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Editorial on the Research Topic 
Directing Stem Cell Fate Using Plant Extracts and their Bioactive Compounds

The rapidly evolving field of stem cell therapy has great potential for treating a broad array of diseases, including currently incurable diseases. However, the use of stem cell-based products as therapeutics is often limited by high rejection rate, insufficient availability, and expensive in vitro expansion methods (McNeish, 2004; Laustriat et al., 2010; Rubin and Haston, 2011). The external control of stem cells using plant-derived bioactive compounds, such as polyphenols, flavonoids, tannins, terpenoids, and fatty acids, may provide potential solutions to overcome many of these current limitations. Many naturally occurring bioactive compounds have been shown to promote stem cell proliferation and lineage-specific differentiation (Udalamaththa et al., 2016). This Research Topic aimed to cover promising and novel research findings on the effects of plant extracts and their bioactive compounds on regulating cell division and differentiation of pluripotent and adult stem cells and stem cells obtained from alternative sources. This article Research Topic includes ten original research articles, one brief research report, and one review article covering the potentials of bioactive compounds for neurodegenerative, cardiovascular, metabolic, cancer, musculoskeletal, and hair loss diseases through regulating stem cell proliferation and differentiation. Below we present the focus and key findings of each article.
Mesenchymal stem cells (MSCs) are multipotent progenitor cells that can be differentiated into skin cells, such as fibroblasts and keratinocytes. Apart from their differentiation capacity, MSCs exert unique paracrine actions to accelerate wound healing and maintain tissue homeostasis and, therefore, have been regarded as a potentially promising therapeutic option for tissue injury and diseases (Guillamat-Prats, 2021). Plant-derived components that can promote biological events, such as migration and homing of MSCs, may offer novel therapeutic options for regenerative medicine. The review by Maeda addresses the role of plant-derived components in promoting the migration and homing of MSCs to damaged sites, where they contribute to the healing process (Maeda).
The following group of five original research articles was dedicated to exploring the potential of plant components on neurodegenerative and neuropsychiatric conditions through regulating neural stem cells (NSCs) proliferation and differentiation in vitro and in vivo (Houghton et al.; Iwata et al.; Achour et al.; He Y. et al.; Sasaki et al.).
An interesting paper by Houghton et al. reported that exposure to supraphysiological caffeine condition could significantly reduce progenitor integrity and proliferation of human hippocampal progenitor cells, HPC0A07/03, compared to control conditions. This finding indicates that regular dietary components, such as caffeine, can affect cognitive outcomes by influencing NSC integrity and proliferation and highlights the potential of leveraging dietary interventions to promote cognitive health.
Iwata et al. evaluated the benefits of sugarcane (Saccharum officinarum L.) top as a putative dietary supplement to improve aging consequences using in vitro and in vivo strategies. They showed that the ethanolic extract of sugarcane top (STEE), rich in caffeoylquinic acid derivatives, could rescue age-associated decline in spatial learning and memory, increase the number of newborn neurons in the subgranular zone of hippocampus, and restore the levels of neurotransmitters in the cerebral cortex of senescence-accelerated mouse SAMP8. They also demonstrated that STEE enhanced cellular energy metabolism through upregulation of glycolytic reaction in human neuroblastoma cells, SH-SY5Y, and positively affected proliferation, induced neuronal differentiation and astrocyte morphogenesis in human NSCs (hNSCs).
He Y. et al. analyzed the effect of Alpinia oxyphylla Miq. extract (AOM) and its bioactive compound p-coumaric acid (p-CA) on post-stroke recovery in rats. They reported that both AOM and p-CA improved cognitive functions, reduced anxiety, and increased hippocampal neurogenesis in the post-middle cerebral artery occlusion ischemic rats in vivo through activating BDNF/TrkB/AKT signaling pathway.
The study by Sasaki et al. investigated the neurodevelopmental and neuroprotective effects of the microalgae Aurantiochytrium sp. in a number of experimental models. They reported that Aurantiochytrium inhibited amyloid-β-induced cell death and increased ATP production in SH-SY5Y human neuroblastoma cells, increased proliferation of murine neurospheres, improved spatial learning and memory in the senescence-accelerated SAMP8 mice and enhanced neurogenesis in the mice hippocampal dentate gyrus.
The final article in this Research Topic by Achour et al. reported that natural flavone luteolin inhibited notch signaling and therefore inhibited the self-renewal of hNSCs, and directed the differentiation of hNSCs towards astrocytes likely via mediating WNT-β-catenin-BMP2-STAT3 pathways. In vivo, luteolin improved neuroinflammation by decreasing proinflammatory cytokine levels in mice astrocytes and sera and increased neurotransmitter and neurotrophic factor levels in the hypothalamus in lipopolysaccharide (LPS)-induced neuroinflammatory model of depression in mice. They have also presented a comprehensive whole-genome transcriptome analysis, which provided a detailed view of the changes in biological functions in mice hippocampus and brain-derived NSCs by luteolin administration and highlighted the possible therapeutic benefits of luteolin in neuroinflammatory and neurodegenerative diseases.
All these five papers had a common parameter-neurogenesis in hippocampus. Discovering adult hippocampal neurogenesis (AHN) led to a paradigm shift in neuroscience. Adult-born hippocampal neurons are one of the key mediators of hippocampus-dependent functions, such as learning, memory encoding, mood regulation, and stress response. Recent scientific evidence suggests that impairment of AHN underlies the pathophysiology of neurodegenerative and affective disorders (Mu and Gage, 2011; Baptista and Andrade, 2018; Toda et al., 2019; Gomes-Leal, 2021). Therefore, hippocampal neurogenesis-inspired therapies using plant-derived bioactive compounds offer a promising approach to reducing symptoms of neurodegenerative and mood disorders in humans (Zhang et al., 2014; Sasikumar et al., 2022).
In this article Research Topic, there are two interesting studies on perinatal stem cell human amniotic epithelial cells (hAECs/hAESCs) (Aonuma et al.; Uchida et al.). The hAECs are obtained from discarded term placenta and therefore are readily available. hAECs possess both ESC-like pluripotent potential and adult stem cell-like immunomodulatory properties. In recent years, stem-cell-based approaches using ESCs and iPSC have received great attention as effective drug screening tools. However, invasive extraction and expensive cell reprogramming and maintenance procedures as well as ethical constraints, limit the use of these types of stem cells for drug screening (Chen et al., 2014). In this context, hAECs offer a suitable alternative to ESCs and iPSCs (Miki et al., 2005; Murphy et al., 2010; Miki, 2018). In their study, Aonuma et al. considered hAECs as a drug screening tool and investigated the cardiac antifibrotic potential of a plant flavonol isorhamnetin in hAECs through whole-genome transcriptome analysis and then validated the findings in angiotensin II (AgII)-induced mice model of cardiac fibrosis and hypertrophy. On the other hand, Uchida et al. reported that isorhamnetin regulated early biological events to induce hepatic-lineage-specific differentiation in hAECs in the absence of any growth factor or cytokine. The differentiated hAECs expressed a subset of hepatic differentiation-related genes, induced cytochromes P450 (CYPs) mRNA levels, and showed some key functional properties of hepatic cells, including indocyanine green (ICG) uptake and release, glycogen storage, and urea secretion. There are few other studies that explored directed differentiation potential of different natural bioactive compounds in hAECs (Ferdousi et al., 2019; Bejaoui et al., 2021), while other studies explored improved therapeutic potential of hAECs in combinations with natural compounds (Ferdousi et al., 2020; Xu et al., 2021). These study findings would encourage multidirectional research approaches through integrating natural bioactive compounds with the existing hAECs research platforms (Ferdousi and Isoda, 2022).
The study by Kubo et al. has drawn much attention due to its promising findings on the hair growth potential of several polyphenols. Hair thinning and alopecia is more than just cosmetic concern and has a significant negative impact on the quality of life. To date, only two compounds, finasteride and minoxidil, are commonly used to improve hair loss conditions, but they are not without side effects. Therefore, there has been growing interest in natural bioactive compounds with properties that promote hair growth or limit hair loss as a safe alternative to drug-based therapy (Park and Lee, 2021). However, although many medicinal plants have been used anecdotally from ancient times to prevent hair loss, the scientific evidence is lacking about whether and how these plant-derived products are effective for the treatment of hair thinning and alopecia. In their study, Kubo et al. used an in vitro screening system in the human keratinocyte cell line, HaCaT, to identify polyphenols that can augment the expression of telomerase reverse transcriptase (TERT), a catalytic subunit of the enzyme telomerase, that activates the hair follicle bulge stem cells and triggers the initiation of new hair follicle growth phase and thereby promotes hair growth. They have identified the polyphenols-fisetin and resveratrol as potent hTERT-augmenting compounds that also enhanced β-catenin and hair growth cycle-related growth factors in vitro and in vivo.
Moqbel et al. investigated the anti-inflammatory effects of tectorigenin, an extracted component of Belamcanda chinensis, on TNFα-stimulated tendon-derived stem cells (TDSCs) and an animal model of tendinopathy. TDSCs are pluripotent stem cells that control tendon homeostasis and play a central role in tendon regeneration and healing and, therefore, are considered a potential cell-based therapy for tendon injuries (Wei and Lu, 2021). Moqbel et al. showed that tectorigenin inhibited TNFα-induced matrix-degradation, inflammation, apoptosis, senescence, and osteogenic differentiation of TDSCs in NF-κB/MAPK-dependent manner in vitro. Furthermore, tectorigenin ameliorated tendinopathy in a tendon transection rat model. This study highlights the potential of plant-derived compounds with strong anti-inflammatory effects in tendinopathy and other musculoskeletal disorders.
The study by Ganbold et al. explored the effect of a new amphiphilic squalene derivative (HH-Sq) in comparison to squalene (Sq) on the adipocyte differentiation of adipose-derived stem cells (ASCs) obtained from type 2 diabetic subject. ASCs are adult stem cells that can be differentiated into mesodermal cell lineages, including adipocytes, osteocytes, myocytes, and chondrocytes and have the potential to be used for cell therapy in the treatment of insulin resistance, obesity, and type 2 diabetes (Mazini et al., 2020). On the other hand, Sq is a polyunsaturated hydrocarbon found in deep-sea shark liver oil, numerous plant oils and algae (Spanova and Daum, 2011). Ganbold et al. demonstrated that the amphiphilic HH-Sq, synthesized by adding mono ethylene glycol moiety to Sq, showed improved metabolism of adipocytes, enhanced energy homeostasis and insulin sensitivity, and importantly, in contrast to Sq, HH-Sq prevented excessive lipogenesis in the presence of adipocyte differentiation. This finding emphasizes the enhanced therapeutic potentials of synthesized derivatives from a natural compound in cell-based therapies.
He B. et al. reported that fraxinellone (FRA), the bioactive component isolated from the D. dasycarpus plant, inhibited the proliferation and migration of human osteosarcoma cells HOS and MG63 in a dose-dependent manner. FRA simultaneously induced osteosarcoma cell apoptosis and increased autophagy flux in vitro. The authors further demonstrated the anticancer effects of FRA in the xenograft orthotopic mice model. They have proposed that the anticancer effects of FRA were achieved through autophagy flux. Targeting autophagy is recognized as a promising therapeutic strategy to overcome drug resistance and reduce metastasis in osteosarcoma (Liao et al., 2019). The study findings of He B. et al. would strengthen the idea of exploiting more plant natural compounds as potential novel antitumor therapeutics for osteosarcoma by targeting autophagy pathways.
Taken together, the current Research Topic provides multidirectional insights on plant-derived natural compounds-based research in stem cells.
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Mesenchymal stem cells (MSCs) are capable of differentiating into a limited number of diverse cells and secrete regenerative factors that contribute to the repair of damaged tissue. In response to signals emitted by tissue damage, MSCs migrate from the bone marrow and area surrounding blood vessels within tissues into the circulating blood, and accumulate at the site of damage. Hence, MSC transplantation therapy is beginning to be applied to the treatment of various intractable human diseases. Recent medicinal plants studies have shown that plant-derived components can activate cell functions. For example, several plant-derived components activate cell signaling pathways, such as phosphatidylinositol 3-kinase and mitogen-activated protein kinase (MAPK), enhance expression of the CXCL12/CXCR4 axis, stimulate extracellular matrix remodeling, and consequently, promote cell migration of MSCs. Moreover, plant-derived components have been shown to promote recruitment of MSCs to damaged tissues and enhance healing in disease models, potentially advancing their therapeutic use. This article provides a comprehensive review of several plant-derived components that activate MSC migration and homing to damaged sites to promote tissue repair.

Keywords: mesenchymal stem cells, cell migration, plant-derived components, cell therapy, tissue repair


INTRODUCTION

Mesenchymal stem cells (MSCs) are capable of differentiating into a limited yet diverse range of cells, and secrete regenerative factors that contribute to the repair of damaged tissues (Uccelli et al., 2008). MSCs in humans and animals have numerous characteristics, including the expression of specific cell surface markers, some of which are used as criteria for the detection of MSCs in tissues. The International Society for Cellular Therapy proposed that human MSCs should be identified according to positive expression for CD73, CD90, and CD105, and negative for CD11b or CD14, CD19 or CD79α, CD34, CD45, and HLA-DR expression (Dominici et al., 2006). MSCs have been identified in several tissues, including the bone marrow, adipose tissue, cord blood, placenta, and pulp (Pittenger et al., 2019). MSCs have also been reported to migrate to wound sites during the healing process (Wu et al., 2010). Specifically, MSCs have been shown to move from the perivascular area of tissue into the blood circulation in response to signals emitted after tissue damage, and subsequently MSCs in the blood circulation may accumulate in damaged tissue (Rochefort et al., 2006; Iinuma et al., 2015). Thus, MSCs exhibit homing properties, which allows for their spontaneous accumulation at the site of injury.

It has been shown that methods capable of promoting the migration and homing of MSCs to damaged tissue enhance their effect in cell therapy (Park et al., 2015). These models have been reported to implement several approaches including the preconditioning of MSCs, recombinant MSCs, engineering of cell surface proteins of MSCs, and modification of target tissues (Becker and Riet, 2016). To assess MSC migration in vitro, either the Boyden chamber method or the Transwell method have been used, which examine movement between concentration gradients, created by separating active substances with a permeable membrane, or by the Scratch wound method using movement in two dimensions, respectively (Justus et al., 2014). Alternatively, for the detection of MSC migration in vivo, researchers have developed MSCs labeled with fluorescent dyes, magnetic substances, and radioactive substances, or genetically modified MSCs that express reporters, which are transplanted into a living organism (Krueger et al., 2018). Recently, several clinical trials using cell therapy to transfer exogenous MSCs into the body for treatment of various types of tissue damage and diseases, have demonstrated many advantages and are nearing completion [clinical trials databases: www.clinicaltrials.gov, 306 studies using MSCs with study completed status in February 2020]. The application of MSC therapy has been reported for a broad range of disorders, including various skin diseases, bone defects, cardiac disorders, and brain damage (Kim et al., 2017; Wang et al., 2018; Ward et al., 2018; Presen et al., 2019). In addition, advanced research has been conducted to develop MSCs as cell vectors for application in cancer treatment (Mohr and Zwacka, 2018). Therefore, new materials that enhance the recruitment of transplanted MSCs into damaged tissues, may further improve their therapeutic effect.

Cell migration is stimulated by chemokines, cytokines, growth factors, and other biomolecules, through a number of molecularly and pharmacologically defined signaling pathways (Marquez-Curtis and Janowska-Wieczorek, 2013). MSC migration has been shown to be activated by factors such as CXCL12 (SDF-1), MIP-1, HGF, VEGF, and PDGF. Moreover, specific signaling pathway molecules including CXCR4, phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), and small G proteins have been reported to be involved in the regulation of MSC migration. It has also been reported that hypoxic preconditioning stimulates the expression of genes involved in cell migration, thereby activating MSC migration (Rochefort et al., 2006; Meng et al., 2018). Upon reaching the target site, MSCs can degrade the intercellular matrix and use as a scaffold to migrate through tissue.

Medicinal plants have historically been used in folk medicine to relieve various symptoms and diseases. Studies of compounds derived from medicinal plants have shown that they can molecularly activate various functions in cells and tissues (Shedoeva et al., 2019). In fact, it has been reported that plant-derived components can activate signal transduction pathways related to cell motility (Cho et al., 2014). Although there are few reports concerning plant-related components involved in MSC migration, they represent a promising class of potential candidates to enhance the therapeutic effects of MSC therapy. Nevertheless, it has been reported that plant-derived components activate MSC migration through specific signaling pathways, mobilize MSCs to injured organs, and have healing effects. Moreover, such information may be useful for identifying more effective chemical compounds in the future. Therefore, this article reviews plant-derived components that have been shown to activate MSC migration, and homing, to damaged sites in animal models, where they contribute to the healing process.



ACTIVATION OF MSC MIGRATION BY PLANT-DERIVED COMPONENTS

Several studies have reported that plant-derived components promote MSC migration, which may contribute to healing of damaged tissue (Table 1). This effect is triggered by stimulating mechanisms involved in MSC migration (Figure 1 and Table 2). Below we discuss the implicated plant-derived components in detail.


TABLE 1. Plant-derived components promote MSC migration and healing in animal models.
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FIGURE 1. A mechanistic overview of MSC recruitment to damaged sites by plant-derived components. Expression of CXCR4, a receptor for the chemokine CXCL12; activation of specific signaling molecules; expression and activation of MMPs, which are a part of the MSC migration machinery; and expression of CXCL12 (SDF-1) in damaged target tissues are stimulated by plant-derived components, leading to MSC migration.



TABLE 2. Plant-derived components stimulate signaling for MSC migration.
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Protocatechuic Acid

The phenolic compound protocatechuic acid (PCA) has been isolated from a number of herbs and edible plants (Khan et al., 2015). PCA has been reported to have various pharmacological effects such as anti-oxidant, anti-inflammatory, anti-hyperglycemic, anti-apoptotic and antimicrobial activity. PCA has also been shown to inhibit the proliferation and migration of airway smooth muscle cells in tracheal inflammatory conditions (Liu Y. D. et al., 2019), while also suppressing the proliferation and migration of cardiac fibroblasts associated with p38 MAPK activation in a cardiac fibrosis model (Song and Ren, 2019).

Additionally, studies on MSC migration, using Transwell assays and gelatin-coated membranes, have shown that PCA isolated from the kernel of Alpinia oxyphylla (0.5 mM or more) enhanced adipose tissue-derived mesenchymal stem cell (AMSC) migration (Wang et al., 2008), which subsequently inhibited initiation of early apoptotic events. Furthermore, following PCA treatment, cell morphology and surface markers remained unchanged, and AMSCs retained their osteocyte, adipocyte, and cardiomyocyte-like cell differentiation potential properties. Although PCA has been shown to stimulate AMSC proliferation, while retaining their functional pluripotency (Wang et al., 2009), it has also been reported that PCA has a stimulatory effect on osteocyte differentiation and a suppressive effect on adipocyte differentiation in mouse embryo-derived MSC (Rivera-Piza et al., 2017).

The mechanism associated with PCA-stimulated MSC migration involves an increase in the expression of membrane-type matrix metalloproteinase-1 (MT1-MMP) and activation of matrix metalloproteinase-2 (MMP-2) in AMSCs. Since it has been reported that PCA activates three MAPKs (extracellular signal-regulated kinase1/2; Erk1/2, c-Jun N-terminal kinase; JNK and p38), which in turn activate the MMP signal in Schwann cell migration (Ju et al., 2015), PCA may serve to activate MAPKs involved in upstream signaling of MT1-MMP and MMP2 during AMSC migration. However, further studies are required to verify whether various doses of PCA activate MAPKs and promote migration of MSCs. MMPs play a key role in AMSC entry and migration through extracellular matrix (ECM) barriers, such as the basement membrane (Nitzsche et al., 2017). In the process of cell migration across the ECM barrier, PCA-stimulated AMSCs may promote pericellular ECM degradation by MMPs, thereby partially promoting cell migration. These studies provide evidence for the mechanism by which PCA may facilitate MSC migration to organs in MSC therapy.



Cinnamtannin B-1

Cinnamtannin B-1 is a proanthocyanidin found in specific plants such as Cinnamomum zeylanicum (Sánchez-Rubio et al., 2018). Cinnamtannin B-1 exhibits anti-inflammatory, anti-oxidant and anti-thrombotic properties (López et al., 2008), and also protects neurons from ischemia/reperfusion-induced dysfunction (Chi et al., 2013), while inhibiting survival of cancer cells (Carriere et al., 2018), and protecting pancreatic acinar cells during pancreatitis (Rivera-Barreno et al., 2010).

Mallotus philippinensis bark extract also contains cinnamtannin B-1 (Furumoto et al., 2014). The use of this extract has been shown to increase migration of bone marrow-derived mesenchymal stem cells (BMSCs) and enhance wound healing in a mouse model (Furumoto et al., 2014). In fact, the efficacy of the extract on BMSC migration has been shown to be higher in comparison to other skin cell types. Histopathological features observed upon treatment with the extract indicated tissue repair by enhancement of angiogenesis and granulation tissue. Mallotus philippinensis fruit glandular hair also promoted wound healing via anti-oxidant and anti-inflammatory activity in a rat model (Gangwar et al., 2015).

Cinnamtannin B-1 has also been shown to promote BMSC migration when administered within the range of 0.8–2 μg/ml, and enhanced wound healing in a mouse model following topical administration (1.2 and 2.4 μg/wound) (Fujita et al., 2015). Further, examination of BMSC recruitment in blood circulation via cell marker analysis showed that mobilization of endogenous MSCs into the blood increased following cinnamtannin B-1 treatment. Image analysis of an animal model implanted with luciferase-expressing BMSC indicated that cinnamtannin B-1 increased BMSC accumulation at the wound site and promoted wound healing. Furthermore, cinnamtannin B-1-induced BMSC migration was attenuated by inhibitors of PI3K, phospholipase C (PLC), lipoxygenase (LOX), and purine, implicating the associated signaling pathways in BMSC migration. In addition, morelloflavone, a biflavonoid constituent from Garcinia vilersiana Pierre with structural similarities to cinnamtannin B-1, also enhanced BMSC migration with a similar pharmacological profile (Karanjgaokar et al., 1967). Therefore, structurally related compounds may also be effective in treating skin wounds by inducing mobilization of BMSCs.



Cannabinoid

Cannabinoids are chemical components found in cannabis plants, with more than 100 varieties (Grof, 2018). The two primary types include cannabidiol (CBD) and tetrahydrocannabinol (THC), with the latter serving as the primary psychoactive component. CB1, CB2, TRPV1 and orphan G protein-coupled receptor GPR55, have been reported to exist as endogenous cannabinoid receptors (Hryhorowicz et al., 2018). Cannabinoids have a variety of effects, in addition to their analgesic properties (Kaur et al., 2016). Specifically, cannabinoids inhibit the growth and migration of gliomas (Vaccani et al., 2005), inhibit inflammation via neutrophil recruitment (Schicho et al., 2011), promote wound healing through cell adhesion as well as migration of fibroblasts and keratinocytes (Wang et al., 2016; Liu C. et al., 2019), and promote bone formation by osteoblast regulation (Idris and Ralston, 2012).

It has also been reported that CBD, administered within the range of 0.01–3 μM, increased AMSC migration in a dose-dependent manner (Schmuhl et al., 2014). However, CBD-induced AMSC migration was antagonized by inhibition of the Erk1/2 MAPK pathway via attenuated Erk1/2 phosphorylation in the presence of a CB2 receptor antagonist and GRP55 agonist. Conversely, Erk1/2-dependent migratory effects were observed following stimulating with CB2 receptor agonist and GPR55 antagonist. Thus, the basis for CBD-induced MSC migration involves activation of CB2 or inhibition of GPR55, which subsequently activates Erk1/2. Furthermore, long-term treatment with CBD has been shown to differentiate AMSCs into osteoblasts (Schmuhl et al., 2014). Hence, prolonged incubation of AMSC with CBD may enhance bone regeneration. In fact, recently, using a bone deficient rat model, it was reported that microspheres supplemented with CBD promoted the recruitment of MSCs and regeneration of bone defects (Kamali et al., 2019).

Similarly, the major psychoactive component, Δ9-tetrahydrocannabinol (Δ9-THC), also increased AMSC migration (Lüder et al., 2017). In the case of THC, migration of AMSCs is facilitated by CB1 through Erk1/2 activation, although THC has been reported to respond to both CB1 and CB2 (Pertwee, 2008). However, since cannabinoids can respond to many functional proteins, further research is needed to obtain a complete understanding of their pharmacological effects (Hryhorowicz et al., 2018).



Icariin

Icariin (ICA) is a flavonoid glycoside isolated from Epimedium and is a primary component of the Chinese herb Herba Epimedii (Li et al., 2015). It has been reported that ICA possesses broad therapeutic activities, such as anti-oxidant, tonic, aphrodisiac, neuro-protective, cardio-protective, anti-rheumatic, anti-cancer, and anti-osteoporotic effects (Li et al., 2015). ICA has also been reported to promote BMSC proliferation, bone formation, and chondrogenic differentiation (Wang et al., 2014; Qin et al., 2015). Furthermore, treatment of AMSCs with ICA in a rat model of diabetes-related erectile dysfunction, protected against oxidative stress via PI3K signaling and improved AMSC survival, leading to enhanced therapeutic potential (Wang X. et al., 2017). Furthermore, combining ICA and MSCs was shown to promote angiogenesis and neurogenesis, as a result of increased production of VEGF and brain-derived neurotrophic factor (BDNF) through activation of PI3K and Erk1/2 MAPK, in an ischemic stroke rat model (Liu D. et al., 2018). ICA may also improve wound and periodontal pathology by promoting keratinocyte proliferation and migration, as well as by promoting survival and migration of periodontal ligament fibroblasts (Liu H. J. et al., 2018; Mi et al., 2018).

ICA administered at 1 μM was reported to significantly increase BMSC migration by stimulating actin stress fiber formation (Jiao et al., 2018). MAPK signals, such as p38, Erk1/2 and JNK, were activated during BMSC migration following ICA stimulation. In the presence of MAPK inhibitors, BMSC migration was also inhibited, and actin stress fiber formation was abolished. Thus, ICA may promote BMSC migration by increasing actin stress fiber formation through MAPK signaling. ICA also promotes CXCR4 expression, which is a signaling molecule upstream of MAPK, in BMSC migration through the activation of hypoxia inducible factor-1 (HIF-1) (Zhu et al., 2018). Moreover, transplantation of ICA-treated BMSCs in a cartilage-deficient rabbit model, accelerated the migration of BMSCs to the cartilage-deficient region in comparison to non-treated BMSCs (Jiao et al., 2018). These results suggest that ICA-treated BMSC may be effective in treating cartilage defects.



Tanshinone IIA

Tanshinone IIA (Tan IIA) is a diterpene quinone and one of the major active compounds of Salvia miltiorrhiza (Lamiaceae) (Ren et al., 2019). Salvia miltiorrhiza has been widely used as a herbal medicine in the clinical treatment of cardiovascular diseases (Li et al., 2018a). Tan IIA has anti-oxidant and anti-inflammatory properties as well as multiple pharmacological benefits such as cardio-protection, neuroprotection, vascular protection, and anti-cancer effects (Li et al., 2018a; Ren et al., 2019). As for cell migration, Tan IIA has been shown to inhibit vascular endothelial cell proliferation and migration by inhibiting VEGF expression and its signaling pathways (Xing et al., 2015; Fan et al., 2017; Lee et al., 2017).

Tan IIA has been reported to have an effect on MSC differentiation including promoting osteogenic differentiation in BMSCs (Qian et al., 2015), cord blood MSCs (Heo et al., 2017), Wharton’s jelly MSCs (Cabrera-Pérez et al., 2019), and periodontal ligament stem cells (Liu X. et al., 2019). In addition, Tan IIA effectively induced the differentiation of cord blood MSCs into liver cells in a rat model of cirrhosis (Yang et al., 2015), BMSCs into neuronal cells in a rat spinal cord injury model (Zhang et al., 2018), and placental MSCs into cardiomyocytes in vitro (Li K. et al., 2018). Furthermore, it has been reported that Tan IIA combined with MSC treatment exhibited a neuronal protective effect via suppression of neuronal apoptosis in a vascular dementia rat model (Kong et al., 2017), as well as by suppressing amyloid-related protein production and inflammation in an Aβ25-35-induced AD rat model (Huang et al., 2019).

Additionally, administration of 1–4 μM Tan IIA has been shown to significantly enhance BMSC migration (Tong et al., 2011). In a rat model of acute myocardial infarction, oral administration of Tan IIA at 30 mg/kg/d combined with BMSC transplantation increased BMSC recruitment to the damaged area following myocardial infarction, resulting in restored normal function of the left ventricle (LV) systolic and end-diastolic pressure, as well as enhanced VEGF expression in the infarcted region. Immunological detection of the occlusion site also suggests that Tan IIA may promote CXCL12 expression in the infarcted area, while increasing CXCL12 levels in peripheral blood. However, Tan IIA-induced BMSC migration was inhibited by a CXCR4 blocker. Furthermore, Tan IIA treatment was shown to enhance CXCR4 expression in BMSCs. These results suggest that Tan IIA increases CXCL12 expression at the site of injury, and increases BMSC migration by enhancing CXCR4 expression in BMSCs. Thus, Tan IIA may be effective in treating ischemic heart disease by MSC therapy.



Astragaloside IV

Astragaloside IV (AS IV) is an active saponin and the major active ingredient of Astragalus membranaceus, used in traditional Chinese medicine (Li et al., 2017b). Astragalus membranaceus, commonly used with S. miltiorrhiza including Tan IIA, is commonly used to enhance cardiovascular disease protection (Wang D. et al., 2017). Moreover, AS IV has demonstrated pharmacological action for cerebral injury, cardiovascular disease, liver, diabetic nephropathy, and cancer (Li et al., 2017b). It has also been shown to reduce infarct size and arrhythmias, while improving ventricular function in ischemic heart disease (Xu et al., 2007). In cell migration, AS IV treatment enhances the proliferation and migration of a human osteoblast-like cell line, which may be facilitated by activation of the Hedgehog signaling pathway (Guo et al., 2019). AS IV also inhibits proliferation and migration of human dermal vascular smooth muscle cells, stimulated by PDGF-BB secreted during vascular injury, through inhibition of p38 MAPK signaling (Chen et al., 2014). It has also been reported that AS IV and Tan IIA promote tubular structure formation of BMSC-derived endothelial cell cells, similar to that of blood vessels, via the expression of connexins and cell connection (Li et al., 2018b).

Lastly, BMSCs stimulated with AS IV, administered at 0.4 μg/ml, was reported to increase CXCR4 expression, indicating that BMSC migration to its ligand CXCL12 was enhanced (Xie et al., 2013). In addition, this enhanced migration was suppressed by CXCR4 inhibitors. Additionally, in a rat model of acute myocardial infarction, BMSCs stimulated with AS IV displayed increased homing to ischemic myocardial sites, suggesting that AS IV enhances BMSC recruitment via increased CXCR4 expression. Although the effect of AS IV on MSC migration was not as strong as that observed with Tan IIA, when the two components are administered together, a synergistic enhancement of BMSC migration was observed, hence this combinatorial strategy may increase the efficacy of MSC transplant therapy.



Tetramethylpyrazine

Tetramethylpyrazine (TMP) is pyrazine and an alkaloid isolated from Rhizoma Chuanxiong (Ligusticum wallichii) (Zhao et al., 2016). TMP functions as a neuro-protective, anti-apoptotic, anti-cancer, vasodilator, and anti-inflammatory agent (Zhao et al., 2016). With respect to cell migration, TMP increases brain microvascular endothelial cell proliferation and migration by partially increasing VEGF secretion (Zhang et al., 2014), and promoting migration of the neural progenitor by inducing CXCL12 expression through activation of the PI3K pathway (Kong et al., 2016). Alternatively, TMP inhibits the migration of neutrophils activated by inflammation in a rat cerebral ischemia model, which was reported to involve Akt and Erk signaling (Chang et al., 2015).

TMP was also shown to enhance growth and neuronal differentiation of BMSCs. Further, it was suggested to have anti-aging effects on the nervous system (Song et al., 2019). A Chinese therapy, the Jiuxin pill, containing TMP and borneol, is known to promote exosome secretion from cardiac MSCs, which may have a positive therapeutic effect on heart disease (Ruan et al., 2018). In MSC migration, pretreatment with 10–200 μM TMP, causes increased BMSC migration in a dose-dependent manner (Li et al., 2017a). TMP also promoted CXCR4 expression, which was inhibited by a CXCR4 blocker. Intravenous administration of TMP-pretreated BMSCs into a cerebral ischemic rat model demonstrated improved neurological function and enhanced recruitment of BMSCs to cerebral ischemic sites. In addition, angiogenesis and the expression of both CXCL12 and CXCR4 were promoted at the ischemia site. In a separate study, the combination of transplanted BMSCs and intraperitoneal administration of TMP (40 mg/kg/d) in a cerebral ischemia model not only promoted the CXCL12/CXCR4 axis, but also regenerated blood vessels and nerves via enhancement of VEGF and BDNF expression, leading to functional recovery (Li et al., 2019). Taken together, these results show that the combination of MSCs and TMP may contribute to CXCL12/CXCR4 axis augmentation and neuronal regeneration, suggesting that they may be effective in treating cerebral ischemic injury.



Guanxin Danshen Formulation

Guanxin Danshen (GXDS), a Chinese herbal medicine, is an effective formulation for the treatment of ischemic heart diseases (Deng et al., 2017). The GXDS formulation is comprised of three materials: Salvia miltiorrhiza (Lamiaceae), Panax notoginseng (Lamiaceae), and Dalbergia odorifera (Fabaceae). It contains Tanshinone IIA, salvianolic acid B (Wang et al., 2013), ginsenoside Rb1, ginsenoside RG1, notoginsenoside R1 (Wan et al., 2007), and flavanols (Liu et al., 2005).

GXDS has also proven effective in MSC treatments. For instance, oral administration of GXDS (100 mg/kg/d) in combination with BMSC transplantation in a rat model of acute myocardial infarction improved cardiac function of the LV ejection fraction, LV fractional shortening, and LV end-systolic volume (Han et al., 2019). In addition, GXDS administration in combination with BMSC transplantation not only reduced cell apoptosis detected by TUNEL staining, but also enhanced peri- and infarcted angiogenesis, increased local CXCL12 expression and the number of BMSCs homing to the infarcted area, while also reducing the size of the myocardial infarction region. Therefore, it is suggested that GXDS increases the migration of MSCs by up-regulating the expression of CXCL12 at the site of infarction. However, since this formulation may contain Tan IIA, it is possible that this component could have contributed to the observed effects (Tong et al., 2011). Nevertheless, the combination of GXDS and MSC therapy has the potential to improve ischemic heart disease, including myocardial infarction.

Moreover, other Chinese herbal extracts have been shown to stimulated MSC migration. For example, oily extract from Catharmus tinctorius (1–50 μg/ml) promotes rat BMSC migration through Rho-associated protein kinase 2 (ROCK2) signaling in vitro (Liu X. et al., 2019). In addition, Bushen Huoxue decoction (100 μg/ml), a mixture comprised of eleven Chinese herbs, increase rat BMSC migration in vitro by regulating MiR-539-5p miRNA (Hu et al., 2019) and activating Wnt5a-related cell motility (Shen et al., 2018). Despite these observations, none of the individual compounds responsible have been identified from these extracts.



DISCUSSION

This article focused on a comprehensive review of plant-derived components that increase MSC migration and promote recovery from tissue damage. Studies on the promotion of MSC migration by plant-derived components have exposed a variety of characteristics and advantages (Tables 1, 2). For example, although PCA was only found to be effective at high doses, its potential has been demonstrated and has been suggested to function by increasing the expression and activation of MMPs, which then degrade the ECM to enhance MSC invasion into tissues (Wang et al., 2008). Studies on cinnamtannin B-1 have shown that structurally related flavonoids also have MSC migration activity (Fujita et al., 2015). Thus, expanding upon this structural framework offers the potential to develop more active compounds through structure-based drug development. Since CBD, a non-psychoactive cannabinoid, can promote MSC migration and bone differentiation, and is currently being therapeutically developed, for example in sustained-release drugs from the encapsulated microspheres of biodegradable polymers, it represents a potentially advanced option for bone repair (Schmuhl et al., 2014; Kamali et al., 2019). ICA, when used to pretreat MSCs, promote their migration to cartilage-defect sites (Jiao et al., 2018; Zhu et al., 2018), as well as their proliferation (Qin et al., 2015), bone differentiation (Li et al., 2015), and cartilage differentiation (Wang et al., 2014), and thus, may significantly improve healing related to skeletal defects. Tan IIA has been shown to increase CXCL12 expression at the site of injury as well as CXCR4 on transplanted MSCs, leading to enhanced MSC migration to the injured area, which may prove effective in the treatment of ischemic heart disease (Tong et al., 2011). Interestingly, AS IV and Tan IIA were found to synergistically enhance MSC migration, thus presenting potential for combined therapeutic approaches involving plant-derived components (Xie et al., 2013). The use of TMP in combination with MSCs, or as a pretreatment agent, not only promotes the migration of MSCs to the site of injury, but also enhances the effect of MSCs on the regeneration of nerves and blood vessels (Li et al., 2017a, 2019). Consequently, TMP has potential for the treatment of cerebral ischemia damage. Finally, GXDS, when administered orally, in combination with MSC transplantation, may improve acute myocardial infarction by reducing apoptosis at the site of injury, generating new blood vessels, and promoting MSC migration by increasing CXCL12 expression (Han et al., 2019).

The diverse array of mechanisms by which plant-derived components facilitate MSC migration include ECM remodeling, activation of intracellular signaling pathways, such as PI3K and MAPK, and enhanced expression of the CXCL12/CXCR4 axis (Figure 1 and Table 2). The plants from which these compounds have been isolated have been used in traditional medicine practices and as such, a significant amount of useful information is available with regard to their use in several indications. Many associated factors have already been analyzed in detail, including their identification, structural classification and therapeutic efficacy. Since each plant-derived component exhibits therapeutic effects in specific conditions, the disease models are designed based on the indication of the components, expecting the synergistic effects in MSC therapy (Table 3). Consequently, these disease models have demonstrated the benefits of MSC treatment as well as the additional therapeutic effects of many plant-derived components. Furthermore, medicinal plants have many uses and often have the advantage of being administered orally. The methods of administering plant-derived components in vivo for MSC migration enhancement include MSC pretreatment, as well as transdermal, intravenous, intraperitoneal and oral approaches.


TABLE 3. Therapeutic effects of plant-derived components and their effects on MSCs.

[image: Table 3]Mesenchymal stem cells are believed to play an important role in tissue regeneration after organ damage, and MSC-based therapeutic approaches have been implemented in a variety of disease models (Pittenger et al., 2019). Methods to control the kinetics of transplanted MSCs can be very useful in a variety of applications, including organ regeneration, protection from tissue damage, and treatment of refractory cancers (Park et al., 2015; Becker and Riet, 2016). Herein, we have provided a comprehensive review of plant-derived components that control the migration of MSCs, and may offer novel therapeutic options for regenerative medicine.


Challenges and Future Prospects

Currently, a gap exists between cell-level migration and in vivo recruitment. Additionally, several issues have been described including, how to achieve specificity and effective dosing for MSC in vivo, how to confirm component toxicity, and how to address the limitations of MSC dynamic tracking technology in vivo for cell kinetic analysis of MSC transplant (Krueger et al., 2018). To solve these issues, tests for drug development must determine the tissue specificity and effective dose of each component in vivo, as well as analyze individual toxicity.

As a supplement to cell dynamic analysis, it is also necessary to accumulate omics information on the effects of plant-derived components on MSC mobilization in disease models. For example, with the progress of MSC research, analysis of single cells using techniques such as RNA-Seq, will allow for examination of detailed cellular functions along with the MSC fates at the genetic level (Liu S. et al., 2019). Moreover, the effects and suitability of plant-derived components in various MSCs at the genetic level may be elucidated. Furthermore, it has been shown that exosomes secreted by MSCs have a healing effect, and contain a large number of biomolecules such as miRNAs, cytokines, growth factors and enzymes, thereby demonstrating that advances are being made in defining the molecular basis for the therapeutic action of MSCs (Yin et al., 2019).



CONCLUSION

Plant-derived components, which promote MSC migration, accelerate the healing of tissue damage. Moreover, MSC migration by plant-derived components may be mediated by signaling molecules such as CXCL12/CXCR4, PI3K, MAPK, and MMPs. Ingredients derived from medicinal plants are useful as there already exists invaluable information on medicinal plants for traditional use. In addition, the structural characteristics of plant-derived components are important to understand their effect on MSC migration activity, and may be potential seeds for drug discovery. Therefore, plant-derived components that enhance MSC recruitment to damaged sites may provide novel tools for improved treatment approaches.
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The age-associated reduction in the proliferation of neural stem cells (NSCs) has been associated with cognitive decline. Numerous factors have been shown to modulate this process, including dietary components. Frequent consumption of caffeine has been correlated with an increased risk of cognitive decline, but further evidence of a negative effect on hippocampal progenitor proliferation is limited to animal models. Here, we used a human hippocampal progenitor cell line to investigate the effects of caffeine on hippocampal progenitor integrity and proliferation specifically. The effects of five caffeine concentrations (0 mM = control, 0.1 mM ∼ 150 mg, 0.25 mM ∼ 400 mg, 0.5 mM ∼ 750 mg, and 1.0 mM ∼ 1500 mg) were measured following acute (1 day) and repeated (3 days) exposure. Immunocytochemistry was used to quantify hippocampal progenitor integrity (i.e., SOX2- and Nestin-positive cells), proliferation (i.e., Ki67-positive cells), cell count (i.e., DAPI-positive cells), and apoptosis (i.e., CC3-positive cells). We found that progenitor integrity was significantly reduced in supraphysiological caffeine conditions (i.e., 1.0 mM ∼ 1500 mg), but relative to the lowest caffeine condition (i.e., 0.1 mM ∼ 150 mg) only. Moreover, repeated exposure to supraphysiological caffeine concentrations (i.e., 1.0 mM ∼ 1500 mg) was found to affect proliferation, significantly reducing % Ki67-positive cells relative to control and lower caffeine dose conditions (i.e., 0.1 mM ∼ 150 mg and 0.25 mM ∼ 400 mg). Caffeine treatment did not influence apoptosis and there were no significant differences in any measure between lower doses of caffeine (i.e., 0.1 mM, 0.25 mM, 0.5 mM) – representative of daily human caffeine intake – and control conditions. Our study demonstrates that dietary components such as caffeine can influence NSC integrity and proliferation and may be indicative of a mechanism by which diet affects cognitive outcomes.
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INTRODUCTION

Adult hippocampal neurogenesis (AHN), the formation of new neurons from neural progenitor cells, has recently regained considerable attention, particularly in the human hippocampus (Kempermann et al., 2018; Lucassen et al., 2020). This highly vascularized “neurogenic niche” retains developmental signals and morphogens that influence cell proliferation, differentiation, and survival throughout life (Spalding et al., 2013; Gonçalves et al., 2016). The rates at which these processes occur have been associated with hippocampal-dependent learning and memory functions (Snyder et al., 2005; Clelland et al., 2009; Sahay et al., 2011) and this association is particularly interesting when considering aging and cognitive decline, during which hippocampal function typically deteriorates (Small et al., 2002). Moreover, neural progenitor proliferation declines in rodents as aging progresses (Heine et al., 2004; Rao et al., 2006) and this has been strongly correlated with impaired performance in spatial memory and learning tasks (Sahay et al., 2011; Villeda et al., 2011).

This association with cognitive decline presents AHN as a unique target for preventative interventions. Accordingly, rescuing later life neurogenesis has recently gained interest and a focus has been given to the factors that modulate neurogenesis (Baptista and Andrade, 2018). While neurogenesis is facilitated by the neurogenic niche, it is not only central nervous system-derived signals that influence AHN. Indeed, AHN is also modulated by both the external environment (Lledo et al., 2006) and the system milieu (Villeda et al., 2011; Yousef et al., 2019). For example, stress and sleep deprivation have been shown to reduce AHN (Gould et al., 1998; Hairston et al., 2005; Lucassen et al., 2010), while running increases neurogenesis (van Praag et al., 2005). Moreover, these environmental factors have been similarly correlated with spatial learning and memory (Nilsson et al., 1999; Oomen et al., 2010, 2014), highlighting the possibility of leveraging behavioral interventions to target the neurogenic process and, consequently, cognitive ability.

Diet is another environmental factor that has been shown to influence the neurogenic process (Stangl and Thuret, 2009; Miquel et al., 2018; Abbink et al., 2020). Drosophila research shows that nutritional factors can influence the exit of neural hippocampal progenitors from quiescence (Chell and Brand, 2010; Spéder and Brand, 2014), and other nutritional-based changes to the hippocampal progenitor pool have been likewise demonstrated across other species (Spéder et al., 2011; Sakayori et al., 2013; Cavallucci et al., 2016). For instance, in humans, the nutrient-sensing pathways: the mammalian target of rapamycin (mTOR), sirtuin, and insulin-like growth factor 1, have all been associated with hippocampal progenitor maintenance (de Lucia et al., 2020). However, the influence of nutrition and meal content on the hippocampal progenitor pool occurs in a complex manner, with the nature of change dependent on the food groups consumed. For instance, a high fat diet has been shown to decrease proliferation in rats (Lindqvist et al., 2006), while omega-3 fatty acids increase proliferation in lobsters (Beltz et al., 2007). Interestingly, these changes to proliferation directionally correspond with their associated cognitive outcomes, as omega-3 has been shown to improve cognitive outcomes, while high fat diets impair cognitive performance (Winocur and Greenwood, 2005; Fotuhi et al., 2009; Witte et al., 2009; Yam et al., 2019). Thus, the variable nature of meal content and its influence on proliferation may provide a flexible and unique mechanism of regulating the neurogenic process within the human population. However, further defining the dietary components that affect the neurogenic process and their direction of influence is crucial before such dietary-based interventions can be developed.

Caffeine, the most widely consumed psychostimulant in the world (Ferré, 2016), has been widely implicated as a cognitive modulator (Rosso et al., 2008; Glade, 2010). Caffeine consumption has traditionally been argued to produce health benefits on a neurological basis, including protection against cognitive decline in women aged over 65 years (Ritchie et al., 2007; Arab et al., 2011). However, we recently demonstrated a negative effect of caffeine on cognition, identifying caffeine as one of 22 metabolites predictive of cognitive decline in an aging population, over a 13-year period (Low et al., 2019). Further evidence to support a negative effect of caffeine comes from animal models that focus on hippocampal neuronal proliferation. Specifically, when administered chronically, physiologically relevant doses of caffeine decreased neuronal precursor proliferation in rats (Wentz and Magavi, 2009), which was further correlated with impaired hippocampal-dependent learning and memory (Han et al., 2007). However, due to in vivo imaging constraints (Ho et al., 2013), the effect of caffeine on human hippocampal progenitor proliferation has not yet been explored. With the mixed clinical evidence on the impact of caffeine on cognitive decline and its large-scale consumption worldwide, further investigation is warranted. Determining the effects of caffeine on proliferation and the neurogenic process overall, and ultimately cognition, will contribute to our understanding of how diet affects these phenomena, which could assist in the development of appropriate interventions.

Therefore, this study investigated the effects of caffeine on human hippocampal progenitor proliferation, focusing on hippocampal proliferation, progenitor integrity (i.e., maintenance of the stem cell pool and proliferative/differentiative capacity), and progenitor apoptosis. We used a human hippocampal progenitor cell line, for the first time, to investigate, (i) the effects of five caffeine concentrations, and (ii) the effects of acute and repeated exposure to caffeine – all on hippocampal progenitor integrity, proliferation and apoptosis.



MATERIALS AND METHODS


Cell Line and Culture Conditions

The human fetal hippocampal multipotent progenitor cell line HPC0A07/03 (HPC; ReNeuron Ltd., Surrey, United Kingdom) was used in all experiments as previously described (de Lucia et al., 2020; Smeeth et al., in press). Cells were acquired from 12-week old female fetal tissue in accordance with United States and United Kingdom ethical and legal guidelines. and transfected with the c-mycERTAM gene construct creating an immortalized cell line that proliferates in the presence of the synthetic drug 4-hydroxy-tamoxifen (4-OHT) and spontaneously differentiates in its absence. For further details see Supplementary Material.

HPCs were cultured in reduced modified medium (RMM), namely Dulbecco’s Modified Eagle’s Media/F12 (DMEM:F12, Sigma), supplemented with 0.03% human albumin solution (Zenalb), 100 μg/mL human apo-transferrin, 16.2 μg/mL human putrescine diHCl, 5 μg/mL human recombinant insulin, 60 ng/mL progesterone, 2 mM L-glutamine and 40 ng/mL sodium selenite. For proliferation, the medium also included 10 ng/mL human basic fibroblast growth factor (bFGF), 20 ng/mL human epidermal growth factor (EGF) and 100 nM 4-OHT. Cells were grown on tissue culture flasks (Nunclon, Denmark), incubated at 37°C, 5% CO2 and saturated humidity, and were routinely passaged at 80% confluency before being plated for experiments.



Proliferation Assay

The HPC proliferation assay was carried out as previously described (de Lucia et al., 2020; Smeeth et al., in press). Briefly, HPCs were seeded into two 96-well plates (Nunclon, Denmark) per experiment: one plate for acute (one-time) caffeine treatment, the other for repeated caffeine treatment. Plates were seeded at a density of 1.2 × 104, at P21 in caffeine-free proliferation media, with three technical replicates and three biological replicates. All cells, excluding the control conditions, received caffeine treatment 24 h after seeding. Cells undergoing acute treatment were left undisturbed for 48 h, while cells undergoing repeated exposure received another caffeine treatment 24 h after the initial treatment. Control conditions were incubated in caffeine-free proliferation media in all instances. Seventy-two hours after seeding, all plates were washed and fixed as previously described (de Lucia et al., 2020; Smeeth et al., in press). Figure 1 depicts the assay timeline as per the two exposure conditions. For details on the proliferation assays and fixation methods see Supplementary Material.
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FIGURE 1. Schematic of the proliferation assays for the two caffeine exposure conditions. (A) Acute caffeine exposure. This plate received only one caffeine treatment, 24 h after seeding. Treatment involved a full replacement of culture medium with 100 μl caffeinated medium. (B) Repeated Caffeine Exposure. This plate received a treatment every 24 h after seeding. Treatment 1 (Tr1) involved a full replacement of culture medium with 100 μl caffeinated medium. Treatment 2 (Tr2) involved a “booster” treatment, where 20 μl of medium was removed and replaced with fresh caffeine medium. Booster treatments were made at 5× concentration. Both plates were fixed 72 h after seeding. ICC, immunocytochemistry. Cell line: HPC0A07/03. Passage number: P21; biological replicates: n = 3; technical replicates: n = 3.




Caffeine Treatments

Caffeine (5 g) was obtained from Sigma (MO, United States) in powdered form, with a molecular weight of 194.19 g/mol. Caffeine conditions were as follows: control (no caffeine, media only); low (0.1 mM, ∼150 mg, ∼1 cup); moderate (0.25 mM, ∼400 mg, ∼2–3 cups); high (0.5 mM, ∼750 mg, ∼5 cups); and supraphysiological (1.0 mM, ∼1500 mg, ∼10 cups), reflecting human intake habits and previous animal models (Wentz and Magavi, 2009; Efsa Panel on Dietetic Products, Nutrition, and Allergies (NDA), 2015). Caffeine concentrations were calculated based on previous research stating that 150 mg of caffeine, the mean caffeine content of a Starbucks cappuccino (Ludwig et al., 2014), is approximately equivalent to 0.1 mM (Su et al., 2013a, b). For full details on the caffeine treatments see Supplementary Material.



Immunocytochemistry

Cell count, progenitor cell integrity, progenitor proliferation, and cell death were visualized using 4′,6-diamidino-2-phenylindole (DAPI), Nestin and SRY-Box Transcription Factor 2 (SOX2), Ki67, and cleaved caspase-3 (CC3), respectively, using immunocytochemistry as previously described (de Lucia et al., 2020; Smeeth et al., in press). For protocol details, antibodies used, and representative images see Supplementary Figure S1.



Image Analysis

Immunostainings were quantified using the semi-automated CellInsight NXT High Content Screening (HCS) platform (Thermo Fisher Scientific) and Studio Cell Analysis Software (Thermo Fisher Scientific), as previously described (de Lucia et al., 2020; Smeeth et al., in press). This platform relies on light intensity thresholds, which identify DAPI (wavelength 386) or secondary antibody fluorescence (wavelengths 488 and 555). These thresholds, combined with other parameters based on cell size and shape, identify cells stained by each antibody in an unbiased way and enable semi-automated quantification of immunocytochemical stains. Threshold settings were set by an author blinded to exposure/concentration and parameters were kept constant across experiments. For further details on the protocols and parameters used see Supplementary Material.



Statistical Analyses

Data analyses were conducted using IBM SPSS Statistics 26 (IBM Ltd., Portsmouth, United Kingdom). All data were assessed for normality using probability-probability plots and the Kolmogorov–Smirnov test, and for homogeneity of variance using the Levene’s test. For data that did not conform to normality and/or homoscedasticity non-parametric statistical tests were applied. To evaluate differences between DAPI, Ki67, C33, and Ki67/CC3, a two-way analysis of variance (ANOVA) with a Bonferroni post hoc correction was applied. To evaluate differences in SOX2, Nestin, and Nestin/SOX2 a series of Kruskal–Wallis tests with Dunn’s post hoc corrections were applied. All tests carried out were two-sided and the alpha criterion used was p < 0.05. Data are represented as the mean (M) and standard deviation (SD), or the median (Mdn) and interquartile range (IQR).




RESULTS


Exposure to Caffeine Reduces Cell Number

There was no significant interaction of caffeine concentration and exposure type, i.e., repeated versus acute caffeine treatment, on cell number, as measured by DAPI-positive cell density (p = 0.947), nor was there a significant main effect of exposure (p = 0.580). However, as shown in Figures 2A,B, there was a main effect of caffeine concentration on DAPI-positive cell density (p = 0.036), such that higher caffeine doses reduced cell number. However, due to issues of power, post hoc analyses revealed no specific differences between any of the caffeine conditions, but, although not statistically significant, an observed 58.6% reduction in cell count for the supraphysiological dose (i.e., 1.0 mM ∼ 1500 mg) relative to the lowest caffeine dose (i.e., 0.1 mM ∼ 150 mg) was seen (p = 0.058).
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FIGURE 2. The effect of caffeine treatment on DAPI-positive cell density. (A) There was no significant interaction of caffeine concentration and exposure on DAPI-positive cell density [two-way ANOVA: F(4,20) = 0.179, p = 0.947], nor was there a significant main effect of exposure [F(1,20) = 0.317, p = 0.580]. However, caffeine had a significant main effect on DAPI-positive cell density [one-way ANOVA: F(4,25) = 3.041, p = 0.036]. Post hoc analyses revealed no significant differences in total cell number between any specific caffeine concentration and the control, nor between any caffeine concentrations. However, a statistically non-significant reduction in cell count was observed for the supraphysiological caffeine concentration (i.e., 1.0 mM, M = 74.13, SD = 34.27) compared with the lowest caffeine concentration (i.e., 0.1 mM, M = 171.12, SD = 74.21, p = 0.058). (B) Representative immunostaining, demonstrating DAPI-positive cell density following exposure to different caffeine concentrations. Images taken at 10× objective; scale bar represents 100 μm. Cell line: HPC0A07/03; passage number: P21; biological replicates: n=3; technical replicates: n = 3; data represents the mean (±SD); (adjusted p-values; Bonferroni correction). Graph not stratified by exposure given that no main effect of exposure was found. Graph presents the pooled data of acute and repeated exposure.




Exposure to Supraphysiological Caffeine Concentrations Reduces Hippocampal Progenitor Integrity Compared With Lower Caffeine Doses Only

There was no significant main effect of exposure on hippocampal progenitor integrity, as measured by both % Nestin-positive (p = 0.901) and % SOX2-positive (p = 0.917) cells. However, as shown in Figure 3, there was a significant main effect of caffeine concentration on both % Nestin-positive (p = 0.034) and % SOX2-positive cells (p = 0.016), all while controlling for cell number.
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FIGURE 3. The effect of caffeine treatment on% Nestin-,% SOX2-, and Nestin/SOX2-positive cells. (A) There was no significant main effect of exposure on % Nestin-positive cells (Kruskal–Wallis test, H = 0.02, df = 1, p = 0.901) but there was a significant main effect of caffeine (Kruskal–Wallis test, H = 10.38, df = 4, p = 0.034). Dunn’s post hoc analyses revealed that the supraphysiological caffeine concentration (i.e., 1.0 mM; Mdn = 97.2, IQR = 1.99) had significantly reduced stem cell integrity compared with the lowest caffeine concentration (i.e., 0.1 mM, Mdn = 98.66, IQR = 0.72, p = 0.016). (B) There was no significant main effect of exposure on % SOX2-positive cells (Kruskal–Wallis test, H = 0.01, df = 1, p = 0.917) but there was a significant main effect of caffeine (Kruskal–Wallis test, H = 12.17, df = 4, p = 0.016). Dunn’s post hoc analyses revealed that the supraphysiological caffeine concentration (i.e., 1.0 mM; Mdn = 96.59, IQR = 2.8) was significantly reduced compared with the lowest caffeine concentration (i.e., 0.1 mM, Mdn = 98.9, IQR = 0.81, p = 0.013). (C) There was no significant main effect of exposure on % Nestin/SOX2-positive cells (Kruskal–Wallis test, H = 0.03, df = 1, p = 0.868) but there was a significant main effect of caffeine (Kruskal–Wallis test, H = 11.61, df = 4, p = 0.021). Dunn’s post hoc analyses revealed the supraphysiological caffeine concentration (i.e., 1.0 mM; Mdn = 95.46, IQR = 3.98) was significantly reduced compared with the lowest caffeine concentration (i.e., 0.1 mM, Mdn = 97.48, IQR = 1.11, p = 0.016). (D) Representative immunostaining, demonstrating, in order from the top panel, DAPI-positive cell density, % Nestin-, % SOX2-, and % Nestin/SOX2-positive cells following exposure to different caffeine concentrations. Images taken at 10× objective; scale bar represents 100 μm. % Nestin-, % SOX2-, and % Nestin/SOX2-positive cells are controlled for by DAPI. Cell line: HPC0A07/03; passage number: P21; biological replicates: n = 3; technical replicates: n = 3; Data represents the median (±IQR); ∗p < 0.05; (adjusted p-values; Dunn’s correction). Graphs not stratified by exposure given that no main effect of exposure was found. Graphs present the pooled data of acute and repeated exposure.


Post hoc analyses revealed that the supraphysiological caffeine concentration (i.e., 1.0 mM ∼ 1500 mg) significantly reduced the % Nestin-positive cells by 1.5% relative to the lowest caffeine concentration (i.e., 0.1 mM ∼ 150 mg; p = 0.016; Figures 3A,D). No significant differences in % Nestin-positive cells for any of the caffeine concentrations relative to control were observed (0.1 mM ∼ 150 mg: p > 0.99; 0.25 mM ∼ 400 mg: p > 0.99; 0.5 mM ∼ 750 mg: p > 0.99; 1.0 mM ∼ 1500 mg: p = 0.388). However, it should be noted that the supraphysiological caffeine dose was reduced relative to control conditions but did not survive multiple comparison correction (non-adjusted p = 0.039).

Similar to Nestin data, post hoc analyses of % SOX2-positive cells revealed that the supraphysiological caffeinedose (i.e., 1.0 mM ∼ 1500 mg) significantly reduced % SOX2-positve cells by 2.3%, again, relative to the lowest caffeine concentration (0.1mM ∼ 150 mg, p = 0.013; Figures 3B,D). Moreover, there was an observed reduction, albeit not statistically significant, in % SOX2-positive cells in the supraphysiological caffeine dose relative to the moderate caffeine concentration, i.e., 0.25 mM ∼ 400 mg (p = 0.059). Again, no significant differences were observed relative to control conditions (0.1 mM ∼ 150 mg: p ≥ 0.99; 0.25 mM ∼ 400 mg: p > 0.99; 0.5 mM ∼ 750 mg: p > 0.99; 1.0 mM ∼ 1500 mg: p = 0.304). However, as with the Nestin data, % SOX2-positive cells in the supraphysiological caffeine condition were reduced relative to control but did not survive multiple comparison correction (non-adjusted p = 0.03).

Unsurprisingly, a similar results pattern was observed for % Nestin/SOX2-positve cells. Specifically, no significant main effect of exposure (p = 0.868) was observed, but there was a significant main effect of caffeine on % Nestin/SOX2-positive cells (p = 0.021), with the supraphysiological concentration reducing % Nestin/SOX2-positve cells by 2.1% relative to the lowest caffeine concentration only (p = 0.016; Figures 3C,D). Moreover, the % Nestin/SOX2-positive cells for the supraphysiological dose was reduced compared with the control condition (non-adjusted p = 0.029) and the moderate caffeine concentration, i.e., 0.25 mM ∼ 400 mg (non-adjusted p = 0.008) but these did not survive multiple comparison correction.



Repeated Exposure to Supraphysiological Caffeine Concentrations Reduces Hippocampal Progenitor Proliferation

There was no significant interaction effect of caffeine and exposure on proliferation, as measured by the percentage of Ki67-positive cells (p = 0.102). However, as shown in Figures 4A,D, there was both a significant main effect of exposure (p = 0.009) and caffeine concentration (p < 0.001) on the % Ki67-positive cells, all while controlling for cell number. Specifically, repeated exposure to the supraphysiological caffeine concentration (i.e., 1.0 mM ∼ 1500 mg) significantly reduced proliferation by 37% relative to control conditions (p = 0.001), by 39.5% relative to the lowest caffeine dose (i.e., 0.1 mM ∼ 150 mg; p < 0.001), and by 37.7% relative to the moderate caffeine dose (i.e., 0.25 mM ∼ 400 mg; p = 0.001). No significant differences were found between the control condition and the other caffeine concentrations, i.e., 0.1 mM (p > 0.99), 0.25 mM (p > 0.99), and 0.5 mM (p = 0.446), nor were any significant differences observed for acute exposure, that is, a single, one-time caffeine treatment.
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FIGURE 4. The effect of caffeine treatment on % Ki67-, % CC3-, and % Ki67/CC3-positive cells. (A) There was no significant interaction effect of caffeine concentration and exposure on % Ki67-positive cells [two-way ANOVA: F(4,20) = 2.235, p = 0.102]. However, a significant main effect of both exposure [two-way ANOVA: F(1,20) = 8.292, p = 0.009], and caffeine concentration [two-way ANOVA: F(4,20) = 9.81, p < 0.001] was found on % Ki67-positive cells. Specifically, Bonferroni post hoc analyses revealed that repeated treatment with the supraphysiological concentration (i.e., 1.0 mM; M = 39.05, SD = 7.5) significantly reduced proliferation compared with the control (M = 61.94, SD = 6.69, p = 0.001), the lowest caffeine dose (i.e., 0.1 mM; M = 64.580, SD = 4.403, p < 0.001), and the moderate caffeine dose (i.e., 0.25 mM; M = 62.68, SD = 6.35, p = 0.001). (B) There was no significant main effect of caffeine [one-way ANOVA: F(4,25) = 9.09, p = 0.474], exposure [two-way ANOVA: F(1,20) = 0.331, p = 0.571], nor an interaction effect [two-way ANOVA: F(4,20) = 0.677, p = 0.616] on apoptosis, that is % CC3-positive cells. (C) There was no significant main effect of caffeine [one-way ANOVA: F(4,25) = 1.767, p = 0.167], exposure [two-way ANOVA: F(1,20) = 0.097, p = 0.759], nor an interaction effect [two-way ANOVA: F(4,20) = 0.413, p = 0.797] on % CC3/Ki67-positive cells. (D) Representative immunostaining, demonstrating, in order from the top panel, DAPI-positive cell density, % Ki67-, % CC3-, and % Ki67/CC3-positive cells following exposure to different caffeine concentrations. Images taken at 10× objective; scale bar represents 100 μm. % Ki67-, % CC3-, and % Ki67/CC3-positive cells are controlled for by DAPI. Cell line: HPC0A07/03; passage number: P21; biological replicates: n = 3; technical replicates: n = 3; data represents the mean (±SD); ∗∗p < 0.01 (adjusted p-values; Bonferroni correction). Graphs (B,C) are not stratified by exposure given that no main effect of exposure was found. Graphs (B,C) present the pooled data of acute and repeated exposure.




Exposure to Caffeine Does Not Affect Apoptosis

As depicted in Figures 4B,D, there was no significant interaction of caffeine concentration and exposure on apoptosis, as measured by % CC3-positive cells (p = 0.616), nor was there a significant main effect of exposure (p = 0.571) or caffeine concentration (p = 0.474) – all while controlling for cell number. Furthermore, as shown in Figures 4C,D, there was no significant interaction of caffeine concentration and exposure on proliferative cell death, as measured by % Ki67/CC3-positive cells (p = 0.797), nor was there a significant main effect of exposure (p = 0.759) or caffeine concentration (p = 0.167) – again, all while controlling for cell number.




DISCUSSION

In this study we explore the effects of acute and repeated caffeine exposure at different concentrations on hippocampal progenitor proliferation, integrity, and apoptosis, using an in vitro hippocampal cellular model. We demonstrate that a repeated supraphysiological dose of caffeine, i.e., 1.0 mM ∼ 1500 mg or ∼10 cups of coffee, significantly reduces progenitor proliferation, as measured by % Ki67-positive cells, relative to the control condition (no caffeine) and to both the lowest (i.e., 0.1 mM ∼ 150 mg or ∼1 cup) and moderate (i.e., 0.25 mM ∼ 400 mg or 2–3 cups) caffeine concentrations. Moreover, the supraphysiological dose (∼10 cups of coffee), whether acutely or repeatedly administered, negatively influences progenitor integrity, as measured by both % Nestin- and % SOX2-positve cells, but only when compared with the lowest caffeine dose (∼1 cup of coffee). Finally, we show that caffeine, irrespective of the degree of exposure or concentration, does not affect overall, or proliferative, cell death, as measured by % CC3-positive cells and % Ki67/CC3-positive cells, respectively.

Our finding that repeated treatment with a supraphysiological caffeine concentration, that is, intake of ∼10 cups of coffee, reduces hippocampal progenitor proliferation directly contrasts previous findings from Wentz and Magavi (2009), who used an animal model and observe that supraphysiological doses increase proliferation. However, this inconsistency could be attributed to differences in study design; all previous findings were from an animal model, and therefore are not entirely translatable to our own study design that uses a human in vitro cellular model. Furthermore, our study found no effect of lower caffeine doses on hippocampal proliferation, despite previous literature demonstrating a decrease in proliferation (Han et al., 2007; Wentz and Magavi, 2009). While the discrepancies between our findings and that of the previous literature could be a consequence of the different models used, it is more likely attributable to the different timescales investigated. While our study investigated repeated exposure over 72-h of proliferation, Wentz and Magavi (2009) and Han et al. (2007) investigated caffeine exposure over 7 days and 4 weeks, respectively. In the context of our work, while the supraphysiological caffeine concentration is strong enough to produce a detrimental effect over a short period of time, our 72-h paradigm may be insufficient to replicate the results seen from chronic exposure with lower, more physiologically relevant doses. Therefore, future work should seek to extend our paradigm to explore the longer-term effects of chronic, rather than repeated treatment, with physiologically relevant caffeine concentrations.

Previously unexplored within an in vitro model of HPCs, our findings relating to % Nestin- and % SOX2-positive cells may provide some insight into the mechanisms by which the supraphysiological caffeine dose influences proliferation. Used as markers for progenitor integrity in this study, Nestin and SOX2 represent the maintenance of the stem cell pool, with their knockout having been shown to lead to a reduction in total neural stem cell (NSC) quantity (Favaro et al., 2009; Park et al., 2010). In particular, SOX2 has been implicated as an important requirement for the maintenance of self-renewal and pluripotency in human embryonic hippocampal progenitors (Fong et al., 2008), and this has been further demonstrated in adult neural hippocampal progenitors. Ferri et al. (2004) found that knocking down SOX2 leads to reduced proliferation and a depletion of the neural hippocampal progenitor pool – a finding seemingly consistent with our own. Indeed, we report a reduction in both % Nestin-, % SOX- and % Nestin/SOX2-positive cells, and simultaneously find no change in either the total % CC3-positive cells or % CC3/Ki67-positive cells (i.e., specifically proliferative cell death), suggesting that the observed decrease in proliferation following repeated supraphysiological caffeine treatment could stem from a reduction in the hippocampal progenitor pool itself. However, given that Ki67 was not co-labeled with SOX2, this requires further substantiation. We do not know if the observed reduction in % Ki67-positive cells derive directly from the observed decrease in % SOX2-positive cells. It is possible that the two may be independent; our findings for proliferation could pertain to a reduction in the proliferative capacity and/or speed of NSCs rather than as a knock-on effect of a reduced progenitor pool.

