. T3
Homocysteine Vs. T4

Homocysteine Vs. MDA
MDA Vs.
MDA Vs.
MDA Vs.

80HdG
Vit-E
NO

Vit-E Vs. T3
Vit-E Vs. T4

Vit-E Vs.

Vit-C Vs.
Vit-C Vs.

80HIG
Serotonin
Dopamine

L-Arginine Vs. NO
CuVs. Zn

Cu Vs. Dopamine

Se Vs. GPx

Iron Vs. Catalase
Prolactin Vis. Dopamine
Prolactin Vis. Serotonin
Prolactin Vs. IL-6
Prolactin Vs. IL-2
Prolactin Vs. TNF-a
Glutamate Vs. NO

Zn Vs. NOS

Zn Vs. SOD

Vit-D Vs.

Vit-D Vs.
Vit-D Vs,

Vit-D Vs.
Vit-D Vs.
Vit-D Vs.
Vit-D Vs.

Vit-D Vs.
Vit-D Vs.

Vit-D Vs.

TPO-Ab
TSH
TSHr-Ab
Tg-Ab
ALP
AT
AST
L6

L2
TNFa

Correlation coefficients

~(676)
~(576)
~(354)
-(4.98)
~(298)
-(.523)
~(498)
+387)
+399)
+801)
+756)
~(339)
—~(387)
~(221)
~(287)
~(576)
+434)
~(:459)
+229)
-(.398)
+427)
+598)
+644)
~(867)
+745)
~(246)
+301)
+.465)
+.442)
+421)
+334)
~(791)
~(673)
~(591)
~(437)
~(391)
-(891)
~(403)
~(721)
~(614)
~(811)

p < (0.05)

0.034
0.041
0.023
0044
0.001
0.026
0.033
0.043
0.020
0019
0.017
0.030
0.013
0.021
0.034
0.021
0.041
0.028
0.042
0011
0.018
0.025
0.025
0.002
0.010
0.023
0.017
0.039
0.045
0.018
0.041
0.006
0.000
0.028
0019
0.022
0010
0019
0.003
0011
0190





OPS/images/fphar-12-666885/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-646287/fphar-12-646287-t003.jpg
Variables

ALT (UA)
AST (UL)
ALP (UL)
ALB (mgy/di)
T.Bili (mg/d))
TP (mg/d)

Schizophrenics vs. control (mean + SD)

Control

26.41 £3.76
21.92 +3.65
83.76 + 5.87
361 +.978
1.10 £ .056
6.46 + 1.65

Schizophrenics Schizophrenics (male)
45.57 + 4.87 4197 + 6.98
40.55 + 1.34 4211 + 4.76
121.54 + 4.87 127.53 + 8.65

271 + .765 2.79 + 456
2.63 +.987 285 + .564
6.57 + 1.56 658 +1.78

Schizophrenics (female)

48.38 + 4.98
39.45 + 2.87

131.65 + 10.65
264 + .762

2.47 + 675

6.55 + 1.33

p-values (<0.05)

010
014
018
045
034
087





OPS/images/fphar-12-646287/fphar-12-646287-t004.jpg
Variables

MDA (nmol/L)
SOD (ug/dl)
GSH (umol/L)
CAT (umol/mol of protein)
GGT (UL
CRP (mg/d)
IL-6 (pg/m)
IL-2 (pg/m)
TNF-a (pg/mi)
AOPPs (ng/m)
AGES (ng/m)
NO (ng/mi)
GPx (umol/L)
GRx (umol/L)

Schizophrenics vs. control (mean + SD)

Control

1.68 + .009
0.45 + .0056
9.06 + 1.75
3.67 + .0376
44.154.87
1.08 + .0037
373+ 276
266+ 1.56
30.42 + 3.87
0.90 + .0067
257 + .0045
23.27 + 3.87
8.06 + 1.87
1.69 +.0023

Schizophrenics

3.71 + 967
0.11 + .0034
4.48 + 965
2.30 + 0564
57.99 + 5.87
1.45 + 0022
6.69 + 3.87
5.34 + 1.77
31.60 + 5.76
1.43 £.0043
2.77 + 0046
56.33 + 7.45
6.67 + .987
4.29 + 365

Schizophrenics (male)

3.77 +.365
0.11 +.0076
4.13 + 1.089
216 +.076
56.95 + 6.76
1.47 + .0067
6.61+1.87
6.65 + 1.87
31.78+3.87
1.35 + .0065
2.77 + .0031
56.58 + 6.64
6.61+1.78
3.91 +.0076

Schizophrenics (female)

3.66 + .331
0.11 + .0056
476178
2.40 + 067
58.79 + 3.98
1.44 + 0045
6.76 + 96
4.03 + 1.02
31.47 + 3.08
1.49 + .090
2.77 + 0027
56.13 + 7.87
6.71 + 133
4.58 + 192

p-values (<0.05)

0213
0423
0376
.0187
.0245
0354
.0010
.0310
.0332
.0110
.0287
.0423
.0187
0214
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Variables Schizophrenics vs. control (mean + SD) p values (<0.05)

Control Schizophrenics Schizophrenics (male) Schizophrenics (female)
FT4 (pmollL) 10.66 + 1.87 21.30 + 2.87 21.36 + 3.98 21.25 + 465 .0457
FT3 (ug/dl) 458+ 1.09 385+ .99 388+.86 382+ 778 0344
TSH (UA) 2,00 + 0045 500+198 4.89 + 997 5.24 108 0214
TgAb (UL) 32.95 + 287 5550 + 298 55.48 £ 5.76 5551+ 564 0409
TPOAD (U/L) 581+ 198 984 £ 256 10.20 £ 3.87 955 + 1.56 0345

TSHRAD (IU/L) 1.44 +.0023 2.95 +.0045 2.94 + .0034 297 + .0033 0351
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Variables Schizophrenics vs. control (mean + SD) p-values (<0.05)

Control Schizophrenics Schizophrenics (male) Schizophrenics (female)
Vitamin A(nmol/L) 6.01 + 1.76 433 +1.62 4.42 +1.56 425+ .921 0417
Vitamin G{nmol/L) 054 0034 036 £ .0035 037 £.0016 0.36 +.0035 0315
Vitamin E(nmol/L) 0.28 +.0045 0.25 +.0035 0.23 + .0061 0.26 + .0026 0431
Vitamin Dpmol/L) 15.82 + 1.98 957 +1.89 955 + 287 950+ 192 0271
Vitamin-B6 (nmol/L) 87.67 £ 724 23.98 + 365 21.98 £ 2.76 2598+ 1.92 0190
Vitamin-B9 (nmol/L) 2.78 + .092 1.97 +.034 1.78 + .065 2.16: 0924 .0267

Vitamin-B12 (pmol/L) 234.65 + 11.87 89.98 + 10.25 79.87 + 11.87 100.09 + 6.63 .0023
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Variables

TCh (mg/di)
LDL (mg/dl)
HDL (mg/dl)
Tg (mg/di)

Schizophrenics vs. control (mean + SD)

Control

4.49 + 0.978
2.31 £ 0.876
1.67 + 0.265
1.40 + 0.097

Schizophrenics Schizophrenics (male)
510+ 1.76 527+ 1.76
291 £ 0564 2.89 + 0.381
1.31 + 0.654 1.33 + 0.422
2.49 £ 0.056 2.50 £ 0.076

Schizophrenics (female)

497 £1.74
2.92 +0.86
1.30 + 0.564
2.48 + 0.069

p-values (<0.05)

0.066
0.097
0.044
0.037