Interestingly, we find no statistically significant effect of supraphysiological caffeine doses on SOX2 relative to control conditions, however we believe that this could potentially be due to issues of power (Cremers et al., 2017), given that prior to post hoc adjustment, the supraphysiological concentration of ∼10 cups of coffee shows a reduction in both % Nestin-, % SOX2-, and % Nestin/Ki67-positve cells, all relative to control conditions. Furthermore, it is notable that hippocampal progenitor integrity was statistically assessed using non-parametric methods, which are typically less powerful than parametric equivalents (Siegel, 1957). Therefore, it would be highly profitable for future research to include a greater sample size to more fully elucidate the effect of supraphysiological caffeine concentrations on hippocampal progenitor integrity.

The precise mechanisms by which caffeine affects proliferation are widely unknown, but the observed changes to % SOX2-positive cells may provide some insight. Caffeine has commonly been associated with protein kinase B (PKB or Akt) signaling; specifically, it has been attributed to downregulating Akt signaling in a wide range of cell types, from HeLa to mouse epidermal cell lines (Nomura et al., 2005; Saiki et al., 2011). Pertinently, Akt signaling has been linked with SOX2, having been shown to promote the expression of SOX2 adult hippocampal neural progenitor cells (Peltier et al., 2010). Furthermore, Akt signaling itself decreases with age, akin to SOX2 expression and neurogenesis overall, but its reactivation has been shown to ameliorate age-related defects in neuronal development (Tang et al., 2019). It is therefore possible that our finding of reduced%SOX2-positve cells following supraphysiological caffeine treatment is a product of downregulated Akt signaling. To our knowledge, the effect of caffeine on Akt signaling within an HPC cell line has not yet been investigated, and therefore future research would be instrumental in validating a link between caffeine and SOX2 expression in HPCs and revealing whether this action could be mediated by Akt signaling.

While our work reveals a negative effect of supraphysiological caffeine on human hippocampal progenitor integrity and proliferation, there are some limitations in that our model may have influenced the extent to which caffeine affects this process. For example, caffeine is metabolized in the liver by the enzyme CYP1A2, which accounts for approximately 90% of caffeine metabolism (Arnaud, 2011). Interestingly, a C/A polymorphism in intron 1 of the CYP1A2 gene appears to affect CYP1A2 enzymatic activity, and ultimately alter the rate of caffeine metabolism (Sachse et al., 2001). Indeed, Butler et al. (1992) defined CYP1A2 activity as being trimodally distributed, with slow, intermediate, and rapid metabolizers, as determined by caffeine urinary metabolite analyses. Essentially, the rates of caffeine clearance differ depend on an individual’s genetic variant, and therefore the amount of time that caffeine is present in the systemic environment is subject to interindividual differences. These differences in caffeine metabolic rates have been associated with differences in the risk of some neurodegenerative diseases, with individuals possessing the C allele, i.e., slow metabolizers, having decreased caffeine-related risk of Parkinson’s Disease (Popat et al., 2011; Chuang et al., 2016). Therefore, it is possible that this polymorphism may also mediate differences in the way caffeine affects proliferation, especially considering that caffeine reaches the brain via the systemic environment. Our study measures the direct effect of caffeine exposure on hippocampal progenitor cells, without accounting for differential metabolic rates in the liver caused by the CYP1A2 polymorphism.

Furthermore, while the caffeine concentrations used in our study reflect “intake,” this is not representative of peak plasma levels obtained following caffeine metabolism. Indeed, around 99% of caffeine is metabolized into paraxanthine, theobromine, and theophylline (Arnaud, 1993; Nehlig, 2018) and, thus, only residual caffeine remains in the systemic environment. For instance, consumption of 160 mg of caffeine, in the form of a hot coffee, was shown to produce an average peak plasma level of 3.74 μg/mL, or 19.26 μM, in humans (White et al., 2016). The lowest caffeine concentration in our study, 0.1 mM, represents approximately 150 mg of caffeine (Su et al., 2013a, b), or one Starbucks cappuccino (Ludwig et al., 2014), whereas plasma caffeine levels typically reach between 20 and 50 μM (Graham, 2001). Therefore, the levels of caffeine tested in this study reflect supranutritional doses, not the physiologically relevant concentrations that would reach the neurogenic niche in vivo. However, this study provides proof of concept that caffeine can modulate hippocampal progenitor proliferation, but it would be profitable for future research to investigate the effects of nutritional and supranutritional caffeine concentrations on this process over time. Understanding when in the trajectory of the neurogenic process these changes occur would be hugely beneficial for developing more targeted prevention strategies. Applying a growth curve analysis strategy to the proliferation and differentiation assays could be a viable solution.

An additional limitation to our work is that although CC3 is a commonly used maker for apoptosis, there are multiple modes of cell death, and even several pathways of apoptotic cell death (Galluzzi et al., 2018) that cannot be captured by a single marker, and particularly under stressful conditions in vivo (Riegelsberger et al., 2011). Thus, although we observe no change in apoptosis in the context of our work, additional makers (e.g., Annexin and TUNEL) would provide a more comprehensive overview of the apoptotic process.

Furthermore, although our aim was to explore the effect of caffeine on hippocampal progenitor cells, given that diet has been shown to specifically influence neural hippocampal progenitor behavior (Spéder et al., 2011; Sakayori et al., 2013), our work would hugely benefit from exploring the impact of caffeine on neural progenitor differentiation. By only investigating proliferation, we do not know what longer-term, knock-on effects might arise from caffeine treatment, with respect to differentiation and/or survival. Given that early changes to the hippocampal progenitor pool can reduce neurogenesis and result in morphological abnormalities of the resulting neurons (Cavallaro et al., 2008), future work should seek to extend our paradigm to also evaluate the impact of caffeine on differentiation and neuron morphology in order to more fully capture the impact of caffeine on the neurogenic process as a whole.

Finally, it is important to acknowledge that cell models are somewhat removed from an in vivo system making it challenging to account for any organism-wide changes. Furthermore, our model specifically is hindered by the lack of microglia, which play a key role in NSC regulation (Cunningham et al., 2013; Liu et al., 2013) and by the use of fetal NSCs to study proliferation during later life stages. Additionally, our findings should be interpreted with caution when generalizing to both male and females, given that this is a female cell line. Research shows sexual dimorphism in cognition (Ycaza Herrera et al., 2019), caffeine metabolism (Adan et al., 2008; Denden et al., 2016) and neurogenesis (Greiner et al., 2019).

However, despite these limitations to our work, this study is the first, to our knowledge, to investigate the direct effects of caffeine on hippocampal progenitor proliferation and integrity using a human in vitro cellular model. NSC proliferation is influenced by a range of systemic and environmental factors that are difficult to control for in an in vivo environment (Azari and Reynolds, 2016) – an issue that is mostly controlled for in in vitro models. Moreover, species and strain differences have long been a criticism of animal models (Martić-Kehl et al., 2012), and proliferation in particular has been shown to widely differ amongst mammalian species (Amrein et al., 2011). Therefore, our work investigates the direct effect of caffeine on human hippocampal stem cell proliferation and is thus likely to yield results with greater translational value.

Additionally, it is worth mentioning that our results have implications beyond the impact of metabolites or drugs on learning, aging, and cognitive decline. Indeed, recent research has highlighted the interaction of certain drugs with NSCs (Ikhsan et al., 2019), something with which our results are in strong accordance. Notably, there is a strong evidence base demonstrating a clear interaction of antidepressants with NSCs (Santarelli et al., 2003; Anacker et al., 2011), producing an increase in hippocampal progenitor proliferation. However, there is limited data available for substances beyond antidepressants (Ikhsan et al., 2019), especially concerning those of a non-pharmacological nature. Therefore, not only do our findings contribute to the growing discussion surrounding drug-NSC interactions, but they also provide evidence of such an interaction with a dietary-based substance, highlighting the possibility of utilizing diet as a non-pharmacological intervention to positively influence hippocampal neurogenesis. However, further research is required to identify positive dietary components and fully elucidate their interaction with NSCs and their effect on hippocampal neurogenesis.



CONCLUSION

In summary, our study demonstrates that dietary components such as caffeine can influence hippocampal progenitor proliferation and may be indicative of one mechanism by which diet affects cognitive outcomes. However, future research that (i) further explores the effects of human consumption-related caffeine doses on both neural progenitor proliferation and differentiation, and (ii) correlates this with cognitive outcomes, are now needed.
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Cardiac hypertrophy and fibrosis are major pathophysiologic disorders that lead to serious cardiovascular diseases (CVDs), such as heart failure and arrhythmia. It is well known that transforming growth factor β (TGFβ) signaling pathways play a major role in the proliferation of cardiac hypertrophy and fibrosis, which is mainly stimulated by angiotensin II (AgII). This study aimed to investigate the cardioprotective potential of isorhamnetin (ISO) in human amniotic epithelial stem cells (hAESCs) through global gene expression analysis and to confirm its beneficial effects on cardiac hypertrophy and fibrosis in the AgII-induced in vivo model. In vitro, biological processes including TGFβ, collagen-related functions, and inflammatory processes were significantly suppressed in ISO pretreated hAESCs. In vivo, continuous AgII infusion using an osmotic pump induced significant pathological fibrosis and myocardial hypertrophy, which were remarkably suppressed by ISO pretreatment. ISO was found to reverse the enhanced TGFβ and Collagen type I alpha 1 mRNA expression induced by AgII exposure, which causes cardiovascular remodeling in ventricular tissue. These findings indicate that ISO could be a potential agent against cardiac hypertrophy and fibrosis.

Keywords: human amniotic epithelial stem cells, drug screening, isorhamnetin, cardiac fibrosis, angiotensin II, translational medicine


INTRODUCTION

Pathological cardiac fibrosis is a fundamental process in the excessive accumulation of extracellular matrix (ECM) such as collagen (Travers et al., 2016), which plays a key role in the disruption of the myocardial architecture, myocardial disarray, and electrical and mechanical cardiomyocyte dysfunction (Izawa et al., 2005). In addition, the loss of normal ECM structure impairs the integrity of cell-to-cell contraction, further isolates myocardial fibers, impairs oxygen supply, and causes atrophy and necrosis (Kai et al., 2006). Thus, cardiac fibrosis leads to various heart diseases, including cardiac hypertrophy, arrhythmia, and heart failure (Weber et al., 2008; Yue et al., 2011) and is considered an independent risk factor for cardiac morbidity and mortality (Bang et al., 2017; Jin et al., 2018). Controlling hypertrophic remodeling and fibrotic changes may therefore offer a promising therapeutic strategy for reducing the cardiovascular disease (CVD) burden.

In recent years, increasing numbers of small molecules derived from or based on bioactive compounds of medicinal plants have been synthesized and screened for their potential therapeutic and preventive effects in CVD. However, the discovery of drugs is greatly hampered by the gap between the validation of the compound and its successful clinical application (Pott et al., 2020). One of the primary reasons for this translational inefficiency is the unpredictability of the currently used in vitro cellular models and the complexity of the in vivo microenvironment. Even the most high-throughput screening assays utilize monolayer cell cultures, where the crucial elements of drug-biology interactions are lost (Li and Kilian, 2015). Therefore, physiologically more relevant in vitro human models for screening and validation of thousands of compounds are in high demand in both academic research and the pharmaceutical industry. In this context, stem-cell-based approaches using human pluripotent stem cells, including both human embryonic stem cell (ESC) and induced pluripotent stem cell (iPSC), have received great attention as effective tools for drug screening, not only for CVDs but also for other metabolic and neuronal diseases (Grskovic et al., 2011; Engle and Puppala, 2013). However, cell resources, ethical constraints, invasive extraction procedures, and expensive cell reprogramming and maintenance procedures make this type of stem cell less favorable as a practical source for drug screening (Chen et al., 2014).

In this context, human amniotic epithelial stem cells (hAESCs) possess substantial advantages over other stem cells. hAESCs are derived from term placenta after delivery and are discarded after birth. Therefore, they are readily available, do not require invasive harvesting procedures, and pose no ethical concerns. Most importantly, as hAESCs are derived from pluripotent epiblasts, they maintain ESC-like multilineage differentiation potential. Studies have shown that upon appropriate differentiation protocol, hAESCs can be differentiated into liver, pancreas and lung epithelium from endodermal origin, bone, and fat cells from mesodermal origin as well as neural cells from ectodermal origin (Miki et al., 2005, 2010; Toda et al., 2007; Parolini et al., 2008; Murphy et al., 2010; Zhou et al., 2013). Importantly, hAESCs also have cardiogenic and angiogenic differentiation potential (Miki et al., 2005; Fang et al., 2012; Wu et al., 2017; Serra et al., 2018). Furthermore, hAESCs have no tumorigenic, weak immunogenic, and strong immunomodulatory properties, and demonstrate mesenchymal stem cell (MSC)-like phenotypes as well (Miki, 2018; Yang et al., 2018; De Coppi and Atala, 2019). Thus, hAESCs provide an excellent model system for drug discovery.

At the University of Tsukuba Hospital, the Tsukuba Human Tissue Biobank Center (THB) was established in November 2013 with the aim to reserve human biospecimens to facilitate medical research (Takeuchi et al., 2016). Among a variety of cellular samples, hAESCs isolated from the donated full-term placenta are also preserved for research applications. In our previous studies, the stemness characteristics of hAESCs received from THB have been investigated (Ferdousi et al., 2019; Furuya et al., 2019). Although the primary amniotic epithelial cells were heterogenous, the hAESCs isolated from the adherent subpopulations of passaged primary cells have widely expressed stemness markers. Besides, hAESCs cultured in a 3D microenvironment as spheroids, have highly expressed the stemness-related genes compared to their 2D counterpart as well as compared to iPSCs and MSCs (Ferdousi et al., 2019). We have previously investigated the gene expression profiles of several natural compounds in hAESCs (Ferdousi et al., 2019, 2020) in an effort to screen eligible natural compounds for further in-depth investigations. Among the compounds that we have screened in hAESCs, isorhamnetin (ISO) exerts cardiac morphogenesis, and antifibrotic potential.

Isorhamnetin, also known as 3-Methylquercetin or 3’-Methoxyquercetin, is one of the most common and widely distributed plant flavonols. It has anti-inflammatory, antioxidant, antiadipogenic, and antitumor activities (Hu et al., 2015; Yang et al., 2016). We have previously reported the anti-oxidant, antiobesity, and antifibrotic effects of ISO in rodent models (Zar Kalai et al., 2013; Ganbold et al., 2019). Ganbold et al. (2019) reported that ISO could alleviate steatosis and fibrosis in a non-alcoholic steatohepatitis (NASH) mouse model by reducing the expression of liver injury marker transforming growth factor β (Tgfβ), and the fibrogenic marker Collagen type I alpha 1 (Col1a1). However, little is known about the possible protective effect of ISO against cardiac fibrosis or hypertrophy (Gao et al., 2017).

This study aimed to investigate the cardioprotective potential of ISO in hAESCs through global gene expression analysis and to observe its effect on angiotensin II (AgII)-induced fibrosis and hypertrophy in the myocardium of mice.



MATERIALS AND METHODS


In vitro Study


hAESCs Extraction and Culture

The procedure of cell isolation and cell culture have been explained elsewhere in detail (Ferdousi et al., 2019, 2020; Furuya et al., 2019). Briefly, hAESCs were obtained from the term placenta donated by mothers who underwent cesarean delivery. The amnion was washed with 200 mL of Hank’s Basic Salt Solution–Calcium and Magnesium Free (CMF-HBSS) after manual separation from the chorion and was cut into smaller pieces using a surgical scissor. The cells were maintained in placental epithelial cell basal medium (Promocell. # C-26140). The medium was changed every 2–4 days. To subculture hAESCs, the plates were first washed twice with 10 mL of PBS. Then, 3 mL of pre-digestion buffer, pre-warmed to 37°C, was added to the plate. The cells were then incubated at 37°C for 5 min. Subsequently, 5 mL of 0.05% (w/v) trypsin-EDTA, pre-warmed to 37°C, was added to the plate and incubated at 37°C for 10 min. Finally, 5 mL of Dulbecco’s modified Eagle’s medium (DMEM) was added to stop the reaction. The cell suspension was then centrifuged twice at 200 rpm for 4 min at 4°C.



hAESC 3D Spheroid Formation and Cell Treatment

LipidureTM (NOF Corporation, Cat. # CMS206; 400 μL) solution was placed into each well of the 3D culture plate (ElplasiaTM, Kuraray Co., Ltd., Cat # RB 500 400 NA 24) at a concentration of 50 mg in 10 mL absolute ethanol. Lipidure solution was aspirated out after 2 min. Then, the plate was dried for 3 h, 400 μL of PBS was placed in each well, and the plate was centrifuged at 2,000 × g for 15 min at room temperature. After discarding the PBS, the wells were washed twice with 400 μL of PBS. The plates were then stored in a cell culture incubator until use. Spheroids were formed by seeding hAESCs (8 × 105 cells) in placental basal epithelial cell medium in 24-well plates. The initial culture was maintained for 24 h, and the control samples for day 0 were collected before adding the treatment. After 24 h, the medium was changed with 20 μM ISO (Sigma-Aldrich, Japan). The medium was changed every 48 h, and the cells were maintained for 10 days. Control samples were maintained in placental basal epithelial cell medium, which was also changed every 48 h.



hAESC RNA Extraction and Quantification

Total RNA was extracted using 1 mL of ISOGEN (Nippon Gene, Japan) following the manufacturer’s instructions. RNA quality and quantity were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, United States).



Microarray Gene Expression Profiling

Affymetrix microarray gene expression profiling was performed using GeneChip® 3′ Expression Arrays and 3′ IVT PLUS Reagent Kit (Affymetrix Inc., Santa Clara, CA, United States). From 100 ng of total RNA, amplified and biotinylated complementary RNA (cRNA) was generated for each sample following the user’s manual. For hybridization, 9.4 μG cRNA was used. Human genome array strips (HG-U219) were hybridized for 16 h in a 45°C incubator, washed, and stained. Finally, imaging was performed in the GeneAtlas Fluidics and Imaging Station.



Microarray Data Processing and Analysis

Microarray analysis was conducted for two biological replicates of day 0 (D0) control, and three biological replicates of day 10 (D10) control and D10 ISO treated hAESCs. Microarray raw image data (.cel file) were processed and normalized following the robust multichip average (RMA) algorithm using Expression Console Software (Affymetrix, Japan). Subsequent analysis was carried out using the freely available software Transcriptome Analysis Console (TAC) version 4 (Affymetrix, Japan). Differentially expressed genes (DEGs) were characterized as fold change ≥1.5 (in linear space) and p < 0.05 (one-way between-subject). Gene ontology (GO) analysis was carried out using the Molecular Signatures Database (MSigDB) of Gene Set Enrichment Analysis online tool1 (Mootha et al., 2003; Subramanian et al., 2005) and DAVID (Database for Annotation, Visualization, and Integrated Discovery, version 6.8) (Huang et al., 2008; Sherman et al., 2008). Heat maps were generated using a web tool Heatmapper2 (Babicki et al., 2016).



In vivo Study


Animal Preparation

Animal preparation: Male C57Bl/6 mice were (8 weeks of age; Japan Charles River Kanagawa, Japan) randomly assigned into three groups: control, AgII-administered group (AgII), and AgII and ISO-treated group (AgII + ISO). Mice in the AgII and AgII + ISO groups were continuously administered AgII (1,000 ng/kg/hr) with a mini-osmotic pump model (Alzet, model 2002, Cupertino, United States) for 2 weeks. Mice in the control group were infused with 0.85% saline. One week before the implantation of the mini-osmotic pumps, mice in the AgII + ISO group were administered ISO (5 mg/kg) intraperitoneally every day for 3 weeks. ISO was suspended in 0.1% dimethyl sulfoxide and 1% polypropylene glycol. Suspensions were freshly prepared and administered at a constant volume of 0.3 mL. Mice in the control and AgII groups were given the same volume of the vehicle solution (0.1% dimethyl sulfoxide, 1% polypropylene glycol, and normal saline) by intraperitoneal injection. Hearts were isolated immediately after exsanguination. Part of the left ventricles was fixed in 4% paraformaldehyde and embedded in paraffin for histological analysis. The remaining left ventricles were kept in liquid nitrogen for further analysis.



Echocardiography

Echocardiography was performed using a Doppler echocardiographic system (Vevo 2100; Visual Sonics, Toronto, Canada). The mice were anesthetized with 1% isoflurane. Then, parasternal short-axis and parasternal long-axis 2D-guided echocardiographic views of the left ventricle (LV) were obtained at the level of the papillary muscles. The M-mode measurements of LV posterior wall thickness (LVPWT) and interventricular septal thickness (IVST) were obtained at the end of diastole and systole. LV mass was calculated using the following formula (Marwick et al., 2015):
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Histological Examination

Left ventricle was fixed in 4% paraformaldehyde and embedded in paraffin. The epicardium of the mid-lateral wall was cut into 2 μm thick sections. All specimens were stained with Masson trichrome (MT) and hematoxylin-eosin (H-E) stain and examined under a light microscope (BZX710; Keyence, Osaka, Japan). Transmural distribution of the percentage area of fibrosis was calculated as the total area of fibrosis (defined as the amount of collagen deposition stained with the aniline blue) divided by the sum of the total tissue area. Myocyte area was measured in ∼50 cells at the site of a visible nucleus in each slide stained with H-E. The cross-sectional area of each myocyte (an average of 50 cardiomyocytes for each animal) was measured across the region corresponding to the visible nucleus in H-E stained slides.



Real-Time Polymerase Chain Reaction (RT-PCR)

Total RNA was extracted from ventricular tissue using an RNeasy Mini Kit (Qiagen, Valencia, CA, United States) according to the supplier’s protocol. Total RNA (1 μg) was reverse transcribed to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States). Real-time quantitative PCR was performed with PrimeTime Gene Expression Master Mix (Integrated DNA Technologies) on the ABI Prism 7500 FAST sequence detection system (Applied Biosystems, Foster City, CA, United States). The following primers were used for the experiment: natriuretic peptide B (Nppb; Mm.PT.588584045.g), Col1a1 (Mm.PT.587562513), Tgfb1 (Mm.PT.5811254750), and Tgfb2 (Mm.PT5814105470). Gene expression levels were normalized to the housekeeping gene, 18S rRNA (4319413E, Thermo Fisher Scientific).



Chemicals

ISO was synthesized from quercetin (Fujifilm Wako Pure Chemical Corp., Tokyo, Japan) following the protocol of the National Institute of Advanced Industrial Science and Technology (Kato et al., 2016) and was used for in vitro and in vitro experiments. AgII was purchased from Wako Pure Chemical Industries Ltd (Osaka, Japan).



Statistical Analysis

Results are expressed as the mean ± standard deviation. A one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was performed to examine the differences between pairs of treatment groups. Differences were considered statistically significant at p < 0.05. All analyses were performed using IBM SPSS version 21.0 software (IBM Co., Armonk, NY, United States).



Ethical Considerations

The protocol for the hAESC study was reviewed and approved by the Ethical Review Committee of the University of Tsukuba. Informed written consent was obtained from the mothers who donated the placenta after delivery.

After receiving approval from the Institutional Animal Experiment Committee of the University of Tsukuba, animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health, the Regulation for Animal Experiments in the University of Tsukuba, and the Fundamental Guideline for Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology of Japan.



RESULTS


ISO Regulated Cardiac Development and Fibrosis-Associated GO and KEGG Pathways

A total of 1210 unique genes (after excluding duplicate probe IDs) were differentially expressed (fold change >1.5; p < 0.05) in ISO-treated hAESCs compared to untreated controls at D10. Among them, 528 genes were significantly upregulated, whereas 682 genes were downregulated (Figure 1A). Compared to D0 control, a total of 3449 and 3884 genes were significantly (fold change > 2; p < 0.05) regulated in D10 control and D10 ISO-treated hAESCs, respectively (Supplementary Figure 1). Compared to undifferentiated hAESCs at D0, control hAESCs at D10 regulated epithelial-mesenchymal transition (EMT), cell cycle, cell division, autophagy, and apoptosis-associated GO (Supplementary Figure 1), whereas ISO-treated hAESCs regulated anti-inflammatory and TGFβ-related biological functions as well as EMT. The differentiation potential was toward myogenesis (Supplementary Figure 1). We have previously reported that the undifferentiated hAESCs expressed several stem cell markers, and the 3D hAESC spheroids showed significantly higher expression of stemness-related genes than their 2D counterparts.
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FIGURE 1. (A) Scatter plot showing the distribution of DEGs by fold changes. The X-axis corresponds to the average signal intensity (log2) of each probe ID in D10 control hAESCs, and the Y-axis corresponds to the average signal intensity (log2) of each probe ID in D10 Isorhamnetin-treated hAESCs. Blue dots represent the significantly downregulated and yellow dots represent the significantly upregulated DEGs (DEGs, differentially expressed genes with fold change >1.5; p < 0.05, one-way between-subjects ANOVA). The inset column graph shows the number of upregulated and downregulated DEGs (unique gene). Bar graphs showing the significantly enriched (p < 0.05; modified Fisher’s exact test) (B) biological processes, (C) molecular functions, and (D) KEGG pathways by the DEGs between D10 isorhamnetin-treated and D10 control hAESCs. The X-axis corresponds to the –log10 p-value. The number of DEGs is presented at the outer end of each bar. (E) Heatmap showing the expression intensity of selected cardiac fibrosis-associated genes. Heatmap was generated using an online tool Heatmapper (http://www.heatmapper.ca/). (F) Boxplots showing the comparison of expression intensity of all probe IDs of selected genes between D10 control and D10 isorhamnetin-treated hAESCs. Box ranges from 25th to 75th percentile, the line in the middle represents the median value, and the error bar represents the standard deviation (SD). Significance was computed by t-test for linear distributions and Mann-Whitney U test for non-linear distributions. (G) Table showing the most significantly enriched annotation cluster computed for KEGG pathways and biological processes. The enrichment score for this fibrosis-associated cluster was 4.89 (measurement criteria: Similarity threshold = 0.5, multiple linkage threshold = 0.5, and enrichment thresholds = 1.0).


In this article, we will mainly explain the GO enriched by DEGs between D10 ISO-treated and untreated control hAESCs. Significantly enriched biological processes included ECM organization, TGFβ and collagen-related processes, and anti-inflammatory functions. Both canonical and non-canonical Wnt signaling pathways and MAPK pathways were regulated. Cell adhesion, cell migration, wound healing, EMT, and apoptosis were also significantly regulated. Additionally, several cardiovascular development-associated pathways were also significantly regulated, which included but were not limited to heart development, angiogenesis, smooth muscle cell proliferation and migration, endothelial cell proliferation, artery morphogenesis, and blood vessel remodeling. Furthermore, ventricular cardiac muscle cell action potential, heart contraction, and myoblast differentiation-associated biological processes were significantly enriched (Figure 1B). Similarly, significantly enriched molecular functions included ECM structural constituents, elasticity, and binding as well as collagen binding, TGFβ binding, and fibronectin binding (Figure 1C). The most significant KEGG pathways were ECM-receptor interaction, focal adhesion, and PI3K-Akt, p53, TGFβ, MAPK, AMPK, and Jak-STAT pathways (Figure 1D). Heat map (Figure 1E) and boxplots (Figure 1F) show that fibrosis-associated genes had decreased expression profiles in ISO-treated hAESCs compared to untreated control cells. Finally, hierarchical cluster analysis of KEGG pathways and biological processes identified 33 clusters. The most significant cluster involved three KEGG pathways: ECM-receptor interaction, PI3K-Akt signaling pathway, and focal adhesion (enrichment score 4.89, Figure 1G). Genes involved in this cluster and their fold changes are listed in Supplementary Table 1.



ISO Abrogated AgII-Induced Ventricular Hypertrophy in vivo

To investigate the protective effect of ISO on abnormal cardiac structure induced by AgII, two-dimensional echocardiography was performed (Figures 2A,B). The echocardiography results indicate that the interventricular septum (IVS) and left ventricular posterior wall (LVPW) thickness, at both systole and diastole, were significantly increased in AgII-induced mice (p < 0.01 vs. control), while the increased IVS and LVPW thickness were significantly decreased by ISO treatment (Figures 2C–F). In addition, B-mode images indicated that the walls of LV were enlarged by AgII and were restored by ISO treatment. Moreover, LV mass was significantly increased in the AgII-induced group. ISO could abrogate the AgII-induced increase in LV mass (Figure 2G).
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FIGURE 2. (A,B) Representative B-mode and M-mode echocardiograms of 11-week-old mice from the three groups. (C–G) Echocardiographic parameters, including IVS-s, IVS-d, LVPW-s, LVPW-d, and LV mass. Data were evaluated at 11 weeks in the Cont, AgII, and AgII + ISO groups (n = 5–7 per group). **P < 0.01 vs. Cont. ##P < 0.01 vs. AgII + ISO. IVST-s, LV interventricular septal thicknesses in systole; IVS-d, LV interventricular septal thickness in diastole; LVPWT-s, LV posterior wall thickness in systole; LVPWT-d, LV posterior wall thickness in diastole; LV, left ventricle.




ISO Reversed AgII-Induced Morphological Abnormalities in Cardiac Tissue in vivo

MT staining images showed that ISO significantly prevented the myocardial fibrotic responses induced by AgII (Figure 3A). Compared to the control group, H-E images showed severe disorganization of myofibrillar arrays, and cytoplasmic vacuolization and infiltration with neutrophil granulocytes in AgII-treated mice. ISO pretreatment remarkably reduced the pathological abnormalities (Figure 3B). The percentage of total fibrotic area was significantly increased in AgII-induced group, whereas ISO treatment could significantly reduce the percentage of fibrosed area (Figure 3C). Furthermore, ISO significantly reduced the AgII-mediated increase in cardiomyocyte size (measured as cross-sectional area; CSA) (Figure 3D). The ratio of heart weight/body weight (HW/BW) was significantly increased by stimulation with AgII (p < 0.01 vs. control), while ISO significantly reduced the increase in HW/BW (Figure 3E).
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FIGURE 3. Histological analyses of MT staining (A) and H-E staining (B) of each group of mice at 11 weeks. The yellow arrows indicate cytoplasmic vacuolization of cardiomyocytes. (C) The fibrotic area to the total area (n = 3 per group). (D) The results of the quantitative analysis of the cross-sectional area (CSA). (E) The statistical results of HW/BW (n = 7 per group). *P < 0.05, **P < 0.01 vs. Cont. #P < 0.05, ##P < 0.01 vs. AgII + ISO.




ISO Prevented AgII-Induced Expression of Inflammatory and Fibrogenic Markers in Mouse Cardiac Tissue in vivo

To confirm the preventive effects of ISO on fibrogenic and hypertrophy markers observed in microarray analysis of hAESCs, we conducted RT-PCR in ventricular tissue to quantify the expression of Tgfβ1, Tgfβ2, Col1a1, and Nppb.

Tgfβ1plays an important role in the development of myocardial fibrosis by promoting the production and deposition of collagens (Lijnen et al., 2000). AgII administration has been reported to increase the expression of Tgfβ1 in vivo, leading to cardiac fibrosis. In addition, overexpression of Tgfβ1 induces the mRNA expression of collagen type I (Col1A1) in rodent cardiac fibroblasts. We found that ISO significantly attenuated AgII-induced expression of Tgfβ1, Tgfβ2, and Col1a1 (Figure 4).


[image: image]

FIGURE 4. (A–D) The relative expression levels of Col1a1, Nppb, Tgfb1, and Tgfb2 evaluated by RT-PCR for the three groups (n = 6–8 per group). The transcript levels were normalized to 18s and presented as a relative value. *P < 0.05, **P < 0.01 vs. Cont. #P < 0.05, ##P < 0.01 vs. AgII + ISO.


Furthermore, pretreatment with ISO significantly decreased AgII-induced overexpression of Nppb. It encodes the brain natriuretic peptide (BNP) hormone, which is an important biomarker in clinical cardiology. In response to increased cardiac stress, fibrosis, and hypertrophy, BNP is strongly upregulated in the ventricular cardiac muscle.



DISCUSSION

In this study, we showed that ISO regulated cardiac fibrosis-related GO and KEGG pathways in hAESCs. We then successfully translated the in vitro findings in the in vivo model. ISO suppressed myocardial hypertrophy and fibrosis induced by AgII in mice ventricles. In short, the present study demonstrates that ISO could be a valuable pharmaceutical or dietary supplement.

Both pathological fibrosis and hypertrophy of the heart can induce heart failure and other serious cardiac diseases. These are also independent risk factors for cardiac morbidity and mortality. Conventional drugs, including angiotensin-converting enzyme inhibitors, β-blockers, statins, and aldosterone antagonists, are used for the inhibition of cardiac fibrosis and associated complications, however, their effects are secondary to the alleviation of cardiac dysfunction rather than directly targeting cardiac hypertrophy or fibrosis (Zannad et al., 2000; Bauersachs et al., 2001; Klapholz, 2009). Therefore, the discovery of novel compounds with profibrotic potential is urgently needed. Considering the inefficient translation of CVD drugs from hundreds of chemical libraries, a stemcell-based drug screening approach would be most appropriate. In this context, hAESC, a perinatal stem cell that possesses both ESC-like pluripotent potential and adult stem cell-like immunomodulatory properties, has drawn great attention from researchers worldwide because of their considerable advantages over other stem cells. hAESCs are readily available, have minimum ethical concerns, and are cost-effective. A number of studies have demonstrated the multilineage differentiation potential of hAESCs (Miki et al., 2005, 2010; Toda et al., 2007; Parolini et al., 2008; Murphy et al., 2010; Zhou et al., 2013). Notably, hAESCs have also been reported to differentiate into cardiomyocytes (Miki et al., 2005; Fang et al., 2012) and endothelial cells (Wu et al., 2017; Serra et al., 2018). Therefore, hAESC is a good alternative tool for screening potential drugs for CVD.

One of the major obstacles of translating hAESCs into the clinic is the heterogeneity in primary amnion epithelial cell population and discrepancies in their cell surface profiling (Centurione et al., 2018) that can be primarily attributed to isolation protocols, gestational age, passage number, and epithelial to mesenchymal transition (Ghamari et al., 2020). However, hAESCs isolated from the adherent subpopulations of passaged primary cells, and cultured in 3D environment may successfully overcome these limitations and may express a higher level of stemness properties (Ferdousi et al., 2019; Furuya et al., 2019). Additionally, protocol for immortalized human amniotic epithelial cells with high expressions of stem cell markers has been reported (Zhou et al., 2013).

In the present study, we have evaluated the cardioprotective potential of ISO in hAESCs. Previously, we have reported that ISO, a flavonol, alleviates hepatic fibrosis in NASH model mice (Ganbold et al., 2019). Although several flavonols have been reported to improve cardiac dysfunction and fibrosis (Suzuki et al., 2007; Li et al., 2013; Geetha et al., 2014; Guo et al., 2015; Zhang et al., 2018), very little is known about the effect of ISO on cardiac hypertrophy and fibrosis. Microarray analysis of ISO-treated hAESCs revealed that ISO has strong antifibrotic effects as well as anti-inflammatory and antioxidative functions. Additionally, ISO showed myogenic and angiogenic differentiation potential in hAESCs. Interestingly, GO analysis showed that ISO targeted similar biological functions in hAESCs that were reported to be regulated in the early stage of AgII-induced cardiac remodeling in a mouse model (Dang et al., 2015). We also found that ISO significantly regulated both canonical and non-canonical Wnt pathways, TGFβ, and MAPK pathways, all of which are cross-regulated in the progression of profibrotic changes in the heart (Działo et al., 2018).

Next, we evaluated the effect of ISO on AgII-induced progression of myocardial fibrosis and hypertrophy in vivo. We found that ISO could effectively attenuate the expression levels of Tgfβ1 induced by AgII. TGFβ1, a potent fibrogenic cytokine, plays an important role in the synthesis of collagen, fibronectin, or other intercellular substances, which leads to enhanced expression levels of collagen type I. Much evidence suggests that TGFβ1 overexpression is a common pathway for various pathological factors that cause myocardial fibrosis. TGFβ1 has also been shown to prevent or reverse organ fibrosis via the TGFβ/Smad signaling system.

Myocardial collagen consists mainly of type I and type III collagen. Type I collagen (Lu et al., 2018) attenuates the network for cardiac muscle cells and strengthens myocardial tissue. Although collagen initially has a structural role in preventing ventricular rupture, an increase in the ratio of type I to type III collagen has been reported in hearts with chronic congestive heart failure, which ultimately leads to myocardial death. The present study showed that the expression of Col1a1 enhanced by AgII was significantly reduced by ISO treatment. We hypothesized that ISO could reverse the expression levels of collagen by attenuating TGFβ1 pathways, thereby suppressing the development of fibrosis.

Furthermore, this study shows that ISO significantly suppressed Nppb gene expression. Nppb encodes BNP hormone, which is an important biomarker in clinical cardiology (Diamandis et al., 2014). In response to increased cardiac stress, fibrosis, and hypertrophy, BNP is strongly upregulated in the ventricular cardiac muscle (Kerkelä et al., 2015). BNP inhibits renin secretion, thereby inhibiting the renin-angiotensin-aldosterone system. Therefore, our findings indicate that ISO has the effects on cardiac hypertrophy and fibrosis.

It has been reported that ISO ameliorates cardiac hypertrophy and fibrosis induced by aortic banding (Gao et al., 2017), however, there has been no report on the effect of ISO on AgII loading. Although the mechanism of angiotensin-induced cardiac disease has largely been clarified, researchers are still searching for effective drugs. A commonly used animal model is the subcutaneous infusion of AgII into mice. Osmotic pumps are designed to continuously deliver compounds to small animals at a constant rate. This technique is commonly used to induce AF, aortic aneurysm, and hypertension, leading to serious heart disease or sudden death (Wu et al., 2019). AgII 1,000 ng/kg/min is commonly used. Based on this background, we conducted this experiment with reference to this dose. AgII, a vasoactive peptide, is a key regulator of hypertension, inflammatory response, hypertrophy, and fibrosis through the regulation of multiple signaling pathways, such as NF-κB and TGFβ1/Smad (Shang et al., 2008). Our results indicated that chronic AgII infusion remarkably induced left ventricular wall extension, dilation, pathological hypertrophy, fibrosis, and macrophage infiltration, and that ISO completely eliminated these abnormalities induced by AgII. ISO significantly suppressed fibrosis in the interstitial myocardium and around blood vessels showed in MT staining. Furthermore, ISO prevented the living cells surrounded by dead cells that eventually became oxygen-deficient, leading to heart failure and sudden death.



CONCLUSION

Our evidence suggests that hAESC has important implications as an alternative tool for the screening and development of drugs and dietary supplements in future. Our results also demonstrate that ISO could effectively suppress hypertrophy and fibrosis induced by AgII in cardiac tissue by regulating TGFβ pathways. ISO could have beneficial effects on potential clinical consequences of CVDs by regulating the activity of the renin-angiotensin system.
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Age-related biological alterations in brain function increase the risk of mild cognitive impairment and dementia, a global problem exacerbated by aging populations in developed nations. Limited pharmacological therapies have resulted in attention turning to the promising role of medicinal plants and dietary supplements in the treatment and prevention of dementia. Sugarcane (Saccharum officinarum L.) top, largely considered as a by-product because of its low sugar content, in fact contains the most abundant amounts of antioxidant polyphenols relative to the rest of the plant. Given the numerous epidemiological studies on the effects of polyphenols on cognitive function, in this study, we analyzed polyphenolic constituents of sugarcane top and examined the effect of sugarcane top ethanolic extract (STEE) on a range of central nervous system functions in vitro and in vivo. Orally administrated STEE rescued spatial learning and memory deficit in the senescence-accelerated mouse prone 8 (SAMP8) mice, a non-transgenic strain that spontaneously develops a multisystemic aging phenotype including pathological features of Alzheimer’s disease. This could be correlated with an increased number of hippocampal newborn neurons and restoration of cortical monoamine levels in STEE-fed SAMP8 mice. Global genomic analysis by microarray in cerebral cortices showed multiple potential mechanisms for the cognitive improvement. Gene set enrichment analysis (GSEA) revealed biological processes such as neurogenesis, neuron differentiation, and neuron development were significantly enriched in STEE-fed mice brain compared to non-treated SAMP8 mice. Furthermore, STEE treatment significantly regulated genes involved in neurotrophin signaling, glucose metabolism, and neural development in mice brain. Our in vitro results suggest that STEE treatment enhances the metabolic activity of neuronal cells promoting glucose metabolism with significant upregulation of genes, namely PGK1, PGAM1, PKM, and PC. STEE also stimulated proliferation of human neural stem cells (hNSCs), regulated bHLH factor expression and induced neuronal differentiation and astrocytic process lengthening. Altogether, our findings suggest the potential of STEE as a dietary intervention, with promising implications as a novel nutraceutical for cognitive health.

Keywords: cognitive function, sugarcane top, polyphenol, energy metabolism, neural development, SAMP8


INTRODUCTION

Cognitive decline, such as memory loss and learning deficit, is highly associated with aging. This has been implicated to be mediated by oxidative stress, mitochondrial dysfunction, and defective apoptotic processes in the process of normal brain aging (Ginneken, 2017). In addition, other protein abnormalities such as increased amyloid-β (Aβ) plaques, phosphorylated tau and neurofibrillary tangles, and Lewy bodies are the pathological hallmarks of severe brain disorders, including Alzheimer’s disease (AD). Age-related brain disorders are generally accompanied by other pathologies, including cortical (particularly hippocampal) shrinkage, abnormal immune response and neurogenesis, and decreased neurotransmitter concentration, which could theoretically be pharmacological targets (Nelson and Tabet, 2015; Poulose et al., 2017). With the rapid growth of the aging population and increasing awareness of the risk of dementia, prevention and treatment of age-related cognitive decline have become research priorities. Pharmacological therapies are currently limited, and recently attention has turned to the role of dietary interventions or nutraceuticals in this respect (Williams et al., 2011; Howes et al., 2020).

Sugarcane (Saccharum officinarum L.) is one of the most widely distributed plants in subtropical and tropical regions and is cultivated as an important source of sugar. From the industrial point of view, the most profitable part of the plant is the stem, which contains relatively high concentrations of sugar. In contrast, the top part of sugarcane including leaves (sugarcane top) are often treated as waste, although some of them are used in fermented silage. However, it has been reported that sugarcane top in fact contains a larger amount of polyphenol with antioxidant properties compared to its stem (Colombo et al., 2005, 2006; Sun et al., 2014).

Caffeoylquinic acid (CQA), also known as chlorogenic acid, is a naturally occurring antioxidant polyphenol found in various plants. CQA derivatives have been shown to have neuroprotective effects and to improve learning and memory via inhibition of Aβ aggregation and enhancement of ATP production both in vitro and in vivo (Han et al., 2010; Miyamae et al., 2011b, 2012). Furthermore, past studies have shown that CQA-rich plant extracts can ameliorate aging-related cognitive deficit, depressive behavior, and amyloid pathologies in vivo (Sasaki et al., 2013; Wu et al., 2016; Lim et al., 2018; Ishida et al., 2020). Moreover, our recent study suggested that intracorporeal mono-CQAs, degraded from 3,4,5-tricaffeoylquinic acid, stimulate hippocampal neurogenesis (Sasaki et al., 2019a). CQA derivatives have been reported as a major compound in the sugarcane top of the fraction possessing potent antioxidant properties (Maeda et al., 2010). Therefore, sugarcane top might be a promising bioresource containing neuroactive chemicals.

In the present study, the senescence-accelerated mouse strain SAMP8 was used as an in vivo model (Rhea and Banks, 2017) to evaluate the effect of sugarcane top extract on pathological aging. This non-transgenic strain shows similar neuropathological features of neurodegenerative diseases such as AD, and encompasses Aβ alterations, increased oxidative stress, augmented tau phosphorylation, as well as learning and memory deficits (Butterfield and Poon, 2005; Pallas et al., 2008; Takeda, 2009; Morley et al., 2012). We used human-derived cells to characterize the effect and potential mechanisms of sugarcane top extract on neuronal energy metabolism and neural stem cell fate in vitro. Chemical analysis of the extract from sugarcane tops was performed to unveil its composition, and then several in vivo and in vitro biological assays were performed to examine the possible effect of the extract on cognitive health.



MATERIALS AND METHODS


Preparation of Sugarcane Top Ethanolic Extract (STEE)

Sugarcane (Saccharum officinarum L.) tops were collected from a plantation in Asakura, Fukuoka, Japan. Milled sugarcane tops were donated by the Nippo Co., Ltd. (Daito, Osaka, Japan). The milled plant was extracted by maceration with ethanol/water (70:30, v/v) for 2 weeks, with a ratio of plant powder/solvent of 10% (w/v). The extract was filtered through 0.22 μm membranes (Merk Millipore, Billerica, MA, United States) and the dried extract was obtained through rotary evaporation and freeze-drying (yield was approximately 13−14%; 130−140 mg per g of the plant powder).

The extract was dissolved in ethanol/water (70:30, v/v) and stocked for all the in vitro experiments. For all the in vivo experiments, the extract was dissolved in Mill-Q water.



Chemical Analysis

The chemical analysis was performed using the Prominence HPLC system (Shimadzu, Kyoto, Japan) equipped with a solvent delivery pump (LC-20AD), autosampler (SIL-20AC), and ELS detector (ELSD-LTII). For the analysis, samples were extracted from milled sugarcane tops using Speed Extractor E-916 (Buchi AG, Uster, Switzerland) with ethanol/water (80:20, v/v). The extracts were evaporated, freeze-dried, and filtered before use. ZORBAX SB-C18 reversed-phase columns (250 × 4.6 mm, 3.5 μm, Agilent, Santa Clara, CA, United States) were used and the column thermostat was maintained at 40°C. The mobile phase consisted of: A. formic acid/water (10:90, v/v), B. acetonitrile/methanol (50:50, v/v) with a 0−100% gradient for 40 min. Chromatography was carried out in gradient mode, using a flow rate of 1.0 mL/min, with detection wavelength at 328 nm. Four concentrations of pure compounds were prepared: 0.2, 0.3, 0.4, and 0.5 μg/mL, as external standards. Each injection volume was 10 μL. Pure chemical compounds of 3-O-caffeoylquinic acid (3-CQA), 5-O-caffeoylquinic acid (5-CQA) and 3-O-feruloylquinic acid (3-FQA) were purchased from the Nagara Science (Gifu, Japan). Isoorientin (ISO, chemically defined as luteolin-6-C-glucoside) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Presented chemical structures were drawn in MarvinSketch (ChemAxon, Budapest, Hungary) software.



In vitro Experiments


Cells and Cell Culture

In this study, the human neuroblastoma cell line SH-SY5Y and human fetal neural stem cells (hNSCs) were cultured and used for subsequent experiments in vitro. SH-SY5Y cells were purchased from the ATCC (Manassas, VA, United States) and hNSCs (StemPro Neural Stem Cells, A15654) were from the Gibco-Thermo Fisher (Grand Island, NY, United States). SH-SY5Y cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1, v/v) (Gibco) supplemented with 15% fetal bovine serum (FBS, Gibco), 1% non-essential amino acids solution (NEAA, Wako-Fujifilm, Osaka, Japan), and 1% anti-bacterial penicillin/streptomycin. hNSCs were cultured in knockout DMEM/F12 (1:1, v/v) supplemented with 2% StemPro Neural Supplement, 20 ng/mL basic fibroblast growth factor (bFGF), 20 ng/mL epidermal growth factor (EGF), 2 mM Glutamax Supplement (all above reagents were from Gibco), 6 units/mL heparin, and 200 μM ascorbic acid (proliferation medium). The cells were maintained at 37°C in a 95% air/5% CO2 humidified incubator.

SH-SY5Y cells expanded as adherent monolayer cultures and were passaged when the culture was confluent (every 3−4 days, up to 8 passages) using cell detachment reagent TrypLE Express (Gibco). hNSCs expanded as free-floating aggregates (Neurospheres) and were passaged when a sphere diameter was ≤150 μm at the maximum (every 9−11 days, up to 3 passages until cells started unexpected differentiation) by dissociation with StemPro Accutase reagent (Gibco). However, the majority of neurospheres were smaller than 150 μm and the cultures had good viability upon passaging.



3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

The MTT assay was used to determine the metabolic activity and cellular viability of SH-SY5Y cells. Briefly, the mitochondrial oxidoreductase activity was assessed using a colorimetric reaction of MTT, and the activity of the enzyme could be converted into cellular viability. The cells (2 × 105 cells/mL) were cultured in 96-well plates/a 96-well plate for 24 h (DMEM/F12 with 15% FBS, 1% NEAA, and 1% penicillin/streptomycin). Then the cells were treated with different concentrations of STEE mixed with serum-reduced Opti-MEM (Gibco) for 72 h. After the treatment, the culture medium was replaced by MTT solution and the cells were incubated for another 6 h to crystallize. Crystalized MTT was dissolved in 10% SDS and the optical density (OD) was measured at 570 nm with a microplate reader Varioskan LUX (Thermo Fisher Scientific, Rockford, IL, United States).



Flow Cytometry

Total viable cell numbers were determined using flow cytometry. SH-SY5Y cells were plated in a 6-well plate (2 × 105 cells/mL) and stabilized for 24 h. The cells were then treated with 50 μg/mL of STEE for different time durations: 0, 12, 24, 48, and 72 h. After the treatment, the cells were detached with TrypLE Express and placed in flow cytometry tubes. Cell suspension was diluted in Guava ViaCount Reagent (Luminex, Austin, TX, United States) to immunolabel viable cells. Finally, the total viable cell numbers were determined using ViaCount assay with flow cytometer Guava easyCyte 8HT (Luminex).



Measurement of Intracellular ATP Production

Intracellular ATP levels were measured by using a bioluminescence assay kit (Toyo Ink, Tokyo, Japan). The cells were seeded in a 96-well plate at a density of 2 × 105 cells/mL and were incubated for 24 h. Then the cells were treated with 50 μg/mL of STEE for different time durations: 12, 24, and 48 h. After the treatment, the cells were dissolved in luciferin−luciferase solution and the suspensions were transferred to a white bottom 96-well plate. ATP levels were measured as luminescence with a Varioskan LUX multimode multiplate reader.



Thymidine Analog Incorporation in vitro

The cells were labeled with the synthetic nucleoside 5-Bromo-2’-deoxyuridine (BrdU, Tokyo Chemical Industry, Tokyo, Japan) to identify the proliferation rates of hNSC. The neurospheres were cultured with different concentrations (10, 25, and 50 μg/mL) of STEE for 24 h, and subsequently, 10 μM of BrdU was added to the medium. The cells were incubated for another 24 h; after that, the neurospheres were dissociated with Accutase reagent and plated on Geltrex matrix solution (Gibco) pre-coated culture vessels with knockout DMEM/F12 (1:1, v/v) containing 2% StemPro Neural Supplement, 2 mM Glutamax Supplement, 6 units/mL heparin, and 200 μM ascorbic acid (differentiation medium). After the incubation in the medium containing different concentrations of STEE for 12 h, the cells were processed for immunostaining or RNA extraction.



hNSC Differentiation

The cells were cultured as an adherent to let the hNSC differentiate into neural lineages (Schmuck et al., 2017). The neurospheres were pre-treated with different concentrations (10, 25, and 50 μg/mL) of STEE for 24 h and then were dissociated with Accutase reagent. After dissociation, the cells were plated on the Nunc Lab-Tek Chamber Slide System (Thermo Fisher Scientific) pre-coated with Geltrex solution and cultured in differentiation medium containing different concentrations of STEE for 7 days. After the differentiation experiments, each culture was used for subsequent immunocytochemical analysis.



Immunocytochemistry

The cells were washed once briefly with PBS, fixed with 4% ice-cold paraformaldehyde (PFA) for 30 min, and then permeabilized with 0.2% Triton-X for 5 min. For BrdU detection, the following DNA denaturation procedure was done−cells were incubated with 2 N HCl for 30 min and 0.1 M borate buffer (0.1 M Na2B4O7, pH = 8.5) for another 15 min. After three washes with PBS, cells were incubated with 5% normal goat serum for 1 h at room temperature to block non-specific binding, and subsequently incubated with the following primary antibodies diluted in blocking solution (1% normal goat serum in PBS) for overnight at 4°C: rabbit monoclonal anti-HuC + HuD (HuC/D, 1:500, Abcam, Cambridge, United Kingdom) and mouse monoclonal anti-BrdU (1:200, Invitrogen, Carlsbad, CA, United States) to detect neural progenitors or thymidine analog; rabbit polyclonal anti-GFAP (1:1000, Novus Biologicals, Centennial, CO, United States) and mouse monoclonal anti-beta III tubulin (Tuj1, 1:1000, Abcam) to detect differentiated astrocytes or neurons. After the incubation and PBS washes, cells were incubated with secondary antibodies diluted in PBS for 1 h at room temperature in the dark. Secondary antibodies conjugated to Alexa Flour 488 or 594 (1:500, Abcam) were used. After the incubation and PBS washes, coverslips were mounted onto glass slides with drops of ProLong Diamond (Invitrogen), including DAPI to stain nuclei. Fluorescent imaging was observed with a confocal microscope TCS SP8 (Leica, Germany).

ImageJ software (National Institutes of Health, Bethesda, MD, United States) was used for counting marker-positive cells, and the length of astrocytic processes were measured using the NeuronJ plugin for ImageJ. Three independent experiments were performed and 8-10 randomly captured sections per well were analyzed.



In vivo Experiments


Animals

We used 16-weeks-old male SAMP8 mice (Japan SLC, Shizuoka, Japan) for in vivo experiments. The SAMP8 mice have spatial learning impairments from 12 weeks of age and spatial memory loss commencing from 16 weeks of age (Ikegami et al., 1992; Flood and Morley, 1997; Cheng et al., 2008; Rhea and Banks, 2017). Also, senescence-accelerated mouse resistant 1 (SAMR1) mice, which have a SAM-related genotype and show resistance to accelerated senescence, were used as controls for SAMP8 as described before (Takeda, 2009). The mice were housed individually under controlled temperature (21−23°C) and photoperiod (12-h light/dark) and provided food and water ad libitum. All animal procedures were performed according to the guidelines of the Council of Physiological Society, Japan. Experimental protocols were approved by the Ethics Animal Care and Use Committee (18-356), University of Tsukuba, Japan.



STEE Administration and Thymidine Analog Incorporation in vivo

After 1 week of acclimatization, SAMP8 mice were randomly divided into two groups: SAMP8 water-administered group (n = 10) and STEE-administered group (n = 10). SAMR1 water-administered group (n = 10) were housed as normal aging controls. STEE was dissolved in Mill-Q water and orally administered to SMAP8 mice at 20 mg/kg for 30 days. This concentration was determined following our previous study (Sasaki et al., 2013). SAMP8 controls and SAMR1 mice were administered the equal volume of Mill-Q water to that of the extract. After completion of the 30 days administration, the mice were tested in the behavioral test for 8 days, and the administration was continued during this period also.

BrdU was administered to the mice via the drinking water (Tough and Sprent, 1996; Sasaki et al., 2019a). Briefly, BrdU diluted in drinking water at 1 mg/mL was given to the mice for nine consecutive days starting from the 14th day of STEE administration.



Morris Water Maze (MWM)

The MWM test was performed to evaluate the learning and memory ability of mice, according to our previous studies (Sasaki et al., 2013, 2019a). The MWM consisted of a circular pool (120 cm in diameter and 45 cm in height) filled with water (30 cm in depth) kept at 23 ± 2°C. Provisional four quadrants were set in the pool, and an invisible escape platform (10 cm in diameter) was installed and submerged 1 cm below the surface of the water at the midpoint of one quadrant. In the trials, the mice were allowed to swim to escape from the water (to land on the platform) within 60 s. The mice were given four tests each day for 7 days.

On the final day, the escape platform was removed, and the mice were allowed to swim freely for 60 s (the probe test). The number of crossings over the position where the platform was located, and the time spent in the target quadrant were recorded.



Immunohistochemistry

After 24 h of the MWM probe trial, the mice were sacrificed by cervical dislocation. The brains were extracted from mice for immunohistochemical analysis, fixed in 4% PFA for 14 days at 4°C, then equilibrated in 30% sucrose/PBS (w/v) for 48 h at 4°C. Coronal brain sections (30 μm) were obtained using the SM2010R sliding microtome (Leica). Sections were stored at −20°C in cryoprotectant solution (ethylene glycol, glycerol, 0.1 M phosphate buffer, pH 7.4, 1:1:1:2 by volume) until usage. For immunolabeling, every sixth tissue sections were mounted on SuperFrost Ultra Plus Adhesion slides (Thermo Fisher Scientific) and allowed to dry for at least 30 min at room temperature. Slides were washed in PBS to remove excess cryoprotectant solution. Antigen retrieval was performed for immunolabeling with anti-BrdU antibody by heating slides incubated in 2N HCl solution for 20 min at 42°C. Slides were rinsed in PBS three times before permeabilization for 15 min in PBS containing 0.03% Triton X-100 (PBS-T). Sections were blocked in 10% donkey serum in PBS-T for 1 h at room temperature. Primary antibodies were diluted, as specified below, in blocking buffer and incubated overnight. Sections were washed then incubated with fluorochrome-conjugated specific secondary antibodies for 2 h at room temperature. Slides were coverslipped using FluorSave reagent (Merck Millipore).

For evaluation of results, images were obtained using a Nikon Ti-Eclipse microscope (Nikon, Japan). For quantification, confocal images were obtained with a Zeiss LSM 710 laser scanning confocal microscope (Leica) with 1 μM Z-stacks for stereological quantification. Primary antibodies used were: rat monoclonal anti-BrdU (1:200, Abcam), rabbit polyclonal anti-DCX (1:200, CST, Danvers, MA, United States), and chicken polyclonal anti-GFAP (1:200, Abcam). Every eighth tissue section was sampled for quantification. Using tiled images, the whole dentate gyrus was quantified using ImageJ software in a blinded fashion. At least three sections were counted per animal.



ELISA

The cerebral cortex was isolated from the extracted brain and homogenized with ultrasonication in RIPA Lysis Buffer (Santa Cruz, Dallas, TX, United States), including protease inhibitors, on ice. The homogenates were centrifuged at 16,000 g for 20 min, and the resulting supernatant was used for the measurement of neurotransmitters by ELISA.

The monoamine levels (dopamine; DA, norepinephrine; NE, and serotonin; 5-HT) in the tissue were determined with a sandwich ELISA (ImmuSmol, Talence, France). Acetylcholine (ACh) levels were measured by the ELISA kit (BioVison, Milpitas, CA, United States) according to the manufacturer’s instructions. A 2D Quant kit (GE Healthcare, Piscataway, NJ, United States) was used to normalize each neurotransmitter level to total protein concentration.



Transcriptome Analysis


RNA Isolation

Total RNA was isolated from SH-SY5Y cells or neurospheres treated with STEE for 24 h, adherent hNSCs dissociated from STEE pre-treated neurospheres, and cerebral cortices of the mice. ISOGEN kit (Nippon Gene, Toyama, Japan) was used to extract total RNA from cells according to a protocol as previously described (Han et al., 2010).



Reverse Transcription and qRT-PCR

Isolated RNAs were reverse transcribed with SuperScript IV VILO Master Mix (Applied Biosystems, Foster City, CA, United States) according to the manufacturer’s protocol.

Quantitative real-time polymerase chain reaction (qRT-PCR) was performed on Applied Biosystems 7500 RT-PCR System as follows: 2 min at 50°C, 10 min at 95°C and then 45 cycles of PCR (15 s at 95°C; 1 min at 60°C). The primers (Applied Biosystems) used for RT-PCR were: ACTB (Hs01060665_g1), GAPDH (Hs02786624_g1), PGK1 (Hs00943178_g1), PGAM1 (Hs01652468_g1), PKM (Hs00761782_s1), PC (Hs01085875_g1), TUBB3 (Hs00801390_s1), GFAP (Hs00909233_m1), PDGFRA (Hs00998018_m1), NES (Hs04187831_g1), ASCL1 (Hs00269932_m1), and HES1 (Hs00172878_m1). Amplification was performed with TaqMan Gene Expression Master Mix (Applied Biosystems). ACTB or GAPDH levels were used for internal controls, and the relative expression levels of each transcript were determined in triplicate from three independent experiments.



Microarray Gene Expression Profiling

RNA samples extracted from cerebral cortices were amplified and biotinylated with Affymetrix 3’ IVT PLUS Reagent Kit (Affymetrix, Santa Clara, CA, United States), according to the manufacturer’s instructions. Biotinylated complementary RNA (cRNA) was hybridized onto Affymetrix Mouse Genome 430 PM array strips (Affymetrix) for 16 h at 45°C in the hybridization station. The hybridized arrays were washed, stained, and scanned with GeneAtlas Fluidics and Imaging Station. Then the gene-level information (CHP files) was obtained from the probe intensity files (CEL files) using robust multichip analysis (RMA) summarization algorithm in Expression Console software (Affymetrix1). Subsequent analysis of the obtained data was carried out in Transcriptome Analysis Console (TAC) ver.4 software (Thermo Fisher Scientific). Microarray was conducted for two mRNA biological samples of each group. Differentially expressed genes (DEGs) with p-Value < 0.05 (one-way between-subjects ANOVA) were included for gene ontology (GO) analysis. The Molecular Signatures Database (MSigDB) of Gene Set Enrichment Analysis (GSEA) web tool was used to determine whether the gene sets show statistically significant and concordant differences between two biological states2 (Subramanian et al., 2005; Liberzon, 2014). Graphical presentations were generated in Microsoft Excel 2016 (Microsoft, Redmond, WA, United States). Heatmaps were generated using Morpheus software3. Venn-diagram was generated using an open source tool4. Microarray dataset are deposited in the Gene Expression Omnibus (GEO) under Accession Number: GSE1517275.



Statistical Analysis

Data are presented as means ± standard error of means (SEM) unless otherwise indicated. Normal distribution was tested by the Shapiro−Wilk normality test. Student’s t-tests (unpaired) were performed to determine significant difference between two groups. A one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test was applied to compare each of the treatment conditions with a single control group. Differences in viable cell numbers between the treatment groups at various time points were assessed using two-way ANOVA followed by Sidak’s post hoc test. For in vivo experiments, differences in escape latency among the treatment groups at different time points were assessed using two-way repeated-measures ANOVA with Fisher’s LSD test. Other behavioral tests were compared using either one-or two-way (for repeated measures) ANOVA with Fisher’s LSD test for normally distributed data. In the case of non-normally distributed data, the Kruskal−Wallis test followed by Dunn’s post hoc test was performed. The level of significance was set at α < 0.05. All the statistical analyses and graphical representations were performed using GraphPad Prism 8 (GraphPad, San Diego, CA, United States).



RESULTS

Firstly, we evaluated the effect of STEE on age-associated decline in spatial learning and memory in SAMP8 mice using the MWM test. Secondly, we determined the effects of STEE on hippocampal neurogenesis and cortical monoamine levels in SAMP8 mice brains by immunohistochemical and biochemical analysis, respectively. Next, we performed a comprehensive transcriptome analysis of the cortex by microarray to reveal beneficial biological events regulated by STEE, which were further validated in a variety of experiments in human fetal brainderived neurospheres and in human SH-SY5Y cells.


HPLC Revealed Major Polyphenolic Constituents in the Sugarcane Top

In the chromatogram generated by HPLC, we observed four major peaks (Figure 1A). Peaks were identified as derived from 3-CQA, 5-CQA, 3-FQA, and ISO, respectively (Figure 1B). The concentrations of 3-CQA, 5-CQA, 3-FQA and ISO in the extract were determined as approximately 3.52 ± 0.15, 4.91 ± 0.06, 6.24 ± 0.51, and 4.27 ± 0.01 mg, respectively (per g of the extract).
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FIGURE 1. Identification of the major polyphenolic constituents of sugarcane top extract through HPLC. The gradient profile was 0–100%, 40 min and the detection wavelength was at 328 nm. (A) Representative HPLC chromatogram of the extract. (B) Major peaks were identified as 3-O-caffeoylquinic acid (i), 5-O-caffeoylquinic acid (ii), 3-O-feruloylquinic acid (iii), and isoorientin (iv). The concentrations of the phenolic compounds in the extract were measured at the peaks as (i) 3.52 ± 0.15, (ii) 4.91 ± 0.06, (iii) 6.24 ± 0.51, and (iv) 4.27 ± 0.01 mg/g.




STEE Ameliorated Spatial Learning and Memory Deficit in SAMP8 Mice

SAMP8 mice were administered STEE extract (20 mg/kg, p.o.) or water for 30 days, then the mice were tested in the MWM to evaluate their memory (experimental timeline is shown in Figure 2A). In the MWM test, the animals were trained to find the hidden platform for 7 days, with 4 trials per day. The time the mice spent to find the platform was analyzed and termed as escape latency. In the training sessions, the escape latency of the STEE-fed mice was significantly reduced in comparison with the SAMP8 controls from the 5th to the 7th day of the test (Figure 2B). Also, escape latency in the STEE-fed mice significantly decreased on days 5, 6, and 7 of the trial compared to day 1 (before the trial). There was no significant difference in escape latency before and after the trial sessions in the SAMP8 controls (Figure 2C). However, the SAMR1+water and SAMP8+STEE groups both showed significantly reduced escape latency between day 1 and day 7.
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FIGURE 2. Effects of STEE on spatial learning and memory determined with the Morris Water Maze. (A) Experimental timeline. (B) Escape latency of each treatment group at different time points. Asterisk refers to significant difference between water and STEE-fed SAMP8 mice (SAMP8 + Water vs. SAMP8 + STEE; **p < 0.01). Hash sign refers to significant difference between SAMP8 and SAMR1 control mice given water (SAMP8 + Water vs. SAMR1 + Water; ##p < 0.01). The differences among treatment groups were assessed using two-way repeated-measures ANOVA followed by Fisher’s LSD test. (C) Escape latency of each treatment group before and after 7-day training sessions in MWM tests: **p < 0.01. (D) Effects of STEE on time spent in target quadrant in the probe test. Differences between the groups were analyzed using one-way ANOVA with Fisher’s LSD test: **p < 0.01, †p = 0.054; ns, non-significant. (E) Effects of STEE on numbers of crossing over the platform in the probe test. Pair-wise comparisons among the groups were performed using Kruskal-Wallis test followed by Dunn’s post hoc test: *p < 0.05; ns, non-significant. Values are presented as mean ± SEM (n = 6 animals per group).


The time spent in the target quadrant tended to increase in the STEE-fed mice (p = 0.054) compared to the SAMP8 controls (Figure 2D). In the probe test (on the 8th day), there was a significant difference in the crossing time across the virtual platform between the STEE-fed mice and the SAMP8 controls (Figure 2E). No difference was observed in the behavioral tests between SAMP8+STEE and SAMR1 control.

Taken together, these data demonstrate the effect of STEE on the recovery of cognitive functions in SAMP8 mice.



STEE Tended to Induce Adult Hippocampal Neurogenesis (AHN) of SAMP8 Mice

We examined the subgranular zone (SGZ) because the MWM is a hippocampal-dependent task, while spatial memory is strongly associated with SGZ neurogenesis (Anacker and Hen, 2017). All animals were given BrdU in their drinking water to label dividing cells during treatment and BrdU labeling in the SGZ was quantified. Immunolabeling for BrdU revealed no significant changes between groups [F(2, 6) = 1.798, p = 0.244] (Figures 3A,B), indicating no statistically significant difference in neural proliferation in the SGZ between SAMR1 mice and SAMP8 controls given water, as well as between SAMP8 controls given water and SAMP8 mice given STEE. We then investigated whether neurogenesis might be affected. We, therefore, quantified the proportion of newborn neurons (BrdU+DCX+) (Figure 3C) or progenitors and cycling astrocytic stem cells (BrdU+GFAP+) (Figure 3D). As a result, no significant difference was found between groups, although STEE showed a non-significant trend of elevated BrdU+DCX+ newborn neurons (approximately 1.6-fold increase).
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FIGURE 3. Levels of proliferation and differentiation markers in the hippocampal SGZ. (A) Representative images of immunolabeling for BrdU, DCX, and GFAP in SAMR1 mice given water, SAMP8 mice given water and SAMP8 mice given STEE. Scale bar: 100 μm. (B) Total number of BrdU positive proliferating cells in the SGZ of animals. (C) Number of DCX/BrdU double-positive newborn immature neurons. (D) Number of GFAP/BrdU double-positive cycling astrocytic stem cells and progenitors. The error bar represents the ± SEM (n = 3 animals per group). Comparisons were performed through one-way ANOVA with Fisher’s LSD test.


These results indicate that the cognitive decline of SMAP8 was independent of AHN, but that the rescue effect of STEE might be correlated with the increased AHN and further neurodevelopment.



STEE Restored Levels of Neurotransmitters in SAMP8 Brains

The cerebral cortex, which plays a critical role in cognition and memory, was separated and collected from the extracted brains of mice. Neurotransmitter levels in the cortical tissue homogenates were measured by ELISA. DA, NE, and ACh levels in the cerebral cortices were significantly reduced in SAMP8 controls compared to SAMR1 mice, whereas oral administration of STEE restored neurotransmitter levels in the cortices of SAMP8 mice (Figures 4A,B,D). There was a slight decrease in 5-HT levels (p = 0.078) in the cortices of SAMP8 compared to SAMR1 mice. This tendency was partially reversed by STEE administration (p = 0.262) (Figure 4C).
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FIGURE 4. Levels of neurotransmitters in cerebral cortices. DA (A), NE (B), 5-HT (C), and ACh (D) levels in brain tissues were measured by ELISA. Values are presented as mean ± SEM (n = 5 animals per group). Comparisons were performed using one-way ANOVA with Fisher’s LSD test: *p < 0.05; ns, non-significant.


The above findings indicate that increased neurotransmitter levels in the cerebral cortex might be correlated with the rescue of age-related memory loss in SAMP8 mice.



STEE Regulated a Wide Range of Biological Processes in the Cerebral Cortex of SAMP8 Mice

Microarray analysis was performed on cerebral cortex of the mice to investigate the mechanism underlying the effects of STEE. Volcano plots in Figures 5A,B show the significantly regulated genes (SAMP8 control vs. SAMR1 mice and STEE-fed SAMP8 vs. SAMP8 control, respectively). After data processing, we identified 1594 unique DEGs (921 upregulated, 673 downregulated) in SAMP8 controls compared to SAMR1 mice, and 689 unique DEGs (339 upregulated, 350 downregulated) in STEE-fed SAMP8 compared to SAMP8 controls. Distribution of fold changes of DEGs is shown in Supplementary Figure 1.
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FIGURE 5. Volcano plot displaying DEGs between (A) SAMP8 control and SAMR1, and (B) STEE-fed SAMP8 and SAMP8 control. In the volcano plot, the vertical axis (y-axis) corresponds to –log10 p-Value of the ANOVA p-Values, and the horizontal axis (x-axis) displays linear fold change. The red dots represent the upregulated genes; the green dots represent the downregulated genes. Venn diagram showing common and unique sets of DEGs between the groups. (C) Blue circle denotes downregulated DEGs in SAMP8 control compared to SAMR1, red circle denotes upregulated DEGs in STEE-fed SAMP8 compared to SAMP8 control. (D) Blue circle denotes upregulated DEGs in SAMP8 control compared to SAMR1, red circle denotes downregulated DEGs in STEE-fed SAMP8 compared to SAMP8 control. (E) Significantly enriched biological processes by the DEGs between the groups (p < 0.05; modified Fisher’s exact test). Each bar represents the number of DEGs in overlap. P values for each gene set are shown at the outside end of each bar.


Venn diagrams show common and unique sets of DEGs between the groups (Figures 5C,D). Sixty-three genes were downregulated in SAMP8 control (vs. SAMR1) but were upregulated in STEE-fed SAMP8 (vs. SAMP8 control). And, 56 genes were upregulated in SAMP8 control (vs. SAMR1) but downregulated in STEE-fed SAMP8 (vs. SAMP8 control). Among these 119 genes which were regulated in the same direction both in STEE-fed SAMP8 and SAMR1 (compared to SAMP8 control), four genes are associated with transforming growth factor (TGF) beta signaling (systemic name: M5896); nine genes are associated with protein kinase activity (GO:0004672); eight genes are associated with presynapse (GO:0098793); 13 genes are associated with neuron projection (GO:0043005).

GSEA revealed significantly enriched gene sets by the DEGs between SAMP8 control and SAMR1 mice, and between STEE-fed SAMP8 and SAMP8 control. Top significantly enriched biological processes include, but not limited to, regulation of cell differentiation (GO:0045595), neurogenesis (GO:0022008), neuron differentiation (GO:0030182), regulation of cell death (GO:0010941), neuron development (GO:0048666), regulation of response to stress (GO:0080134), cytoskeleton organization (GO:0007010), central nervous system development (GO:0007417), and cell morphogenesis involved in differentiation (GO:0000904). Also, Hallmark gene sets TGF beta signaling, glycolysis (systemic name: M5937), and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of rapamycin (mTOR) signaling (systemic name: M5923) were enriched by the DEGs. Hallmark gene sets summarize and represent specific well-defined biological states or processes and display coherent expression (Figure 5E). Biological processes are arranged in the bar chart according to p-Value (hypergeometric p-Value).



STEE Regulated Expression of Genes Associated With Neurotrophin Signaling, Glucose Metabolism, and Neural Development in Cerebral Cortex of SAMP8 Mice

Figure 6A shows the top 10 significantly enriched Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways by the DEGs between the groups according to false discovery rate (FDR) q-Value. DEGs between SAMP8 control and SAMR1 mice significantly enriched endocytosis, cancer, ubiquitin-mediated proteolysis, and mitogen-activated protein kinase (MAPK) signaling pathways as well as axon guidance and pyruvate metabolism pathways. On the other hand, axon guidance and regulation of cytoskeleton are the top-ranked KEGG pathways enriched by the DEGs between STEE-fed SAMP8 and SAMP8 control. Neurotrophin signaling, phosphatidylinositol signaling system, and cell adhesion molecules (CAMs) are also included among the top 10 enriched pathways between STEE-fed SAMP8 and SAMP8 control.
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FIGURE 6. Functional analysis of DEGs between the groups. (A) Top 10 significantly enriched KEGG pathways by the DEGs between the groups (p < 0.05; modified Fisher’s exact test). Heatmaps showing relative expression intensity of genes. (B) Genes regulated in the same direction both in SAMR1 controls and STEE-fed SAMP8 compared to SAMP8 controls. (C) Genes regulated specifically in SAMP8 fed with STEE. Represented genes in heatmaps are mainly involved in neurotrophin signaling, glucose metabolism, and neurodevelopment.


The heatmaps show the relative intensity of the genes which were regulated in the same direction (Figure 6B) both in STEE-fed SAMP8 and SAMR1 compared to SAMP8 control, or which were regulated specifically in STEE-treated SAMP8 (Figure 6C). The relative intensity is shown as average of duplicates for each. Presented genes are mainly involved in neurotrophin signaling, glucose metabolism, and neural development. Heatmap in Figure 6B shows the average expression intensities of Teneurin transmembrane protein 4 (Tenm4), TNF receptor-associated factor (Traf) 6 (Traf6), Netrin 5 (Ntn5), Protein kinase D1 (Prkd1), Glycoprotein m6b (Gpm6b), Solute carrier family 16 (monocarboxylic acid transporters), member 4 (Slc16a4), TRAF2 and NCK interacting kinase (Tnik), SMAD family member 6 (Smad6), Syndecan 4 (Sdc4), Myelin basic protein (Mbp), Inositol 1,4,5-trisphosphate receptor type 2 (Itpr2), Synaptotagmin I (Syt1), Pyruvate dehydrogenase kinase, isoenzyme 1 (Pdk1), Teneurin transmembrane protein 2 (Tenm2), LIM-domain containing, protein kinase (Limk1), Basic helix-loop-helix family, member e22 (Bhlhe22), Tumor necrosis factor receptor superfamily, member 25 (Tnfrsf25), Mitogen-activated protein kinase kinase 3 (Map2k3), V-crk sarcoma virus CT10 oncogene homolog (avian)-like (Crkl), Growth arrest and DNA-damage-inducible 45 beta (Gadd45b), Leucine rich repeat containing G protein coupled receptor 5 (Lgr5), Glial fibrillary acidic protein (Gfap), SRY-box containing gene 4 (Sox4), Platelet derived growth factor, B polypeptide (Pdgfb), SMAD family member 1 (Smad1), Sonic hedgehog (Shh), and Activin A receptor, type 1 (Acvr1). Heatmap in Figure 6C shows the average expression intensities of Rho family GTPase 1 (Rnd1), ELAV (embryonic lethal, abnormal vision, Drosophila)-like 4 (Hu antigen D) (Elavl4), Dicer 1, ribonuclease type III (Dicer1), CD34 antigen (Cd34), C-mer proto-oncogene tyrosine kinase (Mertk), Sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3A (Sema3a), Neurotrophic tyrosine kinase, receptor, type 2 (Ntrk2), Pyruvate dehydrogenase kinase, isoenzyme 3 (Pdk3), Mitogen-activated protein kinase 11 (Mapk11), Phosphatidylinositol 3-kinase, regulatory subunit, polypeptide 1 (p85 alpha) (Pik3r1), Vascular cell adhesion molecule 1 (Vcam1), Matrix metallopeptidase 9 (Mmp9), Nodal (Nodal), Chemokine (C-C motif) receptor 5 (Ccr5), Musashi RNA-binding protein 2 (Msi2), Patched homolog 1 (Ptch1), B cell leukemia/lymphoma 2 (Bcl2), and Jagged 1 (Jag1). Characteristics of each gene presented in the heatmaps are shown in the Supplementary Tables 1, 2. A schematic diagram has been presented showing the possible mechanism of action and future research scope of STEE (Supplementary Figure 2).



STEE Enhanced Cellular Energy Metabolism Through Upregulation of Glycolytic Reaction in SH-SY5Y Cells

The MTT assay was conducted in SH-SY5Y cells treated with different doses of STEE to evaluate its effect on metabolic activity and cellular viability. STEE treatment increased SH-SY5Y cell MTT activity (129% at the maximum) at a dose of 10 μg/mL and above. On the other hand, no significant difference was observed after STEE treatment in the numbers of total viable cells between groups at all time points (12, 24, 48, and 72 h). These data indicate that STEE does not affect neuronal cell viability or proliferation but may affect cell metabolic activity. The data is shown in Supplementary Figure 3.

To further verify whether enhanced cellular energy metabolism contributed to the above results, intracellular ATP levels were evaluated. ATP is one of the important indicators of cellular energy production. As shown in Figure 7A, 50 μg/mL of STEE increased intracellular ATP levels (121% at the maximum) at all time points (12, 24, and 48 h). These data support that STEE enhanced energy metabolism in neuronal cells.
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FIGURE 7. Effect of STEE on neuronal energy metabolism and neurodevelopmental regulation. (A) Intracellular ATP content in SH-SY5Y cells at different time points (12, 24, and 48 h after treatment) were measured as emission intensity. The cells were treated with 50 μg/mL of STEE (or non-treatment). Results are expressed as relative to control percentages and presented as mean ± SD. Comparisons between two groups were performed by Student’s t-test: *p < 0.05 and **p < 0.01. (B) qRT-PCR analyses of PGK1, PGAM1, PKM, and PC transcript levels in STEE (50 μg/mL) treated neuronal cells. Results are shown as relative to control values. Values are expressed as mean ± SEM (triplicates from three independent experiments). Comparisons were performed using Student’s t-test: **p < 0.01. (C) Effects of STEE on the expressions of neurodevelopmental genes in neurospheres. TUBB3 (neuronal marker), GFAP (astrocytic marker), PDGFRA (oligodendrocytic marker), and NES (stem cell marker) transcript levels were determined with qRT-PCR. Results are expressed as relative to control values. Values are presented as mean ± SEM (triplicates from three independent experiments). Comparisons were performed using one-way ANOVA followed by Dunnett’s post hoc test: *p < 0.05 and **p < 0.01.


To corroborate the interaction between promoted ATP levels and energy metabolism, the expressions of several genes involved in glycolytic reactions were evaluated by qRT-PCR. STEE-treated cultures (24 h) exhibited significant increases in Phosphoglycerate kinase 1 (PGK1), Phosphoglycerate mutase 1 (PGAM1), Pyruvate kinase (PKM), and Pyruvate carboxylase (PC) transcript levels (Fold change 2.63, 2.55, 1.31, and 1.74, respectively, Figure 7B).

Given the relationship between intracellular ATP production and the glycolytic pathway, these results indicate that STEE stimulated glycolysis and anaplerosis, followed by an increase in cellular energy metabolism.



STEE Regulated the Expression of Neural Development-Related Genes in Neurospheres

Given the in vivo effects of STEE on SGZ, we hypothesized that STEE might enhance neural differentiation. The transcript levels of several neurodevelopmental factors were evaluated in neurospheres to investigate whether STEE affects neural stem cell development. Tubulin beta 3 (TUBB3), Glial fibrillary acidic protein (GFAP), Platelet-derived growth factor receptor alpha (PDGFRA), and Nestin (NES) were selected as neuronal, astrocytic, oligodendrocytic, and stem cell markers, respectively. As shown in Figure 7C, 24 h STEE treatment increased the expression of TUBB3 and GFAP in a dose-dependent manner (Fold change 1.89 and 1.80 at the maximum, respectively), whereas the expressions of PGDFRA and NES were decreased (Fold change −1.71 and −1.47 at the maximum, respectively). These findings suggest that STEE may induce the cells to lose their stem cell features, transform into the transitional type, and differentiate into neurons or astrocytes.



STEE Affected Proliferation and the Early Phase of Differentiation in hNSCs

Human fetal brain derived-neurospheres were exposed to BrdU to assess the effect of STEE on hNSCs proliferation. Cells that went through the S phase of the cell cycle incorporated BrdU, which was detected with immunocytochemistry and co-stained with neural progenitor markers. While several neural progenitor markers have been established, Hu proteins (HuB, HuC, and HuD) are reportedly expressed at very early stages of neuronal development, and continue to be expressed in immature neurons (Akamatsu et al., 1999, 2005). Here, as well as BrdU, HuC/D protein expression was evaluated in the cultures at an early differentiation stage (12 h after plating) to assess the pro-neurogenic effects of STEE (Figure 8A). As shown in Figure 8B, STEE treatment significantly increased the percentage of BrdU+ cells (120% at 25 μg/mL STEE-treated group and 122% at 50 μg/mL STEE-treated group) compared to controls. Cultures in the presence of STEE exhibited no changes in the percentages of HuC/D+ cells; however, a significant increase was observed in the proportion of HuC/D+BrdU+ cells (275% at 25 μg/mL STEE-treated group and 276% at 50 μg/mL STEE-treated group) in the cultures treated with STEE compared to untreated control (Figures 8C,D). These results indicate that STEE induces the proliferation of hNSC and activates newly divided cells to differentiate into neuronal cells in vitro cultures.
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FIGURE 8. Effects of STEE on proliferation and early differentiation of hNSC. Neurospheres were cultured in proliferation medium with BrdU for 24 h, and BrdU-labeled dissociated cells were visualized by confocal microscopy. (A) Fluorescence images of immunocytochemistry for the neuronal progenitor marker HuC/D and the proliferation marker BrdU in control or STEE-treated cells. Scale bar = 100 μm. (B–D) Quantification of HuC/D, BrdU, or HuC/D/BrdU double-positive cells over total cells visualized with DAPI. n = 8–10 sections per culture. (E) Transcript levels of ASCL1 and HES1 in the cultures at the early differentiation stage. Transcript levels were determined in triplicates from three independent experiments. (B–E) Results are expressed as relative percentages or relative to control values. Values are presented as mean ± SEM. Comparisons were performed using one-way ANOVA followed by Dunnett’s post hoc test: *p < 0.05 and **p < 0.01.


On the basis of these results showing the pro-neurogenic effect of STEE, qRT-PCR analysis was carried out to corroborate the involvement of transcription factors. RNA was extracted from cells cultured under the same conditions as above, and the expression of Achaete-scute homolog 1 (ASCL1) and Hairy and enhancer of split 1 (HES1) were evaluated. Ascl1 and Hes1 are basic-helix-loop-helix (bHLH) transcription factors. Gene expression dynamics of these factors regulate the quiescence versus activation of neural stem cells in the early developmental phase (Sueda et al., 2019). As expected, ASCL1 expression showed a significant increase (1.47-fold with 10 μg/mL and 1.38-fold with 50 μg/mL) and HES1 expression showed a significant decrease (−1.51-fold with 50 μg/mL) in the STEE-treated cultures compared to control (Figure 8E). These findings reflect the stimulation of Ascl1 and Hes1 expression dynamics toward an activation of stem cells.

These results suggest that STEE promoted hNSC proliferation and differentiation at early culture stages due to the dynamic regulation of transcription factors.



STEE Induced Neural Differentiation and Expansion in hNSCs

To further investigate the possible effect of STEE on hNSC differentiation, changes in the proportion of cell populations were analyzed in 7-day cultures (Figure 9A). As shown in Figure 9C, STEE exposure increased the percentage of Tuj1+ neuronal cells (139% at the maximum). No significant change was observed in the proportion of GFAP+ astrocytic cells (Figure 9B); however, their processes were observed to be expanded in STEE-treated cultures (Figures 9A,D). Interestingly, the tracing analysis using ImageJ showed an extended total length of astrocytic processes (approximately 1.6-fold increase at the maximum) (Figure 9E), indicating STEE did not induce differentiation into astrocytes but affected to morphological expansion.
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FIGURE 9. Effects of STEE on hNSC differentiation. hNSCs were cultured as a monolayer for 7 days in differentiation medium only (control cells) or in differentiation medium with different concentrations of STEE (treatment cells). Immunostained cells were visualized by confocal microscopy. (A) Fluorescence images of immunocytochemistry for astrocytic marker GFAP and neuronal marker Tuj1 in the control and STEE-treated cells. Scale bar = 100 μm. (B,C) Quantification of GFAP or Tuj1 positive cells over total cells visualized with DAPI. Results are expressed as relative percentages. Comparisons were performed using one-way ANOVA followed by Dunnett’s post hoc test: *p < 0.05. Error bars represent the ± SEM (n = 8–10 sections per culture). (D) Effects of STEE on the length of astrocytic processes. Representative images of outlined GFAP positive processes, and (E) quantification of total length of the processes. Results are shown as box plots. Each box ranges from 25th to 75th percentile, the line in the middle represents the median value, the error bar represents the ± SEM (n = 8–10 sections per culture). Asterisks refer to statistical significance by Kruskal–Wallis test followed by Dunn’s post hoc test: **p < 0.01.


Altogether, these findings suggest that STEE could contribute to neuronal differentiation and astrocyte morphogenesis in in vitro cultures.



DISCUSSION

The present study revealed the polyphenolic constituents of STEE, and demonstrated that they could enhance neuronal energy metabolism and induce neural stem cell development. Moreover, STEE reversed spatial memory deficits in SAMP8 mice.

Several animal models that mimic the symptoms of age-related neurodegenerative diseases, such as AD, have been established. SAMP8 mice precociously and progressively develop a multisystemic aging phenotype, including learning and memory deficits, as well as pathological features similar to those of AD (Butterfield and Poon, 2005; Pallas et al., 2008; Takeda, 2009; Morley et al., 2012). Therefore, SAMP8 mice are considered advantageous compared to transgenic strains for sporadic AD research (Pallas et al., 2008; Ito, 2013). In the present study, we found that treatment of SAMP8 mice with STEE for 30 days significantly improved performance in the MWM behavioral test, indicating that STEE may rescue cognitive decline in SAMP8 mice, possibly via the amelioration of biochemical pathologies as supported by our in vitro results.

The process of neurogenesis occurs mainly in two neurogenic niches: the dentate gyrus (DG) of the hippocampus and the subventricular zone (SVZ) of the lateral ventricles (Spalding et al., 2013; Aimone et al., 2014). These niches have neural stem/progenitor cell pools within which cells divide and generate neurons (and glia), and decades of studies have established that new neurons are continually produced in these two locations in the mammalian brain throughout adulthood. Although a recent study suggested persistent adult hippocampal neurogenesis in human (Boldrini et al., 2018), not all studies have found evidence for human hippocampal neurogenesis in adults (Sorrells et al., 2018), likely caused by differences in immunohistochemical parameters such as post-mortem handling of tissue (Flor-García et al., 2020). Neurogenic capacity declines with age, exacerbated in neurodegenerative diseases such as AD (Lazarov and Marr, 2010; Lee et al., 2012; Winner and Winkler, 2015; Trinchero et al., 2017; Moreno-Jiménez et al., 2019). Approaches to improve neurogenic defects have been studied as a therapeutic target, and the effect of dietary polyphenols on promoting neurogenesis has been suggested as a potential therapeutic candidate (Phillips, 2017). In this study, given the association between AHN and spatial memory, we performed BrdU labeling to examine AHN. The total number of BrdU+ cells was unchanged among all three groups: SAMR1 and SAMP8 controls, as well as STEE-fed SAMP8 mice. We, therefore, examined changes in newborn neurons (BrdU+DCX+) or astrocytic precursor cells (BrdU+GFAP+) in the SGZ of SAMP8 mice. Our findings suggest that even the subtle increase of the newborn neuron population by about 60% may potentially be biologically relevant as STEE treatment could restore behavioral loss of SAMP8 mice in the MWM task. Plausibly, this increase in new immature neurons might be more pronounced if, for instance, STEE was given over a longer period or at higher doses. Further studies should address optimal dosing for memory and neurogenic enhancement.

The potential of STEE to induce neurogenesis is more strongly supported by our in vitro studies with hNSC. Indeed, the myriad effects of STEE in vitro, as well as in vivo, suggest a number of candidate cellular mechanisms by which it could rescue age-related cognitive decline. Neural stem cell fate and development are regulated by several factors, among which bHLH transcription factors play an important role in proliferation and differentiation. Ascl1 (also known as Mash1) is one of the bHLH factors, and is expressed in transit-amplifying cells, which proliferate and soon generate neuroblasts (Kim et al., 2011; Andersen et al., 2014; Sueda et al., 2019). On the other hand, repressor-type bHLH factors, such as Hes1, lead to suppression of Ascl1 and contribute to maintaining the quiescence of the cells. In this context, downregulated HES1 expression in the cultures with STEE at the early differentiation stage corresponds to increased ASCL1 expression and subsequent decrease of stem cell quiescence in hNSC. This can also be correlated with the downregulation of nestin expression in neurospheres cultured with STEE. These findings provoke interest in potential modulation of signaling pathways such as Notch by bHLH (Mizutani et al., 2007; Imayoshi et al., 2010; Andersen et al., 2014). Downregulation of Jag1, one of the cell surface ligands of Notch receptors, in STEE-fed mouse brain also raises interest. Moreover, the increased percentage of Tuj1+ neuronal cells in the hNSC adherent culture corresponds well with the results of qRT-PCR analysis in neurospheres and immunocytochemical analysis at early culture stages. The significant upregulation of HuD-encoding Elavl4 and Dicer-encoding Dicer1 and the significant downregulation of Musashi-2-encoding Msi2 in the cerebral cortex of STEE-fed mice indicate evoked differentiation of cortical NSCs by STEE (Sakakibara et al., 2001; Akamatsu et al., 2005; Kawase-Koga et al., 2010; Saurat et al., 2013). Moreover, the modulated genes such as Tenm2, Sox4, and Shh in STEE-fed SAMP8 mouse brain suggest the possible effect of the extract as a neurodevelopmental modulator in vivo (Kenzelmann et al., 2007; Dave et al., 2011; Kamachi and Kondoh, 2013). Similar expressions of Tenm2, Sox4, and Shh were also observed in SAMR1 mouse brain.

While our findings from the SAMP8 mouse model are seemingly in conflict with our in vitro results, it should be noted that our investigations are specific to the SAMP8 mouse and therefore do not rule out potential effects on other mouse models of dementia or with different doses of STEE. Critically, neurogenic deficits in the SAMP8 mouse model have been largely characterized in aged mice. Gang et al., for example, only saw a significant decrease in BrdU+ and DCX+ cells in 10-month old SAMP8 mice compared to age-matched SAMR1 controls (Gang et al., 2011). A separate study by Díaz-Moreno et al. reported reduced neurogenesis in 14-month old SAMP8 mice (Diaz-Moreno et al., 2013). Our study showed that STEE could reverse the memory deficits in SAMP8 mice in the MWM task at 4 months of age. Because the MWM task is hippocampal-dependent, we tested for the potential involvement of AHN in the rescue of spatial memory deficits in the STEE-fed mice. Our findings corroborated prior studies that showed neurogenic changes do not occur between SAMR1 mice and SAMP8 controls at this age. Although we cannot discard the relevance between the slightly increased AHN and the improved spatial learning and memory, further studies are warranted to examine potential positive effects of STEE in aged SAMP8 mice with more overt cognitive and neurogenic deficits. We found several effects of STEE in vitro; thus, it is plausible that STEE might influence a range of subtle cellular changes that cumulatively reverse the memory decline in SAMP8 mice. Notably, we found that STEE promoting spatial memory recovery is correlated with the restoration of cortical DA, NE, and ACh levels.

Regulation of monoamine levels in the brain is critical for maintaining cognitive function, and an imbalance of monoamine transmitters such as DA, NE, and 5-HT plays a major role in the onset and progression of cognitive disorders (Naoi et al., 2018). As well as catecholaminergic neurons, cholinergic neurons are widely distributed in the CNS. The cholinergic system is involved in critical physiological processes such as attention, learning and memory, and wakefulness (Ferreira-Vieira et al., 2016). Therefore, modulation of neurotransmitter levels has been suggested as a therapeutic target, as evidenced by the use of serotonin reuptake inhibitors (SSRIs) and acetylcholinesterase inhibitors (AChEIs) for the treatment of cognitive impairment (Recanatini and Valenti, 2004). Degeneration of catecholaminergic neurons (including dopaminergic and noradrenergic) seriously worsens in SAMP8 mice from 8 months on (Karasawa et al., 1997), and significant decrease of ACh level has been observed in 3-month old SAMP8 mice hippocampi and cortices (Zhang et al., 2017). Enhanced synaptic plasticity in the cerebral cortex of STEE-fed mice could be explained by the significant upregulation of Mbp, a major myelin protein and essential for saltatory nerve conduction, and of Syt1, an important regulator of synaptic vesicle transport (Fields, 2015; Schupp et al., 2016). Mbp and Syt1 were also upregulated in SAMR1 mice compared to SAMP8 controls. Additionally, the upregulation of phagocytic receptor Mertk and somatic Ca2+ mediator Itpr2 may suggest developmental synapse pruning and remodeling by astrocytes in the brain of STEE-fed mice (Chung et al., 2013; Yang et al., 2016). Restored cortical neurotransmission in SAMP8 mice by STEE administration might contribute to the behavioral improvement of mice in the MWM task; however, the MWM task has an aspect that depends on hippocampal brain function. In this context, there is room for investigation on changes in hippocampal neurotransmitter levels, which is also important to neurogenesis (Lazarov and Marr, 2010; Winner and Winkler, 2015; Naoi et al., 2018).

In addition to our in vivo work, SH-SY5Y cells were used for in vitro assays. This cell line is known to have catecholaminergic neuron characteristics including expression of cholinergic (and dopaminergic) neuronal markers (Kume et al., 2008; Kovalevich and Langford, 2013). Our experimental results obtained from SH-SY5Y cultures showed that STEE stimulated neuronal cell metabolic activity through upregulation of glycolysis evidenced by increased transcript levels of PGK1, PGAM1, PKM and PC in the cells. Mitochondrial dysfunction is characterized as one of the biological processes accompanying aging and its associated cognitive decline, and is linked to decreased antioxidant defenses due to high energy demands (Grimm and Eckert, 2017). As an approach to enhance mitochondrial activity and reduce cognitive decline, the antioxidant properties of phytochemicals have received significant attention. For example, anthocyanin, which is a naturally occurring potent antioxidant, has been reported to improve spatial memory and restore brain ATP levels in vivo (Andres-Lacueva et al., 2005; Gutierres et al., 2012). Recent studies have shown that increasing glycolysis by PGK1 activation slows neurodegeneration in Parkinson’s disease (Cai et al., 2019). PGAM1, in turn, is reported to be protective against neuronal damage from oxidative stress or ischemia (Kim et al., 2020). Another protein we studied, PKM is one of the rate-limiting enzymes in the glycolytic reaction, and finally, PC connects glycolysis and the tricarboxylic acid (TCA) cycle through its catalytic action. The rapid increase of oxidative stress in SAMP8 mice is evidenced as elevated levels of oxidative stress markers such as lipid peroxide in the cerebral cortex of 4−8 weeks old young SAMP8 mice compared to SAMR1 controls (Sato et al., 1996). The present study suggests that STEE can promote glucose metabolism in neuronal cells, which in turn can counter age-related neuronal oxidative damage and reduced neurotransmission. Also, neurons prioritize lactate-uptake over glucose to sustain their oxidative demands; therefore, supply of lactate mediated through astrocytic glycolysis is thought to be critically important for maintaining neuronal activity and memory formation (Suzuki et al., 2011; Alberini et al., 2018). Indeed, the upregulation of pyruvate dehydrogenase kinases (PDKs), Pdk1 and Pdk3, and a monocarboxylate transporter-encoding Slc16a4 in vivo may indicate active production and transport of lactate in STEE-fed mice. (Tadi et al., 2015). Pdk1 and Slc16a4 were also upregulated in SAMR1 mice compared to SAMP8 controls. Although the present study with hNSCs suggests that STEE might contribute to astrocytic process lengthening, the association between cellular energy metabolism and morphogenesis is uncertain. However, the findings would encourage the investigation of the effects of STEE on astrocyte function, including their glucose metabolism.

Microarray analysis showed the increased expression of Ntrk2, specifically in STEE-fed mice brain when compared to SAMP8 control. Ntrk2 encodes tropomyosin receptor kinase B (TrkB), which is a receptor for neurotrophins such as brain-derived neurotrophic factor (BDNF). TrkB has several isoforms, among them, TrkB-FL is a full-length receptor, and TrkB-T1 is a truncated subtype. TrkB-FL signaling contributes to BDNF signal transduction as well as to nervous system development, including myelination and cell survival, through several classical pathways such as the PI3K/Akt pathway (Cosgaya et al., 2002; Gupta et al., 2013; Tejeda and Diaz-Guerra, 2017). TrkB-T1 transduces the Rho signaling pathway and regulates cellular morphogenesis or Ca2+ influx (Rose et al., 2003; Ohira et al., 2007). We also found that STEE treatment upregulated Pik3r1 and Limk1 expressions. Pik3r1 is the predominant regulatory isoform of PI3K and encodes p85α subunit of PI3K. LIMK1 is activated downstream of Rho signaling and plays an essential role in synaptic transmission, plasticity, and memory formation. Therefore, it may be anticipated that the observed neurodevelopmental effects of STEE in this study were mediated by the activation of TrkB and Rho signaling evident by the upregulation of their downstream effectors Pik3r1 and Limk1, respectively (Gupta et al., 2013; Tejeda and Diaz-Guerra, 2017; Ravindran et al., 2019). Particularly, recently explored role of astrocytic TrkB-T1 signaling in astrocyte morphogenesis (Holt et al., 2019) warrants further research on the effect of STEE and its active compounds on TrkB activation.

Chemical analysis revealed CQA derivatives as the major polyphenols in the sugarcane top. CQA and its derivatives are broadly distributed phytochemicals in plants and their health benefits are widely investigated. Previous studies have reported that CQA and its derivatives have antibacterial, anticancer, antihyperglycemic, and neuroprotective properties (Kimura et al., 1985; Yoshimoto et al., 2002; Matsui et al., 2004; Miyamae et al., 2011a). Our previous studies have reported that CQA derivatives could activate mitochondrial ATP production mediated through energy metabolism promotion characterized by the upregulation of glycolytic enzymes (Han et al., 2010; Miyamae et al., 2011a). Also, Ferulic acid, one of the cinnamic acid derivatives, has shown antidepressant-like effects modulated by the increased expression of glycolytic genes, including PKM and PC and by increased monoamine levels in the mouse brain limbic system (Sasaki et al., 2019b). Moreover, our recent study has suggested that CQA derivative increases G0/G1 cell cycle arrest in hNSC and leads to its differentiation (Sasaki et al., 2019a). Considering the facts mentioned above, we can postulate that the CQAs in the sugarcane top extract may act as the glycolysis up-regulators and neural stem cell fate regulators observed in the present study. An ultra-high-performance liquid chromatography tandem mass spectrometry study by Su et al. has demonstrated that several mono-CQA and di-CQA isomers can pass through the blood-brain barrier (BBB) (Su et al., 2014). Although in our study, we have not explicitly investigated the effect of STEE on endothelial cells of the BBB, we found that STEE induced astrocytic process lengthening in hNSCs, and decreased expression of Tnfrsf25, Vcam1, and Mmp9 in mice cortex, suggesting that STEE may improve age-associated degeneration of BBB properties (Wosik et al., 2007). ISO, a natural flavonoid, is a luteolin glycoside as shown in its chemical identification name- luteolin-6-C-glucoside. ISO exists in several plants such as rooibos (Aspalathus Linearis) (Breiter et al., 2011), and has been reported to exhibit a variety of bioactivities, including antioxidant, anti-inflammatory, and anticancer effects (Tunalier et al., 2007; Yuan et al., 2013, 2016). Furthermore, a previous study has reported that ISO acts as an ATP non-competitive glycogen synthase kinase-3β (GSK3β) inhibitor and alleviates tau phosphorylation and Aβ toxicity (Liang et al., 2016). Therefore, this luteolin glycoside may also contribute to oxidative stress reduction and mitochondrial activation by enhancing cellular oxidative metabolism (Theeuwes et al., 2017; Yang et al., 2017). Also, GSK3β inhibition can induce neural stem cell proliferation and neurogenesis (Morales-Garcia et al., 2012), suggesting potential effects of ISO on neurogenesis. Daily intake of coffee or rooibos has not been reported to cause any serious damage to health. Additionally, several plant extracts, such as Ilex guayusa, rich in mono- and di-CQA derivatives have been approved by the FDA as GRAS (generally regarded as safe; GRAS Notice No. GRN 000869). Also, Amano et al. have reported that minor gastrointestinal side effects can be observed only in very high dose of 5-CQA (>100 μM), whereas 1 g of STEE has approximately 13.86 μM of 5-CQA (Amano et al., 2019). Therefore, daily intake of these polyphenols is unlikely to cause any serious side effects. In addition to the major peaks, several other peaks were also observed in the chromatogram. Analysis of those minor peaks may lead to identification of further interesting phytochemicals in the extract. However, previous studies on the bioactivities of the compounds identified as the major constituents of STEE in the present study suggest that the extract from this freely available and plentiful biological resource is a promising nutrient source having a unique phytochemical make-up and showing physiological activity on several aspects of brain function.

Our previous study has shown that caffeoylquinic acid-rich plant extract ameliorated cognitive decline in SAMP8 mice but did not affect behavioral activities in SAMR1 mice (Sasaki et al., 2013). Therefore, in the present study, we did not include the STEE-fed SAMR1 group. This is supported by the literature, whereby SAMP8 investigations typically include the SAMP8 and SAMR1 controls without SAMR1 + treatment group (Yang et al., 2020).



CONCLUSION

In conclusion, our data is the first to demonstrate that STEE ameliorates age-related cognitive function likely through modulation of neuronal energy metabolism and neural differentiation from neural stem/progenitor cells. In the present study, we used a single concentration of STEE for the in vivo experiments; therefore, further careful studies with multiple sample concentrations are required to reveal optimal dosage for the induction of neural activity in vivo. One of the advantages of STEE is that they contain multiple bioactive compounds that can target multiple pathologies simultaneously, and therefore, can be more efficacious than traditional drugs for age-related impairment of brain functions. The findings of this study suggest the potential of STEE as a novel nutritional intervention or nutraceutical for cognitive health.
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Fisetin Promotes Hair Growth by Augmenting TERT Expression
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Although thinning hair and alopecia are not recognized as severe diseases, hair loss has implications for mental health and quality of life; therefore, a large number of studies have been carried out to develop novel hair growth agents. In the present study, we aimed to examine the potential of telomerase reverse transcriptase (TERT), because TERT overexpression in skin activates resting hair follicle bulge stem cells, which triggers initiation of a new hair follicle growth phase and promotes hair synthesis. To this end, we screened polyphenols that activate TERT expression in keratinocytes, and identified resveratrol and fisetin as strong hTERT-augmenting compounds. These polyphenols also regulated the gene expression of cytokines such as IGF-1 and KGF, which activate the β-catenin pathway, and TGF-β1, which plays an important role in maintaining the niche of hair follicle stem cells, thus are thought to play roles in promoting hair growth. We additionally showed that these polyphenols, especially fisetin, promoted hair growth from the shaved dorsal skin of mice, which suggests that these polyphenols activate the transition from telogen to anagen phase. Histological studies indicated that the dorsal skin of mice treated with these polyphenols contained numerous hair follicles and was thickened compared with that in control mice. Furthermore, on the dorsal skin of mice treated with resveratrol and fisetin, a number of proliferating cells (Ki67+ cells) were observed around the hair papilla. These results suggest that resveratrol and fisetin induce a shift from telogen to anagen in the hair follicle by inducing proliferation of hair follicle bulge stem cells, thus promoting hair growth.

Keywords: TERT, hair-growth, polyphenol, fisetin, resveratrol, HaCaT, C57BL/6


INTRODUCTION

Various methods for the treatment of hair thinning and alopecia have been developed. Among them, the use of medicinal compounds has been shown to drastically improve hair growth. Two well-known compounds, finasteride and minoxidil, are used to improve thin hair and alopecia. Finasteride, a synthetic 5-α-reductase inhibitor, is used to treat alopecia by suppressing male hormones, but is reported to cause sexual dysfunction (Shen et al., 2018). Minoxidil was originally used as an antihypertensive medication, but is now used as a topical formulation for promoting hair growth. Despite its widespread use, the precise mechanisms of action of minoxidil are not fully understood (Suchonwanit et al., 2019). As a result, in this study, we focused on telomerase reverse transcriptase (TERT) as a novel target for the induction of hair growth.

TERT, the protein component of telomerase, maintains telomere length, and is activated in stem cells, progenitor cells, and cancer cells. Sarin et al. (2005) reported that conditional transgenic induction of TERT in the mouse skin epithelium caused a rapid transition from telogen (the resting phase of the hair follicle cycle) to anagen (the active phase), thereby promoting robust hair growth. TERT overexpression induced the proliferation of stem cells in the hair follicle bulge region, resulting in histological changes around the hair follicle and subsequent hair growth. Choi et al. (2008) also showed that TERT in skin keratinocytes facilitated the activation of resting hair follicle stem cells, which triggers the initiation of a new hair follicle growth phase and promoting hair synthesis. These reports indicated that augmentation of TERT in skin keratinocytes can be a novel target for hair growth promotion, suggesting that original hair growth promoting compounds with a distinct point of action from finasteride and minoxidil can be found. In the present study, we used a novel screening system for compounds that activate the human TERT (hTERT) promoter in keratinocytes in order to identify candidates that promote hair growth.

To date, we have developed several screening systems based on the same concept. The CMV promoter region of the EGFP expression vector was replaced with the promoter of the gene of interest and introduced into tissue-derived cell lines. These recombinant cells were treated with food components, polyphenols, and compounds, and changes in EGFP fluorescence were monitored using an imaging cytometer (IN Cell Analyzer 1000) (Harada et al., 2016; Zhao et al., 2016; Chong et al., 2019). We successfully identified promoter-activating polyphenols and lactic acid bacteria. In the present study, we used a similar system, in which the EGFP reporter vector under the control of the hTERT promoter was introduced into the human keratinocyte cell line, HaCaT, and successfully identified several polyphenols that augmented hTERT expression. We sought to investigate whether these hTERT-augmenting polyphenols promote hair growth, and to clarify the molecular mechanisms underlying their hair-growth-promoting effects.



MATERIALS AND METHODS


Cell Line

The HaCaT human keratinocyte cell line (Riken Bioresource Center, Tsukuba, Japan) was cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Nissui, Tokyo, Japan) supplemented with 10% fetal bovine serum (FBS; Life Technologies, Gaithersburg, MD, United States) at 37°C in a 5% CO2 atmosphere.



Screening System for Polyphenols That Activate the hTERT Promoter

The human hTERT promoter (−298 to −25) was cloned into pEGFP-C3 (TaKaRa, Shiga, Japan), whose CMV promoter was removed by AseI and NheI digestion (Fujiki et al., 2007). The resulting plasmid (hTERTp-EGFP) was transduced into HaCaT cells [HaCaT (hTERTp-EGFP)]. Changes in the EGFP fluorescence derived from hTERTp-EGFP were monitored using an IN Cell Analyzer 1000 (GE Healthcare, Amersham Place, United Kingdom) (Zhao et al., 2016; Chong et al., 2019).



Quantitative Reverse Transcription-Polymerase Chain Reaction

RNA was prepared from cells using the High Pure RNA Isolation kit (Roche Diagnostics GmbH, Mannheim, Germany) and from skin samples using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) as described in the manufacturers’ protocols. cDNA was prepared using the SuperScript IV Reverse Transcriptase (Thermo Fisher Scientific KK, Tokyo, Japan), as described previously (Sugihara et al., 2019). Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using the Thunderbird SYBR qPCR mix (Toyobo, Osaka, Japan) and Thermal Cycler Dice Real Time System TP-800 (Takara). Samples were analyzed in triplicate, and gene expression levels were normalized to the corresponding β-actin level. The PCR primer sequences used were as follows: human β-actin forward primer 5′-TGGCACCCAGCACAATGAA-3′ and reverse primer 5′-CTAAGTCATAGTCCGCCTAGAAGCA-3′: human AXIN2 forward primer 5′-TGGTGCCCTACCATTGACACA-3′ and reverse primer 5′-TGGTCAACCCTCAAGACCTTTAAGA-3′: hTERT forward primer 5′-CGTACAGGTTTCACGCATGTG-3′ and reverse primer 5′-ATGACGCGCAGGAAAAATG-3′: IGF-1 forward primer 5′-TCACCTTCACCAGCTCTGCC-3′ and reverse primer 5′-AAGCCCCTGTCTCCACACAC-3′: KGF forward primer 5′-GGACACACAACGGAGGGGAA-3′ and reverse primer 5′-TGCCATAGGAAGAAGTGGGCT-3′: TGF-β1 forward primer 5′-AACCGGCCTTTCCTGCTTCT-3′ and reverse primer 5′-ACGCAGCAGTTCTTCTCCGT-3′: mouse β-actin forward primer 5′-GAGGTCTTTACGGATGTCAAC-3′ and reverse primer 5′-GGCCAGGTCATCACTATTG-3′: mTERT forward primer 5′-CAGCCATACATGGGCCAGTTC-3′ and reverse primer 5′-ACAGGCTGCTGCTGCTCTCA-3′: mouse β-catenin forward primer 5′-GCTGCTGTCCTATTCCGAATGTC-3′ and reverse primer 5′- GGCACCAATGTCCAGTCCAA-3′.



Luciferase Assay

A reporter containing TCF/LEF elements (M50 Super 8 × TOPFlash) (Veeman et al., 2003) (Addgene, Cambridge, MA, United States) was used as the reporter vector (Harada et al., 2016). The luciferase assay was performed using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States), as described previously (Yamashita et al., 2014).



Western Blot

Cell lysates were prepared using NP-40 lysis buffer (0.5% Non-idet P-40, 5 mM EDTA, 2 mM Na3VO4, 10 mM Tris-HCl (pH 7.6), 150 mM NaCl, 5 mg/mL aprotinin, 1 mM PMSF). Protein concentration was determined using the Protein Assay Dye (Bio-Rad Laboratories, Hercules, CA, United States). Proteins (20 μg) were separated using 12% SDS-PAGE and transferred to a PVDF membrane (GE Healthcare). The membrane was probed with anti-β-catenin antibody (#8480; Cell Signaling, Danvers, MA, United States) or anti-β-actin antibody (013-24553; Fujifilm Wako Pure Chemicals, Osaka, Japan). Horseradish peroxidase-labeled anti-rabbit IgG antibody (GE Healthcare) and anti-mouse IgG antibody (GE Healthcare) were used as the secondary antibodies. The proteins were detected using an ImmunoStar LD chemiluminescence detection kit (Fujifilm Wako Pure Chemicals) and visualized with a LAS-1000 Lumino Image analyzer (Fujifilm, Tokyo, Japan).



Immunocytochemistry

Cells were fixed with 4% paraformaldehyde and blocked with blocking buffer (1 × PBS/5% goat serum/0.3% Triton X-100). Cells were labeled with anti-active-β-catenin (8E7, Merck Millipore, Billerica, MA, United States) at 4°C overnight. After washing the cells, cells were incubated with secondary antibodies (Alexa Fluor 555 anti-mouse IgG, Thermo Fisher Scientific) at room temperature for 1 hr. After washing the cells, active-β-catenin was observed under the fluorescence microscope (EVOS Cell Imaging System, Thermo Fisher Scientific).



Cell Growth

HaCaT cells (1.0 × 104 cells) were seeded onto a 96-well plate (Becton Dickinson, Franklin Lakes, NJ). After 6 h, polyphenols (10 μM) were added to the wells. HaCaT cells were treated everyday with 10 μM of polyphenols, and cell proliferation was monitored using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).



Gene Knockdown Using shRNA

The oligonucleotides (sh-hTERT1 top: 5′-GATCCCCGCTCGTGGAGACCATCTTTCTTTCGAAGAGAGA AAGATGGTCTCCACGA-3′, sh-hTERT1 bottom: 5′-AGCTTAAAAAGCTCGTGGAGACCATCTTTCTCTCTTCGAA AGAAAGATGGTCTCCA-3′; sh-hTERT2 top: 5′-GATCCCCGGAAGAGTGTCTGGAGCAAGTTTCGAAGAGAC TTGCTCCAGACACTCTT-3′, sh-hTERT2 bottom: 5′-AGCTTAAAAAGGAAGAGTGTCTGGAGCAAGTCTCTTCGAA ACTTGCTCCAGACACT-3′) containing siRNA-expressing sequences targeting hTERT were cloned into the pSUPER.retro vector, as described previously (Harada et al., 2014, 2016). Viral supernatants were produced after transfection of 293T cells with pGag-pol, pVSV-G, and individual expression vectors (pSUPER.retro-sh-hTERT1, pSUPER.retro-sh-hTERT2, or pSUPER.retro-scramble shRNA) using the HilyMax reagent (Dojindo), as previously described (Yamashita et al., 2014). The target cells were infected with this viral supernatant for 24 h at 37°C. After infection, the cells were selected with 3 μg/mL puromycin (Enzo Life Sciences, Farmingdale, NY, United States) for 3 days.



Investigation of Hair Growth in Experimental Animals

Six-week-old male C57BL/6 mice were obtained from Clea Japan (Tokyo, Japan) and allowed to adapt for a week, with food and water provided ad libitum. The dorsal skin of the mice was shaved with an electrical shaver at seven weeks of age; at this stage of growth, all of the hair follicles were synchronized in the telogen stage (Kim et al., 2014). Then, 0.05 mL of a 0.1% solution of polyphenol in 50% ethanol was applied and made fit in by spatula topically every day, for 35 days, and hair growth was evaluated. All mouse experiments and protocols were in accordance with the Guide for the Care and Use of Laboratory Animals, and were approved by the Ethics Committees on Animal Experimentation (Kyushu University; approval number: A28-077-0).



Immunohistological Analysis

Skin tissue samples were fixed in 10% formalin buffer. Then, the fixative was removed using running water for 1 h. Skin pieces were dehydrated in ethanol, immersed in xylene, infiltrated with paraffin, and embedded in paraffin blocks. Paraffin-embedded hair follicles were sectioned into 5-μm-thick sections, which were stained with hematoxylin and eosin. For immunohistochemical analysis, tissue sections were deparaffinized, rehydrated, and soaked in 1 × HistoVT One (Nacalai Tesque, Kyoto, Japan). The sections were then heated at 90°C for 20 min to activate antigens. After washing with 0.1% Tween 20/TBS, tissues were blocked with Blocking One Histo (Nacalai Tesque) for 1 h at room temperature. Tissues were first stained with primary antibodies (anti-Ki-67, #12202, Cell Signaling Technology; anti-TERT, NB100-317, Novus Biologicals, Co., United States; anti-active-β-catenin, Merck Millipore, and anti-CD34, ab81289, Abcam, Cambridge, United Kingdom), and subsequently with secondary antibodies (Alexa Fluor 555 anti-rabbit IgG, Alexa Fluor 555 anti-mouse IgG or Alexa Fluor 488 anti-mouse, Thermo Fisher Scientific). After staining with Vesctashield mounting medium (Vector Laboratories, Burlingame, CA, United States), tissue samples were observed under a confocal laser-scanning microscope (FV1000, Olympus, Tokyo, Japan).



Statistical Analysis

All experiments were performed at least 3 times, and the corresponding data are shown. The results are presented as mean ± standard deviation. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).



RESULTS


Screening for Polyphenols That Activate hTERT Transcription in HaCaT Cells

In the present study, we used a system to screen polyphenols that activate hTERT expression in recombinant HaCaT cells expressing the EGFP gene under the control of the hTERT promoter [HaCaT (hTERTp-EGFP)]. Firstly, we investigated the optimal concentration of polyphenols to augment hTERT expression by in vitro study, then used 10 μM of polyphenols for further experiments. Polyphenols (10 μM) were added to the HaCaT(hTERTp-EGFP) cells and cultured for 48 h; then, changes in EGFP fluorescence were monitored using an IN Cell Analyzer 1000 to identify polyphenols that enhance hTERT transcription. As Figure 1A shows, treatment with several polyphenols, including resveratrol, urolithin A, eugeniin, sesamol, and fisetin, resulted in significantly increased levels of EGFP fluorescence, indicating that these polyphenols activated the hTERT promoter (Figure 1A). Next, we performed qRT-PCR to test for the effect of these polyphenols on the expression of endogenous hTERT in HaCaT cells. We found that the polyphenols, except eugeniin, augmented the expression of hTERT in HaCaT cells (Figure 1B).
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FIGURE 1. Screening for polyphenols that activate hTERT transcription in HaCaT cells. (A) Screening for polyphenols that activate hTERT transcription. Polyphenols (10 μM) were added to the HaCaT(hTERTp-EGFP) cells and cultured for 48 h; then, changes in EGFP fluorescence were monitored using an IN Cell Analyzer 1000. (B) The effect of polyphenols on the expression of endogenous hTERT in HaCaT cells was evaluated by qRT-PCR. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (**P < 0.01; ***P < 0.001).




Effects of Polyphenols on the Expression of Cytokine-Encoding Genes in HaCaT Cells

Several growth factors have been reported to be related to the hair growth cycle (Rho et al., 2005). We measured the gene expression levels of Insulin-like growth factor (IGF-1), Keratinocyte growth factor (KGF), and Transforming growth factorβ1 (TGF-β1). When HaCaT cells were treated with polyphenols, the gene expression levels of IGF-1 and KGF increased significantly, while those of TGF-β1 decreased significantly (Figure 2). Among the polyphenols, urolithin A showed relatively low effects on the expression of KGF and TGF-β1; therefore, we omitted urolithin A from subsequent experiments.
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FIGURE 2. Effects of polyphenols on the expression of cytokine-encoding genes in HaCaT cells. After HaCaT cells were treated with polyphenols, the gene expression levels of IGF-1 (A), KGF (B), and TGF-β1 (C) were measured by qRT-PCR. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001).




Effects of Polyphenols on β-Catenin Activity

The β-catenin signaling pathway has been reported to be involved in the transcriptional regulation of hTERT and hair growth regulation (Shin et al., 2014); therefore, we evaluated the effects of the present polyphenols on the activity of β-catenin using the TOP-Flash reporter assay. Results clearly showed that polyphenols significantly augmented β-catenin activity (Figure 3A). Next, we evaluated the effects of these polyphenols on the protein expression and activity of β-catenin by western blotting and immunofluorescence study, respectively. Results showed that resveratrol and fisetin significantly increased the β-catenin expression (Figures 3C,D), and activated β-catenin through inducing nuclear transport (Figure 3E). Furthermore, these polyphenols augmented the expression of AXIN2, downstream target of β-catenin (Figure 3B). These findings collectively demonstrate that resveratrol and fisetin activate the β-catenin pathway.
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FIGURE 3. Effects of polyphenols on β-catenin activity. The effect of these polyphenols on the activity of β-catenin was evaluated. (A) The TOP-Flash reporter assay was performed to evaluate β-catenin activity in HaCaT cells treated with polyphenols. (B) The effect of polyphenols on AXIN2 expression was evaluated by qRT-PCR. (C,D) The effect of polyphenols on protein expression of β-catenin was evaluated by western blotting using anti-β-catenin antibody. Band intensities were quantitatively determined using ImageJ software. (E) The effect of polyphenols on activity of β-catenin was evaluated by immunofluorescence study using anti-active β-catenin antibody. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001).




Effects of Polyphenols on the Growth of HaCaT Cells

HaCaT cells were treated daily with 10 μM of polyphenols, and cell proliferation was monitored using the Cell Counting Kit-8. Results showed that resveratrol and fisetin significantly increased the growth of HaCaT cells (Figures 4A,B).
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FIGURE 4. Effect of polyphenols on the growth of HaCaT cells. (A) After HaCaT cells were treated with 10 μM of polyphenols, cell proliferation was monitored using the Cell Counting Kit-8. (B) The proliferation index on the 3rd day was determined. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (*P < 0.05).




Role of hTERT in the Polyphenol-Induced Effects on HaCaT Cells

To elucidate whether hTERT plays a role in the polyphenol-induced effects on HaCaT cells, we generated recombinant HaCaT cells in which the expression of hTERT was downregulated using shRNA (sh-hTERT-1 and sh-hTERT2). As shown in Figure 5A, these recombinant HaCaT cell lines showed significantly reduced expression of hTERT compared with that in control HaCaT cells transduced with scramble shRNA (SCR). Then, we tested the effects of polyphenols, including resveratrol and fisetin, on the β-catenin activity, cytokine gene expression and cell growth by using these recombinant cell lines. The results clearly showed that polyphenol-induced activation of β-catenin activity (Figure 5B), enhancement of cytokine gene expression (Figures 5C,D) and growth enhancement in HaCaT cells (Figure 5E) were abrogated by the knockdown of hTERT. These finding indicate that hTERT is involved in the polyphenol-induced effects on HaCaT cells.
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FIGURE 5. Role of hTERT in the polyphenol-induced effects on HaCaT cells. (A) Relative expression levels of hTERT in HaCaT cells transduced with retroviruses expressing shRNA targeting hTERT (sh-hTERT1 and 2) and scramble shRNA (SCR) were evaluated by qRT-PCR. HaCaT cells whose hTERT expression was reduced by shRNA (sh-hTERT-1 and 2) were treated with polyphenols, and relative β-catenin activity (B), cytokine gene expression (C,D), and cell proliferation (E) was determined. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (*P < 0.05; **P < 0.01; ***P < 0.001).




Promotion of Hair Growth by Polyphenols in Mice

The C57BL/6 mice were divided into three groups (control, resveratrol, and fisetin). Experiments to evaluate enhancement of hair growth were performed as described in the Materials and Methods. After treatment for 35 days, the effects of polyphenols on hair growth were evaluated (Figure 6). First, mice treated with a solvent control did not show enhanced hair growth, indicating that the telogen phase was maintained for 35 days in the mice even after they were shaved. The results showed that the polyphenols enhanced hair growth in the mice (Figures 6B,C). In particular, fisetin strongly activated hair growth. All nine mice showed enhanced hair growth upon treatment with fisetin (Figure 6C); in comparison, only five of the nine mice in the resveratrol treatment group showed enhanced hair growth (Figure 6B). The difference in the hair growth rate in the experimental group might be caused by the variation in application of polyphenols. These results suggest that polyphenols, in particular fisetin, activated the transition from telogen to anagen phase, and therefore promoted hair growth.
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FIGURE 6. Promotion of hair growth by polyphenol treatment in mice. After the application of polyphenols on the dorsal skin of C57BL/6 mice for 35 days, the effect on hair growth was evaluated (A, Control; B, Resveratrol; C, Fisetin; D, Telogen phase; E, Anagen phase).




Effects of Polyphenols on the Skin Tissue of Mice

We examined mouse TERT (mTERT) and β-catenin gene expression in the dorsal skin cells of mice treated with polyphenols. Results showed that the mTERT (Figures 7A,B) and β-catenin (Figures 7C,D) gene expressions in these cells were significantly augmented in mice treated with resveratrol and fisetin compared with that in mice treated with the control. Therefore, the present polyphenols augment mTERT and β-catenin gene expressions in the dorsal skin cells of mice as well as in the human keratinocyte cell line, HaCaT. Histological analysis at 35 days revealed that hair follicles from control mice had remained in the telogen phase, whereas those from mice treated with resveratrol and fisetin had entered anagen (Figures 8A–C). In addition, the hair follicles in dorsal skin of mice treated with resveratrol and fisetin were found to be significantly grown (Figure 8D). Results suggest that resveratrol and fisetin induce a shift from telogen to anagen in the hair follicle.
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FIGURE 7. Effect of polyphenols on the expression of mTERT and β-catenin in the dorsal skin cells of mice. The expression of the mTERT (A,B) and β-catenin genes (C,D) in the dorsal skin cells of mice treated with polyphenols was investigated by qRT-PCR. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (*P < 0.05).
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FIGURE 8. Effect of polyphenols on the dorsal skin of mice. After 35 days of treatment, histological analysis of dorsal skin was performed after H&E staining (A, Control; B, Resveratrol; C, Fisetin). (D) The length between epidermis and subcutaneous layer at the dorsal skin was quantitatively determined using ImageJ. Statistical significance was determined using a two-sided Student’s t-test. Statistical significance was defined as P < 0.05 (**P < 0.01; ***P < 0.001).


Next, we attempted to determine whether TERT induction in epidermis enhances the formation of hair follicle; to this end, we measured the proliferation of cells in skin sections containing hair follicles. On the dorsal skin of mice treated with resveratrol (Figure 9B) and fisetin (Figure 9C), and non-treated mice (Figure 9A), a number of proliferating cells (Ki67+ cells, arrow head) were observed around hair matrix and around outer/inner root sheath (ORS/IRS). These results indicate that hTERT induction in the epidermis triggers the proliferation of cells such as hair follicle dermal papilla, hair matrix cells and ORS/IRS, which results in the formation of hair follicle and promotion of hair growth in mice treated with hTERT-augmenting polyphenols.
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FIGURE 9. Effect of treatment with polyphenols on the proliferation of cells and expression of marker proteins in the skin sections with hair follicles. After 35 days of treatment, immunohistological analysis of skin sections was performed using anti-Ki-67 antibody and DAPI staining (A, Control; B, Resveratrol; C, Fisetin; arrow head; Ki67+ cells). (D) Immunohistological analysis of skin sections treated with fisetin at early anagen and active anagen were performed using anti-Tert antibody, anti-active-β-catenin antibody and anti-CD34 antibody (DP, dermal papilla; Mx, matrix; EP, epithelium). Immunohistological analysis of non-treated skin sectons were also shown (Control).


Finally, we tested the expression of marker proteins (Tert, β-catenin and CD34) in the skin section treated with fisetin during the process of hair growth. Early anagen was detected 2–3 weeks after the treatment with fisetin, and active anagen was formed about another week after its emergence. The expression of marker proteins in non-treated skin sections were also shown in Figure 9D. Tert was strongly expressed in skin epithelium (EP), hair bulge (HB) and dermal papilla (DP) at early anagen, and showed a pan-epithelial expression at active anagen. β-catenin was consistently detected in ORS, IRS, hair shaft and DP during the course of hair growth, but its expression in DP clearly increased at active anagen. CD34, a cell membrane marker of hair follicle stem cells, was highly detected in the cells surrounding HB at early and active anagen (Figure 9D). CD34+/Ki67+ cells were found around HB region, suggesting that hair follicle stem cells were vigorously proliferating. Although CD34+ cells can be detected in the skin section of control mice, the number of CD34+ cells increased in the skin sectin of fisetin-treated mice.



DISCUSSION


Identification of Polyphenols That Augment hTERT Transcription

In the present study, we used a reporter HaCaT cell line that expressed EGFP under the control of the hTERT promoter in order to identify polyphenols that activate hTERT transcription. We identified two polyphenols, namely resveratrol and fisetin that promoted hair growth in experimental mice. Although many researchers have identified polyphenols that regulate hTERT transcription (Chen et al., 2017), many of these have been studied in the context of downregulation of hTERT transcription in cancer cells. We have previously reported that resveratrol activates hTERT transcription in normal human umbilical cord fibroblast cells (Yamashita et al., 2012). These results suggest that hTERT transcription is regulated by polyphenols in a manner that is dependent upon cell type and context.

In this study, resveratrol and fisetin showed strong hair-growth-promoting activity. Resveratrol and fisetin are natural polyphenolic compounds and have many pharmacological and physiological activities (Bai et al., 2018). Recent studies have shown that both polyphenols are known to be a potent activator of sirtuin, a longevity gene, and calorie-restriction mimetics, suggesting that these polyphenols can alleviate aging-related functional decline in organisms (Villalba and Alcaín, 2012). The hair-growth-promoting activities of resveratrol and fisetin are recognized as novel anti-aging effects of these polyphenols. In a future study, we will seek to elucidate the structure-function relationships of these polyphenols and identify the structural features of polyphenol that activate hTERT transcription.



Involvement of Cytokines in Polyphenol-Induced Hair Growth Promotion

Various cytokines, including IGF-1, KGF, and TGF-β1, play essential roles in hair growth. IGF-1 plays a critical role in regulating cellular proliferation and migration during hair follicle development, while KGF stimulates hair follicle proliferation. In contrast, TGF-β1 is involved in the regulation of hair follicle regression by inducing apoptosis and inhibiting keratinocyte proliferation and in the maintenance of niche of hair follicle stem cells (Mesa et al., 2015). Several plant extracts promote hair growth by regulating the expression of hair-growth-related cytokines (Kim et al., 2014; Shin et al., 2016). In the present study, resveratrol and fisetin increased the expression of IGF-1 and KGF, and decreased that of TGF-β1, in HaCaT cells, thereby promoting hair growth. In future studies, we aim to clarify the mechanisms underlying polyphenol-induced regulation of cytokine expression.



Involvement of β-Catenin in Polyphenol-Induced Hair Growth Promotion

Numerous reports have described the interaction between Wnt/β-catenin and hTERT. Zhang and Hoffmeyer et al. have shown that hTERT is a novel target of the Wnt/β-catenin pathway (Hoffmeyer et al., 2012; Zhang et al., 2012). In contrast, Park et al. (2009) reported that hTERT functions as a transcriptional modulator of the Wnt/β-catenin signaling pathway. These results suggest a close link between the Wnt/β-catenin signaling pathway and hTERT. The present results clearly demonstrate that the hTERT-augmenting polyphenols, namely resveratrol and fisetin, activated β-catenin expression, and that polyphenols activated β-catenin in a manner dependently upon hTERT. Considering together with that β-catenin is involved in various stages of hair morphogenesis, induction of hair follicles and hair growth promotion (Gat et al., 1998; Närhi et al., 2008; Bejaoui et al., 2020), this polyphenol-induced activation of β-catenin via hTERT augmentation might be a key event for hair growth promotion.



Molecular Basis for Hair-Growth-Promotion

Various plant extracts and chemicals with hair-growth-stimulating effects have been reported. Although precise underlying mechanisms remain unknown, these extracts and chemicals are considered to elicit these effects by accelerating blood flow, inducing a shift from telogen to anagen, mediating activation of the dermal papilla, inhibiting dihydrotestosterone, and exerting anti-inflammatory effects (Junlatat and Sripanidkulchai, 2014; Kim et al., 2014; Park et al., 2017; Shen et al., 2018; Zhang et al., 2019; Zhou et al., 2020). The hair follicle contains several different types of cells; among these, the dermal papilla cells are major components of hair that play a critical role in inducing anagen phase and maintaining hair growth. Several growth factors, including IGF-1, KGF, and TGF-β, are known to modulate the proliferation of the follicular epithelium, and control follicle development and cytokine expression in hair cells. In addition, The Wnt/β-catenin pathway is known to be important for the initiation, development, and growth of hair follicles as well as for the induction of anagen (Gat et al., 1998; Park et al., 2012). Several molecules, cells and signaling pathways are known to be involved in hair growth promotion, β-catenin was conceivable as a key molecule of TERT-augmenting polyphenol to promote hair growth. In our study, fisetin induced Tert in epidermis, which resulted in the proliferation of ORS/IRS and Mx, activation of hair follicle stem cells (CD34+ cells) and β-catenin, which might resulted in the formation of hair follicle and promotion of hair growth. In future studies, we aim to clarify the whole picture of molecular mechanisms of TERT-augmenting polyphenol to promote hair growth.
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Tendinopathy is a common musculoskeletal disorder that mainly affects athletes and people of older age. Tumor necrosis factor-α (TNF-α) plays an important role in initiating tendinopathy. Tectorigenin, an extract component of Belam-canda Chinesis, possesses anti-inflammatory and anti-apoptosis activity. The present study was established to investigate the role of tectorigenin against the pathogenetic effects of TNF-α on tendon-derived stem cells (TDSCs) in vivo and in vitro. The findings indicated that TNF-α is able to induce TDSC inflammation, apoptosis, and ossification, as well as activate nuclear factor-kappa B and mitogen-activated protein kinase (MAPK). Furthermore, the results confirmed that tectorigenin is able to inhibit the TNF-α-induced inflammation, apoptosis, and ossification. Tectorigenin treatment decreases activation of NF-kappa B and MAPK signaling in TDSCs. Tectorigenin ameliorates tendinopathy in the in vivo rat model. Thus, these data reveal that tectorigenin can serve as a potential treatment for tendinopathy.

Keywords: TDSCs, tectorigenin, TNF-α, inflammation, apoptosis, ossification, MAPK, nuclear factor-kappa B pathway


INTRODUCTION

Tendinopathy is a chronic disorder characterized by swelling, pain, ossification, and dysfunction of the tendon. Previous studies have shown that several factors can contribute to tendinopathy, such as tendon overload, injury, aging, and genetic conditions (Almekinders and Temple, 1998). Tendon-derived stem cells (TDSCs), which are extracted from tendon tissues, possess self-renewal and tendon-like tissue regeneration capabilities (Bi et al., 2007). TDSCs play a central role in tendon regeneration and healing as well as controlling tendon homeostasis (Ni et al., 2012). A change in their microenvironment leads to the dysfunction of TDSCs, resulting in degradation of tendon matrix and ultimately tendinopathy (Shi et al., 2019).

TNF-α is a cytokine associated with tendon inflammation, degeneration, and apoptosis, and it contributes to the suppression of proliferation of TDSCs (Hosaka et al., 2005; Han et al., 2017). TNF-α is able to induce the production of matrix degradation enzymes (Machner et al., 2003), which are associated with the inhibition of ECM synthesis (John et al., 2010). TNF-α is released from tendon tissue during injury and malfunction (Millar et al., 2009; Morita et al., 2017). TNF-α was found to play an important role in tendon degeneration and was expressed in inflamed and scarred tendon (Schulze-Tanzil et al., 2011). TNF-α is well-known to play a role in initiating various signaling pathways, such as mitogen-activated protein kinase (MAPK) and nuclear factor kappa B (NF-κB pathways) (Akiyama et al., 2004). In addition, MAPK and NF-κB are known to govern several processes, such as inflammation, MMP secretion, apoptosis, and ossification in tendinopathy. The inhibition of TNF-α and targeting of MAPK and NF-κB offers potential in the treatment of tendinopathy. Previous studies have suggested and recognized Achilles tendon injury or Achilles tenotomy as a reproducible trauma-induced tendinopathy and heterotopic ossification model (Kaleağasioğlu et al., 2017; Lin et al., 2018). Therefore, in our study we established the rat tendinopathy model using tenotomy.

Tectorigenin (C16H12O6, Service number: 548-77-6; molecular weight, 300.26) a component of Belamcanda chinensis, has been used in several fields for its modulating effect against inflammation, oxidation, and osteoclastogenesis (Wang et al., 2013; Ma et al., 2018). Furthermore, tectorigenin is able to inhibit the MAPK and NF-κB signaling pathways (Lim et al., 2018; Ma et al., 2018). In the present study, we examined the role of tectorigenin on the inflammation, apoptosis, and ossification of TDSCs through the targeting of MAPK and NF-κB in vitro, in addition to its effect in tendinopathy in the rat model.



MATERIALS AND METHODS


Materials

Tectorigenin of purity higher than 98% was purchased from Biotech (Shanghai, China). Fetal bovine serum (FBS), minimum essential medium with alpha modification (α-MEM), streptomycin, and penicillin were purchased from Gibco, United States. TNF-α was obtained from R&D Systems, United Kingdom. DMSO, bovine serum albumin (BSA), and collagenase I were all obtained from Sigma-Aldrich, St. Louis, MO, United States. Radioimmunoprecipitation assay (RIPA) buffer and bicinchoninic acid assay were obtained from Beyotime, Shanghai, China.



Isolation and Culture of TDSCs

Tendon-derived stem cells were isolated and cultured as previously described (Xu et al., 2020). In brief, S-D rats (male, 3-week old, 140 ± 20 g) were used to isolate the Achilles tendons. For isolation of TDSCs from tendinopathic rats, five rats received full Achilles tendon transection. After 7 days, the rats were killed to isolate the tendinopathic cells. Under sterile conditions, the tendons were cut into 1.1 mm3 particles, and the tissues were incubated with 0.1% collagenase type I at 37°C for 2–3 h on a horizontal shaker. The cells were collected as P0 and incubated with α-MEM (with 10% FBS and 100 units/ml streptomycin + 100 units/ml penicillin) at 37°C with 5% CO2, and the culture medium was replaced every 2–3 days. TDSCs from tendinopathic rats were seeded and divided into two tendinopathy and tectorigenin treatment groups. The medium was replaced every 2 days; cells in the tectorigenin treatment group received a medium containing an equal amount of 100 μM of tectorigenin. After the density of cells in the culture flask reached more than 80%, the cells were harvested for a further study. Normal TDSCs at P3 were used in this experiment.



Identification of TDSC and Multipotency Assay

Tendon-derived stem cells were stained with fluorescent primary antibody in PBS for 40 min, and then washed three times. Flow cytometry was used to detect the surface markers. The following antibodies were used: FITC antirat (CD29 and CD44) and PE antirat (CD59 and CD90) BioLegend. To analyze the multipotency of TDSCs, cells were cultured and incubated with specific media. Osteogenic induction medium (Cyagen Biosciences) was used for 14 days, followed by Alizarin Red staining to visualize the differentiation of TDSCs into osteoblasts. Chondrogenesis was induced with chondrogenic differentiation medium (Cyagen Biosciences) for 21 days, after which Safranin O staining was used to visualize chondrogenic differentiation. Similarly, after incubation with adipogenic induction and maintenance media (Cyagen Biosciences) for 14 days, Oil Red staining was used to visualize the adipogenic differentiation of TDSCs. qRT-PCR was conducted to evaluate the markers of tenogenesis in TDSCs and other mesenchymal stem cells. The mRNA levels of collagen type I, scleraxis, tenomodulin, and mohawk were evaluated.



TDSC Viability Assay

To measure the toxicity of tectorigenin and TNF-α on TDSC, CCK-8 assay (Dojindo Molecular, Tech., Japan) was used in accordance with the manufacturer’s instructions. The cells were seeded into 96-well plates (5 × 103/well), and then treated with various concentrations of tectorigenin or TNF-α for 24 h. The cells were then incubated with fresh media (containing 10% CCK-8 solution) for 3 h at 37°C; thereafter, the optical density was read. This experiment was repeated three times.



Apoptosis Assay

Annexin-V-FITC/Propidium Iodide (PI) Apoptosis Detection Kit (Keygen Biotech) was used to detect the apoptotic cells. A mount of 106 TDSCs was double stained using the apoptosis detection kit and analyzed using flow cytometry.



RNA Extraction and qRT-PCR

Six-well plates were used to seed a tertiary culture (passage 3) of TDSCs in α-MEM. When the growth density of the cells was greater than or equal to 75%, tectorigenin at 50 and 100 μM was used to treat the cells for 1 h in the absence and presence of TNF-α for 24 h individually. After the media was removed and the cells were washed with PBS, TRIzol reagent (Invitrogen, Carlsbad, CA, United States) was used to extract total RNA on ice. Using DeNovix at 260 nm (A260)/A280 absorbance ratio total RNA was quantified. PrimeScript RT Master Mix (Takara) was used to synthesize cDNA. cDNA was synthesized at 37°C for 15 min and then at 85°C for 5 min. According to protocol, SYBR Green qPCR (Applied Biosystems) and StepO-nePlus Real-Time PCR systems were used to conduct qRT-PCR. The primers are listed in Table 1. 18S was used as the control. Expression levels were quantified using the 2–ΔΔCT method.


TABLE 1. Primer sequences used in this study.
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Protein Isolation and Western Blot

Tendon-derived stem cells were cultured in four 25 cm2 flasks and treaded with tectorigenin. After collecting the cells, 100 μl RIPA buffer (containing 1% phenylmethylsulfonyl fluride + 0.1% phosphorylated proteinase inhibitor) was used to extract total protein for 50 min. BCA assay was used to quantify the proteins which were then denatured at 95–100°C for 5 min. The adjusted proteins were set in SDS-PAGE with a 10 or 15% gel and then transferred to a membrane. The membrane was blocked with BSA (5–10%) for 1–2 h and then washed three times for 10 min. After, the membranes were incubated with primary antibodies for 12 h at 4°C. Subsequently, the membranes were washed and incubated with secondary antibodies for 1 h. After removing and washing the secondary antibodies, the membranes were read using an ECL kit (Immobilon; cat. no. WBKLS005; KGaA). Bio-Rad ChemiDoc system was used to quantify the protein bands.



Radiological Assessment

Calcifications of Achilles tendons of the rats were evaluated using X-ray machine. Lateral X-ray images of the legs of the rats were generated at 60 kV with a radiation intensity of 500 mAs (200 M a).



ALP Staining

Tendon-derived stem cells were seeded into 12-well plates with osteogenic induction medium with or without tectorigenin for 7 days. After washing with PBS, 4% paraformaldehyde was used to fix the cells for 30 min. ALP Color Development Kit (Beyotime Biotechnology, Shanghai, China) was used according to the protocol and then viewed under a microscope.



Alizarin Red Staining

The cells were incubated in osteogenic differentiation media for 14 days and were washed with PBS. The cells were fixed with 4% paraformaldehyde for 20 min, and subsequently stained with 0.1% solution of Alizarin Red (Cyagen Biosciences) for 15 min, to identify mineral depositions and calcium-containing osteocytes.



Senescence Assessment

Cells were cultured in 12-well plates with α-MEM medium and then treated with tectorigenin for 1 h followed by TNF-α for 24 h. According to the manufacture’s protocol, the β-galactosidase Activity Assay (Beyotime) was used to stain the cells for 24 h and the images were captured with microscope.



Immunofluorescence

The TDSCs were prepared and then treated with tectorigenin for 1 h. The cells were then incubated with 10 ng/ml followed by TNF-α for 30 min. Subsequently, the cells were washed with PBS and then fixed with methanol for 20 min; 0.5% (v/v) Triton X-100 was used to permeabilize the cells and then blocked with 5% BSA for 1 h. The cells were then incubated with primary antibody against P65 at 4°C for more than 12 h, followed by incubation with fluorescein isothiocynate-conjugated secondary antibody for 2 h. After washing with PBS, the nucleuses were stained with DAPI for 7 min, and then analyzed using fluorescence microscopy.



Animal Experiment

Eighteen Sprague-Dawley rats (male; 200 ± 10 g; 6 weeks old) were used in this experiment. The rats were divided into normal, tectorigenin-treated, and tendinopathy model groups. The tectorigenin-treated and tendinopathy model rats underwent Achilles tenotomy (Jiang et al., 2018). After anesthesia, the skin was shaved and sterilized. Subsequently, the skin and the paratenon were incised, and the fascicles of the Achilles tendon received full transection (5 mm proximal to the calcaneal insertion) perpendicular to the collagen fibers. After 1 week, the rats in the tectorigenin-treated group each received 100 μM tectorigenin once a week at the area between the Achilles tendon and skin for 8 weeks Supplementary Figure 2, and the limbs of the rats were harvested thereafter. All animal experiment studies were controlled and approved by the Ethics Committee of the Second Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China.



Histological Analysis and Immunohistochemical Staining

The tendon samples were cut into 4 μM sections and then stained with HE, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and modified Masson staining according to their protocol. Immunohistochemical staining was conducted to evaluate tendinopathy in the tendon sections. The tendon sections were prepared and then subjected to antibodies against MMP-3 and MMP-13.



Statistical Analysis

All data were represented as mean ± SD, and one-way ANOVA with a subsequent post hoc Tukey method was performed for multiple comparisons. A P-value of less than 0.05 was considered significant.



RESULTS


Identification of TDSCs

The TDSC surface marker analysis was conducted to identify the stem status of the cells. The findings confirmed that clonogenic cells express high levels of stem cell markers CD29, CD90, and CD44. The leukocyte marker CD45 showed undetectable levels (Figure 1A). In order to verify characteristics of the stem cells, multipotency of the clonogenic cells was analyzed. Alizarin Red staining showed calcium deposition in the cells layer (Figure 1B). Safranin O staining was used to identify of chondrogenic pellet exhibited positive potential toward chondrogenic phenotype (Figure 1C). Newly differentiated adipocytes were shown through Oil Red staining of adipogenic cultures (Figure 1D). The mRNA levels of collagen type I, scleraxis, tenomodulin, and mohawk were higher in TDSCs compared with BMSCs and adipose tissue-derived stem cells (ADSCs) (Figure 1E).
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FIGURE 1. Tendon-derived stem cell (TDSC) identification and the multipotency properties. The identification of the stem status of TDSCs was performed by the analysis of surface markers. (A) Representative flow cytometric data of TDSCs incubated with CD29, CD44, CD45, and CD90 (red for control and blue for fluorescent antibody). (B) Alizarin Red stain (osteogenesis) (Scale bar = 500 μm). (C) Safranin O stain (chondrogenesis) (Scale bar = 500 μm). (D) Oil Red stain (adipogenesis) (Scale bar = 50 μm). (E) qRT-PCR of tenogenesis markers of TDSCs. Col1, collagen type I; SCX, scleraxis; Tnmd, tenomodulin; mkx, mohawk.




Effects of Tectorigenin on Rat TDSC Viability and Gene Expression in vitro

As shown in Figure 2, the CCK-8 assay was used to evaluate the cytotoxicity of tectorigenin. Tectorigenin at concentrations of 0, 10, 25, 50, 100, and 200 μM were tested for 24 h, and the results showed that tectorigenin has no significant inhibition on TDSCs at concentrations ≤ 100 μM (Figure 2A). Thus, in this work, concentrations at 50 and 100 μM were used. Furthermore, tectorigenin did not have a significant impact on MMP-3, MMP-9, MMP-13, inducible nitric synthase (iNOS), cyclooxygenase-2 (COX-2), or collagen I in TDSCs at the protein and mRNA levels (Figures 2C,E,F).
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FIGURE 2. The effect of tectorigenin and TNF-α on TDSCs viability. (A) TDSCs were incubated with various concentrations of tectorigenin for 24 h, and CCK-8 was set to measure the role of tectorigenin on TDSC viability. (B) Several concentrations of TNF-α were added to TDSCs for 24 h, and CCK-8 was conducted to evaluate the effect of TNF-α on TDSC viability. (C) TDSCs were treated with tectorigenin (50 and 100 μM) for 1 h and then incubated with TNF-α (10 ng/ml) for 24 h. (D,E) The expression of inflammatory markers, MMPs, and Col1 in TDSCs treated with 0, 50, and 100 μM tectorigenin in the presence and the absence of TNF-α using qRT-PCR and western blotting. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. MMPs, matrix metalloproteinase; COX-2, cyclooxygenase-2; iNOS, inducible nitric synthase; TNF-α, tumor necrosis factor-α; Col1, collagen I.




TNF-α Affects the Viability of TDSCs and Upregulates the Expression of MMPs and Inflammatory Genes in vitro

Similarly, CCK-8 was used to detect the influence of TNF-α on TDSCs. As shown in Figure 2B, TNF-α at concentration of 10 ng/ml showed notable suppression in TDSCs. Thus, in this experiment, 10 ng/ml was chosen. Furthermore, the effect of TNF-α at the 10-ng/ml concentration on MMP-3, MMP-9, MMP-13, iNOS, COX-2, and collagen I was examined at the mRNA and protein levels. The results showed that TNF-α is able to induce the expression of MMP-3, MMP-9, MMP-13, COX-2, and iNOS, as well as decreasing the expression of collagen I (Figures 2C,E,F).



Tectorigenin Inhibits TNF-α-Induced TDSC Matrix-Degradation and Inflammatory Markers in Rat TDSCs and Alleviates Tendinopathic TDSCs

The effect of tectorigenin on TNF-α-induced TDSC matrix-degrading enzyme inflammation enzyme expression in rat TDSCs and in tendinopathic cells was evaluated. For normal rat TDSCs, the cells were treated with tectorigenin at concentrations 50 and 100 μM for 1 h, and then incubated with TNF-α (10 ng/ml) for 24 h. The mRNA expressions of MMP-3, MMP-9, MMP-13, iNOS, COX-2, IL-6, IL-10, and collagen I were quantified using q-RT PCR. As shown in Figure 3A, the mRNA levels of MMP-3, MMP-9, MMP-13, iNOS, COX-2, IL-6, IL-10, and collagen I were alleviated by tectorigenin treatment. For protein assessment, TDSCs were cultured and treated with tectorigenin for 1 h, and then incubated with TNF-α (10 ng/ml) for 24 h. The cells were harvested and western blot was conducted to evaluate the protein levels of MMP-3, MMP-9, MMP-13, COX-2, iNOS, IL-6, IL-10, and collagen I. As shown in Figures 3B,C, tectorigenin at concentrations of 50 and 100 μM is able to inhibit the TNF-α-induced high expression of MMP-3, MMP-9, MMP-13, COX-2, iNOS, and IL-6 and increase the expression of collagen I and IL-10. In addition, TDSCs were stimulated with TNF-α for 12 h to stimulate the inflammation, and then incubated with tectorigenin for 24 h. The mRNA and protein levels were measured to detect the changes of MMP-3, MMP-9, MMP-13, COX-2, iNOS, IL-6, IL-10, and collagen I. Interestingly, the results showed the ability of tectorigenin to reduce the activation of those markers (Figures 3D–F). For the cells which were harvested from tendinopathic rats, they were divided to tendinopathy and tectorigenin treatment groups. The markers which have been described above were also evaluated at the mRNA and protein levels (Figure 4).
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FIGURE 3. Tectorigenin inhibits high expression levels of COX-2, iNOS, IL-6, and MMPs and upregulates collagen type I and IL-10 in TNF-α-induced tendinopathy in TDSCs. TDSCs were pretreated with tectorigenin and then incubated with TNF-α (10 ng/ml) for 24 h. (A) The expression of inflammatory markers, MMPs, IL-10, and collagen I were evaluated at mRNA level using qRT-PCR. (B,C) Western blot was used to evaluate the expression of inflammatory markers, MMPs, IL-10, and collagen I at the protein level. TDSCs were stimulated with TNF-α to stimulate the inflammation for 12 h, and then incubated with tectorigenin for 24 h. (D–F) The mRNA and protein levels of the changes of MMP-3, MMP-9, MMP-13, COX-2, iNOS, IL-6, IL-10, and collagen I. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. MMPs, matrix metalloproteinase; COX-2, cyclooxygenase-2; iNOS, inducible nitric synthase; TNF-α, tumor necrosis factor-α; Col1, collagen I.
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FIGURE 4. The role of tectorigenin in tendinopathic rat TDSCs. The rats were received full Achilles tendon transection, and then the cells were isolated and seeded. The medium was substituted every 2 days with or without 100 μM tectorigenin. (A) The expression of inflammatory markers, MMPs, IL-10, and collagen I were evaluated at mRNA level using qRT-PCR. (B) Western blot was used to evaluate the expression of inflammatory markers, MMPs, IL-10, and collagen I at the protein level. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. tendinopathic cell group. MMPs, matrix metalloproteinase; COX-2, cyclooxygenase-2; iNOS, inducible nitric synthase; Col1, collagen I; IL-6, interleukin 6; IL-10, interleukin 10.




Tectorigenin Inhibits TNF-α-Induced TDSC Apoptosis

The flow cytometry showed that tectorigenin is able to decrease TNF-α-induced apoptosis (Figure 5A). CCK-8 assay was performed to verify whether tectorigenin can protect TDSCs against TNF-α. As shown in Figure 5C, tectorigenin is able to suppress TNF-α-induced apoptosis in rat TDSCs. Western blotting analysis was used to evaluate the effect of tectorigenin against TNF-α-induced apoptosis, thus the protein levels of cleaved caspase-3, cleaved caspase-9, BAX, and Bcl2 were examined in this experiment. The findings reveal that tectorigenin has the ability to decrease the TNF-α-induced apoptosis in TDSCs (Figures 5D,E).


[image: image]

FIGURE 5. The effects of tectorigenin on TNF-α-induced apoptosis and senescence of TDSCs. TDSCs were pretreated with tectorigenin for 1 h and then incubated with TNF-α for 24 h. (A,B) Apoptosis was measured using annexin V-FITC/PI kit. (C) CCK-8 showed the effect of tectorigenin on TNF-α-induced suppression of TDSCs viability. (D.E) Western blot analysis of apoptosis markers, C-Cas 3, C-Cas9, Bax, and Bcl2. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. TNF-α, tumor necrosis factor-α; C-Cas, cleaved caspase-3; C-Cas 9, cleaved caspase-9. (F,G) Western blotting analysis of P16 and P53 at protein level. (H) β-Galactosidase activity assay in TDSCs. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. TNF-α, tumor necrosis factor-α; C-Cas, cleaved caspase-3; C-Cas 9, cleaved caspase-9.




Tectorigenin Alleviates TNF-α-Induced TDSC Senescence

The protein level expressions of P53 and P16 were evaluated by western blotting. The data showed that cells incubated with TNF-α reflected high expression levels of P53 and P16, while tectorigenin decreased them (Figures 5F,G). Furthermore, the cells treated with TNF-α expressed a high level of SA-β-Gal-positive TDSCs compared with the negative control group, and likewise tectorigenin was able to ameliorate this (Figure 5H).



Tectorigenin Attenuates the Ossification in TDSCs

The mRNA and protein levels of RUNX-2 were evaluated using qRT-PCR and western blotting (Figures 6A–C). ALP staining and Alizarin Red staining were performed, and the results showed that TNF-α aggravated osteogenic differentiation in TDSCs. Treatment with tectorigenin showed alleviation of the ossification in TDSCs. As shown in Figure 6, RUNX-2 expression was higher in the TNF-α-treated group compared with the sham group and was reduced with treatment of tectorigenin. ALP staining and Alizarin Red staining showed that TNF-α induced osteogenic differentiation of TDSCs, while tectorigenin decreased these changes (Figures 6D–G). In this study, we stimulated the cells with TNF-α and then followed by tectorigenin treatment to measure the ability of tectorigenin to attenuate the ossification of TDSCs. The results showed that tectorigenin is able to alleviate TNF-α-induced ossification of TDSCs (Figures 6H–N).
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FIGURE 6. Tectorigenin alleviates ossification in TDSCs. The cells were cultured in osteogenic induction medium in companion with tectorigenin or TNF-α for 7 and 14 days. (A) mRNA level of RUNX-2 analyzed using qRT-PCR. (B,C) Protein level of RUNX-2 analyzed using western blot analysis. (D,E) ALP staining was set for 7 days and quantitative analysis, Scale bar = 200 μM. (F,G) Alizarin Red staining was conducted in TDSCs cultured for 14 days and quantitative analysis, Scale bar = 500 μm. The second part of this figure (TNF-α prior to tectorigenin), the cells were stimulated with TNF-α followed by tectorigenin treatment. (H) mRNA level of RUNX-2 analyzed using qRT-PCR. (I,J) Protein level of RUNX-2 analyzed using western blot analysis. (K,L) ALP staining was set for 7 days and quantitative analysis, Scale bar = 200 μM. (M,N) Alizarin Red staining was conducted in TDSCs cultured for 14 days and quantitative analysis, Scale bar = 500 μm The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. TNF-α, tumor necrosis factor-α; ALP, alkaline phosphatase staining.




Tectorigenin Reduces TNF-α-Induced Activation of NF-κB and MAPK Signaling Pathway in vitro

Tendon-derived stem cells were pretreated with tectorigenin at concentrations of 0, 50, and 100 μM for 1 h, and then stimulated with TNF-α at 10 ng/ml for 30 min. Western blot assay was used to measure the protein levels of NF-κB (p65 and IκBα) and MAPK (p38, Eer, and Jnk). As shown in Figures 7, 8, TNF-α activated NF-κB and MAPK pathways and upregulated the phosphorylation levels of p65, IκBα, P38, Erk, and Jnk. With tectorigenin treatment, all the TNF-α activations were inhibited. Furthermore, immunofluorescence showed that TNF-α-induced P65 translocation into nucleuses of TDSCs was blocked by treatment with 100 μM tectorigenin (Figure 7G). In addition, TDSCs were stimulated with TNF-α for 30 min, and then incubated with tectorigenin for 1 h. Western blotting was conducted to detect the changes of NF-κB and MAPK signaling pathways. Interestingly, the results showed the ability of tectorigenin to reduce the activation of NF-κB (Figures 7D–F) and MAPK (Figures 8E–I). These results indicate that tectorigenin is able to inhibit the TNF-α-induced activation of NF-κB and MAPK pathways in TDSCs. Furthermore, tectorigenin is able to reduce IL-1β-induced activation of NF-κB and MAPK signaling pathways. The cells were incubated with tectorigenin for 1 h and stimulated with IL-1β at 10 ng/ml for 30 min. The results showed that tectorigenin is able to inhibit IL-1β-induced activation of NF-κB and MAPK signaling pathways (Figure 5).
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FIGURE 7. Tectorigenin decreased the TNF-α-induced activation of nuclear factor-kappa B in TDSCs. TDSCs were pretreated with tectorigenin for 1 h and then incubated with TNF-α for 30 min. (A–C) Western blot and quantitative analysis relevant to p-P65/P65 and p-IKBα/IKBα. (D–F) Western blotting and the quantitative analysis relevant to p-P65/P65 and p-IKBα/IKBα of cells pretreated with TNF-α for 30 min and then incubated with tectorigenin for 1 h. (G,H) The nuclear translocation of P65 was detected by immunofluorescence microscopy. Green, p65; blue, DAPI. Scale bar = 100 μM. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. TNF-α, tumor necrosis factor-α; IKBα, nuclear factor-kappa B inhibitor α.
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FIGURE 8. Tectorigenin decreased the TNF-α-induced activation of MAPK and IL-1β-induced the activation of MAPK and NF-κB pathways in TDSCs. TDSCs were pretreated with tectorigenin for 1 h and then incubated with TNF-α (10 ng/ml) for 30 min. (A) Western blot analysis and (B–D) relevant quantitative analysis for p-P38, P38, Jnk, p-Jnk, Erk, and p-Erk. (E–I) Western blot analysis and relevant quantitative analysis for p-P38, P38, Jnk, p-Jnk, Erk, and p-Erk of cells pretreated with TNF-α for 30 min and then incubated with tectorigenin for 1 h. TDSCs were pretreated with tectorigenin for 1 h and then incubated with IL-1β for 30 min. (I–K) Western blot and quantitative analysis relevant to p-P65/P65 and p-IKBα/IKBα. (L) Western blot analysis and (M–O) relevant quantitative analysis for p-P38, P38, Jnk, p-Jnk, Erk, and p-Erk. The mean ± standard deviation was used to express the data, N = 3. #P < 0.05 vs. control group and *P < 0.05 vs. TNF-α group. TNF-α, tumor necrosis factor-α; MAPK, mitogen-activated protein kinase; p-Erk, phosphor-Erk; p-Jnk, phosphor-Jnk; p-P38, phosphor-P38.




Tectorigenin Alleviates Tendinopathy in vivo in Rat Model

To develop the tendinopathy model, a total of 12 rats received full Achilles tendon transection and were divided into tendinopathy model and tectorigenin-treated groups. Sham surgery was used for the six rats in the normal group. After 7 days of tendon transection, tectorigenin solution was injected weekly into the area between the Achilles tendon and skin in the tectorigenin-treated group for 8 weeks (Figure 9A). The effect of tectorigenin on rat tendinopathy in vivo was evaluated by HE staining and modified Masson staining. The arrangement of collagen fibers and fibroblasts was disrupted in the tendinopathy group compared with the sham group, and tectorigenin was able to reverse this (Figures 9B,C). Furthermore, as shown on X-ray image, tectorigenin was able to reverse calcification in Achilles tendons (Figure 9D). Additionally, immunohistochemistry staining confirmed that the tectorigenin-treated group had a lower expression of MMP-3 and MMP-13 compared with the positive control groups (Figures 10A,B,D,E). TUNEL staining was set to assess the apoptosis of tendon fibroblasts and showed that administration of tectorigenin can protect cells against apoptosis (Figures 10C,F). Collectively, these findings indicate that tectorigenin is able to alleviate tendinopathy in the in vivo rat model.
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FIGURE 9. Tectorigenin alleviates calcification of tendon. (A) A schematic representation for the in vivo study. (B) HE staining of Achilles’s tendon for three groups, Scale bar = 500 μM. (C) Modified Masson staining of Achilles’s tendon for three groups, Scale bar = 500 μM. (D) X-ray images of Achilles’s tendon for three groups.
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FIGURE 10. The protective effect of tectorigenin in a rat tendinopathy model. (A,B,D,E) Immunohistochemistry for antibodies against MMP-3 and MMP-13 and quantitative analysis. (C,F) TUNEL staining of Achilles’s tendon for three groups, Scale bar = 200 μM. #P < 0.05 vs. control group and *P < 0.05 vs. Tendinopathy group.




DISCUSSION

Tendon-derived stem cells are able to differentiate into osteoblasts, tenocytes, adipocytess, chondrocytes, and fibroblasts (Lui, 2015). Among these cells, TDSCs tend to differentiate toward tenocytes (Bi et al., 2007). TDSCs serve a vital role in the healing process of tendon after injury; however, the failure to heal may lead to tendon ossification (Yee Lui et al., 2011; Chaudhury, 2012). Thus, in this study, we investigate the effect of tectorigenin on tendinopathy in TDSCs in vitro.

TNF-α is well-known to inhibit the proliferation of TDSCs (Frasca et al., 2012) and induce apoptosis of TDSCs (Han et al., 2017). TNF-α can upregulate proinflammatory markers such as MMPs and IL-1 (Feldmann and Maini, 2001). Previous studies have demonstrated the association between chronic tendinopathy and the upregulation of TNF-α (Rath and Aggarwal, 1999).

In the present study, we confirmed that TNF-α induces TDSC inflammation and apoptosis as well as activates NF-κB and MAPK pathways in TDSCs. Furthermore, we verified that tectorigenin is able to reverse the TNF-α-induced dysfunction of TDSCs by regulating the NF-κB and MAPK pathways.

After the isolation of TDSCs and detection of stem cell markers, cell viability was evaluated. CCK-8 assay was used to analyze the effect of TNF-α and tectorigenin on TDSC viability. The results suggest that TNF-α suppresses TDSC viability at concentration of 10 ng/ml and tectorigenin at concentration of 200 μM. Thus, we conducted our study using 10 ng/ml TNF-α and 50 and 100 μM tectorigenin. Furthermore, we evaluated the role in tectorigenin in the absence of TNF-α on MMPs, collagen I, and inflammatory markers at both mRNA and protein levels. The results showed that tectorigenin has no obvious effects on the MMPs, collagen I, or inflammatory markers compared with the sham group.

It is widely accepted that the degenerative process of inflammation may lead to tendinopathy. Several inflammatory mediators, such as MMPs and COX-2 serve a role on the development of tendinopathy (Rees et al., 2014). MMPs are responsible for ECM remodeling and synthesis during tendon healing (Riley et al., 2002). COX-2 and iNOS have been known to participate in the progression of inflammatory diseases, and the suppression of iNOS and COX-2 has shown potential outcomes (Moita et al., 2013). Interleukin 6 (IL-6) was reported to inhibit the tenogenic markers of Achilles TDSC, such as collagen type I, scleraxis, and tenomodulin (Chen et al., 2018). In the present study, we found that TNF-α increased the expression of MMPs (MMP-3, MMP-9, and MMP-13), COX-2, IL-6, and iNOS, which were decreased in the tectorigenin treatment groups at both mRNA and protein levels. Previous studies showed that the increasing production of collagen I can enhance tendon healing (Chen et al., 2014). Interleukin (IL-10) is an anti-inflammatory cytokine that can block NF-κB pathway, and regulating of IL-10 family is promising for the treatment of human diseases (Wang et al., 2019b). Thus, we evaluated type I collagen and IL-10 at both mRNA and protein levels. The results showed that TNF-α decreased the level of collagen I and IL-10, while tectorigenin increased them.

Apoptosis is programmed cell death, which serves a vital role in tissue homeostasis. Apoptosis initiates several human diseases, such as autoimmune diseases and degenerative skeletomuscular diseases (Elmore, 2007). Generally, caspases, such as caspase-3, are tightly associated with apoptosis and are executioners of apoptosis. The regulatory proteins of apoptosis determine the fate of a cell; for example, Bax accelerates apoptosis, while Bcl-2 inhibits apoptosis (Oltvai et al., 1993). In the current study, TNF-α suppressed TDSC viability, upregulated apoptosis proteins (C-Cas3, C-cas9, Bax), and decreased the expression of Bcl-2, while it was alleviated by tectorigenin. Furthermore, TUNEL assay demonstrated that tendon ossification scars had a huge number of apoptotic cells in the tendinopathy group, which was alleviated by tectorigenin treatment. These outcomes suggest that tectorigenin exerts anti-apoptotic effects.

Additionally, the results showed that TNF-α can induce the senescence of TDSCs as well as increase the expression of P53 and P16. Senescence is an unrepairable limiting of cell growth and declination of self-renewal ability in stem cells. It is described by the increasing activity of SA-β-gal and high expression of P53 and P16 (Helman et al., 2016; Huang et al., 2017). Our results showed that tectorigenin is able to reduce the TNF-α-induced high expression of P53 and P16. Furthermore, tectorigenin decreased SA-β-gal-positive TDSCs.

Heterotopic ossification in tendons leads to joint mobility restriction and pain. The pathogenetic process of heterotopic ossification is associated with osteoprogenitor stem cells (TDSCs) in tendon tissues. The heterotopic ossification can be a result of osteoid formation, which can be initiated by the abnormal ossification of TDSC (Jiang et al., 2018). In this study, the outcomes showed that tectorigenin reduced the TNF-α-induced expression of RUNX-2 and decreased the osteogenic differentiation of TDSCs, made observable by ALP staining and Alizarin Red staining. In vivo, HE, and modified Masson staining showed that tectorigenin alleviated the ossification of tendon tissues.

A number of evidences have shown that MAPK and NF-κB pathways are involved in inflammation, apoptosis, and ossification; for example, ERK regulates apoptosis, while P38 mediates apoptosis and inflammation (Zhou et al., 2015). The activation of MAPK/Jnk pathway can enhance mineralization and increase ALP activity (Wang et al., 2014). The activation of NF-κB has been shown to induce the activation of MAPK pathway (Wang et al., 2019a). Our results showed that TNF-α initiated the activation of MAPK and NF-κB pathways. Tectorigenin blocked the phosphorylation of p65 and reduced the translocation of phospho-p65 from cytoplasm to nucleus. Furthermore, tectorigenin reduced the phosphorylation of NF-κB inhibitor α. At the same level, tectorigenin reduced the phosphorylation of p38, Jnk, and Erk. In this study, TDSCs were stimulated with another inflammatory markers (IL-1β) to evaluate that tectorigenin usage has interfered with MAPK and NF-κB pathways not directly interacting with TNF-α itself. The results showed the ability of tectorigenin to inhibit the activation of MAPK and NF-κB pathways.



CONCLUSION

Our study showed that TNF-α insults TDSCs and contributes to the development of tendinopathy via increasing the activation of MAPK and NF-κB pathways. Treatment with tectorigenin reduced the activation of MAPK and NF-κB pathways in TNF-α-treated TDSCs, and thus played anti-inflammatory, anti-apoptotic, anti-senescence, and anti-ossification roles. Collectively, our outcomes have revealed a new agent for the treatment of tendinopathy.
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New Amphiphilic Squalene Derivative Improves Metabolism of Adipocytes Differentiated From Diabetic Adipose-Derived Stem Cells and Prevents Excessive Lipogenesis
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Squalene (Sq) is a natural compound, found in various plant oils, algae, and larger quantity in deep-sea shark liver. It is also known as an intermediate of cholesterol synthesis in plants and animals including humans. Although evidences demonstrated its antioxidant, anticancer, hypolipidemic, and hepatoprotective and cardioprotective effects, its biological effects in cellular function might have been underestimated because of the water-insoluble property. To overcome this hydrophobicity, we synthesized new amphiphilic Sq derivative (HH-Sq). On the other hand, adipose-derived stem cells (ASCs) are a valuable source in regenerative medicine for its ease of accessibility and multilineage differentiation potential. Nevertheless, impaired cellular functions of ASCs derived from diabetic donor have still been debated controversially. In this study, we explored the effect of the HH-Sq in comparison to Sq on the adipocyte differentiation of ASCs obtained from subjects with type 2 diabetes. Gene expression profile by microarray analysis at 14 days of adipogenic differentiation revealed that HH-Sq induced more genes involved in intracellular signaling processes, whereas Sq activated more transmembrane receptor pathway-related genes. In addition, more important number of down-regulated and up-regulated genes by Sq and HH-Sq were not overlapped, suggesting the compounds might not only have difference in their chemical property but also potentially exert different biological effects. Both Sq and HH-Sq improved metabolism of adipocytes by enhancing genes associated with energy homeostasis and insulin sensitivity, SIRT1, PRKAA2, and IRS1. Interestingly, Sq increased significantly early adipogenic markers and lipogenic gene expression such as PPARG, SREBF1, and CEBPA, but not HH-Sq. As a consequence, smaller and fewer lipid droplet formation was observed in HH-Sq-treated adipocytes. Based on our findings, we report that both Sq and HH-Sq improved adipocyte metabolism, but only HH-Sq prevented excessive lipogenesis without abrogating adipocyte differentiation. The beneficial effect of HH-Sq provides an importance of synthesized derivatives from a natural compound with therapeutic potentials in the application of cell therapies.
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INTRODUCTION

Human adipose-derived stem cells (ASCs) are adult stem cells obtainable by liposuction procedure. By definition, ASCs present high capacity to proliferate after isolation without losing their stemness, at the same time potential to differentiate into mesodermal cell lineages, including adipocytes, chondrocytes, osteocytes, and myocytes under appropriate inducing condition.

The therapeutic and regenerative effect of ASCs on insulin resistance, obesity, and type 2 diabetes (T2D)-associated complications has been investigated for a variety of purposes (Mazini et al., 2020). For example, multiple infusion of ASCs in diabetes-induced rats reversed diabetes-related complications and protected tissue damages by alleviating inflammation (Yu et al., 2019). A recent study revealed that subcutaneous transplantation of ASC sheet prepared from non-diabetic mice into diabetic mice improved glucose intolerance (Ishida et al., 2020). Subcutaneous injection and local administration of human adipose-derived stromal vascular fraction cells showed a beneficial effect on microcirculation in ischemic diabetic feet and wound healing (Nie et al., 2011; Moon et al., 2019). Moreover, its application in tissue engineering and fat grafting in reconstructive surgery is being extensively explored (Naderi et al., 2014, 2017).

However, previous studies raised questions about the effectiveness of ASCs isolated from a diabetic and obese donor on the clinical use of stem cells because of the predisposition of impaired biological functions and altered transcriptomes due to its microenvironment, thus diminishing its therapeutic value and further cellular function in the recipient. Proliferation, viability, and migration capacity of ASCs from the obese environment are reduced, and its transcriptome is altered and inflamed (Vyas et al., 2019).

Squalene (Sq), a polyunsaturated hydrocarbon, is found ubiquitously in numerous plant oils (Owen et al., 2000; He et al., 2002; Shimizu et al., 2019) and algae (Kaya et al., 2011) and also larger quantity in deep-sea shark liver (Hernández-Pérez et al., 1997). Sq is also synthesized in plants and animals including humans as an intermediate of sterol synthesis such as cholesterol. Knockout murine in which upstream enzyme of Sq synthesis was disrupted presented lipid dystrophy, hepatic steatosis, and severe diabetic abnormalities, showing its indispensable physiological function in the organism (Yeh et al., 2018). Numerous evidences demonstrated its antioxidant, anticancer, hypolipidemic, and hepatoprotective and cardioprotective effects. Dietary Sq supplement (1%) prevented colon carcinogenesis in rats (Rao et al., 1998); rabbits fed with Sq (3%) for 7 weeks unexpectedly showed no more atheroma than the controls (Kritchevsky et al., 1953); moreover, in Sq feeding (900 mg/d) in human studies, serum triglyceride and cholesterol contents were unchanged (Strandberg et al., 1990). Interestingly, contrary to the expected, in the same studies, Sq feeding did not increase serum cholesterol level, whereas serum Sq level was augmented 17 times in humans after 30 days. These findings altogether suggest that Sq might be accumulated in the serum because of the lack of efficient absorption, even though its biological effect is beneficial.

Naturally, Sq is characterized as a hydrophobic lipid, and its biological properties in cellular function might have been underestimated because of the low solubility. Thus, to overcome this water-insoluble property, a recent study proposed a lysosome-embedded Sq structure and showed its preferential cytotoxic effect on LAN5 cancer cells in their preliminary study (Costa et al., 2018).

We have recently synthesized Sq derivative (HH-Sq) (Sasaki et al., 2020), which gained amphiphilic property compared to Sq. In this in vitro study, we explored the effect of HH-Sq compared to Sq on adipocyte differentiation of ASCs derived from diabetic donors to determine whether the gained hydrophilicity of the derivative can promote Sq’s biological effects and eventually be used in therapeutic application.



MATERIALS AND METHODS


Chemicals

Squalene was purchased from Fujifilm Wako (Tokyo, Japan). Sq mono ethylene glycol derivative, (2-(2-hydroxyethoxy)-3-hydroxysqualene) (HH-Sq), was synthesized as reported previously (Sasaki et al., 2020) and identified by spectral data (Figure 1A).
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FIGURE 1. Effect of Sq and HH-Sq on dASCs migration, proliferation, and differentiation capacity of dASCs. (A) Chemical structure of squalene (Sq) and its derivative 2-(2-hydroxyethoxy)-3-hydroxysqualene (HH-Sq). (B) Representative images of scratch wound healing at indicated timepoints after treatment with 1 μM of Sq and HH-Sq. Cell-free area was outlined. Scale bar indicates 200 μm. (C) Cell-free area was measured from the microscopic images using ImageJ and represented as wound closure in percentage. NC indicates non-treated negative control. Cells were treated with different concentration of Sq and HH-Sq for (D) 48 h and (E) 72 h. Proliferation rate was compared to non-treated group. Data are shown as mean ± SEM (n = 5–6/dose). Statistical difference was calculated using one-way ANOVA followed by Dunnett test. (F) Representative light microscopic images at indicated timepoints (days) after the induction of adipocyte differentiation in dASCs. Scale bar indicates 100 μm.




Adipose-Derived Stem Cells Culture

Diabetic ASCs (dASCs) (T2D; 74-year-old Caucasian woman, body mass index = 25 kg/m2) was purchased from Lonza (Walkersville, MD, United States; Material number: PT-5008, tissue acquisition number: 29752). These cells were isolated from donated human tissue after obtaining permission for their use in research only by informed consent or legal authorization. Cells were cultured in ASC growth medium (ADSC-GM BulletKitTM) obtained from Lonza containing ASC basal medium supplemented with 10% fetal bovine serum, 1% L-glutamine, and gentamicin-amphotericin B (GA-1000) according to the manufacturer’s instruction at 37°C in 5% CO2 humidified incubator. Cells are subcultured 5,000 cells per cm2 as recommended by the provider.



Adipogenic Differentiation of dASCs

Cells were seeded at a density of 3 × 104 cells per cm2 in the preadipocyte growth medium (PGM-2TM BulletKit; Lonza, Walkersville, MD, United States). Once cells reach confluence greater than 80%, adipogenesis is induced by changing medium to adipogenic differentiation medium (ADM). According to the manufacturer’s instruction, ADM was prepared by adding rhInsulin, dexamethasone, IBMX, and indomethacin into PGM. The medium was changed every 10 to 12 days.



Cell Proliferation Assay

Cell proliferation was determined using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI, United States). Briefly, cells were seeded at a density of 1 × 104 cells per well in 96-well plate for overnight and then treated with increasing concentration of Sq and HH-Sq. After 24 and 48 h of incubation, 20 μL per well of CellTiter 96® AQueous One Solution Reagent was added and incubated for 3 h. Soluble formazan produced was measured by absorbance at 490 nm using a microplate reader (Varioskan LUX).



Cell Migration/Scratch Assay

Cells were grown in ADSC-GM until confluence in 6-well plate and then washed with phosphate-buffered saline (PBS) two times, scratched using a sterile 10 μL micropipette tip, and incubated in ADSC-GM with treatment; the microscopic photo was taken at several timepoints; the cell-free area was measured using ImageJ.



Lipid Droplets Staining

Cells were seeded on a chamber slide, and adipogenesis differentiation was induced in the presence or absence of Sq and HH-Sq as described above. Lipid droplets (LDs) formed after differentiation were stained by fluorescent neutral lipid dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene (BODIPY 493/503; Invitrogen, Eugene, OR, United States), mounted with ProLongTM Diamond Antifade Mountant with DAPI (Invitrogen, Eugene, OR, United States) for staining nucleus, and fluorescence images were obtained by using Leica TCS SP8 confocal microscope. For quantification of LD accumulation, cells were seeded in a 96-well plate and induced adipogenesis differentiation. After washing with PBS, 5 μL of AdipoRedTM Assay Reagent (Lonza) was added in each well containing 200 μL PBS and incubated for 10 min at room temperature. Fluorescence with excitation at 485 nm and emission at 572 nm was measured by using a microplate reader (Varioskan LUX).



Microarray Analysis

Total RNA was extracted as above, and 250 ng of RNA was subjected to strand synthesis using GeneChip 3′ IVT PLUS Reagent Kit (Affymetrix Inc., Santa Clara, CA, United States) and Affymetrix® 3′ IVT Array Strips for GeneAtlas® System (GeneChip® HG-U219) following the manufacturer’s protocol. Probe cell intensity values were obtained by GeneAtlasTM Imaging Station; CEL files from probe sets were generated by the Expression Console (Affymetrix) and then analyzed by Transcriptome Analysis Console v4.0 (Affymetrix, Japan) as described previously (Ganbold et al., 2019). We have used three technical replicates of each sample (IN, Sq, and HH-Sq) that represent the same hybridization mixture applied to three independent arrays. Gene expression values refer to Tukey bi-weight average of gene level intensity of all the replicates in a condition. A threshold value of fold change ≥±1.2 (in linear space) and p < 0.05 [one-way between-subject analysis of variance (ANOVA)] employed by the manufacturer’s analysis package was set to identify differentially expressed genes (DEGs). Downstream analyses were conducted using the functional annotation clustering of DAVID Informatics Resources 6.81 (Huang et al., 2009), and GSEA’s Molecular Signatures Database v7.12 (Subramanian et al., 2005) for gene ontology (GO) and biological process (BP) clustering. GOs with p < 0.05 in DAVID (modified Fisher exact test with default EASE score threshold 0.1) were considered as significantly enriched. The microarray dataset was deposited in the NCBI Gene Expression Omnibus (GEO) and is accessible with the accession number GSE1533913.



ATP Assay

ATP production was determined by the “cell” ATP assay luminescent reagent version 2 (CA2-50, Toyo Benet, Japan). Cells were seeded in white clear-bottom 96-well plate, and induced adipogenesis. After 14 days, according to the manufacturer’s protocol, the luminescent reagent (100 μL/well) was added and followed by 1 min on shaker and 10 min for incubation in dark at room temperature. Luminescence amount (RLU) was measured by microplate reader (Varioskan LUX) and normalized to cell number using Cell Count Normalization kit (Dojindo, Japan).



Mitochondrial Staining by Rhodamine 123

Mitochondrial biogenesis was evaluated by rhodamine 123 assay. Cells were seeded in black clear-bottom 96-well plate and induced adipogenesis. At day 14 (D14), the supernatant was replaced by 50 μM rhodamine 123 (Wako, Japan) dissolved in Hanks balanced salt solution (Gibco) containing 20 mM HEPES (100 μL/well) and incubated at 37°C for 30 min. The supernatant was discarded and rinsed with the buffer two times before measuring rhodamine 123 fluorescence intensity [relative fluorescence unit (RFU)] using the excitation/emission at 485/525 nm by microplate reader (Varioskan LUX). RFU was normalized to cell number using Cell Count Normalization kit (Dojindo, Japan). After staining with rhodamine 123, cell nuclei were counterstained with 0.5 μg/mL Hoechst 33342 (Molecular Probes, United States) dissolved in PBS (100 μL/well) for 10 min at room temperature for fluorescent imaging using automated inverted microscope (IX83, Olympus).



Glucose Uptake Assay

Glucose uptake was determined by Glucose CII test kit (Wako, Japan). Cells were seeded in 24-well plate and induced adipogenesis for 14 days. Differentiated adipocytes were starved in serum free medium for overnight. Next day, the medium was replaced with Krebs-Ringer-phosphate-HEPES (KRPH) buffer for glucose starvation. After 2 h of incubation, the buffer was replaced by KRPH containing 11 mM glucose with or without 1 nM insulin for 24 h. Glucose level in the supernatant was quantified by colorimetric assay according to the manufacturer’s instruction.



Real-Time Reverse Transcription-Polymerase Chain Reaction Analysis

Cells were seeded and induced adipogenesis in a 6-well plate. Total RNA was extracted by using ISOGEN reagent (Nippon Gene, Toyama, Japan) following the manufacturer’s instruction. Complementary DNA was synthesized by reverse transcription from 1 μg of RNA using SuperScriptTM IV VILOTM Master Mix (Invitrogen, Carlsbad, CA, United States). The resultant cDNA (100 ng) was then amplified by the predesigned TaqMan® Gene Expression Assay and TaqMan® Gene Expression Master Mix (Applied Biosystems, Carlsbad, CA, United States) on the 7500 Fast Real-Time PCR System. All predesigned primers were purchased from the Applied Biosystems. Gene expression was normalized to GAPDH as an endogenous housekeeping gene, and the relative expression level was calculated using the 2–Δ Δ Ct method (n = 3).



Capillary Immunoassay

Protein level was evaluated using ProteinSimple capillary immunoassay (WesTM, ProteinSimple). dASCs induced adipogenesis in 6-well plate. Total protein was extracted at D14 using radioimmunoprecipitation assay buffer (Sigma-Aldrich, St. Louis, MO, United States) containing protease inhibitor cocktail (P8340, Sigma-Aldrich), and the protein concentration was quantified using 2-D Quant kit (GE Healthcare, Chicago, IL, United States). An equal amount (0.75 μg/μL) of protein diluted in sampling buffer (ProteinSimple) were loaded in 12- to 230-kDa, 25-lane plate (ProteinSimple) and run in WES WS3390 instrument following the manufacturer’s instruction. Primary antibodies were purchased from Abcam. Anti-rabbit and anti-mouse secondary antibodies of Detection module for chemiluminescence (ProteinSimple) were used. Imaging and peak area were obtained from Compass for SW software (ProteinSimple). Peak areas were normalized to GAPDH as loading control, and relative ratio was calculated compared to IN.



Statistics

All data are shown as the mean ± SEM unless otherwise mentioned. Statistical analyses were conducted using GraphPad Prism 8.0. All data were assessed for normality (Shapiro–Wilk test) and kurtosis and skewness (D’Agostino-Pearson omnibus test). A one-way ANOVA followed by Dunnett post hoc test was performed to compare the treatment groups to the control group, whereas Tukey post hoc test was performed to compare among all three groups. Paired t test was used for within-group comparison at two different timepoints. A p < 0.05 was considered significant.



RESULTS


Sq and HH-Sq Did Not Alter the Proliferative and Migratory Capacity of dASCs

Adipose-derived stem cells derived from T2D donor may have reduced or lost proliferation and migration potential leading to incapacity to differentiate (Pérez et al., 2015; Barbagallo et al., 2017; Vyas et al., 2019). Thus, we checked first if dASCs were maintaining its functions to proliferate and migrate as a sign of multipotent cells. After full confluence, cells in growth medium were subjected to a scratch/wound and then continued with the treatment of 1 μM Sq and HH-Sq for up to 48 h (Figure 1B). Non-treated (NC) cells were observed to migrate toward the cell-free area 12 h after the initiation of the wound and covered greater than 50% after 24 h and completely closed by 48 h. The wound closure rate in each treatment group reached 100% versus NC at the 48-hour time point (Figure 1C). Treatment with Sq and HH-Sq did not interfere with the migratory capacity of dASCs.

Moreover, expansion potential in culture is an important criterion for further use of stem cell source to differentiate into numerous cell lineages. Therefore, the cell proliferation rate of dASCs was evaluated in the presence of different dose of Sq and HH-Sq (Figures 1D,E), and both compounds did not show any inhibitory effect on the dASC proliferation rate until 20 μM of dose up to 72 h (48 h, p = 0.179; 72 h, p = 0.895). These results suggest that dASCs still preserve their proliferative and migratory ability, on which the treatment with Sq and HH-Sq did not show any inhibitory effect.



Adipocyte Differentiated From dASCs After Induction

The primary role of stem cells from adipose tissue is to sustain adipocyte turnover by pooling newly differentiated adipocytes. However, evidences showing the capacity of dASCs to differentiate into adipocyte are still controversial (Pérez et al., 2015; Barbagallo et al., 2017). Thus, adipogenesis was induced in dASCs, and the appearance of LDs was observed 7, 14, and 21 days post-induction to explore the differentiation capacity and timing in vitro (Figure 1F). Only some of the cells began to show small LD formation at D7. Subsequently, by D14, the number of cells containing LDs occurred increasing along with the enlarged LD size leading the majority of cells engorged with LDs at D21. For further evaluation of the expression of genes, we chose dASCs differentiated on D14 as our model.



Adipocyte-Induced dASCs Gene Expression Pattern Treated With Sq and HH-Sq

Next, we performed microarray analysis using dASCs of D14 after adipocyte differentiation treated with 1 μM Sq and HH-Sq and explored the gene expression profile. Intensity value of total gene probe set after treatment with 1 μM of Sq and HH-Sq compared to the non-treated adipocyte-induced control (IN) is shown (Figure 2A). Probes with a threshold of fold change ≥1.2 and p ≤ 0.05 were considered as DEGs and represented in the heatmap (Figure 2B). In the Sq-treated group, 532 genes were differentially expressed, of which 316 DEGs were up-regulated and 217 DEGs down-regulated, whereas in the HH-Sq-treated group, of 300 DEGs, 170 were up-regulated and 130 were down-regulated (Figure 2C). Subsequently, we analyzed if the respective up- and down-regulated genes in Sq and HH-Sq-treated groups were common or not using Venn diagram (Figure 2D). Interestingly, less than half of the up-regulated genes of HH-Sq (44%) and about one-fourth of Sq (23%) were overlapped, suggesting greater than the majority of genes were up-regulated in a compound-specific way. Similarly, genes overlapping in down-regulation in each group were lower than half of the total number.
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FIGURE 2. Microarray analysis of gene expression pattern in dASCs treated with Sq and HH-Sq at D14 after adipogenic induction. (A) Scatterplot of total gene expression intensity values in Sq- and HH-Sq-treated groups compared to the induced group (IN). Differentially expressed genes (DEGs) were marked in red for fold change ≥1.2 and in green ≤–1.2. (B) Heatmap of DEGs in each group was created by the p value using online tool (http://shinyheatmap.com/). (C) Number of DEGs in Sq- and HH-Sq-treated groups. (D) Venn diagram of up- and down-regulated genes in Sq- and HH-Sq-treated groups. (E) Biological process (top 30) of commonly up-regulated (left, red scatterplot) and commonly down-regulated (right, green scatterplot) genes were represented in scatterplots using REVIGO tool with modification (http://revigo.irb.hr/).


Next, we identified main BPs involved in the commonly overexpressed (left, red) and underexpressed (right, green) genes applying GO analysis of DAVID and scattered the most relevant 30 processes according to their p value and uniqueness ratio differing from other BPs (Figure 2E). The most specific BP associated with GO terms mitogen-activated protein kinase (MAPK) cascade regulation (GO:0043408), signal transduction by protein phosphorylation (GO:0023014), and cellular response to chemical stimulus (GO:0070887) were up-regulated by both compounds. Applying the criteria of p > 0.05 and containing more than two genes, none of the GO terms among the top 30 BPs involving the common down-regulated genes was specific to adipogenesis (uniqueness ratio >0.5), signifying both Sq and HH-Sq do not have any particular common inhibitory effect on the adipogenesis process of dASCs.



BPs Affected by Sq and HH-Sq Treatment in Adipogenesis of dASCs

Next, to investigate the BP specifically affected by the compound, we identified all BP-qualifying p value greater than 0.05 and containing more than two genes specifically enriched in GO BP FAT terms in Sq and HH-Sq-treated groups and then classified into transcription, signal transduction, metabolism, proliferation and cell death, and extracellular matrix-, immune- and movement-related processes according to their relevance (Figures 3A,B). Conversely, large general terms such as regulation of metabolic process (GO:0009893) and regulation of signaling (GO:0023051) were excluded, and terms that are repetitive or similar were merged. Globally, transcriptional activity increased in both treatment groups, as shown by the increased number of genes associated with transcription of polymerase II promoter (GO:0006357) and positive regulation of DNA-templated transcription (GO:0045893); however, the number of genes enriched was two times higher in Sq group.
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FIGURE 3. Gene ontology and biological process analysis in Sq and HH-Sq. Biological processes (BP) qualifying p < 0.05 (modified Fisher exact test) and more than 2 genes were extracted from GOTERM_BP_FAT analyzed by DAVID for (A) Sq and (B) HH-Sq treatments, and BP classification by the number of genes involved in down-regulated and up-regulated process is shown. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. IN. Abbreviation: move, movement; reg, regulation of; +ve, positive; transn, transcription; PW, signaling pathway; PTK, protein tyrosine kinase; PS/T, protein serine/threonine; cytC, cytochrome C; ΔΨ, membrane potential; ECM, extracellular matrix. (C) Pie graph showing the ratio of number of up-regulated genes included in each cellular process category.


Among signal transducing events, MAPK pathway, extracellular signal-regulated protein kinase 1/2 cascade, and serine-threonine kinase activity-related gene expression were increased in Sq followed by cell proliferation regulatory and response to wounding processes activation. These results suggest that the overall MAPK cascade was activated to regulate cell cycle and proliferation during adipogenic differentiation. Hence, metabolic responses, including fatty acid metabolic process (GO:0006631), response to insulin (GO:0032868), and regulation of glucose import (GO:0046324), and cell cycle and growth process were down-regulated.

HH-Sq-treated cells have been found to not only up-regulate similar pathways such as MAPK cascade and serine-threonine kinase activity but also to directly over activates intracellular signal transduction (GO:1902531) and signal transduction by phosphorylation (GO:0023014) compared to Sq-treated cells. In addition, the HH-Sq treatment enhanced positive regulation of metabolic process (GO:0009893) and intracellular transport (GO:0046907). Interestingly, cytokine-mediated pathway (GO:0019221) and cytokine production (GO:0001816) were down-regulated, providing another HH-Sq-specific regulation. Inflammatory cytokines secreted by adipocytes in obese and diabetic environment are thought to be increased and promote systemic level of circulating proinflammatory cytokines, thereby contributing to insulin resistance development (Makki et al., 2013; Odegaard and Chawla, 2013). Collectively, the resulting changes show HH-Sq’s more favorable effect in alleviating disease-related molecular impairment.

All up-regulated DEGs classified into the cellular processes in Sq and HH-Sq by the number of genes showed a similar ratio suggesting the derivative HH-Sq exerts biological effect, which is comparable to its mother molecule (Figure 3C).



Sq and HH-Sq Promoted Preadipocyte Differentiation Transcription Regulators

Obesity- and diabetes-induced cellular dysfunctions affect adipose tissue-derived stem cell proliferation and differentiation capacity causing reduced turnover in adipocytes, ectopic fat accumulation, and reduced number of preadipocytes (Bost et al., 2005; Van Tienen et al., 2011; Oñate et al., 2012). Thus, we measured gene expression of transcription factors that control adipogenesis in order to, first, validate the preadipocyte commitment of dASCs, and second, the effect of Sq and HH-Sq on those proadipogenic markers, which direct the differentiation. SREBP1c, peroxisome proliferator-activated receptor γ (PPARγ), and C/EBPα are early adipogenic markers acting synergistically on the downstream gene expression (Cawthorn et al., 2012). Knockdown of SREBF1 inhibited adipogenesis and blocked the expression of the other two early markers (Ayala-Sumuano et al., 2011). Consequently, it was found that Sq treatments augmented gene expression of PPARG, SREBF1, and CEBPA compared to non-treated adipocyte-induced control (IN) (Figure 4A). However, the level of these gene expressions in HH-Sq-treated cells except PPARG remained inferior to that of Sq treatment, and it decreased in a time- and dose-dependent manner. Protein level of these transcription factors also remained lower in HH-Sq-treated adipocytes (Figure 4B). Of note, the effect of HH-Sq at D7 was comparable to that of Sq at D14 for PPARG and SREBF1 and even higher in CEBPA, suggesting there is a temporal shift in the exertion of biological effect between these compounds. General aspect of adipocytes in differentiation at D7 and D14 is shown in Figure 4C. Smaller LDs were found in HH-Sq, whereas Sq-treated cells showed larger, comparable to IN, droplets that were most likely due to up-regulation of early adipogenic factors.


[image: image]

FIGURE 4. Relative expression level of adipocyte differentiation transcription markers and phenotypes. (A) Relative gene expression levels of PPARG, SREBF1, and CEBPA, normalized to GAPDH as endogenous control, treated with 1 and 20 μM at D7 and D14. Data are shown as mean ± SEM (n = 3). ns, non-significant. ***p < 0.001 vs. IN, ##p < 0.01 and ###p < 0.001 vs. Sq statistical difference was calculated using one-way ANOVA followed by Tukey test. (B) Representative protein bands of PPARγ and SREBP1 at D14 in adipocytes treated with 1 μM Sq and HH-Sq. Corresponding peak areas were normalized to the level of GAPDH, and relative ratios compared to IN were shown. ns, non-significant and *p < 0.05 vs. IN. (C) Representative light microscopic images at the D7 and D14 after the adipocyte induction. Scale bar indicates 100 μm. NC, no induction; negative control; IN, adipocyte-induced positive control; Sq/HH-Sq, adipocyte-induced treated with Sq and HH-Sq.




HH-Sq Induced Adipocytes With Fewer Lipid Droplets

Committed preadipocytes undergo maturation by accumulating LDs as one of their primary roles and expressing subsequent late marker genes of lipogenesis and lipolysis. First, we checked downstream adipocyte-specific gene expression after D7 and D14 (Figure 5A). The fatty acid-binding protein 4 (FABP4), also known as adipocyte protein 2), is believed to be expressed in preadipocytes and mature adipocytes and thus required for the maturation of differentiation (Shan et al., 2013). Treatment with Sq and HH-Sq overexpressed FABP4 compared to IN, showing a similar pattern as early transcription markers; however, increased level in HH-Sq was significantly lower than that in Sq. Next, we measured gene expression of enzymes required for the formation of LDs. Fatty acid synthase (FASN) and diacylglycerol acyltransferase (DGAT1) are key lipogenic enzymes necessary for triacylglycerol synthesis and LD formation (Schmid et al., 2005; Harris et al., 2011). Interestingly, both gene expressions were increased after D14 in Sq treatment, whereas only lesser extent for FASN not for DGAT1 by HH-Sq treatment. Corresponding protein levels at D14 showed the similar tendency, however, the difference did not reach statistical significance (Figure 5B). Higher dose seemed to potentiate the effect of compounds, showing more increased expression of these genes by Sq and decreased by HH-Sq.
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FIGURE 5. Expression of adipogenic markers and lipid droplet (LD) accumulation after adipocyte induction in dASCs. (A) Relative gene expression levels of FASN, DGAT1, and FABP4, normalized to GAPDH as endogenous control, treated with 1 and 20 μM at D7 and D14. **p < 0.01, ***p < 0.001 vs. IN, and #p < 0.05 and ###p < 0.001 vs. Sq statistical difference was calculated using one-way ANOVA followed by Tukey test. (B) Representative protein bands of FAS and DGAT1. Corresponding peak areas were normalized to GAPDH, and relative ratios compared to IN were shown. (C) Representative fluorescence images of adipogenesis-induced dASCs treated with 1 μM of Sq and HH-Sq. At D14 and D21 after adipogenesis induction, LDs were stained with BODIPY 493/503 (green) and nucleus counterstained with DAPI (blue). Scale bar indicates 30 μm. (D) Lipid content was quantified by relative fluorescence unit (RFU) of Nile red staining (n = 4–5). IN-adipocyte-induced, non-treated control. Data are shown as mean ± SEM (n = 3). ns, non-significant. *p < 0.05 statistical difference was calculated using one-way ANOVA followed by Tukey test.


To extend this result, we observed the effect of treatments on the formation of LD; thus, cells were stained with a dye BODIPY at D14 and D21 after differentiation to visualize intracellular neutral lipids. A large number of newly formed LP appeared in the IN after D14, and its intensity and droplet size became more important by D21 (Figure 5C). Formed LD in Sq-treated cells seemed inferior after D14 of induction, but at D21, cells were engorged with lipids as much as observed in IN, and some cells showed slightly larger LD than IN. By contrast, LD density and size remained evidently fewer and smaller within the HH-Sq-treated cells. We also assessed the fluorescence intensity of lipids stained with Nile red dye. As observed in microscopic images, lipid content was significantly lower in HH-Sq-treated cells, whereas the lipid intensity was not different in Sq compared to IN up to D21 (Figure 5D). This suggests that the reduced presence of LD in HH-Sq-treated cells is in part due to inhibition of transcription factors but also due to partial inhibition of lipogenic enzymes.



HH-Sq and Sq Increased Expression of Genes Involved in Metabolism

NAD-dependent deacetylase (SIRT1), a member of SIRTuins, has been suggested to be down-regulated in insulin-resistant tissue, and its activation improved insulin sensitivity (Sun et al., 2007). In addition, stearoyl-CoA desaturase 1 (SCD1), catalyzer in monosaturated fatty acid synthesis, is a key enzyme in de novo lipogenesis. Although gene expression of SIRT1 and SCD1 showed up-regulation in differentiated adipocytes exposed to 1 μM Sq and HH-Sq, higher concentration (20 μM) of HH-Sq stimulated the up-regulation of SIRT1 and down-regulation of SCD1 by D14, whereas Sq treatment showed the opposite effect (Figure 6A).
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FIGURE 6. Metabolism related gene expression and protein levels in differentiated dASCs. (A) Relative gene expression of SIRT1, SCD1, PRKAA2, and IRS1, normalized to GAPDH as endogenous control, treated with 1 and 20 μM at D7 and D14. ns, non-significant. *p < 0.05, **p < 0.01, ***p < 0.001 vs. IN, and ##p < 0.01 and ###p < 0.001 vs. Sq statistical difference was calculated using one-way ANOVA followed by Tukey test. (B) Representative protein bands of SIRT1, SCD1, IRS1, and AMPKa2. Corresponding peak areas were normalized to GAPDH, and relative ratios compared to IN were shown. IN, adipogenesis-induced non-treated control. Data are shown as mean ± SEM (n = 3). ns, non-significant. *p < 0.05 statistical difference was calculated using one-way ANOVA followed by Tukey test. (C) Glucose level measured in supernatant of differentiated dASCs at D14 in the presence of 11 mM (198 mg/dL) glucose and 1 nM human recombinant insulin.


AMPK regulates a wide range of metabolic activities and activates SIRT1 expression and its impairment involved in metabolic syndrome associated pathways (Ruderman et al., 2013). Thus, we measured the expression level of AMP-activated protein kinase (AMPK, gene PRKAA2) and insulin receptor substrate 1 (IRS1) as important markers of insulin sensitivity. Consistently, PRKAA2 and IRS1 genes were found to be overexpressed to the same extent in both treated cells at 1 μM, and this change was highly significant at 20 μM of HH-Sq (Figure 6A). Corresponding protein levels in cells treated at 1 μM were not significant (Figure 6B). After 14 days of adipogenic differentiation, we measured the glucose uptake rate in presence of insulin. The glucose concentration present in the supernatant of HH-Sq was slightly lower than Sq and IN (Figure 6C), suggesting improved glucose uptake. These observations indicate that HH-Sq prevented more effectively overactivation of lipogenesis, and in turn, more metabolic gene expressions were enhanced.



Mitochondrial Biogenesis Improved by Sq and HH-Sq Treatment

Mitochondria play an important role in energy homeostasis, apoptosis, and inflammation. In adipose tissue, mitochondrial metabolism and function are correlated to adipocyte differentiation, lipid metabolism, and insulin sensitivity (De Pauw et al., 2009). Therefore, mitochondrial dysfunction is widely reported to be implicated in metabolic diseases, obesity, and T2D (McBride et al., 2006; Green et al., 2011). Adipogenic transcription factors contribute in mitochondrial biogenesis during adipogenesis (Spiegelman et al., 2000). Thus, we evaluated mitochondrial biogenesis and ATP production in differentiated adipocytes at D7 and D14. As shown in Figure 7A, mitochondrial content increases throughout the adipogenesis from D7 to D14 in all groups. In Sq- and HH-Sq-treated cells, mitochondria remained nevertheless slightly augmented compared to IN. Mitochondrial proliferation in HH-Sq was accompanied by increased ATP production at D14 (Figure 7B), suggesting the process of adipogenesis and energy metabolism were concomitantly stimulated. This finding of mitochondrial content in Sq was not correlated to the level of ATP content, which increased to a lesser extent from D7 to D14.
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FIGURE 7. Mitochondrial biogenesis and ATP production in dASCs after D14 adipocyte differentiation. (A) Representative images captured in bright field (BF) and fluorescence microscope showing mitochondrial biogenesis at D14 stained with rhodamine 123 (green) and nucleus counterstained with DAPI (blue). Scale bar indicates 50 μm. Relative fluorescence unit (RFU) of rhodamine 123 was measured in 1 μM Sq and HH-Sq treatments. (B) ATP production was measured in dASCs after adipocyte differentiation. ns, non-significant. *p < 0.05 statistical difference was calculated using paired t test within group comparison at two different timepoints.


Mitochondrial biogenesis alteration and its dysfunction are in part attributed to inflammatory or pathologic condition, which further leads to development of metabolic diseases and insulin resistance (Kim et al., 2008). Thus, we sought to analyze the changes in inflammatory cytokines in correlation with the treatment of Sq and HH-Sq during adipogenesis. Cytokine gene expression pattern of microarray data revealed a clear correlation of HH-Sq treatment and the number of down regulated inflammatory cytokines, although both Sq and HH-Sq prevented overexpression of a large number of cytokines (Figure 8A; list of genes in Supplementary Material). Gene expression levels by quantitative polymerase chain reaction showed slightly ameliorated tendency in HH-Sq-treated cells; however, none of IL6, IL1B, and CCL2 reached a statistical significance (Figure 8B).
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FIGURE 8. Inflammatory cytokine gene expression in dASCs after D14 adipocyte differentiation. (A) Cytokines (n = 66 genes) gene expression pattern with median averaging selected from microarray data. (B) Relative gene expression of IL6, IL1B, and CCL2, normalized to GAPDH as endogenous control, treated with 1 μM Sq and HH-Sq until D14.




DISCUSSION

Pathogenic fat cells turn against their initial role in organism contributing to metabolic disorders such as obesity, T2D, and cardiovascular diseases through insulin resistance, an increase of free fatty acids, and impaired adipokines secretion (Van Gaal et al., 2006; Skurk et al., 2007). To compete with old hypertrophied pathogenic adipose tissue (Skurk et al., 2007) emitting undesired biological effects, researchers have been seeking more functional and responsive compounds that can promote new adipocyte differentiation, while not depleting the number of stem cells in reserve (McLaughlin et al., 2007; Ghaben and Scherer, 2019).

Adipose-derived stem cells have the properties of self-renewal and migration (Mazini et al., 2020). ASCs derived from subjects with diabetes showed the similar migratory and proliferative capacity in the absence and presence of Sq and HH-Sq, suggesting that the dASCs maintained the stem cell features, and both compounds exhibited neither depletion of stem cells nor interference on proliferation and migration.

Observations from global microarray data such as up- and down-regulated genes following the treatment with Sq and HH-Sq showed, respectively, different patterns in the number of genes and the process compared to that of commonly regulated genes. Despite this, MAPK cascade and protein serine-threonine kinase activity were commonly up-regulated. MAPK cascade is an important effector activated by extracellular stimuli to induce a long-term cellular response by triggering transcription of genes in the nucleus.

After adipocyte differentiation at D14, various genes involved in transcriptional regulation of adipogenesis differentiation were induced by Sq and HH-Sq treatment. For example, early markers, PPARG, SREBF1, and CEBPA, were overexpressed by Sq and lesser extent by HH-Sq. This ratio was preserved in the downstream lipogenic gene expression. Sq overactivated FABP4, DGAT1, and FASN, whereas their increased level of expression by HH-Sq was significantly lower compared to Sq. Furthermore, the observed effect of HH-Sq was more important at a higher dose. The resulting changes could be observed in LD size and intensity. In HH-Sq-treated adipocytes, the lipogenic genes were down-regulated with the formation of less and smaller LD up to D21 after differentiation.

The role of SCD1 is still controversial. SCD1 deficiency reduced lipogenesis and improved insulin sensitivity in adipose tissue (Flowers and Ntambi, 2008; Ralston and Mutch, 2015); however, SCD1-deficient mice have altered fatty acid re-esterification and glyceroneogenesis in white adipose tissue (Dragos et al., 2017). In Sq- and HH-Sq-treated cells, SCD1 gene expression was increased but did not show any aberrant lipid accumulation in adipocytes. Hui et al. (2017) reported that mice with adipose tissue specific ablation of SIRT1 are more susceptible to insulin resistance and argued adipocyte SIRT1 plays an important role in glucose homeostasis through modulation of macrophages. We observed a significant increase of SIRT1 in Sq- and HH-Sq-treated adipocytes, which suggests improved glucose homeostasis.

Moreover, studies reported that AMPK is an important sensor of metabolic changes, and its level is highly reduced in insulin-resistant and morbidly obese subjects (Xu et al., 2012; Desjardins and Steinberg, 2018) and is activated in response to energy metabolism through AMPK-SIRT1-PCG-1α pathway to enhance mitochondrial oxidative function in adipocytes (Chau et al., 2010). In addition, IRS1 is known as a major insulin receptor substrate in mediating insulin action, and Rondinone et al. (1997) found that the level of IRS1 was significantly reduced in adipocytes of subjects with non-insulin-dependent T2D. Despite increased mitochondrial content both in Sq and HH-Sq indicates the induction of adipogenesis, ATP production level in Sq remained lower by D14. It might be inferred that more ATP was consumed for lipogenesis compared to HH-Sq, which is consistent with the results of overexpressed lipogenic genes followed by Sq treatment. Increased mitochondrial biogenesis and ATP production in HH-Sq-treated cells and the amelioration of glucose uptake in correlation with increased expression of IRS1 can provide all collectively the benefic effect of HH-Sq in regulation of energy metabolism in adipocytes and its differentiation.

Local inflammatory status in adipose tissue systematically attracts macrophages and leukocytes as well as transforms resident macrophages into an activated form, which collectively aggravates insulin resistance and system inflammation (Chawla et al., 2011; Russo and Lumeng, 2018). Down-regulation of genes related to cytokine production and cytokine-mediated pathway by HH-Sq treatment also suggests that HH-Sq may have an anti-inflammatory effect because low-grade inflammation has been reported being increased in adipocytes of obese subjects due to the proinflammatory cytokines (Lasselin et al., 2014), which affect the pathogenicity of adipocytes (Ghaben and Scherer, 2019). Selected cytokine gene expression data from microarray (n = 66 genes) including individual gene expression levels (IL6, IL1B, and CCL2) tended to be ameliorated by HH-Sq treatment, whereas Sq-treated cells were not different than non-treated cells. However, the direct effect on adipocytes was not statistically significant; several protective effects might be stimulated. HH-Sq may improve inflammatory status in systemic level as adipose tissue macrophages are also inflammatory and contribute to adipocyte inflammation. This is supported by Sasaki et al. (2020) findings showing the anti-inflammatory effect of HH-Sq in murine macrophage model.

HH-Sq was synthesized from Sq by adding monoethylene glycol moiety with the aim of improving its hydrophilicity; however, the compounds actually exhibited difference at gene expression level in adipocyte differentiation. In particular, transmembrane receptor protein tyrosine kinase pathway and enzyme-linked receptor pathway genes were enriched by Sq treatment, whereas intracellular signal transduction and transduction by phosphorylation activities were specifically activated by HH-Sq as found by microarray analysis. Furthermore, the effect of HH-Sq on early adipogenic markers seems to precede that of Sq, showing comparable effect at D7 to Sq at D14. This suggests that HH-Sq might have penetrated cell membrane more actively than Sq and exerted its effect faster, which may, in part, explain the increased intracellular signaling genes in HH-Sq-treated cells. Intracellular signaling is necessary for long-term effect at the nucleus level by initiating gene expression, rather than short-term effect in cytoplasmic level.

In contrast, processes related to glucose transport and insulin signaling such as cytoskeleton-dependent intracellular transport (GO:0030705), response to insulin (GO:0032868), regulation of glucose import (GO:0046324), and response to growth factor (GO:0070848) were down-regulated in Sq-treated cells, suggesting Sq does not only weakly reach intracellular environment but also affect insulin signaling effector molecules at probably cell membrane level.

According to the current findings, it could be assumed that both Sq and HH-Sq exert an adipogenic effect on dASCs, and HH-Sq specifically enhances energy metabolism and insulin signaling without aberrantly activating lipogenesis during adipocyte differentiation. Effect of HH-Sq on ASCs derived from altered microenvironment can contribute to the resolution of insulin resistance and obesity-associated metabolic disorders, and the further development of an alternative class of therapeutics derived from a natural compound, and application in tissue engineering of fat. Nevertheless, future research should explore the molecular mechanism by which HH-Sq triggers intracellular signaling.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, GSE153391.



AUTHOR CONTRIBUTIONS

MG: conceptualization, methodology, investigation, visualization, validation, and original draft writing. MG and FF: formal analysis and data curation. FF: performed microarray experiment. TA and KT: synthesized HH-Sq. FF, HI, and TA: writing review & editing. KT and HI: supervision and funding acquisition. All authors reviewed the manuscript.



FUNDING

This study was supported by the Japan Science and Technology Agency (JST); Science and Technology Research Partnership for Sustainable Development (SATREPS, Grant No. JPMJSA1506).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.577259/full#supplementary-material


FOOTNOTES

1
https://david.ncifcrf.gov/

2
https://www.gsea-msigdb.org

3
www.ncbi.nlm.nih.gov/geo


REFERENCES

Ayala-Sumuano, J. T., Velez-Delvalle, C., Beltrán-Langarica, A., Marsch-Moreno, M., Cerbón-Solorzano, J., and Kuri-Harcuch, W. (2011). Srebf1a is a key regulator of transcriptional control for adipogenesis. Sci. Rep. 1, 1–8. doi: 10.1038/srep00178

Barbagallo, I., Li Volti, G., Galvano, F., Tettamanti, G., Pluchinotta, F. R., Bergante, S., et al. (2017). Diabetic human adipose tissue-derived mesenchymal stem cells fail to differentiate in functional adipocytes. Exp. Biol. Med. 242, 1079–1085. doi: 10.1177/1535370216681552

Bost, F., Aouadi, M., Caron, L., and Binétruy, B. (2005). The role of MAPKs in adipocyte differentiation and obesity. Biochimie 87, 51–56. doi: 10.1016/j.biochi.2004.10.018

Cawthorn, W. P., Scheller, E. L., and MacDougald, O. A. (2012). Adipose tissue stem cells meet preadipocyte commitment: going back to the future. J. Lipid Res. 53, 227–246. doi: 10.1194/jlr.R021089

Chau, M. D. L., Gao, J., Yang, Q., Wu, Z., and Gromada, J. (2010). Fibroblast growth factor 21 regulates energy metabolism by activating the AMPK-SIRT1-PGC-1α pathway. Proc. Natl. Acad. Sci. U.S.A. 107, 12553–12558. doi: 10.1073/pnas.1006962107

Chawla, A., Nguyen, K. D., and Goh, S. Y. P. (2011). Macrophage-mediated inflammation in metabolic disease. Nat. Rev. Immunol. 11, 738–749. doi: 10.1038/nri3071

Costa, M. A., Mangione, M. R., Santonocito, R., Passantino, R., Giacomazza, D., and Librizzi, F. (2018). Biophysical characterization of asolectin-squalene liposomes. Colloids Surfaces B Biointerfaces 170, 479–487. doi: 10.1016/j.colsurfb.2018.06.032

De Pauw, A., Tejerina, S., Raes, M., Keijer, J., and Arnould, T. (2009). Mitochondrial (dys)function in adipocyte (de)differentiation and systemic metabolic alterations. Am. J. Pathol. 175, 927–939. doi: 10.2353/ajpath.2009.081155

Desjardins, E. M., and Steinberg, G. R. (2018). Emerging role of AMPK in brown and beige adipose tissue (BAT): implications for obesity, insulin resistance, and Type 2 Diabetes. Curr. Diab. Rep. 18:80. doi: 10.1007/s11892-018-1049-6

Dragos, S. M., Bergeron, K. F., Desmarais, F., Suitor, K., Wright, D. C., and Mounier, C. (2017). Reduced SCD1 activity alters markers of fatty acid reesterification, glyceroneogenesis, and lipolysis in murine white adipose tissue and 3T3-L1 adipocytes. Am. J. Physiol. Cell Physiol. 313, C295–C304. doi: 10.1152/ajpcell.00097.2017

Flowers, M. T., and Ntambi, J. M. (2008). Role of stearoyl-coenzyme A desaturase in regulating lipid metabolism. Curr. Opin. Lipidol. 19, 248–256. doi: 10.1097/MOL.0b013e3282f9b54d.Role

Ganbold, M., Owada, Y., Ozawa, Y., Shimamoto, Y., Ferdousi, F., and Tominaga, K. (2019). Isorhamnetin alleviates steatosis and fibrosis in mice with nonalcoholic steatohepatitis. Sci. Rep. 9:16210. doi: 10.1038/s41598-019-52736-y

Ghaben, A. L., and Scherer, P. E. (2019). Adipogenesis and metabolic health. Nat. Rev. Mol. Cell Biol. 20, 242–258. doi: 10.1038/s41580-018-0093-z

Green, D. R., Galluzzi, L., and Kroemer, G. (2011). Mitochondria and the autophagy-inflammation-cell death axis in organismal aging. Science 333, 1109–1112. doi: 10.1126/science.1201940

Harris, C. A., Haas, J. T., Streeper, R. S., Stone, S. J., Kumari, M., and Yang, K. (2011). DGAT enzymes are required for triacylglycerol synthesis and lipid droplets in adipocytes. J. Lipid Res. 52, 657–667. doi: 10.1194/jlr.M013003

He, H. P., Cai, Y., Sun, M., and Corke, H. (2002). Extraction and purification of squalene from Amaranthus grain. J. Agric. Food Chem. 50, 368–372. doi: 10.1021/jf010918p

Hernández-Pérez, M., Gallego, R. M. R., Alayón, P. J. P., and Hernández, A. B. (1997). Squalene content in livers from deep-sea sharks caught in Canary Island waters Margarita. Mar. Fresh Water Res. 48, 573–576. doi: 10.1071/MF97004

Huang, D. W., Sherman, B. T., and Lempicki, R. A. (2009). Systematic and integrative analysis of large gene lists using DAVID bioinformatics resources. Nat. Protoc. 4, 44–57. doi: 10.1038/nprot.2008.211

Hui, X., Zhang, M., Gu, P., Li, K., Gao, Y., Wu, D., et al. (2017). Adipocyte SIRT 1 controls systemic insulin sensitivity by modulating macrophages in adipose tissue. EMBO Rep. 18, 645–657. doi: 10.15252/embr.201643184

Ishida, M., Tatsumi, K., Okumoto, K., and Kaji, H. (2020). Adipose tissue-derived stem cell sheet improves glucose metabolism in obese mice. Stem Cells Dev. 29, 488–497. doi: 10.1089/scd.2019.0250

Kaya, K., Nakazawa, A., Matsuura, H., Honda, D., Inouye, I., and Watanabe, M. M. (2011). Thraustochytrid aurantiochytrium sp. 18w-13a accummulates high amounts of squalene. Biosci. Biotechnol. Biochem. 75, 2246–2248. doi: 10.1271/bbb.110430

Kim, J. A., Wei, Y., and Sowers, J. R. (2008). Role of mitochondrial dysfunction in insulin resistance. Circ. Res. 102, 401–414. doi: 10.1161/CIRCRESAHA.107.165472

Kritchevsky, D., Moyer, A. W., and Tesar, W. C. (1953). Squalene feeding in experimental atherosclerosis. Arch. Biochem. Biophys. 44, 241–243. doi: 10.1016/0003-9861(53)90029-0

Lasselin, J., Magne, E., Beau, C., Ledaguenel, P., Dexpert, S., Aubert, A., et al. (2014). Adipose inflammation in obesity: relationship with circulating levels of inflammatory markers and association with surgery-induced weight loss. J. Clin. Endocrinol. Metab. 99, 53–61. doi: 10.1210/jc.2013-2673

Makki, K., Froguel, P., and Wolowczuk, I. (2013). Adipose tissue in obesity-related inflammation and insulin resistance: cells, cytokines, and chemokines. ISRN Inflamm. 2013, 1–12. doi: 10.1155/2013/139239

Mazini, L., Rochette, L., Admou, B., Amal, S., and Malka, G. (2020). Hopes and limits of adipose-derived stem cells (ADSCs) and mesenchymal stem cells (MSCs) in wound healing. Int. J. Mol. Sci. 21:1306. doi: 10.3390/ijms21041306

McBride, H. M., Neuspiel, M., and Wasiak, S. (2006). Mitochondria: more than just a powerhouse. Curr. Biol. 16, 551–560. doi: 10.1016/j.cub.2006.06.054

McLaughlin, T., Sherman, A., Tsao, P., Gonzalez, O., Yee, G., Lamendola, C., et al. (2007). Enhanced proportion of small adipose cells in insulin-resistant vs insulin-sensitive obese individuals implicates impaired adipogenesis. Diabetologia 50, 1707–1715. doi: 10.1007/s00125-007-0708-y

Moon, K. C., Chung, H. Y., Han, S. K., Jeong, S. H., and Dhong, E. S. (2019). Possibility of injecting adipose-derived stromal vascular fraction cells to accelerate microcirculation in ischemic diabetic feet: a pilot study. Int. J. Stem Cells 12, 107–113. doi: 10.15283/ijsc18101

Naderi, N., Combellack, E. J., Griffin, M., Sedaghati, T., Javed, M., Findlay, M. W., et al. (2017). The regenerative role of adipose-derived stem cells (ADSC) in plastic and reconstructive surgery. Int. Wound J. 14, 112–124. doi: 10.1111/iwj.12569

Naderi, N., Wilde, C., Haque, T., Francis, W., Seifalian, A. M., Thornton, C. A., et al. (2014). Adipogenic differentiation of adiposederived stem cells in 3-dimensional spheroid cultures (microtissue): implications for the reconstructive surgeon. J. Plast. Reconstr. Aesthetic Surg. 67, 1726–1734. doi: 10.1016/j.bjps.2014.08.013

Nie, C., Yang, D., Xu, J., Si, Z., Jin, X., and Zhang, J. (2011). Locally administered Adipose-derived stem cells accelerate wound healing through differentiation and vasculogenesis. Cell Transplant. 20, 205–216. doi: 10.3727/096368910X520065

Odegaard, J. I., and Chawla, A. (2013). Pleiotropic actions of insulin resistance and inflammation in metabolic homeostasis. Science 339, 172–177. doi: 10.1126/science.1230721

Oñate, B., Vilahur, G., Ferrer-Lorente, R., Ybarra, J., Díez-Caballero, A., Ballesta-López, C., et al. (2012). The subcutaneous adipose tissue reservoir of functionally active stem cells is reduced in obese patients. FASEB J. 26, 4327–4336. doi: 10.1096/fj.12-207217

Owen, R. W., Mier, W., Giacosa, A., Hull, W. E., Spiegelhalder, B., and Bartsch, H. (2000). Phenolic compounds and squalene in olive oils: the concentration and antioxidant potential of total phenols, simple phenols, secoiridoids, lignansand squalene. Food Chem. Toxicol. 38, 647–659. doi: 10.1016/S0278-6915(00)00061-2

Pérez, L. M., Bernal, A., De Lucas, B., Martin, N. S., Mastrangelo, A., García, A., et al. (2015). Altered metabolic and stemness capacity of adipose tissue-derived stem cells from obese mouse and human. PLoS One 10:e0123397. doi: 10.1371/journal.pone.0123397

Ralston, J. C., and Mutch, D. M. (2015). SCD1 inhibition during 3T3-L1 adipocyte differentiation remodels triacylglycerol, diacylglycerol and phospholipid fatty acid composition. Prostaglandins Leukot. Essent. Fat. Acids 98, 29–37. doi: 10.1016/j.plefa.2015.04.008

Rao, C. V., Newmark, H. L., and Reddy, B. S. (1998). Chemopreventive effect of squalene on colon cancer. Carcinogenesis 19, 287–290. doi: 10.1093/carcin/19.2.287

Rondinone, C. M., Wang, L. M., Lonnroth, P., Wesslau, C., Pierce, J. H., and Smith, U. (1997). Insulin receptor substrate (IRS) 1 is reduced and IRS-2 is the main docking protein for phosphatidylinositol 3-kinase in adipocytes from subjects with non-insulin-dependent diabetes mellitus. Proc. Natl. Acad. Sci. U.S.A. 94, 4171–4175. doi: 10.1073/pnas.94.8.4171

Ruderman, N. B., Carling, D., Prentki, M., and Cacicedo, J. M. (2013). AMPK, insulin resistance, and the metabolic syndrome. J. Clin. Invest. 123, 2764–2772. doi: 10.1172/JCI67227.2764

Russo, L., and Lumeng, C. N. (2018). Properties and functions of adipose tissue macrophages in obesity. Immunology 155, 407–417. doi: 10.1111/imm.13002

Sasaki, K., Inami, Y., Tominaga, K., Kigoshi, H., Arimura, T., and Isoda, H. (2020). Synthesis of 2-(2-Hydroxyethoxy)-3-hydroxysqualene and characterization of its anti-inflammatory effects. Biomed Res. Int. 2020, 1–9. doi: 10.1155/2020/9584567

Schmid, B., Rippmann, J. F., Tadayyon, M., and Hamilton, B. S. (2005). Inhibition of fatty acid synthase prevents preadipocyte differentiation. Biochem. Biophys. Res. Commun. 328, 1073–1082. doi: 10.1016/j.bbrc.2005.01.067

Shan, T., Liu, W., and Kuang, S. (2013). Fatty acid binding protein 4 expression marks a population of adipocyte progenitors in white and brown adipose tissues. FASEB J. 27, 277–287. doi: 10.1096/fj.12-211516

Shimizu, N., Ito, J., Kato, S., Eitsuka, T., Miyazawa, T., and Nakagawa, K. (2019). Significance of squalene in rice bran oil and perspectives on squalene oxidation. J. Nutr. Sci. Vitaminol. 65, S62–S66. doi: 10.3177/jnsv.65.S62

Skurk, T., Alberti-Huber, C., Herder, C., and Hauner, H. (2007). Relationship between adipocyte size and adipokine expression and secretion. J. Clin. Endocrinol. Metab. 92, 1023–1033. doi: 10.1210/jc.2006-1055

Spiegelman, B., Puigserver, P., and Wu, Z. (2000). Regulation of adipogenesis and energy balance. Int. J. Obes. 24, 8–10.

Strandberg, T. E., Tilvis, R. S., and Miettinen, T. A. (1990). Metabolic variables of cholesterol during squalene feeding in humans: comparison with cholestyramine treatment. J. Lipid Res. 31, 1637–1643.

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene set enrichment analysis: a knowledge-based approach for interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U.S.A. 102, 15545–15550. doi: 10.1073/pnas.0506580102

Sun, C., Zhang, F., Ge, X., Yan, T., Chen, X., Shi, X., et al. (2007). SIRT1 improves insulin sensitivity under insulin-resistant conditions by repressing PTP1B. Cell Metab. 6, 307–319. doi: 10.1016/j.cmet.2007.08.014

Van Gaal, L. F., Mertens, I. L., and De Block, C. E. (2006). Mechanisms linking obesity with cardiovascular disease. Nature 444, 875–880. doi: 10.1038/nature05487

Van Tienen, F. H. J., Van Der Kallen, C. J. H., Lindsey, P. J., Wanders, R. J., Van Greevenbroek, M. M., and Smeets, H. J. M. (2011). Preadipocytes of type 2 diabetes subjects display an intrinsic gene expression profile of decreased differentiation capacity. Int. J. Obes. 35, 1154–1164. doi: 10.1038/ijo.2010.275

Vyas, K. S., Bole, M., Vasconez, H. C., Banuelos, J. M., Martinez-Jorge, J., Tran, N., et al. (2019). Profile of adipose-derived stem cells in obese and lean environments. Aesthetic Plast. Surg. 43, 1635–1645. doi: 10.1007/s00266-019-01397-3

Xu, X. J., Gauthier, M. S., Hess, D. T., Apovian, C. M., Cacicedo, J. M., Gokce, N., et al. (2012). Insulin sensitive and resistant obesity in humans: AMPK activity, oxidative stress, and depot-specific changes in gene expression in adipose tissue. J. Lipid Res. 53, 792–801. doi: 10.1194/jlr.P022905

Yeh, Y. S., Jheng, H. F., Iwase, M., Kim, M., Mohri, S., Kwon, J., et al. (2018). The mevalonate pathway is indispensable for adipocyte survival. iScience 9, 175–191. doi: 10.1016/j.isci.2018.10.019

Yu, S., Cheng, Y., Zhang, L., Yin, Y., Xue, J., Li, B., et al. (2019). Treatment with adipose tissue-derived mesenchymal stem cells exerts anti-diabetic effects, improves long-term complications, and attenuates inflammation in type 2 diabetic rats. Stem Cell Res. Ther. 10, 1–18. doi: 10.1186/s13287-019-1474-8


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Ganbold, Ferdousi, Arimura, Tominaga and Isoda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 05 November 2020
doi: 10.3389/fcell.2020.578036





[image: image]

Global Gene Expression Profiling Reveals Isorhamnetin Induces Hepatic-Lineage Specific Differentiation in Human Amniotic Epithelial Cells
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Human amnion epithelial cells (hAECs), derived from discarded term placenta, is anticipated as a new stem cell resource because of their advantages over embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs), such as no risk of tumorigenicity and minimal ethical issue. hAECs have been reported to differentiate into hepatic-like cells (HLCs) with variable functionalities suitable for cell-based therapy of end-stage liver diseases, drug screening, and drug toxicity tests. On the other hand, a new research stream has been evolving to use natural compounds as stimulants of stem cell differentiation because of their high availability and minimum side effects. Isorhamnetin is a naturally occurring flavonoid commonly found in fruits and vegetables and has been reported to improve hepatic fibrosis and steatosis. In this present study, we have screened the differentiation potential of isorhamnetin in hAECs. The cells were grown on 3D cell culture and were treated with 20 μM of synthesized isorhamnetin for 10 days without adding any additional growth factors. DNA microarray global gene expression analysis was conducted for differentially expressed genes between isorhamnetin-treated and untreated control cells, gene expression validation was carried out using RT-qPCR method, and finally, several hepatic functions were assessed. Microarray analysis showed that isorhamnetin could activate essential biological processes, molecular functions, and signaling pathways for hepatic differentiation. Hepatic progenitor markers, EPCAM and DLK1, were upregulated in the isorhamnetin-treated hAECs. AFP was downregulated, while ALB was upregulated on Day 10. Furthermore, isorhamnetin-treated cells could show increased CYP enzyme mRNA levels, ICG uptake and release, glycogen storage activity, and urea secretion. Additionally, isorhamnetin-treated cells did not show any trace of transdifferentiation evident by significant downregulation of several colon- and cholangiocyte-specific markers. However, longer treatment with isorhamnetin did not promote hepatic maturation. Altogether, our findings indicate that isorhamnetin has a promising effect on directing the hepatic-lineage specific differentiation in hAECs.

Keywords: human amnion epithelial cell, isorhamnetin, hepatic-lineage-specific differentiation, microarray and bioinformatics, natural compound


INTRODUCTION

Human amniotic epithelial cells (hAECs) are obtained from discarded term placenta, which is a medical waste product. hAECs are originated from the epiblast, thus retain pluripotent stem cell characteristics and give rise to all kinds of cells of three germ layers (Tamagawa et al., 2004; Miki et al., 2005; García-Castro et al., 2015). Besides, hAECs possess immune-privileged characteristics as they express all classical human leukocyte antigen (HLA) class I molecules as well as HLA-G (Adinolfi et al., 1982; Hammer et al., 1997), but do not express HLA class II molecules (Banas et al., 2008; Murphy et al., 2010). Moreover, hAECs do not possess telomerase and have no or low possibility of tumorigenicity (Miki et al., 2005; Bilic et al., 2008). hAECs have several other advantages over embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) such as easy isolation, reduced or no risk of rejection, and minimal ethical issues. Therefore, hAEC is anticipated as a new candidate for stem cell resource (Hori et al., 2006; Miki and Strom, 2006; Miki, 2011).

To date, several studies have shown that upon appropriate differentiation protocol, hAECs can be differentiated into cardiomyocytes, pancreas and lung epithelium, bone and fat cells as well as neural cells (Miki et al., 2005, 2010; Toda et al., 2007; Parolini et al., 2008; Murphy et al., 2010; Fang et al., 2012). Furthermore, studies have reported hepatic differentiation potentials of hAECs using multistep proliferation and differentiation protocols involving several combinations of growth factors and cytokines (Marongiu et al., 2011; Lin et al., 2015; Liu et al., 2018; Maymó et al., 2018). In our previous study, we have reported that the hAECs isolated from the adherent subpopulations of passaged primary cells have widely expressed stemness markers (Furuya et al., 2019). We have also shown that hAECs cultured in a 3D microenvironment as spheroids have highly expressed the stemness-related genes compared to their 2D counterpart (Ferdousi et al., 2019). In 3D culture of hAECs, we could generate functional hepatic organoids using several growth factors (Furuya et al., 2019).

In this context, a new research stream has been evolving to use medicinal plant extracts as stimulants of stem cells because of their high availability, low toxicity, and minimum side effects (Udalamaththa et al., 2016; Kornicka et al., 2017; Udagama and Udalamaththa, 2018; Saud et al., 2019). However, despite the fact that hAECs were discovered decades ago, few researches have been done on using natural compounds to optimize the microenvironment or to regulate the early biological events for controlled differentiation of hAECs. In our previous studies, we have reported that a natural compound rosmarinic acid could induce neuronal differentiation in hAEC (Ferdousi et al., 2019), whereas verbenalin-treated hAECs showed therapeutic potential for Alzheimer’s disease (Ferdousi et al., 2020). Another recent study has reported that vitamin C, a natural antioxidant, could promote the proliferation, migration, and self-renewal of hAECs in vitro and elevate the therapeutic potential of hAECs in premature ovarian insufficiency model mice (Hou et al., 2020). However, no study to date reports a natural bioactive compound manipulates the molecular fate and directs hepatic lineage-specific differentiation in hAEC.

Isorhamnetin (3-Methylquercetin or 3′-Methoxyquercetin) is a flavonoid naturally occurring in several fruits and plant-derived foods. Several studies have reported its preventive effects against metabolic disorders, specifically against liver diseases (Lee et al., 2010; Yang et al., 2016; Zhang et al., 2016; Ganbold et al., 2019; Liu et al., 2019). Isorhamnetin exerts its bioactivities through regulating Wingless-related integration site (Wnt)/β catenin and transforming growth factor-beta (TGFβ) signaling pathways. These pathways are implicated in almost every facet of liver biology- from liver cell fate decision to liver organogenesis and to liver pathologies (Clotman et al., 2005; Clotman and Lemaigre, 2006; Nejak-Bowen and Monga, 2008; Touboul et al., 2016; Russell and Monga, 2018).

In this perspective, we have hypothesized that isorhamnetin may have the potential to induce directed differentiation of hAECs toward hepatic lineage. In the present study, we have investigated the early biological events regulated by isorhamnetin to induce hepatic-lineage-specific differentiation of hAECs maintained in 3D culture conditions through gene expression profiling and further validated several hepatic function tests.



MATERIALS AND METHODS


Extraction of Amnion Epithelial Cells

In our previous studies, a detailed methodology of hAEC extraction, culture, and 3D spheroid formation have been documented (Ferdousi et al., 2019; Furuya et al., 2019). Briefly, hAECs were extracted from the term placenta. The amnion was aseptically separated from the chorion and washed with Hank’s Basic Salt Solution (CMF-HBSS). Pre-digestion buffer (CMF-HBSS, 0.5 mM EGTA) was added and then incubated at 37°C for 10 min. The pre-digestion buffer was discarded and 0.05% trypsin-EDTA was added and incubated for 40 min at 37°C. Two volume of DMEM was added and centrifuged at 200 × g for 10 min at 4°C. The supernatant was discarded, and the pellet was resuspended in DMEM.



Cell Culture Maintenance

The cells were cultured in the Placental Epithelial Cell Basal Medium that contains no growth factor (Promo Cell, Cat. #C-26140). The medium was changed every 2 days. In order to subculture, cells were firstly washed with PBS and then the pre-digestion buffer was added. Cells were then incubated at 37°C for 5 min. Pre-digestion buffer was discarded and 0.05% trypsin-EDTA was added and incubated for 10 min at 37°C. Two volume of DMEM was added and centrifuged at 200 × g for 10 min at 4°C. After centrifugation, the supernatant was discarded, and the cell concentration was adjusted with a new medium.



Preparation of 3D Cell Plate

To prepare a 3D cell culture plate, 400 μl of Lipidure solution was placed into each well of the 3D culture plate (Elplasia, Kuraray Co., Ltd.) and was sit for 2 min. And then, the Lipidure solution was aspirated out, to dry the plate. After drying, PBS was placed in each well, and the plate was centrifuged at 2000 × g for 15 min at room temperature. The PBS was then discarded, and the wells were washed twice with PBS. The plate was in an incubator until use.



Spheroid Formation and Compound Treatment on 3D Cell Culture

The cells were cultured in a 3D plate and maintained in the Placental Epithelial Cell Basal Medium (Promo Cell, Cat. #C-26140). Spheroid was formed by seeding 8 × 105 cells. After 24 h, the medium was changed with isorhamnetin (20 μM). The medium was changed every 2 days, and the cells were maintained for 10–20 days.



RNA Extraction

Total RNA was extracted using 1 ml of ISOGEN (Nippon Gene, Japan). Chloroform (Wako, Japan) was added to obtain the supernatant aqueous phase. Then isopropanol (Sigma) was added at 0.8 volume, incubated for 5 min at 26°C (room temperature). The supernatant was discarded, and 1 ml of 70% EtOH was added and centrifuged (4°C, 12,000 × g, 5 min). The supernatant was discarded, and the RNA was dried at 26°C (room temperature) until no bubble was visible. Finally, the RNA solution was dissolved with Tris-EDTA buffer solution pH 8.0 (Sigma) and was quantified by using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, United States).



Real-Time PCR

Complementary DNA synthesis was performed by using the Thermo Scientific Revert Aid First Strand cDNA Synthesis Kit (Cat. #K1691) following the manufacturer’s instructions. RT-qPCR was performed with the Superscript III reverse transcriptase kit (Invitrogen, United States) and 2720 Thermal cycler (Applied Biosystems, United States). For the quantification of amounts of transcripts, the TaqMan real-time RT-PCR amplification reactions were performed with a 7500 Fast Real-Time PCR system. TaqMan Universal PCR mix was used for the thermal cycling, and the run method was 95°C for 10 min, followed by 60 cycles of PCR (95°C for 15 s and 60°C for 1 min).



Mitochondrial-Dependent Reduction of 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) Assay

The cell viability was analyzed by using MTT assay to check the effects isorhamnetin on cytotoxicity. hAECs were seeded at 2 × 105 cells/mL and incubated for 24 h. Cells were then treated with several concentrations of isorhamnetin for 72 h. After the treatment, MTT was added and incubated for 6 h at 37°C in the dark. After incubation, 10% sodium dodecyl sulfate (SDS) was added (100 μl) and incubated for over-night at 37°C. The optical density (OD) was measured at 570 nm with a microplate reader Varioskan LUX (Thermo Scientific, Rockford, IL, United States).



Affymetrix Microarray Gene Expression

We conducted Affymetrix microarray gene expression profiling using GeneChip 3′ Expression Arrays and 3′ IVT PLUS Reagent Kit (Affymetrix Inc., Santa Clara, CA, United States). We used 250 ng of total RNA from each sample to generate amplified and biotinylated cRNA from poly (A) RNA in a total RNA sample following the users’ manual. For hybridization, 9.4 μG of cRNA samples were used. Human Genome U219 array strips (HG-U219) were hybridized for 16 h in a 45°C incubator, washed and stained. Imaging was conducted in the GeneAtlas Fluidics and Imaging Station. Each HG-U219 array strip is comprised of more than 530,000 probes, which cover approximately 36,000 transcripts and variants and represent more than 20,000 unique genes. The microarray was performed on two biological replicates of D0 control cells, three biological replicates of D10 control and D10 isorhamnetin-treated hAECs each, and two biological replicates of D20 control and D20 isorhamnetin-treated hAECs each. All data are deposited in a public functional genomics data repository, Gene Expression Omnibus (GEO) (Barrett et al., 2012), under the accession number GSE1487771.



Microarray Data Processing and Analysis

Expression Console Software (provided by the Affymetrix) was used to normalize the raw data following the robust multichip average (RMA) algorithm2. Subsequent analysis of the gene expression data was carried out in the freely available Transcriptome Analysis Console (TAC) version 4 (Affymetrix, Japan). Differentially expressed genes (DEGs) were defined as the genes that satisfy both p-value < 0.05 (one-way between-subjects ANOVA) and fold-change (in linear space) ≥2 criteria simultaneously. The Molecular Signatures Database (MSigDB, v7.1) of Gene Set Enrichment Analysis (GSEA) software was used to determine significantly enriched Hallmark gene sets and gene ontologies (GO)3. MSigDB is a collection of annotated gene sets and one of the most widely used databases for performing gene set enrichment analysis (Subramanian et al., 2005; Liberzon et al., 2011, 2015). For gene functional annotation and pathway analysis, we also used an online data mining tool Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8. For any given gene list, DAVID tools are able to identify enriched biological GO terms (biological process, molecular function, and cellular component) and can discover enriched functional-related gene groups (Huang et al., 2008; Sherman et al., 2008). Heat maps were generated using a visualization software Morpheus4. Venn diagram was created using an online tool5. All data generated or analyzed during this study are included in this published article and its Supplementary Material.



Indocyanine Green (ICG) Uptake and Clearance

Indocyanine green (Tokyo Chemical Industry Co., Ltd.) was dissolved to 5 mg/ml in DMSO as the stock solution and was diluted in culture medium to 1 mg/ml as the working solution. After 10 days of treatment on the 3D cell plate, cells were transplanted in a tube, and ICG was added. Then the cells were incubated for 30 min at 37°C. After that, cells were washed three times with PBS and added culture medium. At this time, ICG uptake was detected by light microscopy. ICG clearance was detected after 6 h following previous protocols (Lin et al., 2015; Furuya et al., 2019).



Periodic Acid-Schiff (PAS) Staining

Periodic acid-schiff stains the stored glycogen in cells. At first, cells were washed with water. And then formalin was added for 2 min. Cells were washed with water, and 0.5% periodic acid was added for 7 min, after this, incubated in Schiff’s reagent for 10 min.



Urea Assay

The concentration of urea in culture media was measured using the colorimetric assay according to the manufacturer’s instructions (640-1, Sigma, Japan). To obtain the final absorbance value for determining urea concentrations from the standard curve, the absorbance of the basal medium was subtracted from the absorbance of each test sample.



Statistical Analysis

Comparisons between treatment groups were conducted using one-way ANOVA followed by Tukey’s post hoc test. Data were presented as means ± standard deviation (SD); unless otherwise mentioned. P < 0.05 was considered as significant. All analyses were performed using GraphPad Prism 8 software (GraphPad Software Inc., San Diego, CA, United States).



Ethics Statement

The Ethical Review Committee of the University of Tsukuba Hospital approved the protocol. Informed written consent was received from the mothers who donated the placenta after delivery.



RESULTS


3D Cell Culture Enhanced the Pluripotency and Was Optimal Cell Culture for hAEC Differentiation

Recently, 3D cell culture has been widely used, especially in stem cell research, as it can closely mimic the microenvironment of our body and improve the differentiation. It was reported that cell culturing leads hAECs to lose their pluripotency (Ferdousi et al., 2019; Furuya et al., 2019). Thus, we first evaluated the effect of cell culture (2D or 3D) conditions on hAEC pluripotency. We found that several pluripotency markers, namely, Nanog Homeobox (NANOG), Octamer-binding transcription factor 4 (OCT4) and Sry-related HMG box gene 2 (SOX2), were significantly upregulated in 3D cell culture compared to 2D culture after 10 days (Supplementary Figure 1A). Thus, 3D cell culture was considered optimal for the hAEC differentiation in our research.



20 μM of Isorhamnetin Was Determined as the Optimal Concentration for hAEC Differentiation

Next, the MTT assay was performed to decide the optimal concentration of isorhamnetin suitable for hAECs differentiation. From MTT assay, we found that up to the concentration of 10 μM, the number of viable cells was slightly increased (Supplementary Figure 1A). At the concentration of 20 μM, viable cell numbers on MTT significantly decreased. Therefore, firstly we evaluated gene expression changes in hAECs through microarray and RT-qPCR treated with 5, 10, and 20 μM of isorhamnetin. However, no significant changes in gene expression levels of hepatic progenitor markers were observed in lower doses (data not shown). Treatment with 20 μM isorhamnetin was found to be optimal to induce differentiation in hAECs.



Isorhamnetin Regulated Gene Expression in hAECs on Day 10 (D10) Culture

Figures 1A,B show the DEGs in D10 isorhamnetin-treated hAECs compared to D0 and D10 control hAECs, respectively. A total of 1614 genes were differentially expressed in D10 isorhamnetin-treated hAECs compared to D0 control cells, among which 782 DEGs were upregulated, and 832 DEGs were downregulated (Figure 1C). When compared to D10 control hAECs, total 718 genes were differentially expressed in D10 isorhamnetin-treated cells, of which 472 were upregulated and 246 were downregulated. However, longer treatment with isorhamnetin for 20 days did not show much effect on the gene expressions (Supplementary Figures 2A–E). Therefore, we evaluated the effect of isorhamnetin on hAECs on D10 culture.
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FIGURE 1. Volcano plots showing DEGs (fold change >2, p value < 0.05) between (A) D10 isorhamnetin-treated and D0 control hAECs, and (B) D10 isorhamnetin-treated and D10 control hAECs. The Y-axis corresponds to –log10 p-value, and the X-axis displays linear fold change. The red dots represent the upregulated genes; the green dots represent the downregulated genes. (C) Bar graph showing number of DEGs in each treatment pair. (D) Venn diagram showing common and unique sets of DEGs between each exposure. Blue circle denotes DEGs between D10 and D0 controls; red circle denotes DEGs between D10 isorhamnetin-treated and D0 control hAECs. Iso, Isorhamnetin.


Figure 1D shows the common and unique genes between D10 control and isorhamnetin-treated cells. Although cells were maintained in Placental Basal Medium, the control cells showed changes in gene expressions related to cell cycle and epithelial-mesenchymal transition (EMT). As reported earlier, hAECs are primarily committed to ectodermal lineage-derived cells (Pan et al., 2006) and can actually express neuronal markers without any induction. Among the DEGs, 989 were commonly regulated in both control and treatment cells. Common functions include EMT, cell division, cell adhesion, and as well as tumor necrosis factor alpha (TNFα) signaling and steroid biosynthesis. On the other hand, 624 DEGs were uniquely regulated in isorhamnetin-treated cells, which particularly enriched transforming growth factor beta (TGFβ) and Wnt/β catenin pathways. Top 20 up and downregulated DEGs between D10 treated and control hAECs and their functions are listed in Supplementary Tables 1, 2.



Isorhamnetin Regulated Biological Processes (BP) in D10 hAECs Compared to Undifferentiated Control (D0)

Gene ontology analysis using DAVID’s functional analysis tool shows that several BPs related to cell cycle, extracellular matrix (ECM) organization and mature liver functions were regulated in D10 treatment and control cells (Figure 2). While cell division and cell cycle associated GOs were highly enriched in D10 control cells, cell adhesion, cell-cell junction, EMT, ECM organization, Wnt, and TGFβ signaling GOs were highly enriched in D10 isorhamnetin-treated hAECs. Furthermore, several injury stimulus-related BPs, such as platelet degranulation, angiogenesis, wound healing, were highly enriched in isorhamnetin-treated cells. The fold enrichment is calculated as the ratio of the two proportions: the proportion of genes associated with the GO category in a list of DEGs of a study and the proportion of genes associated with that GO in the human genome (DAVID online tool).


[image: image]

FIGURE 2. Bar graph showing significantly enriched biological process gene ontology (p < 0.05; Modified Fisher’s Exact Test). Values are presented in logarithm (10 base) scale. Fold enrichment is calculated as the ratio of the two proportions: the proportion of genes associated with the GO category in a list of DEGs of a study and the proportion of genes associated with that GO in the human genome (DAVID online tool: https://david.ncifcrf.gov/home.jsp). Iso, Isorhamnetin; Cont, Control.


Next, we identified top enriched molecular functions (MFs) in isorhamnetin-treated cells compared to D0 control cells, which include stearoyl-CoA 9-desaturase activity (GO:0004768), ECM constituent conferring elasticity (GO:0030023), type II TGFβ receptor binding (GO:0005114), connexin binding (GO:0071253), histone methyltransferase activity (GO:0042799), and insulin-like growth factor binding (GO:0005520) (Figure 3A).
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FIGURE 3. Pie charts showing top significantly enriched (p < 0.05; Modified Fisher’s Exact Test) (A) Molecular function GOs by the DEGs between D10 isorhamnetin-treated and D0 control hAECs, and (B) Gene functional categories of the DEGs between D10 isorhamnetin-treated and D10 control hAECs. Fold enrichment values are presented in each corresponding pie. (C) Bar graph showing significantly enriched (p < 0.05; Modified Fisher’s Exact Test) top KEGG pathways by DEGs between D10 isorhamnetin-treated and D10 control hAECs. Values are presented in logarithm (10 base) scale.


We performed gene functional classification clusters of DEGs using “Gene Functional Classification Tool” of DAVID software (Table 1). Enrichment criteria was set as: medium classification stringency; Kappa Similarity Term Overlap = 4; Kappa Similarity Threshold = 0.35; and Multiple Linkage Threshold = 0.5. Total 51 clusters were enriched by the DEGs between D10 isorhamnetin-treated hAECs and D0 control hAECs. Top enriched clusters included cell cycle, cell division, cell-adhesion, and cell junction-related GOs. DEGs between D10 isorhamnetin-treated hAECs and D10 control hAECs enriched 8 clusters, which included ECM migration, EMT, TGFβ signaling, and Wnt pathway-related GOs.


TABLE 1. Gene functional classification clusters of DEGs between D10 isorhamnetin-treated and D0 control hAECs and D10 isorhamnetin-treated and D10 control hAECs.
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Isorhamnetin Regulated Hepatic Differentiation Specific KEGG Pathways and Gene Functional Categories in D10 hAECs Compared to D10 Control

As GO analysis shows that both D10 control and D10 isorhamnetin-treated hAECs enriched similar BPs and MFs, we evaluated enriched functional categories of DEGs between D10 isorhamnetin-treated and D10 control cells (Figure 3B). Top enriched functional categories (according to fold enrichment) of the DEGs were catecholamine biosynthesis, heparan sulfate, growth factor binding, aminotransferase, proteoglycan, ECM, laminin EGF-like domain, and collagen.

Next, we identified significantly enriched (Modified Fisher Exact p-values with EASE threshold 0.1) KEGG pathways by the DEGs between D10 isorhamnetin-treated and D10 control cells (Figure 3C). Top pathways include, but not limited to, FoxO, Hippo, AMPK, Wnt, PI3K-Akt, TGFβ, mTOR, insulin, Hedgehog, Sphingolipid, and Prolactin signaling pathways, all of which are essential signaling pathways for hepatocyte differentiation.



Isorhamnetin Did Not Regulate the mRNA Levels of Definitive Endoderm (DE) Markers

As the microarray results showed evidence of hepatic differentiation induction in isorhamnetin-treated hAECs, we further evaluated the expression of several DE markers in RT-qPCR on day 4 (D4) and D10 hAECs. However, DE markers GATA4, FOXA2, and HNF4α could not be detected neither in control nor in treatment cells on D4 and D10 (data not shown). Only SOX17 was downregulated in D4 treatment and control cells compared to undifferentiated D0 cells (Supplementary Figure 3A).



Isorhamnetin Regulated the Gene Expression of the Hepatic Progenitor (HP) Markers

Next, we evaluated the expression of several HP markers in RT-qPCR. After 10 days of treatment with isorhamnetin, delta like non-canonical notch ligand 1 (DLK-1) and epithelial cell adhesion molecule (EPCAM) were significantly upregulated compared to both D0 and D10 controls (Figure 4A). Also, an endoderm marker SRY-Box transcription factor 17 (SOX17) was significantly downregulated in isorhamnetin-treated hAECs compared to both controls. Additionally, alpha fetoprotein (AFP) was significantly downregulated and albumin (ALB) was significantly upregulated in hAECs after 10 days of isorhamnetin treatment (Figure 4A).
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FIGURE 4. (A) Relative gene expression levels of hepatic progenitor markers. Heatmaps showing signal intensities (log2) of genes (from microarray analysis) related to (B) Undefined placenta, (C) Pluripotency, (D) Hepatoblast, and (E) Hepatocyte. *P < 0.05, **P < 0.01, ***P < 0.001.


Furthermore, in microarray analysis, we found that the expression of genes related to undefined placenta (Figure 4B), and pluripotency (Figure 4C) were downregulated, while several hepatoblast (Figure 4D), and hepatocyte (Figure 4E) marker genes were upregulated in D10 isorhamnetin-treated hAECs.



Isorhamnetin-Treated hAECs Did Not Retain Any Molecular Traces for Transdifferentiation and Dedifferentiation

We evaluated whether isorhamnetin regulated the gene expressions of other cell lineages or its effect was directed exclusively to hepatocytes. In microarray, we found that several GOs related to neurogenesis, endodermal and osteoblast differentiation as well as heart and muscle structure development were significantly downregulated (Figure 5A). Heatmaps shows that the signal intensities of immune cell marker SIGLEC5, lung fibrocyte marker CD248, stem cell marker ABCG2, erythroid differentiation marker GYPC as well as markers of myeloid/osteogenic (BST5), chondrogenic (CD151), adipocyte (CD36), and pancreatic (CD55) differentiation were significantly low in isorhamnetin-treated hAECs (Figure 5B). In addition, several cholangiocyte (Figure 5C) and colon (Figure 5D)-specific markers were downregulated in isorhamnetin-treated cells.
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FIGURE 5. (A) Bar graph showing significantly downregulated GO in D10 isorhamnetin-treated hAECs compared to D10 control. Heatmaps showing signal intensities (log2) of genes (from microarray analysis) related to (B) Transdifferentiation, (C) Cholangiocyte, and (D) Colon. (E) Relative expression levels of genes to trace transdifferentiation. *P < 0.05, **P < 0.01, ns: not significant.


Next, we performed the RT-qPCR to validate the microarray findings. Isorhamnetin significantly downregulated the expression of colon progenitor marker EPHB2, adult intestinal stem cell marker LGR5, cholangiocyte marker CK7, and fibrocyte/osteoblast lineage marker COL1A1 (Figure 5E).



Isorhamnetin-Treated hAECs Showed Weak CYP Enzyme Activity

We further investigated whether the differentiated cells in isorhamnetin have attained the characteristics of mature hepatocytes. We evaluated endogenous metabolic markers of hepatic cytochrome P450 (CYP). In microarray analysis, several CYP enzymes, namely CYP20A1, CYP4V2, CYP3A5, CYP2C8, CYP11A1, showed higher expression in isorhamnetin-treated hAECs compared to undifferentiated and D10 control hAECs; however, the expressions were not consistent in all experimental replicates of treatment cells (Figure 6A). Even longer treatment with isorhamnetin did not improve CYP expressions (Supplementary Figure 3B). In RT-qPCR, CYP3A7 was undetectable on D0 and significantly upregulated in D10 isorhamnetin group compared to both controls (D0 and D10) (Figure 6B). We also checked the CYP4V2 expression, which was also significantly upregulated by isorhamnetin treatment. However, CYP3A4 mRNA level was undetected in all samples (D10 and D20). Similarly, no inducible CYP enzyme activity of CYP3A4 could be observed in isorhamnetin-treated hAECs (D10 and D20).
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FIGURE 6. (A) Heatmap showing signal intensities (log2) of CYP enzymes (from microarray analysis), (B) Relative gene expression of CYP enzymes. (C) Heatmap showing signal intensities (log2) of APO genes (from microarray analysis), (D) Relative expression levels of APO genes. *P < 0.05, **P < 0.01, ***P < 0.001, ns: not significant.


Next, we evaluated mRNA levels of lipid metabolism-related genes. Same as CYP enzymes, APO expressions were not consistent in all three replicates of isorhamnetin-treated hAECs (microarray results), although they showed relatively higher expressions compared to D0 and D10 controls samples (Figure 6C). In RT-qPCR, neither APOA1 nor APOA2 showed significant difference from D10 control (p > 0.05) (Figure 6D). APOB expression was significantly downregulated by isorhamnetin.



Isorhamnetin-Treated hAECs Showed ICG Uptake, Glycogen Storage, and Urea Production

Finally, we assessed the ability of isorhamnetin-treated differentiated hAECs for mature hepatocyte functions. ICG is a cyanine dye that can be uptaken and subsequently cleared by hepatocytes. The ICG uptake and clearance test is used for a rapid assessment of liver function in clinical settings. We found that isorhamnetin-treated hAECs showed ICG uptake and clearance after 6 h; conversely, untreated D10 control cells did show very marginal/undetectable ICG uptake and clearance (Figure 7A).
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FIGURE 7. (A) ICG uptake and release, (B) PAS staining, (C) Urea secretion assay. *P < 0.05.


Moreover, the liver has the ability to store glycogen. PAS can stain glycogen. Isorhamnetin-treated hAECs showed PAS stained cells, which indicated hAECs could store glycogen (Figure 7B). In a previously published article, it was shown that untreated hAECs could also exhibit PAS staining (Furuya et al., 2019). Similarly, in our study we found that untreated control group also had PAS stained cells.

Additionally, we measured urea and albumin secretion activities in isorhamnetin-treated hAECs. Treated hAECs secreted significantly higher urea compared to untreated control cells (Figure 7C). However, ALB secretion could not be detected in isorhamnetin-treated cells on the protein level on D10 and D20.



DISCUSSION

In the present study, we have reported for the first time the potential role of a naturally occurring compound isorhamnetin in inducing hepatic-lineage-specific differentiation in hAECs maintained in 3D culture conditions in the absence of any other growth factor. We used whole-genome transcript analysis to study early biological events that regulated controlled differentiation in isorhamnetin-treated hAECs. After 10 days of treatment with isorhamnetin, the hAECs expressed a subset of hepatic differentiation-related genes, induced CYP mRNA levels, showed ICG uptake and release, stored glycogen, and secreted urea. However, the differentiated cells could not exert some key features of hepatic maturation, such as ALB secretion and CYP enzyme activity.

In the present study, we used hAECs that were isolated from the full-term placenta. The cells were preserved at the Tsukuba Human Tissue Biobank Center (THB) established at the University of Tsukuba Hospital (Takeuchi et al., 2016). The primary amnion epithelial cells were heterogenous; however, hAECs isolated from the adherent subpopulations of passaged primary cells and cultured in 3D environment showed homogeneous characteristics (Furuya et al., 2019).

Isorhamnetin is an O-methylated flavonol occurring naturally in plants but is also a methylated metabolite of quercetin (Magar and Sohng, 2020). Studies have reported that isorhamnetin exerts an anti-inflammatory effect in murine RAW264.7 cells (Boesch-Saadatmandi et al., 2011), inhibits the proliferation of breast cancer cells (Hu et al., 2015), protects HepG2 cells against oxidative stress (Yang et al., 2014), attenuates inflammatory bowel disease (Dou et al., 2014), and represses adipogenesis in 3T3-L1 cells (Lee et al., 2009). We have previously shown that isorhamnetin has antioxidant, antiobesity, and antifibrotic effects in rodent models (Zar Kalai et al., 2013; Ganbold et al., 2019). Isorhamnetin exerts its bioactivities through regulating Wnt upstream to β catenin in colorectal cancer cells (Park and Choi, 2010; Amado et al., 2011). Besides the effect on tumor cells, isorhamnetin may also function as a modulator of the Wnt pathway in other cell types. Also, isorhamnetin attenuates liver fibrosis by inhibiting TGFβ signaling pathways in hepatic stellate cells (Yang et al., 2016). Both Wnt/β catenin and TGFβ pathways are implicated in almost every facet of liver biology- from liver cell fate decision to liver organogenesis and to liver pathologies (Clotman et al., 2005; Clotman and Lemaigre, 2006; Nejak-Bowen and Monga, 2008; Touboul et al., 2016; Russell and Monga, 2018). We found that Wnt/β catenin and TGFβ pathways were highly enriched in isorhamnetin-treated hAECs, which may induce directed differentiation in hAECs.

Additionally, several other hepatic differentiation-related KEGG pathways were also enriched. Hedgehog Signaling is implicated in the proliferation of a liver stem cell subgroup named small hepatocyte-like progenitor cells as well as in end-stage liver diseases through orchestrating the wound healing process (Wang et al., 2016; Machado and Diehl, 2018). The Hippo signaling pathway controls liver cell fate and influences liver regeneration (Yimlamai et al., 2014; Manmadhan and Ehmer, 2019). FoxO signaling is considered as the metabolic regulator of the liver because of its involvement in hepatic gluconeogenesis and lipid metabolism (Shin et al., 2012; Tikhanovich et al., 2013). This pathway is reciprocally regulated by insulin through PI3K/Akt pathway. Among other enriched pathways, the mTOR pathway is involved in liver regeneration and autophagy functions (Fouraschen et al., 2013), and Sphingosine 1-Phosphate Signaling pathway in liver fibrosis through regulating pleiotropic cell responses to inflammation, such as cell survival, migration, and vascular permeability (González-Fernández et al., 2017). In addition, Prolactin signaling not only regulates postnatal liver growth in rodents (Moreno-Carranza et al., 2018) but also regulates liver regeneration by stimulating hepatocyte proliferation, promoting angiogenesis, downregulating IL-6, and upregulating SOCS3 (Moreno-Carranza et al., 2013).

Gene ontology analysis showed that 10 days treatment with isorhamnetin could significantly activate both early and late phase BPs involved in the induction of hepatic differentiation, including cell division, cell migration, cell adhesion, tight junction, EMT, ECM organization as well as cholesterol and fatty acid biosynthesis, angiogenesis, and wound healing.

Top enriched MFs showed isorhamnetin had histone methylation activity, which has been reported to enhance hepatic regeneration (Zlotorynski, 2019). Stearoyl-CoA desaturase activity has also been reported to modulate hepatocyte differentiation from human iPSCs (Rahimi et al., 2015). Also, connexin-mediated gap junctional intercellular communication is reported to modulate stepwise hepatic lineage restriction and maturation from ESCs (Qin et al., 2016).

Functional categories of downregulated DEGs included aminotransferase and collagen. Aminotransferases are the most common liver injury markers (McGill, 2016), whereas collagen induces liver fibrosis (McGill, 2016). Laminins, basement membrane protein family, have been implicated in the maintenance of hepatic differentiation (Kikkawa et al., 2011). Heparan sulfate proteoglycans are essential cofactors in receptor-growth factor interactions, as well as in cell-matrix adhesion and have been implicated in both normal and diseased liver conditions (Roskams et al., 1995; Tátrai et al., 2010).

Hepatic differentiation from stem cells is widely studied to apply for regenerative therapy and drug screening tests. It is already elucidated that the differentiation process for hepatocyte follows DE, progenitor, and then, hepatocyte. And during a certain stage, some genes are strongly and specifically expressed. In our study, we found that isorhamnetin downregulated the expression of DE marker SOX17; however, other DE markers, GATA4, FOXA2, and HP marker HNF4α were not regulated. Previously, Marongiu et al. (2011) reported that hAECs pretreated with Activin A for 4 days for inducing endodermal commitment did not express FOXA2 and SOX17, whereas Liu et al. (2018) reported that hAECs cultured in endodermal induction medium in the presence of EGF and bFGF for 2 days expressed both Sox17 and FOXA2. However, neither of the studies reported HNF4α expression status. mRNA levels of other HP markers, DLK-1 and EPCAM were significantly upregulated by isorhamnetin treatment. As shown before, the expression level of AFP was decreased, while ALB was increased in our study. It has been reported that AFP is strongly expressed in the progenitor phase, and then, AFP should be gently downregulated with the progression of hepatic differentiation. Oppositely, ALB expression increases with the progression of differentiation (Chaudhari et al., 2016). However, ALB secretion could not be detected on protein level on D10 and D20 isorhamnetin treatment despite significantly higher mRNA expression level on D10 isorhamnetin-treated hAECs. Previous study reported that ALB protein level was only detected after culturing hAECs in hepatic maturation medium containing EGF, Oncostatin M, HGF, dexamethasone, etc. (Liu et al., 2018).

We further evaluated several hepatic functions in the isorhamnetin-treated hAECs. CYP is a superfamily enzyme that catalyzes many exogenous compounds and endogenous oxidations. And some CYP enzymes, including CYP1A2 and CYP3A4, catalyze drugs in the human liver (Rodríguez-Antona et al., 2001). CYP3A7 is produced in fetal liver; conversely, 3A4 is in the adult liver (Lacroix et al., 1997). Thus, the expression of these markers is essential for the functional hepatocytes and can be used to trace cell fate. We found that isorhamnetin significantly upregulated CYP3A7; however, CYP3A4 could not be detected. Even more prolonged treatment with isorhamnetin (day 20) neither expressed CYP3A4 nor showed its inducible enzyme activity. Previously, it was reported that hAECs cultured in a hepatogenic induction medium containing EGF, bFGF, HGF, and dexamethasone had low expression of mature hepatocyte marker CYP3A4 (Liu et al., 2018). Lin et al. (2015) also showed that hepatic differentiated AECs following a four-step hepatic differentiation protocol did not show any significant change in CYP3A4 mRNA levels. Additionally, hepatic lipid metabolism genes, APOA1 and APOA2, were also not regulated by isorhamnetin treatment on D10. Isorhamnetin-treated hAECs showed ICG uptake and release, glycogen storage, and urea secretion activities.

Altogether, our findings suggest that isorhamnetin could induce hepatic-lineage specific targeted differentiation in hAEC. Although the differentiated cells showed some functional characteristics of hepatocytes, they failed to achieve some key features such as ALB secretion and CYP enzyme activities.

Natural compounds with proven bioactivities can control cellular behavior and early biological and molecular events to direct the targeted differentiation of stem cells in a lineage-specific manner. Only a handful of studies were conducted to evaluate the effects of naturally occurring compounds on hAECs (Ferdousi et al., 2019, 2020; Hou et al., 2020). Furthermore, while current researches focus on the safety and efficacy of translating hAEC therapy into clinical practices (Murphy et al., 2010; Strom et al., 2013; Lim et al., 2017, 2018; Srinivasan et al., 2020), priming approaches using natural bioactive compounds to improve its effectiveness has not been explored. In the present study, as we could demonstrate that isorhamnetin, a methylated flavonol, induced hepatic-lineage specific differentiation in hAECs, other flavonols with similar chemical structure and functionality may show similar or better differentiation-inducing effects on hAECs.

In conclusion, our study is the first to report that a naturally occurring compound isorhamnetin could induce hepatic-lineage-specific differentiation in hAECs without any additional growth factor or cytokine. However, hepatic cell maturation could not be obtained even after treatment with isorhamnetin for a longer duration. Therefore, further research is warranted to explore potential bioactive compounds, and optimal culture condition and microenvironment to attain functional hepatocytes from hAECs and finally to evaluate the differentiated cells in acute liver disease in vivo models.
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Alpinia oxyphylla Miq. (AOM) is a medicinal herb for improving cognitive functions in traditional Chinese medicine for poststroke treatment, but its efficacies and underlying mechanisms remain unknown. In the present study, we tested the hypothesis that AOM could induce adult hippocampal neurogenesis and improve poststroke cognitive impairment via inducing brain-derived neurotrophic factor (BDNF) signaling pathway. In order to test the hypothesis, we performed both in vivo rat experiments using transient middle cerebral artery occlusion (MCAO) model and in vitro neural stem cell (NSC) experiments using oxygen–glucose deprivation plus reoxygenation. First, AOM treatment significantly up-regulated the expression of BDNF, tropomycin receptor kinase B (TrkB), and phosphorylated AKT (p-AKT) in the hippocampus, enhanced adult hippocampal neurogenesis, and improved the spatial learning/memory and cognitive functions in the post-MCAO ischemic rats in vivo. Next, in vitro studies confirmed p-coumaric acid (P-CA) to be the most effective compound identified from AOM extract with the properties of activating BDNF/TrkB/AKT signaling pathway and promoting NSC proliferation. Cotreatment of BDNF/TrkB-specific inhibitor ANA12 abolished the effects of P-CA on inducing BDNF/TrkB/AKT activation and the NSC proliferation. Finally, animal experiments showed that P-CA treatment enhanced the neuronal proliferation and differentiation in the hippocampus, improved spatial learning and memory functions, and reduced anxiety in the transient MCAO ischemic rats. In conclusion, P-CA is a representative compound from AOM for its bioactivities of activating BDNF/TrkB/AKT signaling pathway, promoting hippocampal neurogenesis, improving cognitive functions, and reducing anxiety in post–ischemic stroke rats.

Keywords: Alpinia oxyphylla Miq., p-coumaric acid, brain-derived neurotrophic factor, hippocampal neurogenesis, ischemic stroke


BACKGROUND

Stroke is a major disease burden with high mortality and disability caused by impeded blood flow to the brain (Johnston et al., 2018). Stroke victims suffer from motor dysfunctions, paralysis, cognitive impairment (Mijajlović et al., 2017), and even sudden death (Donnan et al., 2008). Current therapeutic strategies including thrombolysis with tissue plasminogen activator and mechanical thrombectomy are effective for the recanalization of blood flow to the ischemic brain but have restrictive therapeutic windows within 4.5 and 6 h, respectively. The delayed thrombolytic treatment beyond the golden therapeutic windows carries the risks of the complications of intracranial hemorrhagic transformation and increases the mortality of stroke patients (Gravanis and Tsirka, 2008). To date, there is no medication for neuroprotection and neurogenesis in stroke treatment.

Adult neurogenesis brings new hope for seeking therapeutic targets to repairing a damaged brain and improving functional recovery in poststroke patients (Wang et al., 2012; Sun et al., 2013). The subventricular zone (SVZ), lining the lateral ventricle, and the subgranular zone in the dentate gyrus (DG) are the central regions of adult neurogenesis in the brain (Lois and Alvarez-Buylla, 1994; Eriksson et al., 1998). The newborn neurons in DG contribute to adult hippocampal neurogenesis for improving learning and memory functions (Deng et al., 2010). Adult hippocampal neurogenesis includes a series of sequential events to generate new excitatory granule cells in the DG. The newborn neurons go through several consecutive generation stages before integrating into the hippocampal circuit. First, radial glia-like precursor cells (type 1 cells) with astrocytic properties express the biomarkers of neural stem cells (NSCs). The cells give rise to intermediate progenitor cells with first glial (type 2a) and then neuronal (type 2b) phenotype. After developing into a migratory neuroblast-like stage (type 3), these newborn lineage-committed cells enter a maturation stage and extend their dendrites into the molecular layer and their axon to CA3, eventually forming granule cells (Markakis and Gage, 1999). By labeling various biomarkers, we can track the procedures of hippocampal neurogenesis at different stages. For example, doublecortin (DCX) shows a complete overlap in expression with the polysialylated neuronal cell adhesion molecule in the hippocampus, which are used as surrogate markers for adult neurogenesis (Kempermann et al., 2015). DCX is expressed at the stages of proliferation to postmitotic maturation and commonly used as a neurogenic biomarker (Encinas and Enikolopov, 2008; Kempermann et al., 2015; Chen et al., 2020). DCX and neuronal nuclei (NeuN) are commonly used as neurogenic biomarkers and costained with exogenous cell tracer 5′-bromo-2′-deoxyuridine (BrdU) to identify newly formed neurons and indicate adult neurogenesis in the central nervous system. BrdU, a thymidine analog, can be transferred into dividing cells by DNA synthesis (Lehner et al., 2011). After integrating into the new DNA, BrdU will be passed to daughter cells (Kee et al., 2002). The proliferation and differentiation of NSCs and/or neural progenitor cells (NPCs) can be marked by costaining BrdU and DCX and/or NeuN to identify immature or mature neurons, respectively (Wojtowicz and Kee, 2006; Gao et al., 2018). Thus, these biomarkers facilitate the studies on exploring the underlying mechanisms of adult neurogenesis and seeking drug candidates for functional recovery in poststroke treatment.

Many extrinsic and intrinsic factors, which are generated from NSCs/NPCs, neurogenic niche and microenvironment form complex network regulations for adult neurogenesis in postischemic brain. Notch signaling, Wnt/β-catenin signaling pathway, sonic Hedgehog pathway, bone morphogenetic proteins, growth factors, neurotrophic factors, and neurotransmitters are well recognized as cellular signaling cascades contributing to poststroke neurogenesis (Bond et al., 2012; Faigle and Song, 2013; Liu et al., 2018; Wagenaar et al., 2018; Ho et al., 2020; Xu et al., 2020). Among them, brain-derived neurotrophic factor (BDNF) is a critical neurotrophic factor participating in the regulations of proliferation, differentiation, survival, and maturation of NSCs for neurogenesis. BDNF is formed by the combination of signal peptide, prodomain, and mature BDNF precursor form. The prodomain of BDNF is removed by cell proteases to promote the secretion of mature BDNF. By binding to tropomycin receptor kinase B (TrkB) receptor, BDNF phosphorylation activates downstream pathways, including MAP kinase/CREB, PI-3 kinase/Akt, and Ras/Raf/MEK/Erk signaling pathways (Mohammadi et al., 2018). BDNF and its receptor TrkB are highly expressed in hippocampal region for memory formation (Egan et al., 2003). BDNF promotes neurological functional recovery in neonatal hypoxic–ischemic brain injury (Im et al., 2010). Endothelial-derived BDNF formation promotes the vasculature-mediated migration of neuronal precursors in the ischemic striatum (Grade et al., 2013). Overexpression of BDNF increases the survival rates of the transplanted NSCs and promotes neurological functional recovery in experimental ischemic stroke animal models (Lee et al., 2010; Chang et al., 2013; Rosenblum et al., 2015). Adenoviral transduction of BDNF gene in human bone marrow–derived mesenchymal stem cells (MSCs) efficiently promotes its survival after transplantation, enhances the proliferation of endogenous NSCs, and promotes functional recovery in a middle cerebral artery occlusion (MCAO) rat model (Jeong et al., 2014). BDNF increases the survival and differentiation of dental pulp stem cells (DPSCs) and promotes the recovery of neurological functions in a cerebral ischemia animal model with DPSC transplantation (Zhang X. et al., 2018). In addition, plasma BDNF level is used as a biomarker to reflect cell viability and functional recovery in the transplantation of MSCs (Nakamura et al., 2019). On the contrary, antisense oligonucleotides of BDNF inhibit proliferation and differentiation of NSCs in the ischemic brains (Li et al., 2017). Suppressing adult hippocampal neurogenesis worsens cognitive performance and decreases preexisting dentate neurons. Combined mimic exercise and elevating BDNF levels to enhance adult neurogenesis improve cognitive function and protect against subsequent neuronal cell death in an Alzheimer disease (AD) mouse model (Choi et al., 2018). Therefore, BDNF is an important therapeutic target for adult neurogenesis and functional recovery in poststroke treatment.

Traditional Chinese medicine (TCM) has been used for stroke treatment for centuries in China and East Asia. The direct experiences from human subjects provide fast-track sources for drug discovery. Alpinia oxyphylla Miq. (AOM) is a commonly used medicinal plant for improving cognitive functions in TCM formulas, but its efficacies and scientific basis remain unclear. In recent studies, AOM treatment has revealed to attenuate neuronal cell death, improve β-amyloid–induced cognitive impairment, reduce neuronal abnormalities in the cortex and hippocampus, and enhance memory in mice (Shi et al., 2014, 2015). AOM exerts antidepressant-like effects by targeting TrkB receptor–mediated pERK/pCREB/BDNF signal systems (Yan et al., 2016). However, whether AOM has neurogenesis-promoting effects for the functional recovery of learning and memory in ischemic stroke remains unknown. Herein, we report that AOM could promote hippocampal neurogenesis and enhance the functional recovery of learning and memory by inducing BDNF signaling pathway in transient ischemic stroke treatment. Furthermore, we have identified p-coumaric acid (P-CA) as the representative compound from AOM with the properties of promoting BDNF signaling for inducing hippocampal neurogenesis and improving functional recovery in post–ischemic stroke rat model.



MATERIALS AND METHODS


Herbal Materials and Reagents

Alpinia oxyphylla Miq. was purchased from Hong Kong Huaxin Pharmaceutical Inc. Ltd. (serial no. 170807), which was originally from Hainan province, China. Mouse multipotent neural progenitor or stem-like cells C17.2 [07062902, European Collection of Authenticated Cell Cultures (ECACC)] were purchased from Sigma–Aldrich (St. Louis, MO, United States). Thymidine analog BrdU (ab142567) and antibodies for BrdU (ab6326), SOX2 (ab97959), and BDNF (3B2) were purchased from Abcam (Cambridge, United Kingdom). Other antibodies for Ki67 (D3B5), NeuN (D4G4O), DCX (A8L1U), phospho-AKT (Ser473), AKT (C67E7), β-actin (8H10D10), and GAPDH (5174) were obtained from Cell Signaling Technology (Danvers, MA, United States). TrkB (sc-12) was ordered from Santa Cruz (Dallas, TX, United States). ANA12 was provided from Cayman Chemical (Ann Arbor, MI, United States). Solvents for high-performance liquid chromatography (HPLC) and liquid chromatography–mass spectrometry (LC-MS) analysis were at HPLC-grade. Compounds for quality control analysis including kaempferol, 5-hydroxymethylfurfural, chrysin, P-CA, nootkatone, (−)-epicatechol, catechin, protocatechuic acid, protocatechuic aldehyde, and tectochrysin with purity of greater than 98% were purchased from Chengdu Push Bio-technology Co., Ltd., China.



AOM Extraction and Drug Solution

Dry raw materials of AOM (2 kg) were grinded into scraps and soaked in 20 L of 70% ethanol overnight. The mixture was sonicated three times (40 min per time). The solution was concentrated by rotary evaporator at 60°C. After ethanol was evaporated, the solution was freeze-dried to obtain AOM extraction. For qualitative and quantitative analyses, we dissolved AOM extraction in ethanol (10 mg/mL) by ultrasonic for 30 min and performed HPLC analysis and LC-MS analysis.

In the LC-MS analysis, by comparing the ESI-MS data from QDa positive/negative scanning of AOM extract (Supplementary Figure 1) and the reported ESI-MS data of the potential neuronal bioactive components in AOM (Zhang Q. et al., 2018), we speculated 14 compounds in the AOM extracts, and we collected those compounds (>98% purity) for further verifications of the compounds in the AOM extract. Stock solution of each compound was made by dissolving 0.2 mg in 2 mL of ethanol under ultrasonic for 30 min. 100 μL of stock solution was taken to obtain mixed stander solution. With HPLC and LC-MS experiments, 10 compounds were identified in the AOM extract, including 5-hydroxymethylfurfural, protocatechuic acid, catechin, protocatechuic aldehyde, (−)-epicatechol, P-CA, kaempferol, chrysin, nootkatone, and tectochrysin. After P-CA was identified to be the most effective compound, we then prepared the test solution by dissolving 50 mg of P-CA into 50 mL of 0.1% phosphoric acid–water and methanol (70:30) under ultrasonic for 30 min.



Quality Control Analysis

We performed quality control study on AOM extract and characterized the chemical profiles of the AOM solution by using HPLC. Chromatographic separations were operated on an Agilent 1100 Series HPLC system with Shimadzu C18 column (4.6 × 250 mm, 5 μm). The following chromatographic parameters were used in the study: mobile phase A (acetonitrile) and mobile phase B (0.1% trifluoroacetate–water), flow rate at 1 mL/min, column temperature at 30°C, and detection wavelength at 220 nm. The gradient profiles were from 0 to 60 min, and the percentage of mobile phase A gradient was increased from 5 to 100%. LC-MS was operated by using Waters LC/MS ACQUITY QDA with CORTECS C18 column (4.6×50 mm, 2.7 μm). LC-MS was measured under the condition of ionization method-ESI (+/−), with a scanning range from 100 to 1,000. The following chromatographic parameters were used: mobile phase A (0.1% formic acid water) and mobile phase B (0.1% formic acid acetonitrile), flow rate at 0.5mL/min, column temperature at 30°C, and detection wavelength at 220 and 254 nm. The gradient profile was that mobile phase B was increased from 5 to 95% for 6 min and held 95% for 3 min.



Quantitative Analysis

We selected P-CA as a marker compound for quantitative control of the AOM extraction. P-CA was determined at the wavelength of 309 nm by using Shimadzu LC-2030c HPLC system and Waters symmetry C18 (4.6 × 150 mm, 5 μm). The chromatographic analysis was operated at the parameters: flow rate at 1 mL/min, 10-μL sample injection volume, column temperature at 35°C, detection wavelength at 309 nm, mobile phase A (0.1% phosphoric acid–water), and mobile phase B (Methanol), constantly running 60 min. In quantitative experiments, linearity, precision, accuracy, sensitivity, repetitive, and stability were detected. The limits of detection (LODs) and limits of quantitation (LOQs) under the present conditions were determined at a signal-to-noise ratio of approximately 3 and 10, respectively.

To obtain calibration curves, 10 concentrations of P-CA were analyzed in HPLC. The test solutions were made into six replicates in parallel manner for the precision of the measurement results. One test solution was injected for six times constantly to examine the repetition of the HPLC system. The accuracy was evaluated by the recovery rate test. In the verification study, equal amount of mixed sample solution and reference substance spiked solution was mixed and allocated into six solutions for recovery rate test. The actual value was compared with the theoretical value to calculate the recovery rates. The stability of test solution and reference solution during storage was measured by testing the changes of the main peak area after the test solution and the reference solution were placed at room temperature for 0, 2, 4, 6, 8, 12, and 18 h, respectively.



Animals and Experimental Groups for AOM Extraction and P-CA Study

Male Sprague–Dawley (S.D.) rats (12 weeks old, weighing 260–290 g) were obtained from Laboratory Animal Unit, The University of Hong Kong. All animals were kept with tap water and standard food pallets, within a stable environment (temperature 25°C ± 2°C, humidity 40%, 12/12-h dark/night cycle) in an animal room. All animal experimental procedures and care were approved by the University Committee on the Use of Live Animals in Teaching and Research (CULATR no. 4664-18). The rats were randomly divided into three groups before surgery: sham-operated group, MCAO model group, and MCAO plus AOM treatment group. For P-CA study, three concentrations of P-CA were designed (low 50 mg/kg, middle 100 mg/kg, high 200 mg/kg treatment groups).



Surgical Protocol

Sprague–Dawley rats were subjected to MCAO to induce cerebral ischemia animal model. The rats were anesthetized with 4% isoflurane and maintained at 2% isoflurane. The rats were then placed on a warm pat to maintain body temperature. Neck hair was shaved out with shaving cream, and the neck skin was disinfected three times with iodine and 70% ethanol. Under a surgical microscope, a neck midline incision was made, and the superficial fascia was incised. Under the superficial fascia, a careful blunt dissection was performed to expose the common carotid artery (CCA), external carotid artery (ECA), and internal carotid artery (ICA) without damaging the vagus nerve. A 6-0 nylon suture was used to tighten the CCA and ECA. The ECA was cut and stumped with a needle. A 0.36-mm nylon suture covered with silicone was carefully inserted and pushed into the ICA until reached to the left middle cerebral artery in the place with the feeling of slight resistance. The ICA and ECA were carefully tightened with 6-0 nylon suture. The incision was closed with 3-0 nylon sutures. The muscle layer was sutured with a 6-0 polyglactin suture, and the incision layer was sutured with a 3-0 nylon suture. After 2 h of MCAO ischemia, the intraluminal suture was removed to induce reperfusion. The rats were kept warm until recovery from anesthesia. After that, we monitored the well-being of the rats, which were presumably free to access water and food.



Drug Preparation and Administration

The in vivo animal experiment protocol is shown in Figure 1. The AOM extraction was dissolved in a water solution with 5% ethanol plus 5% polyethylene glycol 400 (PEG 400). In the AOM treatment group, at the onset of reperfusion, the AOM extraction was orally administered into the rats at the dosage of 6.3 g/kg, equivalent to the daily dose of raw herbal material in human subject. The AOM extraction was given to the rats for 13 consecutive days. In the P-CA treatment group, different dosages of P-CA (dissolved in saline at 50, 100, and 200 mg/kg) were intragastrically administered into the rats for 13 consecutive days. Sham-operated group and MCAO model group were intragastrically administered with 1 mL of vehicle solution. Body weight was daily recorded after surgery. The brain samples were collected at day 14 after cerebral ischemia for immunofluorescence staining study and Western blot.
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FIGURE 1. Schematic illustration of experiment protocol for MCAO cerebral ischemia–reperfusion. Male Sprague–Dawley (S.D.) rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. AOM extract (6.3 g/kg, dissolved in 5% ethanol and 5% PEG 400), P-CA (50, 100, 200 mg/kg, dissolved in saline), and vehicle solution were orally given to the rats at onset of reperfusion after 2 h of MCAO cerebral ischemia and daily administered to the rats until day 13 of reperfusion. BrdU (50 mg/kg) was intraperitoneally injected to all animals for 7 consecutive days. Behavioral tests were conducted from day 9 to day 14.




In vivo BrdU Incorporation

BrdU was intraperitoneally injected into the rats for 7 consecutive days at the dosage of 50 mg/kg according to that previously described (Wojtowicz and Kee, 2006).



Behavioral Test for Neurological Severity Score Assessment

Neurological deficit was examined by using the modified neurological severity score (mNSS). The mNSS score reflects the neurological functions related to motor (muscle status, abnormal movement), sensory systems (visual, tactile, and proprioceptive), and the reflex and balance capabilities. The criteria of the mNSS scores ranging from 0 to 18 (0 for accessible/normal, 18 for functional maximum lesion) were adopted according to previous report (Chen et al., 2001).



Morris Water Maze Test

Morris water maze test was performed to assess the cognitive functions in the sham control group, MCAO vehicle group, MCAO plus AOM treatment group, and MCAO plus P-CA treatment groups. The hidden platform training was carried out on the ninth day after surgery. In 4 days of training, each rat was allowed 60 s to find the platform in water tank twice per day. The probe trial was carried out on the 13th day in the whole treatment period. The test was recorded with a time limit of 70 s (Su et al., 2017). Latency time of reaching the platform, the distance, and the swimming time in the target region of the probe tail test were recorded for testing spatial learning and memory functions.



Open-Field Test

The open-field test was performed at the 13th day by using an 80 × 80 × 50-cm acrylic black box. The square was divided into the center and outer edge. At the starting point, the rats were placed into the center square of the open field. Each 10-min trial was videotaped by an overhead camera. Distance, time, entries time in center, and total distance in the whole filed were recorded by an overhead video and analyzed by using Smart 3.0 system (RWD, Delaware, United States).



Novel Object Recognition Test

Novel objective recognition habituation was performed at the 13th day after surgical operation. Rats were placed into an 80 × 80 × 50-cm acrylic black box for 10 min. In the test, rats were first placed in the open box at the sample stage, allowed to explore two identical objects, and then returned to their cages. With a delay of 60 min, at the testing phase, the rats were returned to the box where they were exposed to two different objects: one was the same as the previously encountered objects, and the other was a novel object for the rats. The total time of exploration to those objects was 20 s (Lueptow, 2017). The exploration time on the novel object in the test phase was examined.



Cell Culture

Mouse multipotent neural progenitor or cerebellum stem-like C17.2 cells were originally from ECACC. The cells were maintained in 75-cm2 vented culture flasks using high-glucose Dulbecco modified eagle medium (DMEM, Gibco) with 10% heat-inactivated fetal bovine serum (Gibco), 1% penicillin/streptomycin (Gibco), and 1% 2 mM L-glutamine (Gibco). The C17.2 cells were cultured in a 37°C humidified incubator with a 5% CO2/95% air atmosphere.



Oxygen–Glucose Deprivation Plus Reoxygenation Model and Drug Treatment

To mimic ischemic/reperfusion condition in vitro, C17.2 cells were exposed to the oxygen–glucose deprivation plus reoxygenation (OGD/R) condition. To induce OGD, these cells were cultured with glucose-free DMEM (Gibco) and incubated in a 37°C CO2 incubator (Eppendorf New Brunswick Galaxy 48R) with oxygen control as 0.1% O2 and 5% CO2/94.9% N2. The real-time condition was monitored by incubator reading. The C17.2 cells were exposed to the OGD for a 4-h period and following 20 h of reoxygenation by the replacement of DMEM with high glucose and returned to a 37°C humidified incubator with a 5% CO2/95% air atmosphere. The C17.2 cells were treated and incubated with corresponding compounds for 20 h after OGD.

To identify the bioactive compounds contributing to the neurogenic effects of AOM extract, we examined the effects of 10 identified compounds on inducing BDNF/TrkB/AKT expression and promoting proliferation in the C17.2 cells under OGD and reoxygenation conditions. These compounds, including 5-hydroxymethylfurfural, protocatechuic acid, catechin, protocatechuic aldehyde, (−)-epicatechol, P-CA, kaempferol, chrysin, nootkatone, and tectochrysin, were dissolved in dimethyl sulfoxide to obtain 100 mM stock solutions, which were added into the cells with final concentrations of 1, 10, and 100 μM. The cells were seeded in the 24- well plates with poly-D-lysine–coated (Trevigen, Gaithersburg, MD, United States) cover slips and normal 96-well plates, 6-well plates at a density of 2.5 × 104 cells/mL. The cells were allocated into the groups of control, OGD, and the OGD plus the selected compounds with three dosages.



In vitro BrdU Labeling

BrdU stock solution (10 mM) was prepared and diluted into 10 μM BrdU labeling solution with cell culture medium. The BrdU labeling solution was filtered through a 0.2-μm filter under sterile condition. After 20 h of reoxygenation, the treatment medium in 96-well plates was replaced with the BrdU labeling solution for 1 h in 37°C and 5% CO2 incubator. After that, the BrdU labeling solution was removed, and the cells were washed twice in phosphate-buffered saline (PBS).



Immunofluorescence

For in vivo animal experiments, postfixed brain tissues were immersed in 30% sucrose solution at 4°C for complete dehydration, embedded in O.C.T., and cut into 30-μm sections. The frozen slices were retrieved with sodium citrate buffer. For in vitro cell experiments, after labeling with BrdU for 1 h, the cells were fixed with 4% paraformaldehyde for 15 min. The retrieved sections and the cells were incubated with 2 M HCl under room temperature for 1 h and then washed with 1% PBST (PBS + 1% Triton) three times for 15 min. Afterward, cells were blocked with 5% goat serum (GS) in 3‰ PBST (PBS + 3‰ triton) for 1 h. Sections were stained with primary antibodies including BrdU (rat, 1:400), Ki67 (rabbit, 1:400), DCX (rabbit, 1:400), and NeuN (rabbit, 1:400) overnight. The C17.2 cells were costained with primary antibodies BrdU (rat, 1:400), Ki67 (rabbit, 1:400), and SOX2 (rabbit, 1:400). After incubation with primary antibodies at 4°C overnight, the samples were washed with 3‰ PBST three times for 15 min. All slices were stained with anti-rat 488 (1:800) and anti-rabbit 568 (1:800) for 2 h and counterstained the nucleus with DAPI (4′,6′-diamidino-2-phenylindole) for 15 min in room temperature. Brain sections and cell samples were mounted with fluorescence mounting medium (Dako Agilent, Santa Clara, CA, United States), whereas the cells for high content screening (HCS) experiments were kept in PBS. Immunofluorescent images were captured by Carl Zeiss LSM 800 Confocal Laser Scanning Microscope and analyzed by ZEN offline. HCS experiment was performed by using GE Healthcare Life Sciences IN Cell Analyzer 6500HS and analyzed by IN Carta offline.



Western Blot Analysis

Proteins were extracted by radioimmunoprecipitation assay buffer with 1% protease and phosphatase inhibitor cocktails (CST). The protein concentration was detected by BCA Protein Assay Kit (Thermo Fisher Scientific, United States). Protein lysates were separated by electrophoresis with 11% sodium dodecyl sulfate polyacrylamide (sodium dodecyl sulfate–polyacrylamide gel electrophoresis) gel, transferred to polyvinylidene fluoride membrane, and immunoblotted with primary antibodies including BDNF (Abcam, mouse, 1:1,000), TrkB (Santa Cruz, mouse, 1:100), AKT (CST, rabbit, 1:1,000), p-AKT (CST, rabbit, 1:1,000), β-actin (CST, mouse, 1:5,000), and GAPDH (CST, rabbit, 1:5,000) separately. Followed by horseradish peroxidase–conjugated secondary antibodies (1:2,000) incubation. Signals were detected by chemiluminescent ECL Select Kit (GE Healthcare, Chicago, IL, United States), captured by the Gel-Doc system (Bio-Rad, Hercules, CA, United States), and analyzed by Image Lab software (Bio-Rad, Hercules, CA, United States).



Statistical Analysis

Data analysis was performed by using Prism 8 (GraphPad Software, United States). All data were expressed as mean ± SEM. Student t-tests were used for two groups of designed experiments, and two-way analysis of variance was used to analyze multiple groups of comparisons followed by Tukey multiple-comparisons test to determine the difference between two groups where appropriate. Statistical significance was defined as p < 0.05.



RESULTS


Quality Control Study of AOM Extraction

We first conducted quality control study to identify the chemical ingredients of AOM extract using HPLC. We optimized the chromatographic conditions and obtained a well-separated chromatogram (Figure 2). We compared the retention time of AOM extract and mixed standards. The structures and retention time of those compounds are summarized in Table 1. By combining the results in LC-MS (Figure 3 and Supplementary Table 1), we confirmed 10 compounds in AOM extract, including 5-hydroxymethylfurfural, protocatechuic acid, catechin, protocatechuic aldehyde, (−)-epicatechol, P-CA, kaempferol, chrysin, nootkatone, and tectochrysin. These identified compounds can be catalog as five flavonoids, three phenolic acid, one eremophilane, and one other compound.
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FIGURE 2. HPLC chromatograms of mixed chemical standards (A) and AOM extract (B). Parameters for HPLC detection: Shimadzu C18 column (4.6 × 250 mm, 5 μm); mobile phase: gradient profile with acetonitrile (ACN)—0.1% trifluoroacetate–water from 5 to 100% in 60 min. Column temperature: 30°C; flow rate: 1.0 mL/min; UV detection: 220 nm.



TABLE 1. Representative compounds identified in AOM extract.
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FIGURE 3. ESI-MS chromatograms of AOM extract. LC-MS was operated on Waters LC/MS ACQUITY QDA with CORTECS C18 column (2.7 μm 4.6 × 50 mm), measured under condition of ionization method-ESI (+/−) and scanned range from 100 to 1,000. ESI-MS chromatograms of 5-hydroxymethylfurfural (A), protocatechuic acid (B), catechin (C), (−)-epicatechol (D), protocatechuic aldehyde (E), p-coumaric acid (F), kaempferol (G), chrysin (H), nootkatone (I), tectochrysin (J), and their standards.


We then established an HPLC method to quantitatively analyze P-CA as a marker compound in AOM extract. We examined the linearity, repetition, precision, accuracy, and stability of the HPLC method for P-CA detection. The standard curve was y = 7.5275×107x−1.5917×104 with correlation coefficients (r) of 0.9998. The LODs and LOQs were 0.003163 and 0.01265 μg/mL, respectively. The relative standard deviation (RSD) of the test solution was 3.41% for the repetitive and 1.75% for the precision results. The accuracy was assessed by overall recovery rate, which was 90% to 108%, and the RSD was 0.39%. The RSD of the stability assay for the test solution within 18 h was 4.15%, and the RSD rates of the interday precision and intraday precision were 2.48% and 2.06%, respectively. These results indicate that the HPLC method was highly sensitive and reliable, and the concentration of P-CA was identified to be 4.6 μg/g in AOM extract.



AOM Treatment Increases Body Weight and Promotes Spatial Learning and Memory in Post-MCAO Ischemic Rats

We investigated the effects of AOM on body weight, neurological deficit, spatial learning, and memory in transient cerebral ischemic rat model. The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. AOM (6.3 g/kg per day) was orally administered to the rats for 13 days after surgical operation. As shown in Figure 4A, the body weight was time-dependently decreased in the MCAO vehicle group after surgical operation. AOM treatment group had significantly increased body weight than the MCAO vehicle group. Meanwhile, we evaluated the neurological dysfunction scores. The MCAO vehicle group had remarkably higher neurological deficit scores than sham control group. AOM treatment group showed a trend to reduce the neurological severity scores but had no statistically difference from the MCAO vehicle group (Figure 4B). We further evaluated spatial learning and long-term and short-term memory functions with Morris water maze and novel objective test. In the Morris water maze test, after 4 days of training, we tested the spatial learning and long-term memory functions by recording the time to reach the platform, the distance in target quadrant, and latency time to reach the platform. The AOM treatment group spent less time to reach the hidden platform than the MCAO vehicle group at day 4 (Figure 4C). In the probe trial, the AOM treatment group had remarkably longer swimming routes in target region than the MCAO vehicle treatment group (Figure 4D). Statistical analysis revealed that the AOM-treated rats had significantly improved parameters in the distance in target quadrant, latency time to reach the platform, and total distance in habituation. The AOM-treated rats had more distance and time in target region and spent less time to reaching platform region (Figure 4E). We also used open-field test to measure anxiety (Figures 4F,G) and novel objective recognition to detect short-term memory (Figure 4H). In the open-field test, the AOM treatment increased the distance and the time in the center region and the entry times to the center, suggesting the antianxiety effects. However, there was no significant difference in locomotor activity among the groups showing similar total distances in the whole regions. In the novel objective recognition test, the AOM treatment group showed better memory to the familiar objects and had more interest in exploring new objects than the MCAO vehicle group. Those results suggest that AOM could improve the quality of life, promote spatial learning/memory and recognition capacity, and reduce anxiety in the post–ischemic stroke rats.
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FIGURE 4. AOM increased body weight and improved spatial learning and memory capacity in transient MCAO rats. S.D. rats were divided into sham control group (Sham), MCAO cerebral ischemia–reperfusion vehicle group (MCAO/R), and MCAO/R plus AOM treatment group (AOM). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. AOM extract (6.3 g/kg, dissolved in 5% ethanol and 5% PEG400) and vehicle solution were orally given to the rats at onset of reperfusion after 2 h of MCAO cerebral ischemia and daily administered for 13 days of reperfusion. (A) Body weight changes in sham control, MCAO/R, and AOM groups; (B) mNSS in sham control, MCAO/R, and AOM groups. The mNSS was assessed every 2 days. (C–E) Morris water maze test for evaluating spatial learning and long-term memory in transient MCAO rats: (C) Escape latency in 4 days of hidden platform test. (D) Swimming routes in the probe trail test. (E) Distance and time in the target quadrant of the probe trial and latency time before reaching platform region. (F,G) Open-field test was used to measure anxiety in transient MCAO rats. Distance, time, and entries in center region were recorded in the sham control, MCAO/R, and AOM treatment groups. AOM treatment reduced the anxiety (F) but had no effect on total distance moved during habituation (G). (H) Novel objective recognition test for short-term memory: AOM increased exploration time on novel object in test phase of the MCAO rats. Data were presented as mean ± SEM (n = 12–14); vs. sham, @p < 0.05, @@p < 0.01, @@@p < 0.001, @@@@p < 0.0001; vs. MCAO/R, *p < 0.05, **p < 0.01, ***p < 0.001.




AOM Promotes Adult Hippocampal Neurogenesis in Post-MCAO Ischemic Rats via Inducing BDNF Pathway

We then investigated the neurogenic effects of AOM on inducing proliferation and differentiation in the hippocampus of the post-MCAO ischemic rats by using immunofluorescence and Western blot analysis. Ki67 is a biomarker for indexing the cells at proliferation stage, while BrdU is an analog of thymidine for marking newly generated cells. The dual-immunofluorescent staining of BrdU/Ki67 was used for detecting newly generated cells that were at proliferating stage and DAPI for nuclei identification. In addition, we performed the immunofluorescent experiments to identify newborn immature neurons and newborn mature neurons by using DCX NeuN, respectively. Dual-immunostaining imaging of BrdU/DCX and BrdU/NeuN in the postischemic brain regions was investigated. The results showed that AOM extract significantly increased the dual-positive staining populations of BrdU/Ki67, BrdU/DCX, and BrdU/NeuN in the DG and SVZ of the MCAO rats. Those results indicate that AOM could promote neurogenesis in hippocampus, SVZ, and striatum of post-MCAO ischemic rats (Supplementary Figures 2–5).

Neurotrophic factor BDNF is a crucial cellular signaling regulator in the process of hippocampal neurogenesis for improving learning and memory functions (Egan et al., 2003). Functional TrkB signaling is a crucial player in the proliferation of NSCs and the survival and functional integration of newborn neurons in adult hippocampus (Bergami et al., 2008; Li et al., 2008). Thus, we detected whether AOM could regulate BDNF/TrkB/AKT signaling for improving neurogenesis in the hippocampus regions (Figure 5). There was no statistical difference in the expression of BDNF and p-AKT in the hippocampus regions between the sham control group and the MCAO vehicle group. The AOM treatment group had significantly higher expression levels of BDNF, TrkB, and p-AKT in the hippocampus regions than the MCAO vehicle group. Those results suggest that AOM could activate BDNF/TrkB/AKT signaling pathway and promote adult hippocampal neurogenesis in post-MCAO ischemic rats.
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FIGURE 5. Alpinia oxyphylla Miq. up-regulated expression of BDNF, TrkB, and phosphorylated AKT in the hippocampus of transient MCAO cerebral ischemic rats. S.D. rats were divided into groups of sham, MCAO/R, and AOM. The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. AOM extract (6.3 g/kg, dissolved in 5% ethanol and 5% PEG400) and vehicle solution were orally given to the rats at onset of reperfusion after 2 h of MCAO cerebral ischemia and daily administered for 13 days of reperfusion. (A) Representative immunoblot results for expression of BDNF, TrkB, and phosphorylated AKT. (B) Statistical analysis of relative expression level of BDNF in sham, MCAO/R, and AOM groups. (C) Statistical analysis of relative expression level of TrkB in sham, MCAO/R, and AOM groups. (D) Statistical analysis of relative expression level of phosphorylated AKT in sham, MCAO/R, and AOM groups. Data were presented as mean ± SEM (n = 6–8); vs. MCAO/R, *p < 0.05, ***p < 0.001.




p-Coumaric Acid Serves as a BDNF Inducer for Promoting Neurogenesis in NSCs

We then screened the active compounds from AOM with the properties of inducing BDNF signaling and promoting neurogenesis in the cultured C17.2 cells exposed to 4-h OGD plus 20-h reoxygenation. Table 1 shows 10 compounds identified from AOM. The cells were treated with these compounds at the concentrations of 1, 10, and 100 μM. BrdU and Ki67 are commonly used biomarkers to analyze the proliferative activity of NSCs (Tanaka et al., 2011). By using HCS technology, we examined the rates of dual-positive staining of BrdU/Ki67 in the cells for identifying the proliferation-promoting effects. The compound 6, P-CA, was found to be the most effective ingredient to increase the BrdU/Ki67 dual-positive cells (Figure 6A). Meanwhile, P-CA treatment significantly up-regulated the expression of BDNF, TrkB, and p-AKT in the cells (Figure 6B). Cotreatment of ANA12 (20 μM, a BDNF/TrkB specific inhibitor) abolished the effects of P-CA (100 μM) on the induction of the expression of BDNF and TrKB (Figure 6C) and the increased rates of BrdU/Ki67 dual-positive staining in the C17.2 cells (Figure 6D). Furthermore, we performed immunofluorescent studies on the costaining of BrdU/SOX2, in which SOX2 is a critical marker for embryonic stem cells. P-CA treatment significantly increased the rates of BrdU/SOX2 positive cells whose effect was also abolished the cotreatment of ANA12 (Figures 6E,F). Those results suggest that P-CA could increase the survival of NSCs and stimulate the proliferation of NSCs via inducing BDNF/TrkB/AKT signaling pathway.
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FIGURE 6. Identification of P-CA as an active compound from AOM with property of inducing BDNF/TrkB/AKT signaling and promoting NSC proliferation in cultured mouse cerebellum stem like C17.2 cells in vitro. To mimic cerebral ischemia–reperfusion injury in vitro, the C17.2 cells were subjected to 4 h of oxygen glucose deprivation plus 20 h of reoxygenation (OGD/R). By using high content screening (HCS) technology, we examined the effects of 10 active compounds from AOM (1, 10, and 100 μM) on the rates of BrdU/Ki67 dual-positive-staining cells and BDNF/TrkB/AKT signaling in the C17.2 cells under OGD/R exposure. (A) The effects of 10 compounds (1, 10 and 100 μM) on rates (%) of the BrdU and Ki67 dual positive staining cells detected by HCS technology. Ten compounds: 1. 5-Hydroxymethylfurfural; 2. Protocatechuic acid; 3. Catechin; 4. (-)-Epicatechol; 5. Protocatechuic aldehyde; 6. P-Coumaric acid; 7. Kaempferol; 8. Chrysin; 9. Nootkatone; 10. Tectochrysin. Effects of these compounds (1, 10, and 100 μM) on the rates of BrdU/Ki67 dual-positive-staining cells counted by HCS technology (right). Dual-positive staining of BrdU and Ki67 indicates the NSC proliferation-promoting activity. P-CA was found to be the most effective compound to induce proliferation of NSCs. (B) Western blot analysis indicating the effects of P-CA (1, 10, and 100 μM) on the expression of BDNF, TrkB, and p-Akt. P-CA dose-dependently up-regulated the expression of BDNF, TrkB, and p-Akt. (C) TrkB inhibitor ANA12 (20 μM) abolished the effects of P-CA (100 μM) on the expression of BDNF and TrkB. (D) The effects of P-CA (100 μM) on rates (%) of the BrdU and Ki67 dual-positive-staining cells detected by HCS technology. ANA12 (20 μM) abolished the effects of P-CA (100 μM) on the BrdU/Ki67 dual-positive-staining cells. (E) Representative immunofluorescent staining of BrdU (green) and SOX2 (red) with nucleus (blue). (F) Representative immunofluorescent imaging for BrdU (green) and SOX2 (red) positive-staining cells colocalized with nucleus (blue) in C17.2. ANA12 (20 μM) abolished the effects of P-CA (100 μM) on the BrdU/SOX2 dual-positive-staining cells. Data were presented as mean ± SD (n = 3); vs. control @p < 0.05, @@@p < 0.001, @@@@p < 0.0001; vs. OGD/R *p < 0.05, **p < 0.01, ***p < 0.001; vs. P-CA #p < 0.05.




P-CA Treatment Increases Body Weight, Improves Neurological Deficit Score, Promotes Spatial Learning and Memory, and Reduces Anxiety in Post-MCAO Ischemic Rats

We next investigated the effects of P-CA on body weight, mNSS, spatial learning, and memory in post-MCAO ischemic rats. In the P-CA treatment group, P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats at the onset of reperfusion after MCAO ischemia and used daily for 13 consecutive days. Vehicle solution was used in sham-operated group and MCAO vehicle group. The P-CA treatment increased body weight but had no effect on the neurological severity scores statistically (Figures 7A,B). We also performed the Morris water maze to evaluate the spatial learning and long-term memory functions (Figures 8A–E), the open-field test to measure anxiety (Figures 8F–I), and the novel objective recognition to detect short-term memory (Figure 8J). In the Morris water maze test, the P-CA treatment significantly increased the distance and time in the target quadrant of the probe trial and decreased the latency time to reach the platform, suggesting the improvement of spatial learning and long-term memory functions. In the open-field test, the P-CA treatment increased the distance and time in center and the entry times in center region, suggesting the effects of reducing anxiety. In the novel objective recognition test, P-CA treatment increased the exploration time on novel object in test phase, indicating the improvement of short memory. These results suggest that P-CA could promote spatial learning, increase short and long-term memory abilities, and reduce anxiety in post–ischemic stroke rats.
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FIGURE 7. P-CA treatment increased body weight, improved spatial learning and memory capacity, and reduced anxiety in MCAO rats. S.D. rats were divided into sham control group (Sham), MCAO cerebral ischemia–reperfusion vehicle group (MCAO/R), and MCAO/R plus P-CA treatment groups (P-CA low 50 mg/kg, P-CA middle 100 mg/kg, P-CA high 200 mg/kg). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats for following 13 consecutive days, whereas vehicle solution was used in sham-operated group and MCAO vehicle group. (A) Body weight changes: P-CA increased body weight of post-MCAO ischemic rats. (B) Neurological deficit scores (mNSS) assessed on the 2nd, 7th, and 14th day after MCAO surgery. The P-CA group had no effect on mNSS statistically when compared with MCAO/R group. Data were presented as mean ± SEM (n = 10); vs. sham control, @@p < 0.001, @@@@p < 0.0001; vs. MCAO/R, *p < 0.05, **p < 0.01, ****p < 0.0001.
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FIGURE 8. P-CA treatment increased body weight, improved spatial learning and memory capacity, and reduced anxiety in MCAO rats. S.D. rats were divided into sham control group (Sham), MCAO cerebral ischemia–reperfusion vehicle group (MCAO/R), and MCAO/R plus P-CA treatment groups (P-CA low 50 mg/kg, P-CA middle 100 mg/kg, P-CA high 200 mg/kg). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats for following 13 consecutive days, whereas vehicle solution was used in sham-operated group and MCAO vehicle group. (A–E) Morris water maze tests for spatial learning and long-term memory in the sham control, MCAO/R, and P-CA treatment groups: P-CA treatment revealed to improve spatial learning and long-term memory. (B) Escape latency in 4 days of hidden platform tests. (A) Swimming routes in the probe trial. (C) Distance and (D) time in the target quadrant of the probe tail test, and (E) latency time before reaching platform region. (F–H) Open-field test for anxiety in the sham control, MCAO/R, and P-CA treatment groups: Distance, time and entries in center region were recorded. P-CA treatment reduced the anxiety but had no effect on total distance moved during habituation (I). (J) Novel objective recognition test for short-term memory: P-CA increased exploration time on novel object in test phase of the MCAO rats. Data were presented as mean ± SEM (n = 10); vs. sham control, @p < 0.01, @@p < 0.001, @@@p < 0.001, @@@@p < 0.0001; vs. MCAO/R, *p < 0.05, **p < 0.01, ***p < 0.001.




P-CA Treatment Promotes Adult Hippocampal Neurogenesis in Post-MCAO Ischemic Rat Brains via Inducing BDNF Signaling Pathway

We then investigated the effects of P-CA on promoting hippocampal neurogenesis in the post-MCAO ischemic rats. We detected dual-positive staining of BrdU/Ki67 for cell proliferation in hippocampal DG, SVZ, and striatum regions where DAPI was used for nuclei identification (Figures 9A–D). The P-CA treatment remarkably increased the rates of the BrdU/Ki67–positive cells in the hippocampal DG, SVZ, and striatum regions of the postischemic brain regions. Furthermore, we identified newborn immature neurons and newborn mature neurons as detected with BrdU/DCX (Figures 10A–D) and BrdU/NeuN (Figures 11A–D), respectively. As expected, P-CA treatment promoted the production of newborn immature and mature neurons in the hippocampus and striatum of the postischemic brains. We also performed the imaging analysis at XYZ planes with the dual staining of BrdU/Ki67, BrdU/DCX, and BrdU/NeuN in the DG and SVZ. P-CA treatment increased the dual-positive staining of BrdU/Ki67, BrdU/DCX, and BrdU/NeuN in the DG and SVZ (Supplementary Figure 6). These results indicate that P-CA could improve NSC differentiation for neurogenesis in poststroke treatment.
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FIGURE 9. P-CA promoted proliferation in hippocampus, SVZ, and striatum of transient MCAO ischemic rats. S.D. rats were divided into sham, MCAO/R and MCAO/R plus P-CA treatment groups (P-CA low 50 mg/kg, P-CA middle 100 mg/kg, P-CA high 200 mg/kg). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats for following 13 consecutive days, whereas vehicle solution was used in sham-operated group and MCAO vehicle group. (A) Representative immunofluorescent imaging for BrdU (green) and Ki67 (red) positive-staining cells colocalized with nucleus (blue) in hippocampal DG. Dual-positive staining of BrdU/Ki67 refers to the newly generated cells which are still in proliferating. (B) Statistical analysis of BrdU+/Ki67+ cell number in hippocampus in sham, MCAO/R, and P-CA groups. (C) Representative immunofluorescent imaging for BrdU (green) and Ki67 (red) positive-staining cells colocalized with nucleus (blue) in subventricular zone and striatum. (D) Statistical analysis of BrdU+/Ki67+ cell number in striatum and SVZ in sham, MCAO/R, and P-CA groups. Data were presented as mean ± SEM (n = 3-5 rats per group, 3 tissue sections per brain region used for imaging analysis); vs. MCAO/R, ***p < 0.001, ****p < 0.0001.
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FIGURE 10. P-CA promoted NSC differentiation into immature neurons in hippocampus and striatum of transient MCAO ischemic rats. S.D. rats were divided into sham, MCAO/R and MCAO/R plus P-CA treatment groups (P-CA low 50 mg/kg, P-CA middle 100 mg/kg, P-CA high 200 mg/kg). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats for following 13 consecutive days, whereas vehicle solution was used in sham-operated group and MCAO vehicle group. (A) Representative immunofluorescent imaging for BrdU (green) and DCX (red) positive-staining cells colocalized with nucleus (blue) in hippocampal dentate gyrus (DG). Dual-positive staining of DCX/BrdU refers to the newly differentiated immature neurons. (B) Statistical analysis of BrdU+/DCX+ cell number in hippocampus in sham, MCAO/R, and P-CA groups. (C) Representative immunofluorescent imaging for BrdU (green) and DCX (red) positive-staining cells colocalized with nucleus (blue) in subventricular zone and striatum. (D) Statistical analysis of BrdU+/DCX+ cell number in striatum in sham, MCAO/R, and P-CA groups. Data were presented as mean ± SEM (n = 3-5 rats per group, 3-4 tissue sections per brain region used for imaging analysis); vs. sham, @p < 0.05, @@@@p < 0.0001; vs. MCAO/R, *p < 0.05, ***p < 0.001, ****p < 0.0001.
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FIGURE 11. P-CA promoted differentiation into mature neurons in hippocampus and striatum of transient MCAO ischemic rats. S.D. rats were divided into sham, MCAO/R and MCAO/R plus P-CA treatment groups (P-CA low 50 mg/kg, P-CA middle 100 mg/kg, P-CA high 200 mg/kg). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats for following 13 consecutive days, whereas vehicle solution was used in sham-operated group and MCAO vehicle group. (A) Representative immunofluorescent imaging for BrdU (green) and NeuN (red) positive-staining cells colocalized with nucleus (blue) in hippocampal dentate gyrus (DG). Dual-positive staining of DCX/BrdU refers to the newly formed mature neurons. (B) Statistical analysis of BrdU+/NeuN+ cell number in hippocampus in sham, MCAO/R, and P-CA groups. (C) Representative immunofluorescent imaging for BrdU (green) and NeuN (red) positive-staining cells colocalized with nucleus (blue) in subventricular zone and striatum. (D) Statistical analysis of BrdU+/NeuN+ cell number in striatum in sham, MCAO/R, and P-CA groups. Data were presented as mean ± SEM (n = 3–5 rats per group, three tissue sections per brain region used for imaging analysis). vs. sham control, @@p < 0.01; vs. MCAO/R, **p < 0.01, ****p < 0.0001.


We further investigated the effects of P-CA on the expression of BDNF/TrkB/AKT signaling for improving neurogenesis in the hippocampus regions (Figure 12). There was no significant difference in the expression of BDNF, TrkB, and p-AKT in the hippocampus regions between sham control group and MCAO vehicle group. However, P-CA treatment significantly up-regulated the expression of BDNF, TrkB, and p-AKT in the hippocampus regions. Those results suggest that P-CA could activate BDNF/TrkB/AKT signaling pathway and promote adult hippocampal neurogenesis in post-MCAO ischemic rats.
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FIGURE 12. P-CA up-regulated expression of TrkB and phosphorylated AKT in the hippocampus of transient MCAO cerebral ischemic rats. S.D. rats were divided into sham control group (Sham), MCAO cerebral ischemia–reperfusion vehicle group (MCAO/R), and MCAO/R plus P-CA treatment groups (P-CA low 50 mg/kg, P-CA middle 100 mg/kg, P-CA high 200 mg/kg). The rats were subjected to 2 h of MCAO cerebral ischemia plus 14 days of reperfusion. P-CA 50, 100, and 200 mg/kg were intragastrically administered into the rats for following 13 consecutive days, whereas vehicle solution was used in sham-operated group and MCAO vehicle group. (A) Representative immunoblot results for expression of BDNF, TrkB, and phosphorylated AKT. (B) Statistical analysis of relative expression level of BDNF in sham, MCAO/R, and P-CA groups (50, 100, 200 mg/kg). (C) Statistical analysis of relative expression level of TrkB in sham, MCAO/R, and P-CA groups (50, 100, 200 mg/kg). (D) Statistical analysis of relative expression level of phosphorylated AKT in sham, MCAO/R, and P-CA groups (50, 100, 200 mg/kg). Data were presented as mean ± SEM (n = 6); vs. MCAO/R, *p < 0.05.




DISCUSSION

Alpinia oxyphylla Miq. is a medicinal herb used for improving cognitive functions in TCM practice, but the scientific evidence of its use is lacking. In the present study, we demonstrate that AOM enhances adult hippocampal neurogenesis and improves cognitive impairment via inducing BDNF/TrkB/AKT signaling pathway in post–ischemic stroke treatment. Furthermore, we identify that P-CA is a representative active compound from AOM to activate BDNF/TrkB/AKT signaling pathway and induce adult hippocampal neurogenesis for enhancing cognitive functions. To our knowledge, this is the first report to demonstrate that AOM and its active compound P-CA could promote adult hippocampal neurogenesis and improve cognitive impairment via inducing BDNF/TrkB/AKT signaling pathway in postischemic brains.

Previous studies have reported the bioactivities of AOM in improving cognitive functions and antidepression (Koo et al., 2004; Shi et al., 2014; Yan et al., 2016). AOM improves cognitive functions in mouse cortex and hippocampus in amyloid β–induced AD mouse model (Shi et al., 2014). AOM exerts antidepressant-like effects through activating TrkB-mediated BDNF signal pathway (Yan et al., 2016). AOM enhances learning disability and protects CA1 hippocampal neurons in a mouse model with CCA occlusion (Koo et al., 2004; Wang et al., 2018). Herein, we tested the hypothesis that AOM could induce adult hippocampal neurogenesis and improve poststroke cognitive impairment via inducing BDNF/TrkB/AKT signaling pathway. AOM treatment significantly increased body weight, indicating the recovery from surgical injury and good quality of life in poststroke care. However, there was no statistical difference in the mNSS between the MCAO vehicle group and AOM treatment group. Importantly, Morris water maze and novel objective recognition test revealed that the AOM treatment significantly improved spatial learning/memory and enhanced cognitive functions in the post-MCAO ischemic rats with the impaired learning and memory functions. Meanwhile, AOM treatment enhanced cell proliferation and neuronal differentiation as marked by dual-immunofluorescent staining of BrdU/Ki67, BrdU/DCX, and BrdU/NeuN in hippocampal DG, SVZ, and striatum. Those results suggest that AOM could promote adult hippocampal neurogenesis, improve the spatial learning/memory impairment, and enhance cognitive functions in post-MCAO ischemic rats.

Brain-derived neurotrophic factor is a crucial neurotrophic factor to mediate hippocampal neurogenesis for improving learning and memory functions (Egan et al., 2003). BDNF not only promotes neurogenesis but also plays crucial roles in the survival and maintenance of neuronal cells (Wei et al., 2015). BDNF exerts its essential roles in promoting the hippocampal neurogenesis and rescuing cognitive and motor dysfunctions in a transgenic model of dementia (Goldberg et al., 2015). TrkB signaling is a crucial player in the proliferation of NSCs and the survival and functional integration of newborn neurons in adult hippocampus (Bergami et al., 2008; Li et al., 2008). In the present study, we found that AOM treatment significantly up-regulated the expression of BDNF, TrkB, and p-AKT in the hippocampus, indicating the induction of BDNF signaling pathway for neurogenesis in post-MCAO ischemic rats.

HCS technology is a sophisticated and efficient analytical method for drug discovery with application potentials for stem cell biology and genome studies (Fraietta and Gasparri, 2016). Combined HPLC and HCS technologies provide an effective platform for identifying the bioactive ingredients from medicinal herbal productions. With HCS technology, we examined the proliferation-promoting effects of the compounds identified from AOM extract. We counted the BrdU/Ki67 dual-positive populations in the C17.2 cells and found P-CA was the best compound to promote the proliferation of NSCs after the cells were exposed to 4-h OGD plus 20-h reoxygenation. SOX2 is a transcription factor expressed in the NSCs of the developing nervous system. SOX2 characterizes and marks undifferentiated precursor cells including stem cells for the early developmental stages of nerve system (Pevny and Nicolis, 2010). Fluorescent imaging studies revealed that P-CA treatment increased the dual-positive staining of BrdU/Ki67 and BrdU/SOX2 in the C17.2 cells after exposure to OGD. Therefore, P-CA could be a representative compound from AOM to promote the NSC proliferation. Furthermore, P-CA treatment dose-dependently up-regulated the expression of BDNF, TrkB, and p-AKT in the OGD-treated C17.2 cells, whose effects were blocked by ANA12, a BDNF/TrkB specific inhibitor. P-CA also increased the survival rates of the C17.2 cells. We then performed behavioral studies to evaluate the effects of P-CA on neurological deficit scores and spatial learning and memory functions in MCAO ischemic rats. P-CA treatment improved the spatial learning and long-term memory functions in the Morris water maze test, reduced anxiety in the open-field test, and increased short memory in novel objective recognition test. We then sought to determine the underlying mechanisms of P-CA in inducing hippocampal neurogenesis for improving cognitive functions. P-CA treatment significantly increased the dual-positive staining populations to BrdU/DCX and BrdU/NeuN in the DG, SVZ, and striatum of the postischemic brains, indicating the spontaneous neuronal differentiation. P-CA treatment also significantly increased the rates of dual-positive-staining cells to BrdU/Ki67, BrdU/DCX, and BrdU/NeuN in the hippocampal DG, SVZ, and striatum regions. Those data suggest that P-CA has the promoting effects on cell proliferation and neuronal differentiation. The promotion of the neurogenesis contributes to enhance spatial learning, increase short-term and long-term memory, and reduce anxiety in post–ischemic stroke rats.

P-coumaric acid, also named 4-hydroxycinnamic acid, is a phenolic acid. P-CA and its conjugates exhibit various bioactivities including antioxidant (Nasr et al., 2015), anti-inflammation (Pragasam et al., 2013), and anticancer (Shailasree et al., 2015). Previous studies reported that P-CA attenuated oxidative stress and reduced infarction size and neuronal vulnerability in cerebral ischemia–reperfusion injury (Guven et al., 2015; Sakamula and Thong-Asa, 2018). In the present study, the treatment of P-CA up-regulated the expression of BDNF, TrkB receptor, and p-AKT; promoted hippocampal neurogenesis; enhanced spatial learning; increased short and long-term memory; and attenuated anxiety in ischemic stroke rats. Furthermore, cotreatment of TrkB receptor inhibitor ANA12 blocked the effects of P-CA on proliferation and BDNF/TrkB/AKT signaling pathway in the NSCs. Thus, we conclude that P-CA could be a representative active compound contributing the neurogenesis-promoting effects of AOM through activating BDNF/TrkB/AKT signaling pathway. The enhanced hippocampal neurogenesis subsequently improves cognitive functions and reduces anxiety in the transient MCAO ischemic rats.

Nevertheless, with multiple ingredients in AOM, we should be cautious in interpreting the experimental results. In addition to P-CA, the synergic effects of the different ingredients might also contribute to the neurogenic effects of AOM, which remains to be further explored. Besides, we also performed molecular docking study to evaluate the capacity of P-CA to bind with BDNF. P-CA revealed to directly bind with BDNF (Supplementary Figure 7), suggesting the potential direct interaction between P-CA and BDNF for activating BDNF. However, how the binding regulation of P-CA up-regulates the expression of BDNF and affects the functions of BDNF remains to be further elucidated. Notably, TrkB antagonist, ANA12, abolished the effects of P-CA on the proliferation of NSCs, indicating that the neurogenic effects of P-CA should be BDNF-TrkB dependent. With complex biochemical and biophysical processes of the molecular dynamics and the intermolecular binding affinity, it is valuable to further explore the underlying mechanisms of P-CA to affect the BDNF protein and the neurogenesis in the postischemic brains.



CONCLUSION

In conclusion, AOM could be an effective medicinal plant to promote adult hippocampal neurogenesis and improve cognitive impairment in post–ischemic stroke treatment. The underlying mechanisms could be related to inducing BDNF/TrkB/AKT signaling pathway. p-Coumaric acid, a representative active compound from AOM, could activate the BDNF/TrkB/AKT signaling pathway and mediate adult hippocampal neurogenesis, subsequently improving cognitive functions, and reducing anxiety.
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Microalgae Aurantiochytrium Sp. Increases Neurogenesis and Improves Spatial Learning and Memory in Senescence-Accelerated Mouse-Prone 8 Mice
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Much attention has recently been focused on nutraceuticals, with minimal adverse effects, developed for preventing or treating neurological diseases such as Alzheimer's disease (AD). The present study was conducted to investigate the potential effect on neural development and function of the microalgae Aurantiochytrium sp. as a nutraceutical. To test neuroprotection by the ethanol extract of Aurantiochytrium (EEA) and a derivative, the n-Hexane layer of EEA (HEEA), amyloid-β-stimulated SH-SY5Y cells, was used as an in vitro AD model. We then assessed the potential enhancement of neurogenesis by EEA and HEEA using murine ex vivo neurospheres. We also administered EEA or HEEA to senescence-accelerated mouse-prone 8 (SAMP8) mice, a non-transgenic strain with accelerated aging and AD-like memory loss for evaluation of spatial learning and memory using the Morris water maze test. Finally, we performed immunohistochemical analysis for assessment of neurogenesis in mice administered EEA. Pretreatment of SH-SY5Y cells with EEA or the squalene-rich fraction of EEA, HEEA, ameliorated amyloid-β-induced cytotoxicity. Interestingly, only EEA-treated cells showed a significant increase in cell metabolism and intracellular adenosine triphosphate production. Moreover, EEA treatment significantly increased the number of neurospheres, whereas HEEA treatment significantly increased the number of β-III-tubulin+ young neurons and GFAP+ astrocytes. SAMP8 mice were given 50 mg/kg EEA or HEEA orally for 30 days. EEA and HEEA decreased escape latency in the Morris water maze in SAMP8 mice, indicating improved memory. To detect stem cells and newborn neurons, we administered BrdU for 9 days and measured BrdU+ cells in the dentate gyrus, a neurogenic stem cell niche of the hippocampus. In SAMP8 mice, EEA rapidly and significantly increased the number of BrdU+GFAP+ stem cells and their progeny, BrdU+NeuN+ mature neurons. In conclusion, our data in aggregate indicate that EEA and its constituents could be developed into a nutraceutical for promoting brain health and function against several age-related diseases, particularly AD.
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INTRODUCTION

Alzheimer's disease (AD), a growing worldwide health problem, is the most common form of dementia representing ~70% of all dementia cases. Up to now, effective therapy for AD has not been established, and no promising therapies are forthcoming. However, the number of patients with neurodegenerative diseases such as AD has been increasing; therefore, many studies on the treatment and improvement of AD with various approaches have been carried out. Lifestyle components such as exercise, intellectual stimulation activities, and sleep optimization have been reported to reduce the risk of AD and slow its progression (Fratiglioni et al., 2004; Forbes et al., 2013; Xie et al., 2013). In addition, several epidemiological studies have investigated the association between nutritional supplements, such as vitamin C, vitamin E, and omega-3 fatty acids, and the risk of AD and cognitive decline (Mangialasche et al., 2013; Shinto et al., 2014). Also, exposure to environmental enrichment has a protective effect by slowing the progression of AD and reducing AD-like cognitive impairment (Barak et al., 2013). Importantly, there has been growing interest in the potential for natural products such as nutraceuticals to treat or prevent AD.

It is estimated that about 72,500 algal species exist worldwide (Guiry, 2012). Algae produce a variety of bioactive secondary metabolites that include polyphenolic compounds, polysaccharides, steroids, fatty acids, carotenoids, mycosporine-like amino acids, halogenated compounds, polyketides, lectins, peptides, and their derivatives (Sathasivam et al., 2019). There is growing interest in exploring metabolites from algae, and attention has focused on exploring novel bioactive compounds with the potential for future therapeutic use (Blunt et al., 2017). A large number of biological functions have been found for algal natural products. They can have antioxidant, anti-inflammatory, anticancer, immunomodulatory, antidiabetic, antimicrobial, antiviral, and anticoagulant functions, tyrosinase inhibition, and ultraviolet-protective effects (Blunt et al., 2017).

Aurantiochytrium is an oleaginous microorganism in the Thraustochytriaceae family that has attracted attention because of its ability to produce high levels of polyunsaturated fatty acids and squalene. A research group at the University of Tsukuba found a high squalene-producing (198 mg/g) strain, 18W-13a, of Aurantiochytrium sp. from among 150 strains of thraustochytrids isolated in the Okinawa prefecture of Japan (Kaya et al., 2011). Squalene is a biosynthesized triterpene hydrocarbon and a precursor for all steroids in animals and plants. Squalene is used in the pharmaceutical and medical industries because it increases cellular and non-specific immune functions, decreases serum cholesterol levels, suppresses tumor proliferation, modulates fatty acid metabolism, and shows an adjuvant effect (Kelly, 1999; Aguilera et al., 2005; Kaya et al., 2011; Kumar et al., 2016; Bhilwade et al., 2019). Thus, Aurantiochytrium sp. may be useful in the search for new medicines and is considered to have great potential as a renewable source of chemical products, with squalene being of major interest. There have been few reports exploring the physiological effects of Aurantiochytrium sp. However, recent studies demonstrated that an ethanol extract obtained from Aurantiochytrium sp. (EEA) had anti-inflammatory effects on RAW264.7 cells (Takahashi et al., 2018). Moreover, EEA also showed an antidepressant-like effect via anti-inflammation (Sasaki et al., 2019a). However, the effects of Aurantiochytrium sp. on central nervous system (CNS) activity such as learning and memory or adult neurogenesis are unknown.

Senescence-accelerated mouse-prone 8 (SAMP8) mice are a good animal model for age-associated diseases, such as AD (Morley et al., 2012a,b). They exhibit deterioration in memory and learning accompanied by CNS inflammation, vascular impairment, gliosis, increased oxidative stress, amyloid-β (Aβ) accumulation, and tau hyperphosphorylation (Morley et al., 2012a; Cheng et al., 2014). Moreover, Griñan-Ferré et al. (2016) used environmental enrichment in SAMP8 mice and found altered chromatin-modifying gene expression in the hippocampus, increased expression of antioxidant genes, and reduced expression of pro-inflammatory genes. Another interesting study showed that environmental enrichment increased cognition, reduced Tau hyperphosphorylation, and increased synaptic protein expression in the 5XFAD mouse model of AD (Griñán-Ferré et al., 2018). Thus, not only diet but other lifestyle changes could also influence AD symptoms in humans. We previously showed that SAMP8 mice given the polyphenol 3,4,5-tricaffeoylquinic acid exhibited increased neurogenesis (Sasaki et al., 2019b). In physiologic conditions, neurogenesis occurs in the adult brain in two principal regions, the subgranular zone (SGZ) of the hippocampus (Altman and Das, 1965; Kempermann, 2002) and the wall of the lateral ventricles, the subventricular zone (SVZ) (Alvarez-Buylla and Garcia-Verdugo, 2002).

Thus, in the present study, we studied the effects of EEA on cell viability, adenosine triphosphate (ATP) production, and neural differentiation in SH-SY5Y human neuroblastoma cells. We performed complementary in vitro murine neurosphere assays to determine the effects of EEA on proliferation and differentiation of neural stem cells and neural precursor cells (NPCs). The SGZ has been implicated in learning and memory, and therefore, we examined learning and memory with the Morris water maze in SAMP8 mice administered EEA. Finally, we studied the effects of EEA on SGZ and SVZ stem cell activation and neurogenesis in vivo.



MATERIALS AND METHODS


Preparation of Ethanol Extract of Aurantiochytrium sp.

Dried powders of Aurantiochytrium sp. cells were provided by Professor Makoto Watanabe (Algae Biomass and Energy System R&D Center, University of Tsukuba, Japan). The algae dried powders were stored at −80°C until extraction for maintenance of the quality. The algae dried powders were extracted using 99.5% ethanol, in the dark, and at room temperature for 2 weeks, with shaking of the mixture occurring at least once a day. At the end of the procedure, the liquid fraction was collected and filtered through a 0.22-μm filter. For both in vitro and in vivo experiments, the EEA liquid fraction was concentrated using a SpeedVac (Thermo Fisher Scientific, Japan). For in vitro experiments, the concentrated EEA was dissolved in serum-free Eagle's minimum essential medium (OPTI-MEM; Gibco, Japan) with sonication, and for in vivo experiments, the concentrated 150-mg EEA was dissolved in 10-ml milliQ water with sonication. For both in vitro and in vivo experiments, EEA was aliquoted and stored at −80°C for maintenance of quality.



Preparation of n-Hexane Layer of Ethanol Extract of Aurantiochytrium Using Liquid–Liquid Distribution

To obtain the extract, Aurantiochytrium sp. 18W-13a strain was extracted as mentioned earlier with 99.5% EtOH for 2 weeks, and the EtOH extract was filtered and evaporated in vacuo. The concentrated EEA (200 mg) was dissolved in 100-ml n-Hexane, and 100-ml 90% MeOH was added to the extract. The extract was partitioned between the 90% MeOH layer and the n-Hexane layer due to the difference in their solubility. Partitioning the 90% MeOH layer and n-Hexane layer was repeated twice with 100-ml n-Hexane. Next, the n-Hexane layer containing EEA (HEEA) was concentrated using vacuo; 100 mg of this concentrate was dissolved in 1 ml of 99.5% EtOH and used for in vitro experiments. After dissolving in 99.5% EtOH, HEEA was aliquoted and stored at −80°C. For animal dosing for the in vivo assay, the HEEA was concentrated, and the dried 150-mg HEEA was dissolved in 10-ml milliQ water with sonication. The HEEA solution, for in vivo experiments, was also aliquoted and stored at −80°C until use for maintenance of quality.



Preparation of Squalene

Squalene was purchased from Wako Co, Ltd. (Tokyo, Japan). For in vitro assays, squalene was dissolved in medium and sonicated before use in the experiment because it was difficult to dissolve in the medium.



SH-SY5Y Cell Culture

The human neuroblastoma SH-SY5Y cell line was purchased from the American Type Culture Collection. SH-SY5Y cells were cultured in a 1:1 (v/v) mixture of Dulbecco's modified Eagle medium and Ham's F-12 medium (Gibco, Japan) supplemented with 15% heat-inactivated fetal bovine serum (Bio West, U.S.A) and 1% penicillin (5,000 μg/ml)–streptomycin (5,000 IU/ml) (Lonza, Japan) at 37°C in a humidified atmosphere of 5% CO2 in the air. SH-SY5Y cells were cultured in 100-mm Petri dishes or 96-well plates. OPTI-MEM was used to culture the cells for the cell viability assay.



3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Assay

Cell viability and mitochondrial activity were determined using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay to check for effects of EEA (20 μg/ml), HEEA (20 μg/ml), squalene (50 μM), and Aβ (15 μM) on cytotoxicity. SH-SY5Y cells were seeded at 2 × 105 cells/ml in 96-well plates and incubated for 24 h. After 24-h incubation, SH-SY5Y cells were treated with EEA, HEEA, squalene, or Aβ for 72 h. To evaluate the neuroprotective effects of EEA, HEEA, and squalene against Aβ-induced cytotoxicity, SH-SY5Y cells were pretreated with 20 μg/ml EEA, 20 μg/ml HEEA, and 50-μM squalene for 10 min before 15-μM Aβ treatment. After sample treatment, a solution of 5 mg/ml MTT dissolved in phosphate-buffer saline (PBS) was added (10 μl/well) and incubated for another 24 h. The resulting MTT formazan was dissolved in 100 μl of 10% sodium dodecyl sulfate (w/v), and the absorbance was measured using a microtiter plate reader (Dainippon Sumitomo Pharma Co., Ltd., Japan).



Adenosine Triphosphate Assay

The effect of EEA on ATP production of SH-SY5Y cells was determined using a luciferase luminescence assay kit (ATP reagents for cell: TOYO Ink, Tokyo, Japan). SH-SY5Y cells were seeded at 2 × 105 cells/ml and incubated for 24 h. After incubation, SH-SY5Y cells were treated with 20 μg/ml EEA. After 6-, 12-, and 24-h incubation, the ATP assay reagent was added (100 μl/well) and incubated for 10 min at room temperature while avoiding light exposure. After the incubation, the solution was transferred into a white clear-bottom 96-well-plate (BD Falcon), and the luminescence was detected using a microplate reader (Dainippon Sumitomo Pharma Co., Ltd., Japan).



Primary Neurosphere Culture

NPCs were obtained from the SVZ of 7-day-old postnatal mice following the procedure described by Torroglosa et al. (2007) . Six CD1 mice were used for each independent culture. Neurosphere cultures were maintained in a defined medium composed of Dulbecco's modified Eagle's medium/F12 medium 1:1 (v/v) with 1 mg/L gentamicin (GIBCO) and B27 supplement (Invitrogen, Carlsbad, CA). Epidermal growth factor (EGF) (20 ng/ml, GIBCO) and basic fibroblast growth factor (bFGF) (10 ng/ml, Peprotech, Frankfurt, Germany) were added to cultures to stimulate cell proliferation and culture expansion. All animal procedures were approved by the Animal Study Committee of Tsukuba University and according to the guidelines for the Care and Use of Animals approved by the Council of the Physiological Society of Japan.

To test the effect of EEA (20 μg/ml) and HEEA (20 μg/ml) on primary neurospheres, single cells from mechanically disaggregated neurospheres were seeded in anti-adherent 96 well-plates (Corning, NY, USA) at a density of 20,000 cells/ml. EEA (20 μg/ml) or HEEA (20 μg/ml), EGF (20 ng/ml), and bFGF (10 ng/ml) were added at the time of seeding. Seventy-two hours after seeding, the number of newly formed neurospheres was counted with phase microscopy. To measure neurosphere size, images of at least 50 neurospheres per well were taken. The size was measured using ImageJ software. Each treatment was performed in triplicate and repeated at least three independent times.



Immunocytochemistry

Cells in medium without growth factors were added onto poly-L-ornithine coated 8-well-glass slide chambers (Lab-Tek) with EEA. After 72 h, cells were fixed with 4% (w/v) paraformaldehyde. After three washes, cells were incubated with a blocking solution composed of PBS containing 2.5% (w/v) bovine serum albumin for 1 h to avoid non-specific antibody binding. Primary antibody incubations were carried out overnight at 4°C in blocking solution. Then, cells were washed with PBS and incubated with the appropriate secondary antibody for 1 h.

The primary antibodies used were mouse anti-β-III-tubulin (Promega, 1:1,000) and rabbit anti-GFAP (DAKO, 1:3,000). The secondary antibodies used were donkey anti-rabbit Alexa Fluor 488 and donkey anti-mouse 594 (Invitrogen, 1:1,000). Nuclei were counterstained with 4',6-diamidino-2-phenylindole using drops of ProLong Gold Antifade Mountant (Thermo SCIENTIFIC, Japan). Fluorescence was detected with a Leica DMI 4000B epifluorescent microscope (Leica, Germany). Quantification was performed in 12 predetermined visual fields/well and 3 wells/condition. Experiments were repeated a minimum of three times, and results were expressed as the mean ± SEM.



Animals

Adult male SAMP8 (4 months old) and senescence-accelerated resistant mouse 1 (SAMR1) (4 months old) (SLC Japan) were used for in vivo experiments. After acclimatization to laboratory conditions (7 days), SAMP8 mice were divided into three groups: SAMP8 control group, orally administered only with water (n = 10), EEA-treated group (n = 10), and HEEA-treated group (n = 7). SAMR1 mice (n = 10) were used as normal aging controls. Animals were housed under controlled conditions of temperature (21–23°C) and light:dark cycle (12:12 h) with free access to food and water. All animal procedures were approved by the Animal Study Committee of Tsukuba University (No. 16-041) and according to the guidelines for the Care and Use of Animals approved by the Council of the Physiological Society of Japan.

In our previous study, we orally administered 100 mg/kg of EEA for 14 consecutive days to depression model mice to evaluate its antidepressant-like activities (Sasaki et al., 2019a). Considering this previous study, 50 mg/kg was determined as the concentration for oral administration of EEA and HEEA. Oral administration (gavage) of EEA (50 mg/kg) and HEEA (50 mg/kg), dissolved in water, was performed 1 × per day for 30 days. An equal volume of water was administered to the water-administration group. In addition, BrdU (1 mg/ml), which is incorporated into proliferative cells at the S-phase of the cell cycle, was provided in the drinking water and provided to the SAMR1 control mice, the SAMP8 control group, and the EEA-treated group during nine consecutive days starting with the 14th day of oral administration.



Morris Water Maze

Spatial learning and memory were analyzed using the Morris water maze (MWM) as previously described (Sasaki et al., 2019b). A circular pool (120 cm in diameter and 45 cm in height) was filled to a depth of 30 cm with water (23 ± 2°C) and was divided into four quadrants designated as north, east, west, and south. A platform (10 cm in diameter) was placed in the northeast quadrant and was submerged 1 cm below the water surface so that it was invisible to mice at water level. Each mouse had daily sessions of four trials for seven consecutive days using a single hidden platform in one quadrant, with the start point rotating around the other three quadrants. When the mice succeeded, they were allowed to stay for 15 s on the platform. When mice failed for more than 60 s, the experimenter assisted them in finding the platform. A probe trial was performed 24 h after the last training session of MWM. The platform was removed from the pool in this trial, and mice were allowed to swim freely for 60 s. The number of crossings over the previous position of the platform and the time spent in the target quadrant in which the platform was hidden during the acquisition trials were recorded as measures for spatial memory.



Tissue Processing and Immunohistochemistry

Mice were killed by cervical dislocation after the MWM test; brains were removed and fixed with 4% paraformaldehyde for 24 h at 4°C. After, brains were cryoprotected in 30% sucrose (w/v) in PBS for 48 h at 4°C. Serial 30-μm coronal brain sections were obtained using a microtome on dry ice. Sections were stored at −20°C in cryoprotectant solution (ethylene glycol, glycerol, 0.1-M phosphate buffer, pH 7.4, 1:1:1:2 by volume). Pretreatment of tissue was required for BrdU detection. BrdU antigen retrieval was achieved with 1-M HCl at 38.5°C for 1 h. Sections were blocked with a solution composed of PBS, 0.1% Triton X-100, and 1% bovine serum albumin (Sigma) for 1 h, after washing abundantly with PBS. Primary antibodies were incubated overnight at 4°C. Sections were washed and incubated with fluorochrome-conjugated specific secondary antibodies overnight at 4°C. Primary antibodies used were sheep polyclonal anti-BrdU (1:500, Abcam), rat monoclonal anti-GFAP (1:400, Life Technologies), mouse monoclonal anti-NeuN (1:400, Millipore), and goat polyclonal anti-DCX (1:100, Santa Cruz). The secondary antibodies were conjugated to Alexa-488, −568, or −647 (Invitrogen Paisley, Renfrewshire, UK; 1:500). Sections were mounted with Prolong Antifade Kit (Molecular Probes, Eugene, USA). A Leica DMIRB microscope with a Hamamatsu C4742-95 digital camera or a Leica DMR microscope with a Leica DFC-500 digital camera was used to obtain epifluorescence images. Confocal images were obtained with a Zeiss LSM 710 laser scanning confocal microscope using the Z-stack and tile functions as appropriate.

Double labeling was carefully examined using a 40 × objective and the digital zoom options of FIJI (ImageJ) software. Stereological methods were used for cell counting and to estimate the number of positive cells for each specific marker using the procedures in Geribaldi-Doldán et al. (2018). Five to six animals were used per condition to analyze SVZ and SGZ neurogenesis. Cells were counted in every fifth 30-μm thick-serial coronal section. In each section, cells were counted in the lateral wall of lateral ventricles in the case of the SVZ and the SGZ in the case of the dentate gyrus (DG). Sections were analyzed under confocal microscopy at 40 × magnification. Confocal images of each section were obtained using a Zeiss LSM 710 microscope using the Z-stack function using 5–7 2-micron increments. Double labeling of individual cells was confirmed with orthogonal views of the cells. The total number of cells was determined within the volume analyzed. Mice were coded depending on the treatment, and quantification was done in a blinded analysis.



Statistics

All analysis was performed by experimenters blind to the condition on coded slides as previously described (Kandasamy et al., 2015). Data from quantifications were collated into Microsoft Excel, and statistical analyses were performed using GraphPad Prism 6 and SPSS Statistics 22. First, to test for normality, we performed the Shapiro–Wilk test. Homogeneity of variance was confirmed with Levene's test. Accordingly, a normal distribution parametric test was used to compare means. When more than two treatment groups were compared, statistical analyses were performed using one-way ANOVA followed by Bonferroni's post hoc test or the Ryan–Einot–Gabriel–Welsch multiple range test. To compare two groups, Student's t-tests were performed. If data were not normally distributed or the variances were not homogeneous, non-parametric tests were performed to compare means using Kruskal–Wallis tests and Dunn's post hoc analysis. Results are expressed as mean ± SEM. Results were considered statistically significant when p < 0.05 for specific p-values.




RESULTS


Ethanol Extract of Aurantiochytrium, n-Hexane Layer Containing Ethanol Extract of Aurantiochytrium, and Squalene Inhibit Amyloid-β-Induced Cell Death and Ethanol Extract of Aurantiochytrium Increased Adenosine Triphosphate Production

SH-SY5Y cells were treated with EEA (20 μg/ml), HEEA (20 μg/ml), or squalene (20 μg/ml) for 72 h and cell viability measured with the MTT assay. To evaluate the neuroprotective effect of EEA and HEEA, SH-SY5Y cells were pretreated with 20 μg/ml EEA or 20 μg/ml HEEA for 10 min. Also, Aβ was added (final concentration: 15 μM) and co-treated with EEA or HEEA for 72 h. Then, cell viability was measured with the MTT assay. The Aβ-treated group showed a significant reduction in cell viability compared with the non-treated group (40.9 ± 1.4%, P < 0.01). In contrast, pretreatment with 20 μg/ml EEA or 20 μg/ml HEEA ameliorated Aβ-induced cytotoxicity (186.8 ± 6.9% and 138.9 ± 4.2% compared with 100% in Aβ-treated cells, respectively, P < 0.01; Figures 1A,B). Interestingly, EEA only-treated cells showed a significant increase in cell viability compared with non-treated cells (Figure 1A). Moreover, pretreatment with 50-μM squalene for 10 min also reversed Aβ-induced cell death, resulting in a significant increase in cell viability (136.0 ± 4.0% compared with 100% in Aβ-treated cells, P < 0.01; Figure 1C).
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FIGURE 1. Effect of (A) ethanol extract of Aurantiochytrium sp. (EEA), (B) hexane layer of EEA (HEEA), and (C) squalene on the cell viability and Amyloid-β (Aβ)-induced changes in SH-SY5Y cells viability. (D) Effects of ethanol extract of EEA on ATP production of SH-SY5Y cells. In MTT assay, cells were pretreated with EEA (20 μg/ml) or HEEA (20 μg/ml) or squalene (50 μM) for 10 min, and then, cells were treated with 15-μM Aβ for 72 h. For ATP assay, cells were treated with EEA (20 μg/ml) for 6, 12, and 24 h. After treatment, intracellular ATP production level was measured. Each bar represents mean ± SEM (n = 5 independent experiments). **P < 0.01 vs. control cells, ##P < 0.01 vs. Aβ-treated cells.


Because EEA increased cell viability in SH-SY5Y cells (Figure 1A), we asked if EEA affects intracellular ATP levels. In addition, Aβ is used as an oxidative stress inducer, which can decrease intracellular ATP levels by causing dysfunction in mitochondria. We found that 20 μg/ml EEA treatment significantly increased intracellular ATP levels, 112.8 ± 3.8, 121.5 ± 3.4, and 124.9 ± 2.5% compared with non-treated cells after 6-, 12-, and 24-h incubation, respectively (P < 0.01; Figure 1D).



Ethanol Extract of Aurantiochytrium Increased Number of Neurospheres

Based on our results that EEA increased cell viability and ATP production in SH-SY5Y cells, we evaluated the effects of EEA and HEEA on proliferation and differentiation using neurosphere assays. Murine neurospheres were treated for 72 h with 20 μg/ml EEA or 20 μg/ml HEEA. EEA treatment significantly increased the number of neurospheres (P < 0.01) but did not modify neurosphere size (Figure 2). In contrast to EEA, HEEA treatment did not modify neurosphere number or neurosphere size (Figures 2B,C).
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FIGURE 2. Effect of ethanol extract of Aurantiochytrium sp. (EEA) and hexane layer of EEA (HEEA) on NPCs proliferation. Proliferation was tested using neurosphere cultures in the presence of EGF (20 ng/ml) and bFGF (10 ng/ml). (A) Phase-contrast microscopy images of neurospheres treated with or without EEA (20 μg/ml) or HEEA (20 μg/ml) during 72 h. Scale bar indicates 100 μm. (B) Neurosphere number after treatment with grape extract. (C) Size of neurospheres after treatment with EEA or HEEA. **P < 0.01 compared with control in a one-way ANOVA followed by Ryan–Einot–Gabriel–Welsch multiple range test.




Ethanol Extract of Aurantiochytrium and n-Hexane Layer Containing Ethanol Extract of Aurantiochytrium Had Opposite Effects on Neural Differentiation

To study the fate of neurosphere-derived cells treated with EEA and HEEA (Figure 3A), we performed immunocytochemistry for the young neuron marker β-III-tubulin and the astrocytic and stem cell marker GFAP. Cells were seeded onto poly-L-ornithine pretreated 8-well-glass slides and cultured in media containing 20 μg/ml EEA or 20 μg/ml HEEA for 72 h. None of the treatments decreased cell viability (Figure 3B). However, EEA significantly (P < 0.01) decreased the number of β-III-tubulin+ cells and also the number of GFAP+ cells compared with controls, suggesting that EEA can preserve the undifferentiated state of these cells (Figures 3C,D). In contrast, treatment with HEEA increased the number of β-III-tubulin+ and GFAP+ cells compared with control and with EEA, suggesting that the squalene-rich fraction of EEA increased differentiation of these cells (Figures 3C,D).
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FIGURE 3. Effect of ethanol extract of Aurantiochytrium sp. (EEA) and hexane layer of EEA (HEEA) on NPCs proliferation. Two types of differentiation markers (β-III-tubulin for neurons and GFAP for astrocytes) were used. Neurospheres were treated with or without EEA (20 μg/ml) or HEEA (20 μg/ml) for 72 h. (A) Immunofluorescence images demonstrating expression of β-III-tubulin and GFAP. (B) Numbers of live cells after EEA or HEEA treatment. (C) Numbers of β-III-tubulin+ cells after treatment with EEA or HEEA. (D) Numbers of GFAP+ cells after treatment with EEA or HEEA. **P < 0.01 vs. control cells.




Ethanol Extract of Aurantiochytrium and n-Hexane Layer Containing Ethanol Extract of Aurantiochytrium Improved Spatial Learning and Memory in Senescence-Accelerated Mouse-Prone 8 Mice

To evaluate the effect of EEA and HEEA (squalene-rich fraction of EEA) on spatial learning and memory in SAMP8 mice, the MWM test was performed. To assess the effect of EEA and HEEA on spatial learning and memory, we measured the time mice needed to swim to the platform (escape latency). As shown in Figure 5A, the escape latency of EEA-treated SAMP8 mice was significantly (P < 0.01) decreased compared with water-treated SAMP8 mice from the 6th and 7th day of training. There was no difference in the escape latency between SAMR1 mice and EEA-treated SAMP8 mice. Moreover, HEEA-treated SAMP8 mice also showed a significantly decreased escape latency time compared with water-treated SAMP8 mice at day 7 (Figure 4A).
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FIGURE 4. Effect of ethanol extract of Aurantiochytrium sp. (EEA) and hexane layer of EEA (HEEA) on the spatial learning and memory as determined by escape latency of senescence-accelerated resistant mouse 1 (SAMR1) mice, senescence-accelerated prone mouse 8 (SAMP8) mice, SAMP8 EEA-treated group, and SAMP8 HEEA-treated group determined by Morris water maze test (A). Effect of EEA or HEEA on time spent in the target quadrant (B). Effect of EEA or HEEA on the number of crossings of platform by SAMR1-untreated and SAMP8-treated or -untreated mice (C). *P < 0.05, **P < 0.01 compared with SAMP8 + water group.


Figures 4B,C show that the time spent in the target quadrant and the number of times the mouse crossed the platform was significantly higher in the EEA-treated SAMP8 group compared with the water-treated SAMP8 group (P < 0.01). However, no significant difference was observed in the number of crossings of the target quadrant between the HEEA-treated SAMP8 group and the water-treated SAMP8 group.



Ethanol Extract of Aurantiochytrium Increases Neural Stem Cells and Neurogenesis in Hippocampus of Senescence-Accelerated Mouse-Prone 8 Mice

To test EEA (50 mg/kg) effects on neurogenic niches, we administered it orally to SAMP8 mice for 30 days, carried out the MWM test, and brains were collected and immunohistochemistry performed. We designated BrdU+ cells that co-express the NSC and astrocytic marker GFAP as SGZ stem cells. We also co-labeled BrdU+ cells with the mature neuronal marker NeuN and double-positive cells were considered to be neurons that were born during BrdU administration that had matured. We studied the effects of EEA on the anterior DG and the posterior DG separately because the former is associated with spatial memory and the latter more with limbic functions (Motta-Teixeira et al., 2015). The number of BrdU+GFAP+ cells was significantly increased in both the anterior and the posterior DG of EEA-treated SAMP8 mice compared with water-treated SAMP8 mice (P < 0.01) (Figures 5B,E). In the anterior DG, EEA also significantly increased the number of newborn neurons that had mature BrdU+NeuN+ cells (P < 0.01; Figure 5C). In the posterior DG, there was a trend toward an increased number of newborn neurons in the EEA-treated SAMP8 mice, but this did not reach statistical significance (Figures 5D,F).
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FIGURE 5. Effect of oral administration of ethanol extract of Aurantiochytrium sp. (EEA) on anterior and posterior dentate gyrus (DG) stem cell activation and neurogenesis. SAMP8 mice were orally administered with EEA (50 mg/kg) for 30 days. Photomicrographs show coronal sections containing the anterior (A) and posterior (D) DG processed for immunohistochemical detection of BrdU+ cells (red) and stem cell marker GFAP (green). Graphs represent number of BrdU+ cells that co-express stem cell marker GFAP in anterior (B) and posterior (E) DG. Graph representing number of BrdU+ cells that co-express mature neuronal marker NeuN in anterior (C) and posterior (F) DG. Each bar represents mean ± SEM. *P < 0.05 SAMP8 + EEA group compared with SAMP8 + water group or SAMR1 + water group (B,C,E).


We next asked if EEA affects the other major neurogenic niche, the SVZ. We found that the total number of BrdU+ cells was greater in SAMP8 mice compared with SAMR1 control mice, independent of treatment (Figures 6A,B). However, there were no significant differences in the number of BrdU+ cells that co-express the astrocyte and stem cell marker GFAP (Figure 6C). Nevertheless, SAMP8 EEA-treated mice exhibited a significant increase in the number of BrdU+ cells that co-express the neuroblast marker DCX in the SVZ compared with SAMP8 + water-treated mice (P < 0.01; Figures 6D,E). We used DCX instead of NeuN here because NeuN expression only occurs once SVZ neuroblasts have reached the olfactory bulbs, whereas DCX is expressed in newborn neurons in the SVZ (Brown et al., 2003).
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FIGURE 6. Effect of oral administration of ethanol extract of Aurantiochytrium sp. (EEA) on subventricular zone (SVZ) proliferation. EEA (50 mg/kg) was orally administered to SAMP8 mice for 30 days. (A) Photomicrograph shows SVZ in coronal sections processed for immunohistochemical detection of proliferating BrdU+ cells (red) and astrocyte marker GFAP (green), and (D) BrdU+ cells (green) and neuroblast marker doublecortin (DCX, red). (B) Graph represents number of BrdU+ cells in SVZ. (C) Graph showing number of BrdU cells that co-express stem cell and glial marker GFAP. (E) Graph showing number of BrdU cells that co-express DCX. Each bar represents mean ± SEM. *P < 0.05 SAMP8 + EEA group or SAMR1 + water group compared with SAMP8 + water group (B,E).


We also performed double-labeling immunohistochemistry for BrdU and DCX in the DG. There was no statistically significant difference between groups in the anterior DG; however, we observed a clear tendency indicating an increase in the number of BrdU+DCX+ cells in EEA-treated SAMP8 mice compared with SAMR1 and SAMP8 water-treated mice (data not shown). Similar to the anterior DG, there was no statistically significant difference in the posterior DG among the three groups (data not shown).




DISCUSSION

Increasing neurogenesis by increasing NSCs is important to investigate as a treatment for AD. In this study, we focused on a microalgae Aurantiochytrium as a nutraceutical for the treatment of AD. We evaluated an EEA's neuroprotective effect on human neural SH-SY5Y cells and stem cell properties in murine neurosphere primary cultures. Moreover, we also evaluated the effect of EEA on spatial learning and memory and in vivo neurogenesis in SAMP8 mice, a good model for aging-related brain dysfunction such as AD. In this study, we have shown that the microalgae Aurantiochytrium has multiple neuroprotective effects on brain health. It inhibited neuronal death caused by Aβ and increased ATP in SH-SY5Y cells. In SAMP8 mice brains, it augmented hippocampal stem cells and neurogenesis and improved spatial memory loss.

These findings are important, as the development of preventive or therapeutic drugs and functional foods for these diseases is still challenging. Nutraceuticals are at the intersection of pharmaceuticals and nutrition and render health or medical benefits, including the prevention and treatment of disease. Other studies have also demonstrated the neuroprotective effects of nutraceuticals against toxic compounds associated with neurodegenerative diseases via mechanisms such as modulation of energy metabolism, oxidative stress, neuroinflammation, and promotion of neurogenesis via growth factors and neurotrophins (Dadhania et al., 2016; Pandareesh et al., 2018).

Aβ, a 39–43 amino acid peptide, is a major component of neuritic plaques and a pathological hallmark of AD, along with neurofibrillary tangles. Aβ is formed from amyloid precursor protein upon cleavage by β- and γ-secretase. This process is the amyloidogenic processing pathway that generates Aβ1−40 and Aβ1−42, which are neurotoxic. The molecular mechanism that links Aβ to the development of neurotoxicity is poorly understood, but some evidence suggests that it is caused by oxidative stress (Castillo et al., 2019), neuroinflammation (Webers et al., 2020), and dysfunction of mitochondria (Wang et al., 2020). The current study aimed to first evaluate the EEA for its in vitro neuroprotective effect on human SH-SY5Y cells treated with Aβ. SH-SY5Y neural cells were selected, as they are used widely for the evaluation of neurotoxic, neuroprotective, and neuroadaptive properties of various phytoconstituents and other chemical entities (Ramkumar et al., 2017; Marmit et al., 2020). In our present study, EEA (20 μg/ml)-treated cells significantly increased cell viability against the decrease of Aβ-induced cytotoxicity. Moreover, the HEEA and squalene, a major constituent of EEA, also showed the neuroprotective effect on Aβ-treated cells. Our study also showed that treatment of EEA increased cell viability as well as intracellular ATP levels. Dysfunction of energy metabolism in the brain occurs during aging but is further exacerbated in neurodegenerative diseases and is considered to be another hallmark of neurodegeneration (Camandola and Mattson, 2017). Also, the high availability of energy is important for the CNS because neurons require ATP for many critical functions, including firing action potentials, survival, proliferation, and differentiation in stem cell niches. Therefore, our results suggested that EEA may improve mitochondrial dysfunction induced by Aβ and activated mitochondria. Regulation of the amyloidogenic processing reduces Aβ production and may ameliorate Alzheimer's pathology, which is a potential target for AD. In addition, inhibition of Aβ assembly is another potential means to slow down AD pathogenesis. In the future, therefore, multiple studies on Aβ production, amyloidogenic processing, and Aβ assembly are required for understanding the mechanism underlying the neuroprotective effect of EEA (Li et al., 2020; Patil et al., 2020).

Metabolic states influence stem cell activation and neurogenesis (Llorens-Bobadilla et al., 2015), suggesting EEA could increase these processes according to the result of MTT and ATP assay. Therefore, we first analyzed the effect of EEA and HEEA in neurosphere cultures. Neurospheres are primary cultures of the stem and progenitor cells isolated from neurogenic niches consisting of floating aggregates of cells that can be used to evaluate the effects of molecules on NPCs. The size of neurospheres is indicative of NPC proliferation, whereas neurosphere numbers are indicative of self-renewal and survival. Experiments were performed in the presence of EGF and bFGF to stimulate neurosphere formation. We isolated neural stem cells and NPCs from the brain and grew neurospheres in proliferation conditions using the growth factors EGF and bFGF to promote neurosphere formation. We measured the number and size of neurospheres, where neurosphere number indirectly indicates the number of cells that enter the cell cycle or their self-renewal capacity (Reynolds and Weiss, 1996; Reynolds and Rietze, 2005) and size indicates the rate of proliferation (Torroglosa et al., 2007). We found that EEA significantly increased the number of neurospheres but not their size, suggesting an increase in this stem cell property of self-renewal upon exposure to EEA. Not only NSCs but also transit-amplifying progenitor cells can form new neurospheres, and some data suggest quiescent stem cells are not detected in neurospheres (Pastrana et al., 2011). Thus, EEA may have had an effect on multiple different cells in our cultures. In contrast to EEA, we found that HEEA did not affect neurosphere proliferation or self-renewal. We surmise that there were constituents in EEA that induced these effects but that were absent from the HEEA, hexane-purified EEA.

We subsequently found additional differences in the effects of EEA vs. HEEA. In terms of neurosphere differentiation, EEA decreased the number of β-III-tubulin+ neurons, whereas HEEA increased it. The same occurred with the number of GFAP+ cells. These results suggest that HEEA can induce differentiation of NPC into both neurons or glia, whereas EEA keeps them in an undifferentiated state. Recent studies showed EEA and one of its active components, squalene, have neuroprotective effects, protecting stressed neurons from cell death (Sasaki et al., 2019a). Moreover, several genes related to chemokine signaling pathways are downregulated in EEA-treated mice and may contribute to anti-inflammatory effects (Sasaki et al., 2019a). Squalene, which is concentrated in the HEEA layer, is essential in NSCs and NPC cholesterol biosynthesis. Ablation of squalene synthase promoted apoptosis in newborn neurons and reduced brain size (Saito et al., 2009). Also, disruption of cholesterol synthesis affected the radial glia fiber scaffold necessary for the migration of newborn neurons and was related to reduced cell self-renewal (Driver et al., 2016).

In our previous work, we evaluated the neuroprotective effects of several natural compounds on Aβ-treated SH-SY5Y cells as an in vitro model of AD (Han et al., 2010; Sasaki et al., 2013). Interestingly, this AD model showed a strong correlation with the results of our previous behavioral experiments (MWM) using SAMP8 mice (Han et al., 2010; Sasaki et al., 2013). The present study also sought to evaluate the effects of EEA and HEEA treatment in spatial and learning memory in SAMP8, a well-characterized model for studying brain aging and neurodegeneration (Morley et al., 2012a,b) using the MSM test. The MWM is a widely used tool to assess spatial learning and memory in rodents. In the MWM, the animal finds or is placed on a platform concealed under the surface of the water in a pool. The time each mouse takes to subsequently swim to the platform indicates how quickly it can recall the location of the platform. SAMP8 mice show age-related deterioration in learning and memory ability with comprehensive brain pathological changes, including the deterioration of amyloid pathology by alterations in the amyloid pathway (Porquet et al., 2015) and have been used as a non-transgenic murine model for accelerated senescence and AD (Hong et al., 2020). In our study, we found that SAMP8 mice treated with EEA or HEEA demonstrated increased learning ability in the MWM test. Thus, our results suggested that EEA and HEEA may potentially restore neuronal damage and death induced by Aβ, which may help improve spatial learning and memory in SAMP8 mice.

Using gavage, EEA was administered to SAMP8 and SAMR1 mice to study proliferation in vivo in the neurogenic stem cell niches. The hippocampal SGZ has been shown to mediate learning and memory (Anacker and Hen, 2017). In the SGZ, we found significantly more cells that co-express the proliferation marker BrdU and the mature neuronal marker NeuN, indicating that EEA encourages neurogenesis in this region. Additionally, we observed increased numbers of BrdU+ cells co-expressing the glial and stem cell marker GFAP in the anterior SGZ. This increase suggests that quiescent NSCs could be activated by EEA, eventually increasing neuronal production. One potential mechanism is related to fatty acid metabolism. EEA could induce de novo lipogenesis, which is key in neurogenesis (Knobloch et al., 2013) and so ameliorate SAMP8 cognitive deficiencies. We also studied the other important neurogenesis niche, the SVZ, and found more BrdU+ cells that co-express the neuroblast marker DCX in the SVZ of SAMP8 mice treated with EEA. In contrast, we found no significant changes in the number of BrdU+ cells that co-express the glial and neural stem cell marker GFAP, suggesting that EEA induced neurogenesis in the SVZ but did not activate NSCs. Moreover, our hippocampal results indicate increased neurogenesis after EEA administration, and this may contribute to their enhanced performance in the MWM spatial memory test. However, it is important to point out that EEA administered mice may have altered strategy use, motivation, or stress resilience, and the MWM results may not be entirely due to increased hippocampal neurogenesis. The relationship between adult neurogenesis and AD has been recently debated (Moreno-Jiménez et al., 2019; Scopa et al., 2020). Previous studies have reported reduced expression of neurogenesis markers in the SVZ and DG regions of postmortem AD brain. Moreover, several studies demonstrated increased neurogenesis in animal models and humanized three-dimensional systems of AD (Bhattarai et al., 2016; Choi et al., 2018; Papadimitriou et al., 2018).



CONCLUSION

Taken together, our present research suggests that Aurantiochytrium improves spatial learning and memory in SAMP8 mice, an animal model of aging. This was accompanied by enhancement of neurogenesis in the hippocampal DG. Our new findings in aggregate suggest that EEA could be used as a new therapeutic agent for the treatment of neurodegenerative diseases or other age-related problems such as AD.
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Osteosarcoma is a malignant bone tumor that is easy to metastasize in the early stage and has a very poor prognosis. Fraxinellone (FRA) is one of the main components isolated from the D. dasycarpus plant. Its anti-inflammatory and neuroprotective effects have been confirmed, but the research on the anti-cancer effect of FRA and its potential mechanism is relatively scarce. In this study, we found that FRA inhibited the proliferation and migration of osteosarcoma cells HOS and MG63 in a dose-dependent manner. Immunofluorescence, fluorescence staining and western blotting analysis showed that FRA could simultaneously induce osteosarcoma cell apoptosis and increase autophagy flux. Subsequent turnaround experiments suggested that the pro-apoptotic effect of FRA was achieved through excessive autophagy flux. The results of the xenograft orthotopic model further supported the anti-cancer effects of FRA, indicating that FRA treatment inhibited the growth of osteosarcoma, and the pro-apoptotic and autophagy effects of FRA were also proved in vivo. These studies provide new ideas for the future treatment of osteosarcoma and offer theoretical support for the anti-cancer mechanism of FRA.
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INTRODUCTION
Osteosarcoma is one of the most common primary bone malignancies that occurs in children and adolescents, even though its incidence is very low, about three per million (Ritter and Bielack, 2010; Anderson, 2016). The pathological feature is the presence of malignant mesenchymal cells that produce osteoid and immature bone, and metastasize to a distant place in the early stage of the disease. The most common metastatic organ is the lung (Lin et al., 2017; Tang et al., 2019). The 5-years survival rate of non-metastatic patients is about 60%, while the 5-years survival rate of metastatic patients is only 20–30% (Biazzo and De Paolis, 2016; Harrison et al., 2018). Micrometastasis in the lungs that existed before the surgical resection of the primary tumor is the most important factor for the poor prognosis of those metastatic patients (Moore and Luu, 2014). At present, surgical treatment, neoadjuvant chemotherapy and postoperative adjuvant chemotherapy have improved the survival and prognosis of patients, but the survival rate of patients with osteosarcoma has not fundamentally changed, which has prompted us to develop novel treatment strategies (Isakoff et al., 2015).
Dictamnus dasycarpus is a traditional herbal medicine used to treat inflammatory diseases and has been used in Eastern countries such as Korea and China for thousands of years (Gu et al., 2011). According to recent studies, fraxinellone (FRA) is a limonin component isolated from Dictamnus dasycarpus. Compared with other ingredients, it is the main active ingredient with anti-inflammatory and neuroprotective affects (Jeong et al., 2010; Jung et al., 2018; Kim et al., 2019). In addition, studies have suggested that FRA has vasodilator activity (Kim et al., 2009). It is worth noting that the study found that FRA can down-regulate the STAT3 and HIF-1α signaling pathways and inhibit the expression of PD-L1, thereby inhibiting cancer cell proliferation and reducing tumor angiogenesis (Xing et al., 2018). However, research on the anti-tumor effect of FRA is very rare. Considering that traditional chinese medicine has shown good potential in clinical treatment in recent years, we want to explore whether it has anti-tumor activity against osteosarcoma.
A recent study revealed that FRA inhibits senescence via restoring the H2O2-impaired autophagic flux (Han et al., 2018). Autophagy, also known as type II cell death, is a process in which cells use lysosomes to degrade their damaged organelles and macromolecular substances under the control of autophagy-related genes (ATG) (Ravanan et al., 2017). Simply put, after the cell receives the autophagy-inducing signal, it forms a phagophore, and the phagophore continues to extend to absorb the components in the cytoplasm to form a spherical autophagosome. After the autophagosome is formed, it can fuse with the lysosome to become an autolysosome. After the inner membrane of the autophagosome is degraded by the lysosomal enzyme, the “cargo” in the autophagosome is also degraded, and the available product is transported to the cytoplasm. The residue is either discharged outside the cell or retained in the cytoplasm (Amaravadi et al., 2016; Yan et al., 2019). Autophagy plays an important role in cell metabolism, structural reconstruction, growth and development (Saha et al., 2018). The relationship between autophagy and tumors is very complicated and has not yet been fully elucidated. On the one hand, the enhancement of normal cell autophagy can exhibit the function of inhibiting tumorigenesis; on the other hand, tumor cells can also enhance cell autophagy to resist the stress response induced by hypoxia, metabolites, and therapeutic drugs (Onorati et al., 2018; Russo and Russo, 2018). In our current research, we have explored the regulatory effect of FRA on autophagy.
Cell death is a complex process regulated by the body. Apoptosis, as the first programmed cell death (PCD) program recognized, its role and regulatory network are relatively clear (Kaczanowski, 2016). In some cases, autophagy can inhibit apoptosis and is a survival way for cells to protect themselves. However, autophagy itself can also induce cell death, or it can be used as a backup mechanism to induce cell death in the absence of apoptosis. The two pathways are interrelated and regulate each other (Mariño et al., 2014). Research and use of these interactions will help to further reveal the occurrence and development of tumors and other diseases.
In this study, we found that FRA inhibited the proliferation and migration of the two cell lines of osteosarcoma HOS and MG63. In addition, it could induce tumor cell apoptosis by promoting autophagy of osteosarcoma cells, thereby inhibiting tumor growth in vivo and in vitro.
MATERIALS AND METHODS
Cell Culture and Reagents
The human osteosarcoma cell lines MNNG/HOS (HOS) (CRL-1547TM, ATCC) and MG63 (CRL-1427TM, ATCC) were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). HOS and MG63 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with penicillin (100 units/ml)-streptomycin (100 units/ml) and 10% fetal bovine serum (FBS). The cells were incubated at 37°C in an environment with 1% O2, 94% N2, and 5% CO2 at 37°C. FRA (Cat: 28808-62-0) were purchased from Sigma-Aldrich technology (St. Louis, MO, United States); The purity of FRA was >95% in HPLC analysis.
Cell Proliferation Assays
The inhibitory effect of FRA on osteosarcoma cells was tested by CCK8 kit (Dojindo Laboratories, Kumamoto, Japan). The cells were seeded into 96-well plates, each with about 4,000 cells. After the cells adhered to the bottom of the well, we changed the medium and cultured osteosarcoma cells with various concentrations of FRA(0–320 μM) for different periods of time (0–48 h). In order to verify the potential mechanism of FRA on autophagy, cells were treated with different concentrations of FRA and incubated with 3-MA (3 mM) or rapamycin (100 nM). Then, CCK8 reagent (10 μl) was added to each well, and after incubating for 2 h, the absorbance was measured at 450 nm using a MR7000 microplate reader (Dynatech, NV, United States). We evaluated cell proliferation viability through colony formation experiments. The cells in the exponential growth phase were seeded into a 6-well plate and allowed to adhere, and the cell density per well was controlled to 500 cells. The cells were treated with different concentrations of FRA(0, 40, and 80 μM) for 15 days. The colony was washed three times with 1x phosphate buffered saline (PBS), then fixed with paraformaldehyde for about 20 min, and stained with 0.1% crystal violet (Beyotime); Next, they were counted under a microscope and photographed. Count the number of colonies (>50 cells/colony).
Cell Migration Analysis
A wound healing assay was used to detect the migration ability of two human osteosarcoma cell lines. When the cell proliferation in the 6-well plate reaches about 90% confluence, use a 10 μL pipette tip to evenly scrape the cell layer to form a scratch. After that, gently wash three times with PBS to remove scraped cell debris. After adding serum-free medium, immediately photograph the thickness of the scratch under the microscope. Then, culture with different conditions (control group, 40 μM FRA group, 80 μM FRA group). After 12 h of treatment, pictures of the cell scratches were taken again, and the wound area was analyzed using ImageJ software.
In addition, the classic transwell chamber (membrane with 8 μm pore size, Corning Life Sciences, United States) was used to further evaluate the migration ability of tumor cells. Add 600 μL treatment medium (control group, 40 μM FRA group, 80 μM FRA group) containing 10% FBS to the lower chamber. 106 cells were resuspended in 200 µL of serum-free medium and then planted in the upper chamber. After incubating for 12 h, the cells were washed with PBS, then fixed with 4% paraformaldehyde for 30 min, and finally stained with 0.1% crystal violet for 10 min. Then, the cells in the upper layer of the chamber were wiped off with a cotton swab, the cells under the membrane were counted and photographed through an inverted microscope.
Transmission Electron Microscope
Transmission electron microscopy (TEM) is a commonly used technique to observe the ultrastructure of cells (Harris, 2015). Through TEM, apoptotic bodies, nuclear condensation and autophagosomes can be clearly observed. Simply put, after the treated cells are fixed with 2.5% glutaraldehyde and 1% osmium acid, they are dehydrated with different concentrations of alcohol (30–100%), and then the cells are embedded in Epon to prepare ultrathin sections (70–90 nm) for observation under a transmission electron microscope.
Cell Apoptosis Assays
Cell apoptosis was detected by flow cytometry and cells were stained using the reagent Annexin V-FITC/PI (Multi-Sciences, Hangzhou, Zhejiang, China). Cells were treated with different concentrations of FRA(0, 40 and 80 μM) and 3-MA (3 mM) or rapamycin (100 nM) for 24 h. After washing with 1XPBS two times, cells were resuspended in binding buffer. One hundred microliters of cell suspension were incubated with 5 µl annexin V FITC and 10 µl PI for 30 min at normal temperature in the dark. Cells were then detected by a flow cytometer (FACSCalibur, BD, San Jose, CA, United States).
Hoechst 33342 Stain
The morphological changes of apoptotic cells can be observed by Hoechst 33342 staining, such as nuclear shrinkage and nuclear lysis. After washed with PBS, the treated cells were incubated with Hoechst 33342 dye solution in the dark for about 15 min. Then, the morphological changes of apoptotic cells were observed under a wavelength of 365 nm by a fluorescence microscope (Olympus, Tokyo, Japan).
Western Blotting
Collect all the cells that have undergone different treatments, and then wash them twice with PBS. According to the instructions, the cells were lyzed with RIPA buffer (Sigma-Aldrich, St. Louis, Missouri, United States) containing a mixture of protease inhibitors and phosphatase inhibitors. After the protein supernatant is obtained, the protein concentration is measured by BCA protein assay kit (Beyotime). The same amount of protein samples was electrophoresed by 8–15% SDS-PAGE at 80 V, and then the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, Billerica, MA, United States) in a humid environment. The membrane was blocked with 5% nonfat milk (BSA; Sigma-Aldrich) and incubated with the primary antibody at 4°C overnight. Wash with TBST 3 times, after 10 min each time, then each membrane was incubated with anti-rabbit or anti-mouse IgG sheep antibody (Huabio, Hangzhou, Zhejiang, China) for 1 h at room temperature. Visualize the reactive protein using an enhanced chemiluminescence kit (Millipore). The details for the primary antibodies are as follows: Bcl-2 (1:2000, Cat: ab182858, ABCAM, MA, United States), Cleaved-caspase-3 (1:1000, Cat: 9664S, CST), Cleaved-caspase-7 (1:1000, Cat: 8438S, CST), Autophagy Antibody Sampler Kit (1:1000, Cat: 4445T, CST), Phospho-SQSTM1/p62 (1:1000, Cat: 16177S, CST). The secondary antibodies were as follows: goat anti-rabbit IgG–HRP (1:2000, Cat: 7074S, CST) and goat anti-mouse IgG-HRP (1:2000, Cat: 7076S, CST).
MDC Staining
The cells with different treatments were collected, and washed twice by wash buffer, then counted and adjusted their concentration to 106/ml. An appropriate amount of 90 μl of cell suspension and 10 μl of MDC stain were move into a new EP tube, and mixed gently, incubated at room temperature for 30 min in the dark. Then washing the cells twice with wash buffer and discarding the supernatant. Add 100 μl of collection buffer to resuspend the cells, drop them onto a glass slide and add a cover glass. The cells were observed under a fluorescence microscope (excitation filter wavelength 355 nm, blocking filter wavelength 512 nm), counted and taken pictures.
Turnaround Experiment
In order to verify that FRA indeed induces an increase in apoptosis by promoting autophagy of tumor cells, we incubated FRA-treated HOS and MG63 cells with autophagy inducer rapamycin (100 nM) or autophagy inhibitor 3-MA (3 mM). After incubating with rapamycin or 3-MA, the total protein is extracted.
The cytotoxicity in the turnover experiment was analyzed by CCK8 assay and flow cytometry. HOS and MG63 cells were seeded in 96-well plates (5 × 103 cells/well) and six-well plates (1 × 105 cells/well), respectively, and treated with the above conditions. Then conduct CCK8 test and flow cytometry to detect the rescue and aggravating effects of autophagy inhibitors or promoters.
Immunofluorescence
Visually observe the expression intensity of related proteins in cells through immunofluorescence technology. The cells were treated with different concentrations of FRA (0, 80 μM) for 24 h. Following the conventional method, the treated cells were fixed with 4% paraformaldehyde, permeabilized with 0.5% Triton X-100, blocked with 5% BSA, and incubated with the primary antibody overnight at 4°C. After the secondary antibody was incubated for 1 h, the cells were observed and photographed under a fluorescence microscope.
In Vivo Xenograft Assay
All experiments were carried out in accordance with the guidelines of the Ethics Committee of Zhejiang University and approved by the Research Ethics Committee of the Second Affiliated Hospital of Zhejiang University School of Medicine, China. All surgical procedures and applications on animals comply with IACUC guidelines. About 2 × 106 stably transfected HOS cells [which have been transfected with luciferase (HOS-Luc) for in vivo imaging] were injected into the bone marrow cavity of the right tibia of a four-week-old nude mouse (Shanghai Experimental Animal Center, Chinese Academy of Sciences) (Sampson et al., 2013). After 7 days, those mice with too high or too low fluorescence intensity were eliminated, and then the remaining mice were randomly divided into three groups (three mice in each group). Starting from the seventh day, the FRA low-dose group received 50 mg/kg FRA per day by gavage, while the FRA high-dose group was given 100 mg/kg, and the mice in the control group received 200 uL PBS per day. After 21 days of treatment, the luminescence intensity of each mouse was measured and recorded by in vivo fluorescence. The mice were anesthetized with chloral hydrate, and all mice were sacrificed by cervical dislocation. Then, the tibial tumor was resected, weighed, and fixed with 4% paraformaldehyde for subsequent histological analysis.
In Vivo Bioluminescence Assay
After intraperitoneal injection of 200 μL of fluorescein (100 mg/ml), the tumor-bearing mice were anesthetized with isoflurane inhalation. IVIS 200 imaging system was used for in vivo imaging, and Living Image Software (version 3.0.4, Xenogen, Hopkinton, MA, United States) was used to analyze the results.
Histology and Immunohistochemistry
The tissue fixed in 4% formaldehyde was decalcified, embedded in paraffin, and cut into 4 μM sections. The tumor tissue and other organ tissue sections were deparaffinized in xylene solution and stained with hematoxylin and eosin. According to the instructions of the IHC kit (Boster Bio, China), the tumor tissue sections were deparaffinized, rehydrated and immunostained. Then, sections were extracted in 0.01 M pH 6.0 citrate buffer using heat-induced epitopes. After the sections were washed with PBS and blocked with BSA, they were incubated with the primary antibody (cleaved-caspase 3, LC3B, P62) at 4°C overnight. Then, the sections were incubated with the secondary antibody (Huabio, China) for 1 h at room temperature, and then stained with the enzyme substrate 3′,3-diaminobenzidinetetrahy-drochloride (DAB, Huabio, China). The staining intensity of each section was scored by Image Pro Plus 6.0. Each part was independently analyzed by two pathologists.
After deparaffinization and hydration, the sections were incubated with proteinase K (20 μg/ml) at 37°C for 30 min. Then the sections were blocked with 3% BAS and incubated with the primary antibody for 1 h at room temperature. Finally, the sections were incubated with the TUNEL reaction mixture, and after counterstaining, the sections were dehydrated and sealed, and then observed and photographed under a fluorescence microscope.
Statistical Analysis
The results were expressed as the mean ± standard deviation (SD). A comparison of the results was performed with one-way ANOVA and Student’s t-test. All statistics were analyzed by IBM SPSS Statistics 20.0 software (IBM, Armonk, NY, United States). Statistically significant differences between groups were defined as p < 0.05.
RESULTS
FRA Inhibits the Proliferation of HOS and MG63 Cells In Vitro
One of the main effects of FRA on human osteosarcoma cells HOS and MG63 is to inhibit cell proliferation. The CCK8 assay and colony formation assay were used to evaluate cell viability (Figure 1). The results (Figure 1B) showed that as the dose of FRA increased, the viability of tumor cells would be more and more significantly inhibited. According to the numerical analysis of absorbance, the IC50 values of FRA in HOS cells is 78.3 μM (24 h) and 72.1 μM (48 h); while the IC50 values in MG63 cells are 62.9 μM (24 h) and 45.3 μM (48 h). In addition, as shown in Figure 1C, the results of colony formation assay showed that FRA can inhibit the monoclonal proliferation of HOS and MG63 cells to form clumps. After 15 days, there were about 450 ± 23 clonal clumps in the control group, 279 ± 12 in the 40 μM FRA group and 63 ± 5 in the 80 μM group (Figure 1D). The above results suggest that with the increase of FRA dose, the proliferation activity of the two types of osteosarcoma cells was significantly inhibited.
[image: Figure 1]FIGURE 1 | FRA inhibited osteosarcoma cell proliferation in vitro. (A) Chemical structure of fraxinellone (FRA). (B) Human osteosarcoma cell lines (HOS & MG63) were treated with different concentrations of FRA for 24 and 48 h before CCK8 assays were utilized. (C) Compared with control group, FRA significantly suppresses colony formation in HOS and MG63 cell lines. (D) Number of clones in plates were analyzed. These data were detected by a microplate reader and a microscope, respectively. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with the controls.
FRA Inhibits the Migration Ability of HOS and MG63 Cells in Vitro
Based on the results obtained before, we selected low-dose concentration of 40 μM and high-dose concentration of 80 μM FRA for follow-up studies, and performed the cell wound healing assay at 12 h. In Figure 2A, compared with the control group, FRA significantly blocked the cell recolonization in the wound area in the HOS and MG63 cell lines. As shown in Figure 2B, the presence of FRA resulted in a significant reduction in the number of cells covered by the scratched area, and the inhibitory effect of the high-dose group was more obvious. In addition, we have also obtained consistent phenomena through the transwell assay. Relatives to the control, FRA could reduce the migration of these two types of osteosarcoma cells to the lower membrane of the chamber (Figures 2C,D). These data indicated that FRA inhibited the migration of human osteosarcoma cells HOS and MG63 in a dose-dependent manner.
[image: Figure 2]FIGURE 2 | FRA inhibits osteosarcoma cell migration in vitro. (A) The HOS and MG63 osteosarcoma cell lines were incubated with various doses of FRA (0; 40 μM; 80 μM) for 12 h, and photographs taken at 0 and 12 h were statistically analyzed by Image J software. The results of wound-healing assay showed that FRA significantly blocked the cell recolonization in the wound area in the HOS and MG63 cell lines. (C) In the transwell assay under the same conditions, the number of cells in of the FRA treatment group was significantly lower than that of the control group, and the number of cells in the high dose was less than that in the low dose. Percentages of wound area (B) and number of clones (D) in the lower membrane were counted. Error bar = mean ± SEM of at least triplicate experiments. Magnification, ×40 (A), ×100 (C). Scale bar, 500 μm (A), 200 μm (C). *p < 0.05, **p < 0.01, ***p < 0.001, #p < 0.0001.
FRA Regulates Osteosarcoma Cell Autophagy and Apoptosis
In addition to inhibiting cell migration, high concentrations of FRA can also induce apoptosis and autophagy. According to previous studies on FRA, the induction of apoptosis is its main anti-tumor effect. Therefore, we performed apoptosis-related assays in two cell lines to evaluate its specific apoptosis effects. In Figure 3A, the simple Hoechst 33342 staining results suggested that FRA could promote the generation of apoptotic cells with nuclear shrinkage and highlight. Annexin V-FITC/PI flow cytometry assay further confirmed that FRA induced apoptosis of HOS and MG63 cells. In terms of specific data in Figure 3B, the apoptosis rate of FRA treatment group (HOS: 40 μM 21.19%, 80 μM 48.55%; MG63: 40 μM 31.17%, 80 μM 60.01%) was significantly higher than Control group (HOS: NC 5.68%; MG63: NC 8.22%). The expression of apoptosis-related proteins was examined by western blotting to verify the pro-apoptotic effect induced by FRA. As shown in the Figure 3C, whether in the HOS or MG63 cell line, after FRA treatment, the protein expression of cleaved-caspase 3 and cleaved-caspase 7 protein were significantly up-regulated, while the Bcl-2 protein expression was down-regulated. Finally, as one of the gold standards for apoptosis detection, we performed TEM observations and photographed those FRA-treated cells. The pictures under the microscope in Figure 4A indicated that compared with the control group, the FRA group could clearly see the shrinkage of nuclear chromosomes (red arrows). These results all indicate that FRA induces apoptosis of HOS and MG63 osteosarcoma cell lines in vitro.
[image: Figure 3]FIGURE 3 | FRA induces autophagy and apoptosis of osteosarcoma cells in vitro. (A) Cells treated with different conditions were stained with Hoechst 33342, and results showed that the percentage of apoptotic cells in the FRA group was higher than in the control group. The highlight dots mean apoptotic cells. (B) After staining with an Annexin FITC/PI kit, the treated cells were tested by flow cytometry. The results indicated that the percent of total apoptotic cells significantly increased in the FRA-treated group in a dose manner. (C) The expression of the following apoptosis-related proteins was determined by Western blot analysis: Bcl-2,cleaved-caspase 3, caspase-3, cleaved−caspase 7, and caspase 7. (D) The expression of those autophagy-related proteins: Beclin-1, ATG5, LC3B and P62. (E) Cells treated with different conditions were stained with MDC, and results showed that the number of autophagosome in the FRA group was higher than in the control group. The green dots mean autophagosome. (F) The HOS and MG63 osteosarcoma cell lines were incubated with FRA (80 μM) or control for 24 h. The expression level of the Beclin-1 and P62 were significantly increased after FRA treatment detected via immunofluorescence assays. Each assay was repeated three times. Magnification, ×200 (A), ×1000 (D), ×200 (F). Scale bar, 100 μm (A), 20 μm (E), 100 μm (F). Error bar = mean ± SD of at least triplicate experiments. *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
[image: Figure 4]FIGURE 4 | FRA induces cell apoptosis by promoting excessive autophagy flux. (A) Transmission electron microscopy (TEM) shows the morphological changes in cells induced treated with FRA. The red arrows mean apoptotic bodies and nuclear condensation. The green arrows mean autophagosomes. Magnification, ×10,000, Scale bar, 2 μm. HOS and MG63 cells were treated with or without FRA (8 μM), with or without 3-MA (3 mM), or with or without rapamycin (100 nM) for 24 h. (B) The protein expressions of LC3B, p62, cleaved-caspase 3 and cleaved-caspase 7 were measured by Western blotting. (C) The corresponding histogram statistics of these proteins. Each assay was repeated three times. (D). The cells after different treatments were stained with the Annexin FITC/PI kit, and then the percentage of apoptotic cells was detected by flow cytometry. Error bar = mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
What is interesting is that we found in the TEM images that there were typical autophagosomes (green arrows) in the cytoplasm of tumor cells after FRA treatment. Considering the complex relationship between autophagy and apoptosis, we subsequently explored the influence of FRA on the autophagy of osteosarcoma cells. MDC is a specific eosinophilic stain commonly used to detect autophagosome formation. In Figure 3E, the results of MDC staining revealed that there were more autophagosomes in the FRA treatment group (green dots in the cytoplasm). In addition, the higher the concentration of FRA, the more dots in the cytoplasm and the higher the fluorescence intensity. Western blot and immunofluorescence were used to evaluate the autophagy regulation of FRA. As shown in Figure 4D, relative to the control group, after cells were treated with FRA, the ratio of LC3B-II/LC3B-I bands and the expression of ATG5 and beclin-1 protein increased significantly in a dose-dependent manner. The current study believes that P62 is a substrate involved in the degradation of autophagosomes (Moscat et al., 2016). In our research results, the expression of P62 protein will also increase with the appearance of FRA. Immunofluorescence staining also directly showed that the expression of Beclin-1 and P62 in FRA-treated cells increased. These results suggest that FRA can promote the formation of autophagosomes and accelerate its degradation, thereby increasing the autophagy flux of cells.
FRA Induces Cell Apoptosis by Promoting Excessive Autophagy Flux
Then we explore the specific relationship between FRA-induced autophagy and apoptosis. Through the intervention of 100 nM rapamycin (autophagy promoter) and 3 mM 3-MA (autophagy inhibitor), we found that FRA promoted the apoptosis process of osteosarcoma cells by inducing autophagy flux. Results of western blot experiment showed that with the addition of rapamycin, FRA could further increase the apoptosis-related proteins, and flow cytometry detected more apoptotic cells. After adding the autophagy blocker 3-MA, the pro-apoptotic effect of FRA was obviously inhibited (Figures 4B,D). In Figure 4C, the expression of these proteins that shown in figure B were analyzed. The above experimental results verified our hypothesis that FRA caused apoptosis through excessive autophagy flux.
FRA Hinders Tumor Growth In Vivo
The last part of this research was to explore the anti-tumor effect of FRA in vivo. We followed the conventional modeling method, that is, injecting the HOS cell, stably transfected with luciferase, into the tibia marrow cavity of nude mice. As shown in Figure 5A, the level of fluorescence intensity meant the size of the tumor in mice. Compared with the control group, the fluorescence intensity of the FRA treatment group was significantly weaker, and the tumor intensity of the high-dose group was lower than that of the low-dose group. The pictures of Figures 5B,C intuitively showed that after 21 days of FRA treatment, there were differences in tumor size and weight between the FRA-treatment group and the control group, as well as the high and low dose groups. These data indicated that FRA exhibited a good anti-tumor ability in vivo. The subsequent histopathological examinations include TUNEL, H&E staining and immunohistochemistry. TUNEL and H&E confirmed that there were more dead cells in the tumor sections of the FRA treatment group (Figure 5D). As shown in Figure 5E, immunohistochemical quantitative analysis showed that the expression levels of cleaved-caspase 3, LC3B, and P62 in the FRA group were higher than those in the control group, which indicated that FRA also induced autophagy and apoptosis of osteosarcoma in vivo. In addition, as shown in Figure 5F, the vital organs of mice (including the heart, liver, spleen, lungs and kidneys) did not show significant toxicity throughout the experimental. All in all, FRA inhibits the growth of osteosarcoma in vivo, induces autophagy pathway and promotes apoptosis.
[image: Figure 5]FIGURE 5 | FRA hinders osteosarcoma growth in vivo. (A) After 21 days of FRA treatment, luciferase intensity of tumor was measured and calculated by an in vivo imaging system. (B) The luciferase intensity of tumor was analyzed. The curves of tumor volume showed a significant difference among the groups after 3 weeks administration of FRA. (C) The photographs show that there was a significant difference in tumor weights between the three groups after 21 days. (D) TUNEL assays were used to measure the apoptotic status of tumor tissues. FRA promoted extensive tumor cell necrosis was proved by H&E staining. (E) The levels of LC3B, P62 and cleaved-caspase 3 were further examined by immunohistochemistry. (F) The vital organs of mice (including the heart, liver, spleen, lungs and kidneys) did not show significant toxicity throughout the experimental. Error bar = mean ± SEM. Magnification, ×200 (D1–3), ×40 (D4-6), ×400 (E). Scale bar, 100 μm (D1-3), 500 μm (D4–6), 50 μm (E). Error bar = mean ± SD. *p < 0.05, **p < 0.01.
DISCUSSION
Osteosarcoma is one of the most common primary malignant bone tumors in the world, which mainly occurs in children and adolescents (Simpson et al., 2017). Different subtypes or grades of cancer cells lead to different treatment options for patients with osteosarcoma. For patients with low or moderate grade osteosarcoma, extensive resection is the main treatment. However, patients with high-grade osteosarcoma often require multiple treatments, including surgery, radiation therapy or chemotherapy (Bishop et al., 2016). Although surgery and chemotherapy have increased the disease-free survival rate to more than 60%, many patients still suffer from poor clinical outcomes, such as high recurrence rate, low survival rate of patients after cancer metastasis (Meazza and Scanagatta, 2016). Although many large-scale clinical trials have been conducted to adjust the dose of chemotherapy or combined with immunotherapy to improve the prognosis, the survival rate of patients with osteosarcoma metastasis has not been significantly improved (Kansara et al., 2014). Considering that traditional Chinese medicine has demonstrated various anti-tumor effects and mechanisms in the past few thousand years, we explored the anti-osteosarcoma effects of FRA in this study. Our study found that FRA can inhibit the proliferation and migration of osteosarcoma cell lines HOS and MG63 in vitro.
Fraxinellone (FRA) is a degradable limonin isolated from the root bark of the Dictamnus plant, which has relatively strong insecticidal activity (Bailly and Vergoten, 2020). In addition, the natural product also has anti-inflammatory and immunomodulatory effects (Lei et al., 2020). Recent studies have shown that it can induce the downregulation of the TGFβ signal transduction pathway to inactivate cancer-related fibroblasts, and cause a decrease in the number of M2 macrophages in vivo and in vitro, thereby inducing remodeling of the tumor microenvironment (Hou et al., 2018). In this research, we want to explore whether it has a direct killing effect on tumor cells. Recently, studies on the premature senescence model induced by H2O2 have explored the effect of FRA on senescence inhibition, and proved that the activation of AMPK signaling pathway and autophagy play a role in this process. And it is proposed that FRA can be considered as a new drug with potential anti-aging drugs (Kim et al., 2009).
Autophagy is an extremely complex biological behavior, and its role in tumors such as osteosarcoma is also contradictory (Ravanan et al., 2017). In the initial stage of tumorigenesis, autophagy is proposed to have anti-tumor effects. The specific mechanism is to inhibit the occurrence of chromosomal mutations, reduce oxidative stress, and induce autophagy cell death to prevent distant metastasis. In the later stages of tumorigenesis, autophagy maintains tumor cell homeostasis by various means to promote cancer progression or tumor metastasis to act as a tumor activator (Shibutani et al., 2015; Huang et al., 2018). In the current study, we investigated the potential role of FRA in the regulation of autophagy and found that the application of FRA can enhance autophagy in osteosarcoma cells. In addition to autophagy, FRA also significantly promotes the apoptosis of osteosarcoma cells, and this effect is dose-dependent. Further studies have shown that the use of chloroquine to inhibit autophagy activation can promote cell apoptosis. The presence of autophagy inhibitors can weaken the pro-apoptotic effect of FRA. The pro-autophagy effect of FRA we inferred is consistent with previous research conclusions of others (Han et al., 2018). Moreover, excessive autophagy can promote tumor cell apoptosis is also a generally accepted research conclusion, which may be because a single protein that plays an important role in autophagy may have other roles in pro-apoptotic signal transduction (Mariño et al., 2014). At present, the potential of autophagy regulation in the treatment of tumors and other diseases is confusing due to the complex interaction with apoptosis. A comprehensive understanding of the interaction between autophagy and apoptosis and the molecular mechanism is the main challenge for current research (Maiuri et al., 2007; Kaminskyy and Zhivotovsky, 2014). Unfortunately, in our research, we did not find an important protein target between the two after the application of FRA. Moreover, considering the cost and time cost, we did not explore the important signal pathways between the two, such as P53/DAPK/BH3 only proteins.
Previous reports have confirmed the anti-inflammatory and neuroprotective effects of FRA in vivo (Hou et al., 2018; Bailly and Vergoten, 2020; Lei et al., 2020). However, there are few studies on the anti-tumor effects of FRA. We described the autophagy and apoptosis regulation effects of FRA on osteosarcoma cells for the first time, and confirmed that FRA can inhibit tumor growth in vivo. Based on the results of previous studies (Xing et al., 2018), we chose 30 mg/kg and 100 mg/kg for in vivo research. However, the results suggested that the dose of 30 mg/kg did not exhibit a significant tumor suppressor effect, so we considered 50 mg/kg as the low dose and 100 mg/kg as the high dose. The tumor size and weight of the FRA treatment group were significantly lower than those of the control group, and the tumors of the high-dose group did not protrude from the muscle layer of the mice. In addition, during our experiment, no side effects of using FRA (loss of appetite, blood in the stool, lethargy, etc.) were observed, and no obvious necrosis was observed in the HE staining of important organ sections, which indicates that FRA is safe. Unfortunately, at the end of the experiment, we did not find any metastases in the lungs of any mouse (referring to osteosarcoma is the most prone to lung metastasis, so we focus on the lungs). We found that the presence of FRA can enhance the sensitivity of mice to the chemotherapy drug cisplatin, thereby enhancing its anti-tumor effect. And this effect may be related to PD-L1 and macrophages. Our research lays the first step for the follow-up anti-tumor application of FRA, and also provides theoretical support for other research. This result makes it impossible for us to resolve whether FRA It can inhibit the metastasis of osteosarcoma. These results indicate that FRA may be a promising anti-osteosarcoma drug, because FRA can inhibit the growth of osteosarcoma and has biological safety.
In short, FRA can inhibit the proliferation and migration of osteosarcoma, and also promote apoptosis by inducing autophagic flux. In addition, FRA shows good anti-tumor activity and has no obvious side effects. Our results provide a potential direction for traditional Chinese medicine in the treatment of osteosarcoma.
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Luteolin is a natural flavone with neurotrophic effects observed on different neuronal cell lines. In the present study, we aimed to assess the effect of luteolin on hNSCs fate determination and the LPS-induced neuroinflammation in a mouse model of depression with astrocytogenesis defect. hNSCs were cultured in basal cell culture medium (control) or medium supplemented with luteolin or AICAR, a known inducer of astrogenesis. A whole-genome transcriptomic analysis showed that luteolin upregulated the expressions of genes related to neurotrophin, dopaminergic, hippo, and Wnt signaling pathways, and downregulated the genes involved in p53, TNF, FOXO, and Notch signaling pathways. We also found that astrocyte-specific gene GFAP, as well as other genes of the key signaling pathways involved in astrogenesis such as Wnt, BMP, and JAK-STAT pathways were upregulated in luteolin-treated hNSCs. On the other hand, neurogenesis and oligodendrogenesis-related genes, TUBB3, NEUROD 1 and 6, and MBP, were downregulated in luteolin-treated hNSCs. Furthermore, immunostaining showed that percentages of GFAP+ cells were significantly higher in luteolin- and AICAR-treated hNSCs compared to control hNSCs. Additionally, RT-qPCR results showed that luteolin upregulated the expressions of GFAP, BMP2, and STAT3, whereas the expression of TUBB3 remained unchanged. Next, we evaluated the effects of luteolin in LPS-induced mice model of depression that represents defects in astrocytogenesis. We found that oral administration of luteolin (10 mg/Kg) for eight consecutive days could decrease the immobility time on tail suspension test, a mouse behavioral test measuring depression-like behavior, and attenuate LPS-induced inflammatory responses by significantly decreasing IL-6 production in mice brain-derived astrocytes and serum, and TNFα and corticosterone levels in serum. Luteolin treatment also significantly increased mature BDNF, dopamine, and noradrenaline levels in the hypothalamus of LPS-induced depression mice. Though the behavioral effects of luteolin did not reach statistical significance, global gene expression analyses of mice hippocampus and brain-derived NSCs highlighted the modulatory effects of luteolin on different signaling pathways involved in the pathophysiology of depression. Altogether, our findings suggest an astrocytogenic potential of luteolin and its possible therapeutic benefits in neuroinflammatory and neurodegenerative diseases. However, further studies are required to identify the specific mechanism of action of luteolin.
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INTRODUCTION

Neural stem cells (NSCs) are self-renewal cells that can be differentiated into neurons or glial cells following neurogenesis and gliogenesis processes, respectively (Apple et al., 2017). For most of the 20th century, it was believed that neurogenesis is restricted to a limited period during development and ceased shortly after birth (Cajal, 1930; Ming and Song, 2011; Taverna et al., 2014; Apple et al., 2017). However, Eriksson et al., have shown that neurogenesis is a life-long continuous process in almost all mammals, including humans (Eriksson et al., 1998). Peng et al. have determined that adult neurogenesis occurs in three different regions of human and mouse brain, namely the subventricular zone, the striatum and the hippocampus (Peng and Bonaguidi, 2018). Recent evidence pointed out that the neurogenesis process is both behaviorally and biochemically linked to different psychiatric and neurodegenerative diseases (Apple et al., 2017; Peng and Bonaguidi, 2018), while other evidence highlighted the crucial roles of astrocytes and astrogenesis in the installation of central nervous system (CNS) pathologies, suggesting that the re-establishment or the enhancing of normal astrocytic functions may be of great therapeutic interest (Lee et al., 2015). Astrocytes, the largest and the most prevalent glial cell type in CNS, maintain the homeostasis control of the blood-brain barrier, and dynamically modulate synapse formation, maturation, and plasticity processes (Sahay et al., 2011; Akers et al., 2014). Defects in astrogenesis or early functions of astrocytes are reported to be involved in the development of different psychiatric disorders (Gonzales et al., 2017; Cohen and Torres, 2019; Pajarillo et al., 2019; Valles et al., 2019). Therefore, both neurons and astrocytes should be targeted simultaneously to re-establish the physiological functions in damaged brain. Although NSCs proliferation and differentiation processes are spontaneously stimulated in pathological conditions, they cannot overcome the damage and restore the brain tissue. It is in this context that pharmacological stimulation of NSCs fate determination plays an important role in cell therapy and regenerative medicine in debilitating brain diseases (Zhuang et al., 2012). Numerous studies have shown that small molecules, such as growth factors and retinoic acid, can regulate the biological characteristics of neural stem cells and promote neurogenesis and astrocytogenesis (Jacobs et al., 2006; Leker et al., 2009; Lee et al., 2015). However, the increasing incidences of lack of efficacy and undesirable side effects of existing pharmacological intervention have led to particular attention to several medicinal plants and their bioactive compounds. In this context, different studies have reported the ability of phytochemicals to target NSCs for inducing brain self-repair through modulating neurogenesis (Matias et al., 2016; Gonzales et al., 2017; Sasaki et al., 2019).

The natural flavone luteolin (3′, 4′, 5, 7-tetrahydroxyflavone), present in several edible plants, in fruits and tea including rosemary tea (Miean and Mohamed, 2001; Achour et al., 2018; Aziz et al., 2018), has been reported to exert anti-inflammatory, anti-carcinogenic, cardioprotective effects as well as several neurotrophic benefits (Luo et al., 2017; Aziz et al., 2018; Imran et al., 2019). It enhances the cholinergic activity, increases the expressions of neuronal differentiation markers and induces the neurites outgrowth in PC12 cells, a neuronal cell model derived from a pheochromocytoma of rat adrenal medulla and in SH-SY5Y cells, a serotoninergic neuronal cell model (Lin et al., 2010; El Omri et al., 2012; Bandaruk et al., 2014). Besides, the neuroprotective effects of luteolin have been reported in Alzheimer’s disease models and were explained by its antioxidant and anti-inflammatory properties (Sawmiller et al., 2014; Wang et al., 2016a). Despite all the aforementioned promising beneficial effects of luteolin on neural cells and neurodegenerative disease models, its effects on human neural stem cells (hNSCs) have never been explored.

Recently, neuro-inflammation was shown to be involved in the pathogenesis of different CNS diseases such as depression (Wu et al., 2019). In addition, it was reported that defects occurred in astrocytes and neurons are associated with this neuroinflammatory pathology and that natural compounds may exert an antidepressant effect by rewarding this defect (Lee and Giuliani, 2019; Wu et al., 2019).

The present study aimed to assess the effect of luteolin on hNSCs fate determination and to explore the effect of luteolin on a pathological animal model with astrocytogenesis defect, the LPS-induced depression mice.



MATERIALS AND METHODS


Treatment Solutions Preparation

Luteolin, C15H10O6 (Supplementary Figure 1A) was purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, United States). To prepare the stock solution, luteolin was dissolved in Dimethyl sulfoxide (DMSO). For in vitro assays, luteolin stock was dissolved in the cell culture medium and for animal experiment it was dissolved in PBS.

AICAR, C9H15N4O8 (Supplementary Figure 1B), is an adenosine analog and extensively used to activate 5′ adenosine monophosphate (AMP)-activated protein kinase (AMPK). This molecule was used in the present study since it is reported to induce the differentiation of rodent neural stem cells into astrocytes (Zang et al., 2008). It was purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO, United States). To prepare the stock solution, AICAR was dissolved in Dimethyl sulfoxide (DMSO), and then, for in vitro assays, AICAR stock was dissolved in the cell culture medium.

The Lipopolysaccharide (LPS), is the major component of the outer membrane of Gram-negative bacteria. It was used in the present study to induce depression in mice. This molecule was purchased from Wako (Japan). To prepare the mice treatment solution, LPS was dissolved in PBS.



SH-SY5Y Cells Culture

The human neurotypic SH-SY5Y cells were purchased from the American Type Culture Collection (ATCC). The cells were cultured in 100 mm petri dish or 96-well plates depending on the purpose, with a 1:1 (v/v) mixture of Dulbecco’s minimum essential medium (Sigma, United States) and Ham’s F-12 nutrient mixture (Sigma, United States) supplemented with 15% fetal bovine serum (Sigma, United States), and 1% penicillin (5,000 μg/mL)-streptomycin (5,000 IU/mL) solution (ICN Biomedicals, Japan) and 1% non-essential amino-acid at 37°C in a 95% humidified air-5% CO2 incubator.



Experiment on Human Neural Stem Cells


Human Neural Stem Cells Culture

The hNSCs (StemProTM Neural Stem Cells) are cryopreserved human fetal brain-derived neural stem cells derived from cortex of a male fetus donor aged 16 weeks that were purchased from Gibco, United States (Cat. no. A15654). It was cultured in T25 flasks (BD Falcon), or in 6-well plates (BD Falcon) with KnockOutTM DMEM/F-12 (Gibco, United States, cat. no. 12660012) supplemented with 2% StemProTM Neural Supplement (Gibco, Cat. no. A1050801), 20 ng/mL of fibroblast growth factor (FGF) basic recombinant human, 20 ng/mL epidermal growth factor (EGF) recombinant human and 2 mM GlutaMAXTM-I Supplement (Cat. no. 35050), 6 U/mL heparin (Sigma, Cat. no. H3149), and 200 μM ascorbic acid (Sigma, Cat. no. A8960). For adhesion, Geltrex® (Gibco, Cat. no. A14133) was used to coat the 6-well plate. The hNSCs were cultured at 37°C in a 95% air/5% CO2 humidified incubator. The medium was changed every 2 days.



Determination of Human Neural Stem Cells Viability

Cell viability was determined using a tetrazolium salt reduction assay: the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-lium bromide) assay on the human neurotypic SH-SY5Y cells. Cells were seeded at the density of 2 × 105 on 96 well plates and treated with 1–50 μM of luteolin or 0.5–500 μM of AICAR for 48 h. Treatment solutions were made by dilution of luteolin and AICAR solutions in low reduced-serum minimal essential medium (OptiMEMTM, Gibco). After treatment, 5 mg/ml of MTT was added, and the cells were incubated for further 12 h. The MTT formazan was dissolved in 100 μl of 10% SDS (w/v). Absorbance was measured at 570 nm using a microtiter plate reader after overnight incubation (Biotech, United States).



Human Neural Stem Cells Differentiation Assay

Differentiation of hNSCs was induced following the previously described protocol (Sasaki et al., 2019). Briefly, hNSCs were seeded into 6 wells culture vessels coated with Geltrex® at a density of 2.5 × 104 cells/cm2. After 48 h, growth medium was replaced by differentiation medium: Knockout DMEM/F12 supplemented with 2% StemPro® neural supplement, 2 mM GlutaMAX-I supplement, 6 units/mL heparin and 200 μM ascorbic acid, supplemented or not with 1 μM of Luteolin or 1 μM of AICAR. Throughout the study, differenciated hNSCs were used at P0.



Immunocytochemistry on Human Neural Stem Cells

For immunocytochemistry, cells were seeded in the Nunc Lab-Tek Chamber Slide System (Thermo Scientific, Japan) coated with Geltrex® at the density of 2.5 × 104 cells/cm2 and were incubated at 37°C, 5% CO2 for 48 h. After incubation, cells were treated with a differentiation medium supplemented or not 1 μM luteolin or 1 μM AICAR at 37°C for 24 h. After incubation, the cells were washed twice with PBS and fixed using 4% (w/v) cold formaldehyde (Wako, Japan) diluted in cold PBS for 30 min at room temperature. The fixed cells were later washed three times with PBS and permeabilized using 0.2% Triton-X surfactant (Sigma Aldrich, United States) diluted in PBS for 5 min at room temperature. After removing the Triton-X solution, cells were washed twice again using PBS, then blocked for 1 h at room temperature by 5% Fetal Goat Serum (Sigma, Japan) diluted in PBS. After incubation, the blocking buffer was removed and replaced by the diluted primary antibody solution. We used the primary antibodies of the rabbit polyclonal anti-Glial fibrillary acidic protein (GFAP) primary antibody (Cat. no. ab7260), the mouse monoclonal anti-beta III Tubulin (β3-tubulin) primary antibody (Cat. no. ab78078) and the rabbit polyclonal anti-Myelin Basic Protein (MBP) primary antibody (Cat. no. ab124493) to stain astrocytes, neurons, and oligodendrocytes, respectively. The antibodies were purchased from Abcam (Japan) and were diluted in 1% Fetal Goat Serum in PBS before use. After overnight incubation with primary antibodies at 4°C, cells were washed with PBS and incubated with the secondary antibodies solution Goat-anti mouse Alexa Fluor® 594 (ab150116, Abcam, Japan) and Goat-anti-rabbit IgG H&L Alexa Fluor® 488 (ab150077, Abcam, Japan) appropriately diluted in 1% Fetal Goat Serum in PBS for 2 h at room temperature avoiding light exposure. After incubation, cells were washed with PBS, and nuclei were counterstained with DAPI using drops of ProLong Diamond Antifade Mountant (Thermo Scientific, Japan). Fluorescence was detected with the IXplore Pro microscope system (OLYMPUS CORPORATION, Japan) monitored by OLYMPUS CellSens Dimension 1.18 software version XV3.17 (OLYMPUS CORPORATION, Japan, Copyright 2009–2017). Automated multichannel Cell count and cell imaging were performed by CellSens Dimension 1.18 software at magnification ×10.




Animal Experiments


Animals, Treatment Protocol and Behavioral Test

Healthy adult male ICR mice (21 weeks old, weighting between 33 and 46 g) were used for animal experiments. All animals were purchased from Charles River Laboratories JAPAN Inc., Kanagawa, Japan and were housed individually at controlled temperature (25°C), with a 12/12 h light/dark cycle, and had access to food and water ad libitum. After acclimatization, the mice were randomly assigned into four experimental groups (n = 6/group): Control group (PBS), the depression model group: lipopolysaccharide group (LPS), control group treated with Luteolin (PBS + L) and lipopolysaccharide group treated with Luteolin (LPS + L). All experimental animals were maintained in accordance with the Guide for the Care and Use of Laboratory Animals, and the protocol was approved by the Animal Ethics Committee of the University of Tsukuba, Japan. At day 1 and prior to depression induction by LPS, the behavioral test: Tail Suspension Test (TST) was performed to all mice to screen their initial stress status. The TST methodology used in our study was as described by Steru (Steru et al., 1985). Briefly, the duration of the test was 6 min and the immobility time was measured on the last 4 min of the test. The mouse was considered immobile only when it is hanged passively, showing no resistance to the stress applied by the test. The experiment was recorded using a camera and scored by videos observations. Immediately after performing the TST test, LPS (850 μg/kg) was injected via the intraperitoneal route (i.p.) to the LPS and LPS + L groups and PBS was injected by the same route to the PBS and PBS + L groups. Starting from Day 2 and during eight consecutive days, luteolin (10 mg/kg) and PBS were orally administrated to mice once per day. Luteolin (10 mg/kg) was administrated to the LPS + L and PBS + L groups and PBS to both PBS and LPS groups. At day 9, a second TST test was conducted to evaluate the antidepressant effect exerted by luteolin on treated mice.



Brains Collection

After performing the second TST test on day 9, all mice were sacrificed by cervical dislocation. Two mice brains from each group were used to separate NSCs, two mice brains were used to separate astrocytes and the remaining two brains were washed twice with cold PBS and immersed in liquid nitrogen prior to their storage at −80°C.



Neural Stem Cells and Primary Astrocytes Separation

Prior to NSCs and astrocytes isolation, the whole mice brain tissues were dissociated using the Adult Brain Dissociation Kit (Miltenyi Biotec Inc., CA, United States, order no. 130-107-677) in accordance to the manufacturer’s instructions. This kit permitted to obtain single cell suspensions by combining mechanical dissociation with enzymatic degradation of the extracellular matrix. Briefly, the neural tissue was enzymatically digested using the kit components and the gentleMACSTM Dissociators (Miltenyi Biotec Inc., CA, United States) were used for the mechanical dissociation steps. After dissociation, the Debris Removal Solution was used for the removal of debris followed by a subsequent removal of erythrocytes using the Red Blood Cell Removal Solution. Cells were processed immediately for separation.

Immediately after the brains tissues dissociations, the NSCs were separated using the Anti-Prominin-1 MicroBeads (Miltenyi Biotec Inc., CA, United States, order no. 130-092-333) and the astrocytes were isolated using the Anti-ACSA-2 (astrocyte cell surface antigen-2) MicroBeads kit (Miltenyi Biotec Inc., CA, United States, order no. 130-092-333) according the manufacturer’s instructions. Briefly, for the separation of NSCs, first the prominin-1 + cells were magnetically labeled with AntiProminin-1 MicroBeads. Then, the cell suspension was loaded onto a MACS® Column, which was placed in the magnetic field of a MACS Separator. The magnetically labeled prominin-1 + cells were retained within the column. The unlabeled cells run through; this cell fraction is thus depleted of prominin-1 + cells. After removing the column from the magnetic field, the magnetically retained prominin-1 + cells were eluted as the positively selected cell fraction. To separate the astrocytes, first Fc receptors were blocked with the mouse FcR Blocking Reagent. Then, the ACSA-2 + cells were magnetically labeled with Anti-ACSA-2 MicroBeads. The cell suspension was loaded onto a MACS® Column, which was placed in the magnetic field of a MACS Separator. The magnetically labeled ACSA-2 + cells were retained within the column. The unlabeled cells run through; this cell fraction was thus depleted of ACSA-2 + cells. After removing the column from the magnetic field, the magnetically retained ACSA-2 + cells were eluted as the positively selected cell fraction.



Count and Culture of Isolated Mice Primary Astrocytes

After separation with the Anti-ACSA-2 MicroBeads kit (Miltenyi Biotec Inc., CA, United States, order no. 130-092-333), the negative and positive ACSA-2 cells fractions were collected separately and counted using the Guava ViaCount Software (Version Number – 2.5.2), then the astrocyte fraction was cultured in 30 mm petri dish in DMEM, high glucose cell culture medium supplemented with 10% inactivated fetal bovine serum (Sigma, United States), and 1% penicillin (5,000 μg/mL)-streptomycin (5,000 IU/mL) solution (ICN Biomedicals, Japan) at 37°C in a 95% humidified air-5% CO2 incubator for 7 days.



ELISA Analysis

ELISA tests were performed on astrocytes culture media, on mice sera and on mice hypothalamus and frontal cortex tissues to confirm the installation of depression in LPS treated mice, and to confirm the antidepressant effect of luteolin in this mice model.

The pro-inflammatory cytokine IL-6 was quantified in the mice primary astrocyte culture medium at day 1, day 3, and day 7 and in mice sera using the mouse Quantikine® ELISA kit (cat. number. M6000B, R&D Systems, United States). The Tumor Necrosis Factor TNFα, and the corticosterone levels were quantified in all mice sera using the Quantikine® ELISA kit cat. number MTA00B purchased from R&D Systems, United States. The Corticosterone ELISA kit (cat. number ADI-900-097) purchased from Enzo Life Sciences, NY, United States was used to quantify corticosterone levels in mice sera.

The serotonin (Sert), noradrenaline (NA), dopamine, pro-and mature-BDNF levels were quantified in mice hypothalamus and frontal cortex (2 mice from each group were used). First, we homogenized 20 mg of tissue in 1 mL of RIPA buffer. The homogenate was centrifuged for 5 min at 10,000 × g, 4°C. The supernatant was collected and stored at −80°C. The dopamine, Sert and NA were quantified using ELISA kits (Immusmol SAS, Talence, France). Pro and mature BDNF were measured by colorimetric sandwich ELISA kit (Proteintech, Rosemont, IL, United States). The experiments were conducted following the manufacturer’s instructions. The results of each treatment group were corrected by their respective total protein content determined using PierceTM BCA Protein Assay Kit (Cat. number 23225, Thermo Scientific, Japan).




RNA Isolation

To extract hNSCs RNA, cells were seeded in 6 well plates at the density of 2.5 × 104 cells/cm2 and were incubated at 37°C for 48 h. After that, they were treated with differentiation medium with or without 1 μM of luteolin or 1 μM of AICAR and were incubated at 37°C for 8 and 24 h. After the treatment, cells were washed twice with ice-cold PBS (−). To extract RNA from mice hippocampus, two mice brains of each animal group were dissected and hippocampus tissues were used. The isolated NSCs from two mice brains were immediately used to extract total RNA.

The ISOGEN kit (Nippon Gene Co., Ltd., Japan) was use for all total RNA extraction experiments following the manufacturer’s instructions, as reported previously by Sasaki et al. (2019). Total RNA was purified using chloroform and Isopropanol (Wako, Japan) and quantified and assessed for quality with a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States).



DNA Microarray Analysis

To elucidate the molecular mechanism underlying the effect of luteolin treatment on hNSCs fate determination, we compared the global gene expression of untreated and luteolin-treated hNSCs and to elucidate the molecular mechanism underlying the effect of luteolin treatment on LPS-induced depression model NSCs and hippocampus, we performed three global gene expression comparison studies. First, we compared the global gene expression of LPS group and control group (LPS vs. PBS), then we compared the global gene expression of control group treated with luteolin and untreated control group (PBS + L vs. PBS) and finally we compared the LPS group treated with luteolin and LPS group (LPS + L vs. LPS).

These genomic analyses were made by performing microarray analysis using Affymetrix GeneChip 3′ IVT PLUS reagent kit (Affymetrix Inc., Santa Clara, CA, United States) according to the kit user’s guide. Data normalization and transformation was done by Expression Console software. Subsequent analysis of the differentially expressed genes was performed using Transcriptome Analysis Console (version 4) and DAVID online tool (Huang et al., 2009; Sherman and Lempicki, 2009). Heatmap was generated using a freely available web tool Heatmapper (Babicki et al., 2016).



Real-Time Polymerase Chain Reaction Analysis on Human Neural Stem Cells

RNA extracts obtained from hNSCs treated or not with 1 μM luteolin for 8 and 24 h were used to validate the microarray data. Reverse transcription was performed using the Superscript IV reverse transcriptase kit (Invitrogen, United States) following the manufacturer’s guidelines. A mixture of RNA samples (30 ng/μl) and Oligo d (T)20/dNTP were incubated for 5 min at 5°C, then placed in ice for 1 min. The Superscript® IV reverse transcriptase solution was added. The mixture was vortexed and centrifuged, then TaqMan probes specific to, Glial Fibrillary Acidic Protein (GFAP) (Hs 00909233_m1), Bone Morphogenetic Protein 2 (BMP2) (Hs00154192_m1), Signal Transducer and Activator of Transcription (STAT3) (Hs00374280_m1), Tubulin, beta 3 class III (TUBB3) (Hs00801390_s1), NOTCH 1 (Hs01062014_m1), NOTCH 3 (Hs00166432_m1), Myelin Basic Protein (MBP) (Hs 00921945_m1) genes and master mix TaqMan were added to 100 ng/9 μL of obtained cDNA, and the mixture was introduced to 7500 Fast Real-time PCR (Applied Biosystems, United States) and the following conditions were applied: 50°C for 2 min, followed by 95°C for 10 min, and 40 cycles of 95°C for 15 s followed by 60°C for 1 min. Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) gene (Hs02786624_g1 GAPDH) was used as an endogenous control. All primers were purchased from (Applied Biosystems, CA, United States), and all reactions were run in triplicates.



Statistical Analysis

Statistical analysis was performed using SPSS software (Version 24; IBM, Armonk, NY, United States). A Student’s t-test was used when two groups were compared in MTT assay, astrocytes quantification and all ELISA tests. Statistical analysis of the results obtained in the immunocytochemistry and the real-time polymerase chain reaction (RT-qPCR) validation results were carried out using one-way analysis of variance (ANOVA) followed by Dunnett’s post hoc test. The difference in signal intensities between control and luteolin-treated hNSCs was tested using student’s t-test. Statistical analysis of TST results were carried out using paired t-test to compare the same groups results obtained between Day 1 and Day 8, and using One-way ANOVA test to compare different groups results at Day 1 and at day 8. Results are expressed as mean ± standard deviation unless otherwise indicated. The criterion of statistical significance was p < 0.05.




RESULTS


Results Obtained From the in vitro Study


Cell Viability

Results from MTT assay indicate that 1 μM luteolin slightly increased cell viability of SH-SY5Y cells after 24 h and 48 h treatment (p < 0.001), concentrations ranged from 5 to 10 μM did not affect cell viability while higher concentrations induced cell toxicity in a dose dependent-manner after 24 and 48 h treatment (Supplementary Figure 2). Treatment with 0.5 μM of AICAR for 24 h could slightly increase SH-SY5Y cell viability (104.1% ± 1.9, p < 0.01). Concentrations ranged between 0.5 and 5 μM did not affect cell viability, while higher concentration significantly reduced the viable SH-SY5Y cell number to 70% (Data not shown).



Luteolin Affected Global Gene Expression During Human Neural Stem Cells Differentiation

We evaluated the effect of luteolin on the transcriptomic changes in hNSCs during differentiation at 24 h using DNA microarray. We found that treatment with 1 μM luteolin could significantly regulate the expressions of 5870 genes in hNSCs (−1.3 < Fold change < 1.3; p < 0.05), with upregulation of 2638 genes and downregulation of 3232 genes. Top 10 significantly up and downregulated genes and their functions are presented in Supplementary Tables 1, 2, respectively.

Top 10 significantly enriched biological processes between 1 μM luteolin treated hNSCs and untreated control hNSCs are shown in Figure 1A. Fifty-five regulated genes were related to cell differentiation (GO:0030154), 24 to neurogenesis (GO:022008), 23 to generation of neurons (GO:0048699), 17 to neuron development (GO:0048666), 14 to neuron projection development (GO:0031175), 13 to cell morphogenesis involved in neurodifferentiation (GO:0048667), 12 to regulation of cell differentiation (GO: 0045595), 12 to brain development (GO:0007420), 10 to neuron differentiation, and 6 regulated genes to regulation of neurogenesis (GO:0050767). Besides, the essential gene expressions related to astrocyte differentiation biological process (GO:0048708), negative regulation of astrocyte differentiation (GO:0048712), and positive regulation of astrocyte differentiation (GO:0048712) were also regulated in luteolin treated hNSCs compared to untreated control cells (Figure 1B and Supplementary Tables 3–5).
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FIGURE 1. Luteolin affected biological processes and directed differentiation of hNSCs toward astrocytes. (A) Top 10 significantly enriched biological processes between 1 μM luteolin treated hNSCs and untreated control hNSCs. (B) Box plots showing the signal intensity of genes involved in astrocyte differentiation (7 genes averaged), positive regulation of astrocyte differentiation (13 genes averaged), and negative regulation of astrocyte differentiation (17 genes averaged). Each box represents the quartile values, the error bar represents the SD, the midline represents the median value and the multiplication sign denotes the mean in signal intensities between control and luteolin-treated hNSCs was tested using student’s t-test. (C) Top significantly regulated KEGG signaling pathways. (D) Heat map showing expression intensities (log2 transformed) of genes involved in NSC differentiation between luteolin-treated (1 μM) hNSCs and untreated control hNSCs (Heat map plotted using the following online tool http://www.heatmapper.ca/; Sasha Babicki, David Arndt, Ana Marcu, Yongjie Liang, Jason R. Grant, Adam Maciejewski, and David S. Wishart. Heatmapper: web-enabled heat mapping for all. Nucleic Acids Res. 2016 May 17).


Significantly regulated top KEGG signaling pathways by 1 μM luteolin treatment for 24 h are shown in Figure 1C. Luteolin treatment upregulated 26 genes in Hippo signaling (p = 0.052), 23 genes involved in Wnt signaling pathway (p = 0.091), 23 genes in the dopaminergic synapse (p = 0.025) and 23 genes involved in the Neurotrophin pathway (p = 0.024). Also, luteolin treatment downregulated 30 genes in FOXO signaling (p = 0.026), 29 genes in dopaminergic synapse (p = 0.046), 26 genes in TNF signaling (p = 0.015), 19 genes involved in p53 signaling pathway (p = 0.009), and 13 genes in notch signaling (p = 0.049) (Figure 1C and Table 1).


TABLE 1. Top significantly enriched KEGG signaling pathways in NSCs of LPS-induced depression mice (LPS) compared to untreated mice (PBS).

[image: Table 1]
We further evaluated the effect of 24 h treatment with 1 μM luteolin on 37 selected genes that were reported to be involved in neural stem cells (NSCs) differentiation process (Yao and Jin, 2014; Hsieh and Zhao, 2016; Figure 1D). We found that luteolin treatment upregulated the expressions of 17 genes and downregulated the expressions of 20 genes (−1.3 < Fold change < 1.3; p < 0.05; Figure 1D and Table 2). It downregulated the expressions of neurogenin 2 (NEUROG2), DNA (cytosine-5-)-methyl transferase 1 (DNMT1), DNA (cytosine-5-)-methyl transferase 3 beta (DNMT3B), neuronal differentiation 1 (NEUROD1), neuronal differentiation 6 (NEUROD6), NOTCH3, bone morphogenic protein (BMP7), and TUBB3 that are known to regulate neuron differentiation. The expression of methyl-CpG binding protein 2 (MECP2) that is known to regulate neuron maturation, was also downregulated (Figure 1D and Table 2). Besides, luteolin treatment regulated several genes related to astrocyte development, astrocyte differentiation, and signaling pathways that direct astrocytogenesis. Luteolin upregulated Wnt family member 7B (WNT7B), GFAP, and Janus kinase (JAK) 2 expression (Figure 1D and Table 2), whereas downregulated the most important oligodendrocyte genesis gene, MBP.


TABLE 2. Top significantly enriched KEGG signaling pathways in NSCs of LPS-induced depression mice treated with luteolin (LPS + L) compared to untreated mice LPS-induced depression mice (LPS).
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Taken together, results from microarray analysis showed that 1 μM luteolin treatment for 24 h induced differentiation of hNSCs and directed its fate toward astrocytes. Besides, these results also suggest that luteolin modulated the differentiation of hNSCs toward astrocytes via upregulation of astrogenic genes such as GFAP, WNT, and JAK, while it suppressed the neuronal and oligodendrocytes differentiation by downregulation of NEUROG2, DNMT1, DNMT3B, NEUROD1, NEUROD6, NOTCH3, BMP7 and TUBB3, and MBP.



Luteolin Increased the Number of GFAP+ Cells After 24 h Incubation

We performed immunostaining to quantify neuronal and glial cell populations after 24 h of differentiation induction in the presence or absence of luteolin and AICAR. It was previously reported that hNSCs fate is determined within 24 h of differentiation induction (Sasaki et al., 2019). The immunostaining of hNSCs showed that untreated control, and both AICAR- and luteolin-treated cells were exclusively differentiated into neurons and astrocytes. Only TUBB3+ and GFAP+ cells were detected after 24 h of incubation (Figure 2A). MBP+ cells were not detected within 24 h of differentiation induction with both control and treatment solutions (Data not shown). When treated with differentiation medium, 59.97% of hNSCs were differentiated into neurons (TUBB3+ cells) and 40.03% cells were differentiated into astrocytes (GFAP+ cells); however, 1 μM AICAR and 1 μM Luteolin treatments significantly decreased the percentages of TUBB3+ cells to respectively 36.66 and 33.2% (p < 0.05) and increased the percentages of astrocytes (GFAP+ cells) to 64.44 and 67.8%, respectively (p < 0.05). These data indicate that as AICAR treatment, luteolin treatment enhanced the differentiation of hNSCs into astrocytes (Figure 2B).
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FIGURE 2. Luteolin treatment (1 μM) for 24 h promoted differentiation of hNSCs into astrocytes. (A), Images of differentiated hNSCs treated with differentiation medium (Control), 1 μM of AICAR, or 1 μM of Luteolin fixed after 24 h and stained with TUBB3 (red), GFHP (green), and counterstained with DAPI (blue), unstained cells Scale bar = 100 nm, stained cells Scale bar = 100 μm, Magnification = ×10. (B) Quantification of GFAP and TUBB3 positive cells among total DAPI-positive cell. Data are expressed as mean ± SEM of two independent experiments. (C) RT-qPCR validation results obtained after 8 and 24 h of treatment with differentiation medium, 1 μM Luteolin or 1 μM AICAR. Data are expressed as mean ± S.D. of three independent experiments. ***p < 0.001, **p ≤ 0.01, *p < 0.05, and †p < 0.1 (ANOVA followed by Dunnett’s post hoc test).




Luteolin Regulated Astrogliogenic Gene Expressions in Human Neural Stem Cells

We validated the expressions of astrogliogenic genes using RT-qPCR. As shown in Figure 2C, GFAP was not expressed in any treatment condition after 8 h even in repeated RT-qPCR experiments. However, after 24 h, GFAP was significantly overexpressed in AICAR-treated (relative GFAP mRNA expression = 1.8, p = 0.001) and luteolin treated (relative GFAP mRNA expression = 1.69, p = 0.003) cells compared to differentiation medium-treated control cells. This finding confirms that luteolin stimulated the differentiation of hNSCs into astrocytes.

Different signaling pathways, including BMP, JAK-STAT, Wnt, Notch, TGF-β, and FGF signaling, are known to regulate the expression GFAP gene, which, in turn, induces astrocytogenesis (Wen et al., 2009; Lee et al., 2015). Therefore, we evaluated the expressions of the BMP2 as a representative gene of BMP signaling, and NOTCH1 and NOTCH3 as representative genes of Notch signaling. We also evaluated the expression of the transcription factor STAT3, which binds to the promoter of GFAP to induce its expression.

BMP2 gene was not expressed after 8 h treatment in both controls and treated cells, while it was significantly overexpressed after 24 h treatment with 1 μM luteolin (Relative BMP2 mRNA expression = 3.26, p = 0.003) and with the positive astrogenic inducer AICAR (Relative BMP2 mRNA expression = 3.36, p = 0.002) (Figure 2C). STAT3 was significantly overexpressed after 8 h in luteolin-treated hNSCs (Relative STAT3 mRNA expression = 1.25, p = 0.059) and it was significantly decreased after 24 h treatment (Relative STAT3 mRNA expression = 0.41, p = 0.0001) (Figure 2C). On the other hand, the AICAR treatment significantly decreased the STAT3 expression after 8 h treatment (Relative STAT3 mRNA expression = 0.55, p = 0.005), and it increased after 24 h treatment (Relative STAT3 mRNA expression = 1.15, p = 0.03) (Figure 2C).

NOTCH1 and NOTCH3 were not expressed in any treatment condition after 8 h (Figure 2C). When treated for 24 h with 1 μM luteolin, the expressions of NOTCH1 and NOTCH3 were significantly decreased to 0.39 and 0.48, respectively (p = 0.001 and 0.0001 respectively). When treated with 1 μM AICAR for the same duration (24 h), the expression of NOTCH1 gene was unchanged and that of NOTCH3 significantly increased to 1.48 (p = 0.001). This result shows that unlike AICAR, luteolin inhibited Notch signaling and therefore inhibited the self-renewal of hNSC (Figure 2C).



Luteolin Treatment Did Not Affect Neurogenic Gene Expression in Human Neural Stem Cells

The validation of TUBB3 gene expression using RT-qPCR showed that luteolin treatment for 8 and 24 h did not affect the expression of TUBB3 in hNSCs (Relative TUBB3 mRNA expression = 1.02, p = 0.92 and 1.03, p = 0.949 respectively for 8 and 24 h treatment) (Figure 2C). On the other hand, when treated with AICAR, the expressions of TUBB3 in hNSCs were increased to 1.39 and 2.09, respectively, following 8 and 24 h of incubation (p = 0.21 and p = 0.0001 respectively) (Figure 2C) suggesting, thus, that AICAR is not a specific astrocytogenesis inducer.



Luteolin Treatment Inhibited Oligogenic Gene Myelin Basic Protein Expression in Human Neural Stem Cells

Our immunostaining results using the oligodendrocytes marker anti-MBP protein antibody showed that 1 μM luteolin treated hNSCs did not differentiate into oligodendrocytes within 24 h of differentiation induction (data not shown). In its turn, the global gene expression analysis shows that this treatment downregulates the MBP gene (FC = −1.37, p < 0.05). The validation analysis of this gene expression using RT-qPCR also showed that hNSCs did not express the MBP gene after 24 h of luteolin treatment (Data not shown), confirming, therefore, that luteolin did not induce oligodendrocyte genesis of hNSCs.




Results Obtained From the Animal Experiments

Figure 3A shows the animal experiment design.
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FIGURE 3. Behavioral and physiological effects of Luteolin treatment on LPS depression induced mice. (A) Experimental design. (B) Effect of the oral administration of luteolin (10 mg/kg) on LPS depression induced mice (LPS + L) immobility times in tail suspension test compared to the control (PBS), the EPS group untreated with luteolin (LPS) and to control group treated with luteolin (PBS + L) at day 1 and at day 8. Results are expressed in mean of immobility time ±SD. Paired t-test was applied to compare results of the same group between Day 1 and Day 8, no significant results were obtained, One-way ANOVA test was applied to compare between groups at Day 1 and at Day 8, no significant results were obtained. (C) Effect of luteolin treatment on astrocytes numbers. Results are expressed as mean of astrocytes percentage of three independent experiments ±SD. (D) Effect of luteolin treatment on IL-6 secretion by cultured primary at Day 1, Day 3, and Day 7. Results are expressed as mean concentration of IL-6 secreted in isolated primary astrocytes’ cell culture media of three independent experiments ±SD. (E,F) ELISA assays results. Data are expressed as mean of concentration ±S.D. of three independent experiments. ∗∗∗p < 0.001, ∗∗p ≤ 0.01, ∗p < 0.05, and †p < 0.1, n.s: not significant (ANOVA followed by Dunnett’s post hoc test).



Effect of Luteolin Treatment on the Immobility Time in Lipopolysaccharide-Induced Depression Mice

Results from TST test indicate that the daily oral administration of luteolin (10 mg/kg body weight) slightly decreased the immobility time of LPS-induced depression mice on the 8th day of TST to 77.5 ± 52.5 s compared to the initial test performed on the 1st day with a value of 107.17 ± 41.1 s. It also decreased the immobility time of mice treated with PBS + L to 77.17 ± 35.5 s compared to the initial test at day 1 (86.83 ± 55.4 s). These decreases were statistically non-significant (Figure 3B).



Effect of Luteolin Treatment on Lipopolysaccharide Induced Depression Mice Astrocytes’ Number

In the present study, the number of isolated astrocytes from whole brain of the LPS-induced depression mice was compared to that of LPS-induced depression mice treated with luteolin and control mice. Results show that LPS significantly reduced the number of astrocytes (p = 0.008), however, luteolin treatment didn’t restore the loss of astrocytes number (Figure 3C).



Effect of Luteolin Treatment on IL-6 Secretion by Lipopolysaccharide Induced Depression Mice Astrocytes’

The quantification of the pro-inflammatory cytokine IL-6 in the cell culture media of primary isolated astrocytes after 1, 3, and 7 days post in vitro isolation show that luteolin treatment didn’t affect the IL-6 level in PBS mice (PBS + L vs. PBS group), while LPS treatment significantly increase the production of IL-6 by astrocytes (LPS vs. PBS group), and luteolin treatment significantly decreased this pro-inflammatory cytokine secretion by astrocytes in LPS-induced depression mice (LPS + L vs. LPS group) (Figure 3D).



Luteolin Treatment Changed Depression’s Biomarkers Levels

We evaluated the level of serum and central nervous system depression’s biological markers in mice. Figure 3E shows that the oral administration of luteolin (10 mg/kg) changed the levels of the proinflammatory cytokines IL-6 and TNFα, and that of corticosterone in mice sera. IL-6 level was increased in LPS treated mice group compared to control group (PBS group), and luteolin treatment normalized this increase in LPS-induced depression mice (LPS + L group). Although statistically not significant (p > 0.05), the TNF-α level showed a decrease of 41.1% in control mice treated with luteolin (PBS + L) compared to untreated mice (PBS). LPS treatment significantly increased this pro-inflammatory cytokine level of 2.31% in mice sera compared to control mice (p = 0.01), and a statistically significant decrease of this cytokine level (73.15%) was observed when LPS-induced depression mice were treated with luteolin (p = 0.04) (Figure 3E). The corticosterone level showed a decrease of 8.49% in control mice treated with luteolin (PBS + L) compared to untreated mice (PBS) (p = 0.007). LPS treatment significantly increased this stress hormone level of 0.06% compared to control mice (p = 0.1), and luteolin treatment significantly decreased its level in LPS-induced depression mice (a decrease of 73.15% compared to untreated LPS-induced depression mice, p = 0.05).

The oral administration of luteolin (10 mg/kg) also significantly changed the levels of the mature BDNF, the noradrenaline and the dopamine in the hypothalamus of LPS-induced depression mice, and it didn’t significantly affect the level of pro-BDNF. Likewise, it didn’t change (p > 0.05) the levels of pro-BDNF, serotonin and noradrenaline in the cerebral cortex of LPS-induced depression mice model (Figure 3F).



Luteolin Treatment Affected Global Gene Expression in Neural Stem Cells of Lipopolysaccharide-Induced Depression Model

We evaluated the effect of LPS treatment on global genes expression in the NSCs of the chosen depression animal model (LPS-induced depression mice) by evaluating the transcriptomic changes in NSCs. Results show that LPS injection (850 μg/kg) significantly regulated 382 genes (−1.3 < Fold change < 1.3; p < 0.05). It downregulated 325 genes and upregulated 57 genes compared to untreated mice (PBS group) (data not shown). Five neuronal biological processes, namely neuron migration (GO:001764), negative regulation of neurogenesis (GO:0050768), generation of neurons (GO:0048699), regulation of neuron projection development (GO:0010975), and neurogenesis (GO:0022008); two glial biological processes particularly the gliogenesis (GO:0042063) and glial cell proliferation (GO:0014009); and four development biological processes related to brain development (GO:0007420), central nervous system development (GO:0007417), cell differentiation (GO:0030154) and nervous system development (GO:0007399), were enriched by downregulation (Figure 4A). The 33 downregulated genes related to neurogenesis are Ddx6, Rab3a, Actb, Apcdd, Apoe, B2m, Camk2a, Ctnnb1, Clu, Dbi, Dynlt1f, Eef1a1, Fn1, Gja1, Gstp1, Gpm6a, Hspb1, Hsp90aa1, H2-D1, H2-K1, Id3, Itm2c, Ppia, Pcnt, Plpp3, Ptn, Prom1, Rpl4, Serpine2, Slc1a3, Sod1, Ywhae, and Vim, and the 11 genes related to gliogenesis include the Apcdd1, Ctnnb1, Clu, Dbi, Fn1, Gstp1, Plpp3, Ptn, Serpine2, Sod1, and Vim. Besides, two biological processes related to angiogenesis (GO:0001525) and to response to polysaccharide (GO:0032496) were enriched by upregulation (Figure 4A). The LPS injection significantly regulated genes related to different KEGG signaling pathways (Figure 4B). The estrogen signaling pathway (mmu04915), with ten genes being regulated, was the most significantly KEGG signaling enriched by downregulation (p = 9.87E-05). The downregulated genes include the Fos, Gnas, Creb3, Gnai2, Hspa1b, the Hspa8, Hsp90ab1, Hsp90aa1, Hsp90b1 and the Pik3cd (Figure 4B and Table 1). The KEGG signaling pathways, Thyroid hormone synthesis (mmu04918), Adherens junction (mmu04520), cAMP signaling pathway (mmu04024), glutamatergic and dopaminergic synapses (mmu04724, mmu04728), PI3K-AKT signaling pathway (mmu04151), the thyroid hormone signaling pathway (mmu04919), gap junction (mmu04540) and insulin secretion (mmu04911) were also enriched by downregulation (Figure 4B). Details about regulated genes are mentioned in Table 1.
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FIGURE 4. Luteolin treatment significantly regulated gene expression in NSCs of LPS-induced depression mice model. (A,B) Differentially regulated biological processes (BP) and top significantly enriched KEGG signaling pathways in NSCs of LPS-induced depression mice (LPS) compared to untreated mice (PBS). (C,D) Differentially regulated biological processes (BP) and top significantly enriched KEGG signaling pathways in NSCs of LPS-induced depression mice treated with luteolin (LPS + L) compared to untreated LPS-induced depression mice (LPS).


We also evaluated the effect of oral administration of luteolin (10 mg/kg body weight) on the transcriptomic changes in NSCs of LPS-induced depression mice. The obtained results show that treatment with luteolin could significantly regulate the expression of 687 genes in NSCs of this animal model (−1.3 < Fold change < 1.3; p < 0.05) compared to untreated depression model mice (LPS + L group vs. LPS group), with upregulation of 642 genes and downregulation of 45 genes (data not shown). Top 10 significantly up and downregulated genes and their functions are presented in Supplementary Tables 6, 7, respectively. The upregulated genes significantly enriched biological processes related to nervous system development, glial and neuronal processes as well as signaling biological processes (Figure 4C). Interestingly, in these induced depression mice neural stem cells’, the luteolin treatment upregulated 53 and 18 genes related to the neurogenesis and gliogenesis biological processes respectively. The genes related to neurogenesis biological process are: the Arf1, Ddx6, Ndrg1, Rab3a, Actb, Apcdd1, App, Apoe, B2m, Ctnna1, Ctnnb1, Cav1, Cdc42, Clu, Dbi, Dynlt1f, Eef1a1, Eef2, Eif4g2, Fn1, Gja1, Gstp1, Gpm6a, Hey1, Hspb1, Hsp90aa1, Hexa, H2-D1, H2-K1, Id3, Id4, Itm2c, Il2, Mif, Mt2, Mt), Mgll, Ntrk2, Ppia, Pcnt, Pmp22, Plpp3, Ptn, Prom1, Plp1, Rpl4, Serpine2, Slc1a3, Slc9a3r1, Snx3, Sod1, Ywhae, and Vim, while those modulating the gliogenesis biological process are: Ndrg1, Apcdd1, Ctnnb1, Clu, Dbi, Eef2, Fn1, Gstp1, Id4, Mt2, Mt3, Ntrk2, Plpp3, Ptn, Plp1, Serpine2, Sod1, Vim. The regulated genes also significantly modulated different KEGG signaling pathways (Figure 4D). The KEGG signaling pathway Parkinson’s disease (mmu05012) was the most significantly enriched signaling pathway by upregulation (p = 3.53E-09). Twenty-four genes of this signaling pathway were enriched by upregulation. It includes 5 genes modulating the ATP synthase, H + transporting mitochondrial complexes (Atp5g3, Atp5h, Atp5o, Atp5e, Atp5c1), 8 genes of NADH dehydrogenase (Ndufa13, Ndufa3, Ndufa9, Ndufb11, Ndufb5, Ndufv3, LOC102641347, ND5), 6 genes of cytochrome c oxidase subunits (Cox4i1, Cox7a2, Cox7a2l, Cox6a1, Cox5a, Cox5b, Cox6b), as well as guanine Gnai2, Slc25a4, Slc25a5, and Uqcrb. Also, twenty-six genes in Alzheimer’s disease KEGG signaling pathway (mmu05010, p = 4.76E-09), 26 genes in Huntington’s disease KEGG signaling pathway (mmu05016, p = 4.77E-08), 17 genes in Non-alcoholic fatty liver disease (NAFLD) KEGG signaling pathway (mmu04932, p = 0.0001), 10 in Estrogen signaling pathway (mmu04915, p = 0.0093) KEGG signaling pathway, 10 genes in thyroid hormone signaling pathway (mmu04919; p = 0.02), 9 genes in HIF-1 signaling pathway (mmu04066, p = 0.03), 7 genes glycolysis/gluconeogenesis (mmu00010, p = 0.03), and 7 genes in adherens junction (mmu04520, p = 0.04) were also enriched by upregulation. Systemic lupus erythermatosus (mmu05322, p = 0.017), was the only KEGG signaling pathway enriched by downregulation. Details about regulated genes are mentioned in Table 2.

Ultimately, we evaluated the effect of oral luteolin treatment (10 mg/kg body weight) on the transcriptomic changes in NSCs of normal mice (PBS + L group vs. PBS group, Supplementary Figure 4). The obtained results point out the modulation of gene expression by luteolin treatment in NSCs of normal mice (−1.3 < Fold change < 1.3; p < 0.05) compared to untreated normal mice, with upregulation of 314 genes and downregulation of 428 genes (data not shown). Moreover, we found that luteolin treatment significantly downregulated 4 glial biological processes, namely the glial cell migration (GO: 008347), negative regulation of gliogenesis (GO:0014014), glial cell differentiation (GO:0010001), and negative regulation of oligodendrocyte differentiation (GO:0048715) in NSCs of normal mice (PBS + L group), while it downregulated 8 neuronal biological processes, up regulated 9 others (Supplementary Figure 4A). In this mice group NSCs’, the effect of luteolin treatment on glial biological processes was more pronounced than that of the neurogenic effect and it was revealed by the downregulation of three genes related to the negative regulation of oligodendrocytes differentiation (Ctnnb1, Notch1, and Sirt2), the downregulation of 9 genes involved in the glial cell differentiation (Ndrg1, Ctnnb1, Clu, Notch1, Plpp3, Serpine2, Sirt2, Sod1, Vim), the downregulation of 4 genes related to the negative regulation of gliogenesis (Ctnnb1, Notch1, Ptn, Sirt2) and the downregulation of the 4 genes involved in the glial cell migration (Apcdd1, Ctnnb1, Fn1, Vim). The luteolin treatment also enriched 8 KEGG signaling pathway by downregulation and only one KEGG signaling by upregulation (Supplementary Figure 4B). The enriched KEGG signaling by upregulation was the Wnt KEEG signaling pathways (mmu04310, p = 0.04) with 6 genes being upregulated (Apc2, Camk2a, Ccnd2, Prickle2, Tcf7l1, Wnt11). The KEGG signaling pathways enriched by downregulation were Hippo signaling pathway (mmu04390, p = 3.24E-02, 9 genes), tight junction (mmu04530, p = 2.31E-02, 7 genes), thyroid hormone signaling pathway (mmu04919, p = 0.022, 8 genes), gap junction (mmu04540, p = 0.019, 7 genes), HIF-1 signaling (mmu04066, p = 0.012, 8 genes), dopaminergic synapse (mmu04728, p = 0.005, 10 genes), Alzheimer’s disease (mmu05010, p = 0.0004, 14 genes), and Parkinson’s disease (mmu05012, p = 0.0003, 13 genes) (Supplementary Figure 4B). Details about regulated genes are mentioned in Supplementary Table 8.



Luteolin Treatment Affected Global Gene Expression in Hippocampus of Lipopolysaccharide-Induced Depression Model

We used DNA microarray to study the transcriptomic changes in the hippocampus of the depression mice model. Results show that LPS injection (850 μg/kg) significantly regulated 665 genes (−1.3 < Fold change < 1.3; p < 0.05). It downregulated 348 genes and upregulated 317 genes in this animal model of depression (LPS group mice) compared to untreated mice (PBS group) (data not shown). Nine neuronal biological processes including neuron differentiation (GO:0030182), neurogenesis (GO:0022008) were significantly downregulated. Ten genes related to gliogenesis (GO:0042063), 6 genes related to oligodendrocyte differentiation (GO:0048709), and 9 genes related to glial cell differentiation (GO:0010001) were also significantly downregulated. However, ten immune biological processes were significantly upregulated (Figure 5A). Thirty-one genes related to the neurogenesis biological process were downregulated. It includes the Atp7a, Bcl11a, C1qtnf5, Cd9, Ndrg1, Rufy3, Abi2, Aspa, Camk2a, Ctnna1, Col25a1, Cdkn1c, Ddr1, Enpp2, Folr1, Hspa5, Lpar1, Micall1, Mapk8, Miat, Myo7a, Ntn4, Otx2, Prex2, Plp1, Rtn4, Robo3, Six3, Slc11a2, Stx3 and the Tspo. Equally, in these mice hippocampus, the LPS injection downregulated 10 genes related to gliogenesis (Cd9, Ndrg1, Aspa, Enpp2, Lpar1, Miat, Otx2, Plp1, Rtn4 and Tspo). LPS injection also significantly enriched KEEG signaling pathways by upregulation (Figure 5B). It includes the hematopoietic cell lineage (mmu04640, p = 0.018, 5 genes), cell adhesion molecules (CAMs) (mmu04514, p = 0.012, 7 genes), tuberculosis (mmu05152, p = 0.004,8 genes), and antigen processing and presentation (mmu04612, p = 3.95E-04, 7 genes). Details about regulated genes are presented in Table 3.
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FIGURE 5. Luteolin treatment significantly regulated gene expression in hippocampus of LPS-induced depression mice model. (A,B) Differentially regulated biological processes (BP) and top significantly enriched KEGG signaling pathways in hippocampus of LPS-induced depression mice (LPS) compared to untreated mice (PBS). (C,D) Differentially regulated biological processes (BP) and top significantly enriched KEGG signaling pathways in hippocampus of LPS-induced depression mice treated with luteolin (LPS + L) compared to untreated LPS-induced depression mice (LPS).



TABLE 3. Top significantly enriched KEGG signaling pathways in Hippocampus of LPS-induced depression mice (LPS) compared to untreated normal mice (PBS).
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We further used DNA microarray to study the transcriptomic changes in the hippocampus of the depression mice model after oral administration of luteolin (10 mg/kg body weight). Results show that treatment with luteolin significantly regulated the expression of 1371 genes in hippocampus of this animal model (−1.3 < Fold change < 1.3; p < 0.05) compared to untreated depression model mice (LPS + L group vs. LPS group), with upregulation of 324 genes and downregulation of 1047 genes (Data not shown). Top 10 significantly up and downregulated genes and their functions are presented in Supplementary Tables 9, 10, respectively. The upregulated genes significantly enriched biological processes related to different immune responses namely; response to cytokine (GO:0034097), cellular response to cytokine stimulus (GO:0071345) and positive regulation of inflammatory response (GO:0050729) as well as to the development biological process positive regulation of cell differentiation (GO:0045597) (Figure 5C). The downregulated genes significantly enriched 13 neuronal biological processes; mainly generation of neurons (GO:0048699, 100 genes), neurogenesis (GO:0022008, 105 genes), neuron differentiation (GO:0030182, 91 genes), 3 development processes including regulation of nervous system development (GO:0051960, 59 genes), central nervous system development (GO:0007417, 56 genes) and hippocampus development (GO:0021766), and 2 glial processes namely regulation of gliogenesis (GO:0014013, 15 genes) and gliogenesis (GO:0042063, 21 genes) (Figure 5C). The regulated genes also significantly enriched different KEEG signaling pathways (Figure 5D and Table 4). Luteolin treatment upregulated 9 genes involved in PI3K-Akt signaling (mmu04151, p = 0.04) namely the Col2a1, Egfr, Fgf18, Il4ra, Lama5, Pik3cg, Prlr, Rxra, and the Rps6; 7 genes in cytokine-cytokine receptor interaction (mmu04060, p = 0.05) including the Relt, Ccr2, Eda, Inhbb, Il17ra, Il4ra, and the Prlr; 5 genes in serotonergic synapse (mmu04726, p = 0.05) namely the Htr5b, Gnas, Alox12, Alox15, Alox8; 5 genes in Jak-STAT signaling (mmu04630, p = 0.07) including the Crebbp Il4ra, Pik3cg, Prlr, and the Stat5b; and 4 genes in Estrogen signaling pathway (mmu04915, p = 0.096) including the Elovl5, Acaa1a, Acaa2, Acsl3, Acadl, Elovl2, and the Fads2. Besides, luteolin treatment downregulated 7 genes in fatty acid metabolism KEEG signaling (mmu012, p = 0.02) particularly the Elovl5, Acaa1a, Acaa2, Acsl3, Acadl, Elovl2, Fads2; 5 genes in biosynthesis of unsaturated fatty acids (mmu01040, p = 0.02) including the Elovl5, Acaa1a, Acot1, Elovl2, Fads2, and 8 genes in GABAergic synapse (mmu04727, p = 0.07) namely the Gabrb3, Gphn, Gad1, Glul, Gnai3, Gnb1, Gng2, and the Prkacb (Figure 5D and Table 4).


TABLE 4. Top significantly enriched KEGG signaling pathways in Hippocampus of LPS-induced depression mice treated with luteolin (LPS + L) compared to untreated LPS-induced depression mice (LPS).
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Ultimately, we evaluated the effect of oral luteolin treatment (10 mg/kg body weight) on the transcriptomic changes in hippocampus of normal mice (PBS + L group vs. PBS group) using DNA microarray (Supplementary Figures 4C,D). The obtained results point out the modulation of gene expression by luteolin treatment in hippocampus of normal mice (−1.3 < Fold change < 1.3; p < 0.05) compared to untreated normal mice, with upregulation of 381 genes and downregulation of 978 genes (Data not shown). Luteolin treatment significantly downregulated 5 immune biological processes, including inflammatory response (GO:0006954, 18 genes), 6 glial processes including gliogenesis (GO:0042063, 13 genes), glial cell differentiation (GO:0010001), oligodendrocyte differentiation (GO:0048709), and 4 neuronal processes namely neuron projection development (GO:0031175, 21 genes), neuron differentiation (GO:0030182, 29 genes), neurogenesis (GO:0022008, 38 genes) and myelination (GO:0042552, 8 genes) (Supplementary Figure 4C). Besides, luteolin treatment significantly upregulated the expression of 18 genes related to gliogenesis (GO:0042063) including the Phgdh, Kras, Adgrg1, Atxn1, Ctnnb1, Dcx, Egr2, Fgfr3, Gfap, Mecp2, Nf2, Ntrk2, Ntrk3, Pten, Pdgfb, Synj1, Tenm4, Vtn, while it downregulated 13 others (Ndrg1, Apcdd1, Ctnnb1, Clu, Dbi, Fn1, Notch1, Plpp3, Ptn, Serpine2, Sirt2, Sod1, and Vim), as well as different neuronal processes, particularly, neurogenesis (GO:0022008, 118 genes), neuron differentiation (GO:0030182, 101 genes), positive regulation of neurogenesis (GO:0050769, 40 genes), and positive regulation of neuron differentiation (GO:0045666) (Supplementary Figure 4C).

Along with other KEEG signaling pathways presented in Supplementary Figure 4D, dopaminergic synapse (mmu04728, p = 0.08, 9 genes), GABAergique synapse (mmu04727, p = 0.07, 7 genes), neurotrophin signaling pathway (mmu04722, p = 0.05, 9 genes), hippo signaling pathway (mmu04390, p = 0.013, 12 genes), PI3K Akt signaling pathway (mmu04151, p = 0.008, 22 genes) and signaling pathways regulating pluripotency of stem cells (mmu04550, p = 0.007, 12 genes), were significantly upregulated (Supplementary Figure 4D). Details about regulated genes are mentioned in Supplementary Table 11.





DISCUSSION

The present study is the first to report the effects of the natural flavonoid luteolin on hNSCs fate determination highlighting; therefore, its potential beneficial use, especially as an astrogliogenesis promoting compound. We have evaluated the effect of luteolin on the fate choice of hNSCs isolated from the fetal cortex. In terms of the therapeutic potential of NSCs in neurodegenerative diseases and neural injury, both fetal and adult brain-derived hNSCs have shown promising effects (Casarosa et al., 2014). However, fetal brain-derived NSCs grown as neurospheres can better mimic the brain developmental processes, including trilineage differentiation, proliferation, apoptosis, and migration (Schmuck et al., 2017). We found that luteolin could regulate the expression of the astrogenic gene GFAP, along with genes involved in WNT-β-catenin-BMP2-STAT3 pathways, which have been implicated in astrocytogenesis. In addition, an increased number of GFAP+ cells observed in immunostaining confirms the astrogenesis-inducing effects of luteolin on hNSCs. Besides, we compared our findings with a well-known positive astrogenic inducer AICAR, which further signifies the astrocyte-specific differentiation-inducing effects of luteolin.

The present study is also the first study to evaluate whether luteolin may exert an antidepressant effect by directing the fate choice of mice NSCs into astroglial and neuronal cells, restoring, therefore, the brain cells loss in the neuroinflammatory model of depression (LPS-induced depression mice). Numerous studies reported that a modification of astrocytes in the frontolimbic regions like the hippocampus, amygdala and ventral striatum is associated with depression. Likewise, most major depressed patients’ post-mortem brain analyses reported a decreased number of astrocytes in frontolimbic structures (Altshuler et al., 2010; Rajkowska and Stockmeier, 2013; Peng et al., 2015; Rial et al., 2016). The causality between astrocytic dysfunction and depression was also provided by animal studies showing that the selective destruction of frontocortical astrocytes is sufficient to induce depressive behavior (Banasr and Duman, 2008). Moreover, several studies evidence the reduced neurogenesis in animal models of depression and postmortem studies of depressed patients (Huffman and Taylor, 2020). Our results point out that luteolin treatment may exert an antidepressant effect in LPS mice by decreasing IL-6 production by astrocytes, decreasing the levels of IL-6, TNF alpha, and corticosterone in serum, and by increasing mature BDNF, dopamine and noradrenaline levels in the hypothalamus. Moreover, we found that luteolin treatment significantly regulated global genes expression, biological processes, and KEEG signaling in the isolated NSC and the hippocampi of the LPS induced depression mice model. It regulated gliogenesis and neurogenesis processes in the isolated mice’ NSCs and the hippocampi with a clearer gliogenesis upregulation observed in NSCs, highlighting then the potential use of luteolin as a neuro-glial enhancer to overcome depression.

Gene ontology enrichment analysis of differentially expressed genes between luteolin-treated and untreated control hNSCs showed that the most significantly enriched biological process was cell differentiation, followed by, but not limited to, neurogenesis, neuron development, neuron projection development, brain development, and regulation of astrocyte differentiation. When we averaged the signal intensities of genes related to astrogenesis-specific biological processes, we found that astrocyte differentiation- and positive regulation of astrocyte differentiation-related genes had higher signal intensity in luteolin-treated hNSCs compared to control cells, whereas negative regulation of astrocyte differentiation-related genes had lower signal intensity. Several KEGG signaling pathways, namely NOTCH, FOXO, TNF, p53, Hippo, dopaminergic synapse, and neurotrophin pathways, were also significantly regulated.

Considering previously published studies on genes involved in neural stem cell differentiation, we evaluated the effect of luteolin on 37 selected genes. We found similar expression patterns of these genes in luteolin-treated hNSCs (Hsieh et al., 2004; Cahoy et al., 2008; Yao and Jin, 2014; Hsieh and Zhao, 2016; Bejoy et al., 2019). Our results were marked by the downregulation of the stemness genes NOTCH1 and NOTCH3 (Venkatesh et al., 2017), neurogenic genes DNMT1, DNMT3B, NEUROG2, BCL11B, NEUROD1, NEUROD1, NEUROD6, NOTCH1, NOTCH3, and TUBB3 (Yao and Jin, 2014), and oligodendrocyte genesis gene MBP. Besides, our findings were also marked by the upregulation of the astrogenic gene GFAP as well as other genes of the key signaling pathways involved in astrogenesis such as Wnt, BMP, and JAK-STAT pathways (Takouda et al., 2017). It is worth noting that DNA methylation, one of the core epigenetic modifications, has been implicated in several extrinsic pathways during neurogenesis both in physiologic and in diseased conditions (Wang et al., 2016b). DNMT1 and MECP2 are the key regulators of DNA methylation that control the timing and magnitude of astroglial differentiation. Conditional deletion of DNMT1 in neural progenitor cells increases the expressions of astrocyte marker genes and activates the gliogenic JAK-STAT pathway (Fan et al., 2005). MECP2 binds to the highly methylated regions of astrocyte-specific genes, such as GFAP, and suppresses their expression (Fan et al., 2005), inhibits astrocyte differentiation, and promotes neuronal differentiation (Kohyama et al., 2008; Tsujimura et al., 2009); whereas, loss of MECP2 elevates the expression of glial markers and accelerates astrogenesis (Okabe et al., 2012; Forbes-Lorman et al., 2014). On the other hand, TET, an enzyme responsible for DNA demethylation, has been shown to negatively regulate neuronal differentiation in neuroblastoma cell line independent of its enzymatic activity (Gao et al., 2016). TETs also downregulate the expressions of DNMT1 and de novo methyltransferases DNMT3A and DNMT3B and increase expression of the neurotrophic factor BDNF (Santiago et al., 2014). In this present study, we found that 24 h treatment with luteolin in hNSCs suppressed the expressions of DNMT1, DNMT3B, MECP2, while increased the expressions of Tet methylcytosine dioxygenase 1 (TET1), JAK2, STAT4, STAT6, and Brain-derived neurotrophic factor (BDNF). Besides, we also found that luteolin treatment could upregulate the expression of NEUROG1, whereas downregulate the expression of NEUROG2. NEUROGs are the proneural genes, which encode basic-helix-loop-helix (bHLH) transcription factors. Although both NEUROG1 and NEUROG2 individually promote neurogenesis, NEUROG1 exerts a non-canonical role through inhibiting the proneural activity of NEUROG2, thus, in turn, induces the expression of negative regulators of neurogenesis, and represses the expression of positive regulators of neurogenesis, such as NEURODs (Han et al., 2018). Ectopic expression of NEUROD1, another important bHLH transcription factor that mediates neuronal fate specification, has been reported to be sufficient to initiate a neurogenic program that closely recapitulates neuronal development in vivo (Pataskar et al., 2016). In our study, luteolin treatment repressed the expression of NEUROD1 as well as NEUROD 6. In addition, luteolin treatment downregulated the expression of B-cell CLL/lymphoma 11 B (BCL11b), an important zinc finger protein transcription factor implicated in neurogenesis and in a pathological pathway of negative regulation of BDNF (Tang et al., 2011; Lennon et al., 2017). Thus, altogether our DNA microarray results suggest that luteolin treatment could provide an efficient platform for astrocyte differentiation from hNSCs, while negatively regulating the hNSCs self-renewal, neurodifferentiation, and oligodendrocytes genesis.

To validate the astrogenic effect of luteolin on hNSCs, immunocytochemistry was performed on 24 h luteolin-treated hNSCs. Results were compared to that of the positive astrogenic inducer AICAR-treated hNSCs and the untreated control hNSCs. After 24 h of differentiation induction, hNSCs were exclusively differentiated toward Tubb3+ and GFAP+ cells corresponding to neurons and astrocytes, respectively. We found that GFAP+ cells were increased in luteolin-treated hNSCs compared to untreated control hNSCs. This increase in the number of GFAP+ cells was even slightly higher in luteolin-treated cells than that observed in AICAR-treated cells. Conversely, the number of TUBB3+ cells was slightly lower in luteolin-treated cells compared to AICAR-treated cells. This finding suggests that luteolin would have a more powerful astrogenic effect on hNSCs than AICAR. Besides, MBP+ cells were not detected within 24 h of differentiation induction with both control and treatment solutions. As Grinspan et al., reported that glial differentiation takes place after neuronal differentiation and that astrocytes arise earlier than oligodendrocytes, our findings suggest that 24 h treatment was not enough to evaluate the effect of luteolin and AICAR on the oligodendrocytes differentiation process (Grinspan, 2002).

Previous studies reported that six signaling pathways, namely Wnt, BMP, Stat3, Notch, Shh, PDGF/EGF, ERK1/2, and JAK/STAT3 are involved in stem cell fate-determining signaling (Wen et al., 2009; Lee et al., 2015; Sasaki et al., 2019). To validate the findings of DNA microarray analysis and immunostaining, we further opted for quantitative genetic analysis using the RT-qPCR method. The expression profiles of seven genes, namely the neuron-specific TUBB3, the astrocyte-specific GFAP, the oligodendrocyte-specific MBP genes as well as the BMP2, STAT3, NOTCH1, and NOTCH3 were analyzed to elucidate the molecular mechanism followed by luteolin to suppress the self-renewal properties of hNSCs, to attenuate the neurogenesis and to enhance the astrocytic differentiation in hNSCs. Additionally, the effects of AICAR on the expression of the aforementioned genes were also evaluated to compare the molecular mechanism followed by both molecules. The RT-qPCR results of 24 h post-treatment showed that both luteolin and AICAR significantly increased the expressions of GFAP and BMP2 and repressed the expression of MBP; also, luteolin did not affect TUBB3 expression, while AICAR increased its expression. And finally, while AICAR treatment increased the expressions of STAT3, NOTCH1, and NOTCH3, luteolin significantly decreased the expressions of these genes. Taken together, the repression of MBP expression and the increase of BMP2 expression by luteolin and AICAR treatment suggest that both molecules induced the astrocytogenesis and repressed the oligodendrocytogenesis possibly via the Wnt-β catenin signaling pathway. The Wnt signaling, especially the canonical signaling (Wnt -β catenin), is crucial for NSC self-renewal and neurogenesis (Kasai et al., 2005; Wen et al., 2009); however, it also promotes astrocyte differentiation and suppresses oligodendroglial differentiation in a phase-dependent manner through BMP signal modulation (Kasai et al., 2005). Besides, the BMP signaling, in its turn, is reported to induce astrocytogenesis and repress oligodendrocyte genesis (Takouda et al., 2017). Among BMP family proteins, BMP2 signaling is reported to stimulate the astrocytic differentiation of NSCs via the initiation of the transcription of the astrogenic gene GFAP (Nakashima et al., 1999; Sloan and Barres, 2014; Takouda et al., 2017). Other studies reported that to stabilize the astrocyte phenotype, once GFAP is expressed, its transcription factor STAT3, together with the activated BMP signaling, triggers an auto-regulatory loop that reinforces itself and permits consolidation of the astrocyte phenotype (Wen et al., 2009). Upregulation of BMP2 and GFAP observed in luteolin-treated hNSCs after 24 h of differentiation induction suggests that luteolin may have induced astrogenesis via the BMP2 signaling pathway. However, these results were contradictory with the significant decrease of the expression of the STAT3 (at 24 h), the transcription factor of GFAP. Therefore, we opted to evaluate the expression of STAT3, its upstream regulator BMP2, and GFAP after 8 h of hNSCs differentiation induction by luteolin treatment. There was an increased expression of the STAT3 in luteolin-treated hNSCs after 8 h, while BMP2 and GFAP were not expressed. Since it was reported that GFAP expression depends on both BMP2 signals and STAT3 expression (Lee et al., 2015; Takouda et al., 2017), the non-expression of GFAP at 8 h in the present study would be attributed to the absence of BMP2. On the other hand, the increase of BMP2 expression after 24 h of luteolin treatment may be, in part, permitting the activation of STAT3, which in turn permitted the expression of GFAP and, therefore, induced the differentiation of hNSCs into astrocytes. Moreover, the decrease of STAT3 expression level after 24 h of luteolin treatment may highlight the activation of the autoregulatory loop that consolidates and stabilizes the astrocyte phenotype. Conjointly, the decreased expression of NOTCH receptors in our study (NOTCH1 and NOTCH3) may highlight the inhibitory effect of luteolin treatment on hNSCs self-renewal process (Louvi and Artavanis-Tsakonas, 2006; Wen et al., 2009; Venkatesh et al., 2017). On the other hand, AICAR treatment decreased the expression of STAT3 after 8 h of treatment; however, it increased the expression of, GFAP at 24 h, suggesting that AICAR did not enhance the astrogenesis process exclusively via STAT3 signaling. Besides, in contrast to luteolin treatment, AICAR treatment significantly increased the expression of NOTCH3 at 24 h of treatment as well as increased the expression of NOTCH1, highlighting that AICAR probably induced the astrogenesis via Notch signaling. Moreover, the upregulation of NOTCH1 and NOTCH3 expressions may witness that AICAR treatment maintains the self-renewal properties of hNSCs (Nagao et al., 2007). Finally, the unchanged expression of TUBB3 in luteolin-treated hNSCs, and the significant upregulation of this gene expression in AICAR-treated cells after 24 h treatment may highlight that contrary to AICAR, which show neurogenic potential, luteolin has a specific astrogenic effect on hNSCs.

In summary, a comparison of the main molecular changes observed in both luteolin and AICAR-treated hNSCs allows us to conclude that the luteolin is a specific astrogenic enhancer molecule, while AICAR is an astrogenic and neurogenic enhancer as well as self-renewal maintainer of hNSCs. Moreover, these molecular changes may suggest that the astrogenic effect of luteolin on hNSCs was exclusively through the Wnt-β-catenin-BMP2-STAT3 pathway. In contrast, AICAR enhanced both astrogenic and neurogenic differentiation, as well as maintained self-renewal through both Notch and Wnt-β-catenin-BMP2-STAT3 signaling. Figure 6 summarizes the observed molecular effects of luteolin on hNSCs fate determination.
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FIGURE 6. Schematic diagram of the effects of luteolin on human neural stem cells and on LPS-induced depression mice. Images are downloaded from www.smart.servier.com.


During recent years, an increasing amount of evidence has suggested the vast potential of NSCs in the area of translational medicine in debilitating neurodegenerative diseases. In this context, the use of natural compounds, such as polyphenols, are also being extensively studied for their potential stimulatory and synergistic effects on stem cells against neurodegenerative diseases (Tandon et al., 2018). There has been an emerging concept of astrocytes as mediators of polyphenol action in the CNS (Matias et al., 2016). Astrocytes are the most abundant type of cells in the brain and play an important role in nervous system integrity. Recent studies highlighted the putative roles of astrocytogenesis in both psychiatric including depression and in neurodegenerative disorders (Altshuler et al., 2010; Rajkowska and Stockmeier, 2013; Lee et al., 2015; Peng et al., 2015; Rial et al., 2016; Apple et al., 2017; Gonzales et al., 2017; Peng and Bonaguidi, 2018). It has been reported that under a loss of cerebral parenchymal integrity, astrocytes maintain homeostatic functions by removing excess glutamate in the synaptic cleft, promoting synaptogenesis, releasing neurotrophic factors, and regulating the blood flow during neuronal activity (Becerra-Calixto and Cardona-Gómez, 2017). It has also been reported that astrocyte homeostasis is tightly influenced by both the acute and chronic use of psychotropic drugs (Hertz et al., 2014). Thus, targeting the modulation of astrocytogenesis along with neurogenesis and/or oligodendrocytogenesis to re-establish the physiological CNS functions in the damaged brain, has been of great interest to treat the aforementioned pathologies. Therefore, our study offers a promising perspective on the beneficial use of luteolin in neuronal diseases.

To validate the modulatory effect of luteolin on astrocytogenesis observed in vitro, and to investigate its effect on neurogenesis and/or oligodendrocytogenesis to re-establish the physiological CNS functions in the damaged brain, we evaluated the effect of this flavone in vivo in mice animal model.

Although statistically non-significant, our results from the TST test, a test of antidepressant activity in mice where antidepressants decrease the time spent immobile without increasing general locomotor activity (Carr and Lucki, 2010), indicated that luteolin treatment slightly decreased the mice immobility time.

Findings from the quantification of astrocytes cells isolated from whole brains showed that LPS injection significantly reduced the number of astrocytes compared to that of LPS-induced depression mice treated with luteolin and control mice (p = 0.008), however, luteolin treatment didn’t restore this cell loss. On the other hand, results from isolated mice astrocytes showed that secretion of IL-6 by astrocytes isolated from both the control group (PBS group mice) and the control group treated with luteolin (PBS group + L mice) was unchanged. Besides, this cytokine level was significantly increased in the cell culture media of astrocytes isolated from LPS treated mice, and it was significantly decreased in the cell culture media of astrocytes isolated from luteolin treated LPS-induced depression mice. These results highlighted the installation of the neuroinflammatory process in LPS treated mice that was neutralized by the luteolin treatment. In this context different studies, reported the secretion of IL-6 by astrocytes in different pathological conditions including major depression disease (Erta et al., 2012). Taken together the findings on these isolated cells highlight that luteolin treatment attenuated LPS-induced inflammatory responses in mice brain-derived astrocytes rather than increasing the number of astrocytes in mice brains.

Recently, it was shown that inflammation is involved in the pathogenesis of depression (Lee and Giuliani, 2019), and that some phytochemicals exert their anti-depressant effects through their anti-inflammatory effect (Wu et al., 2019). In the present study, the levels of Il-6, TNFα, and corticosterone were quantified in the sera of LPS induced depression mice. Results showed that LPS injection significantly increased the Il-6, TNFα, and corticosterone levels in mice sera, suggesting the establishment of the inflammatory stress. The oral administration of luteolin significantly reduced this increase depicting therefore the anti-inflammatory effect of luteolin.

Sabti et al. reported that antidepressants targeting the expression of serotonin and noradrenaline only present limitations and that accordingly antidepressant drugs targeting the dopaminergic system have been developed, whereas the antidepressants acting on serotonergic mechanisms lead to enhancement of BDNF levels in rodents (Sabti et al., 2019). Hence, we assessed the mature BDNF levels, noradrenaline and dopamine levels in mice hypothalamus and serotonin level in mice cortex. The results showed that: mature BDNF levels were significantly increased in the hypothalamus of PBS and LPS group when they are treated with Luteolin, noradrenaline levels were significantly increased in the hypothalamus of LPS group mice and it was significantly decreased when treated with luteolin, and dopamine levels were significantly decreased in the hypothalamus of LPS group mice and significantly increased when treated with luteolin.

Taken together, our results show that luteolin treatment may exert an antidepressant effect in the LPS induced depression mice by decreasing the IL-6 production by astrocytes, decreasing the serum IL-6, TNFα, and corticosterone and by increasing the levels of mature BDNF, dopamine, and noradrenaline levels in the hypothalamus.

The evaluation of the transcriptome in the isolated mice NSCs and mice hippocampi showed that LPS injection significantly downregulated several neuronal and glial biological processes including the neurogenesis (GO: 0022008) and gliogenesis (GO:0042063) that were mostly upregulated with luteolin treatment in mice NSCs and not in hippocampi. In NSCs, except the Camk2a gene, all the downregulated genes by LPS injection were upregulated after luteolin treatment pointing out the restoring effect exerted by luteolin treatment on mice NSCs to overcome the damage related to neurogenesis and astrogenesis processes caused by LPS injection. Camk2a gene encodes the subunit alpha of CaMKII protein. This protein isoform to is known to be mainly expressed in the brain neurons and it is well established that its abnormal functioning is linked to the pathophysiology of depression. So far most studies associated the decrease in CaMKII alpha levels to the depressive like phenotype in animal models and highlighted the role of antidepressants to increase this protein expression (Sałaciak et al., 2021). In their review paper Salaciak and colleagues discussed the effect of CaMKII in antidepressant-like effect installation mentioning that this activity requires the activation of both CaMKIIα and CaMIV together with the inactivation of CaMKIIβ. Ahmed and colleagues associated the inhibition of CaMKIIα expression to an anxiolytic effect (Ahmed et al., 2017).

Our in vivo transcriptomic study showed also that LPS injection enriched different KEGG signaling pathways by downregulation in mice NSCs with the estrogen signaling (mmu04915) being the most enriched signaling pathway (p = 9.87E-05). Luteolin treatment enriched by upregulation, the estrogen signaling (mmu04915, p = 0.0093), the HIF-1 (mmu04066) and the thyroid hormone (mmu1919). In the NSCs of normal mice group, it enriched the Wnt signaling by upregulation.

Recently, the role of estrogen signaling has been highlighted with studies reporting its neuroprotective effects on the brain by sheltering it from inflammation and stress (Azcoitia et al., 2019; Hwang et al., 2021), and investigations in animal models of psychiatric disorders and in patients, revealed that this signaling is disturbed and associated with cognitive deficits and also with the manifestations of symptoms that could be reversed with treatments targeting estrogen-signaling pathways (Hwang et al., 2021). To add more Li et al. showed that hypoxia-inducible factor-1 (HIF-1) pathway is a promising target for the treatment of depression (Li et al., 2020). Indeed, they reported that HIF-1 may produce beneficial effects on depression, as it targets genes that have been shown to elicit antidepressant effects in animal models (erythropoietin (EPO) and vascular endothelial growth factor (VEGF) genes (Li et al., 2020).

On the other hand, thyroid hormone signaling, a key modulator of neuropsychiatric disorders including depression, is known as a regulator of the developmental program in the brain. The thyroid hormone action targets diverse cellular processes such as progenitor turnover, cell survival and differentiation, cellular homeostasis, and metabolic regulation. In mice embryonic neural stem cells, it promotes neuronal differentiation by inhibiting STAT3 signaling through the thyroid receptor α1, and inhibits astrocytic differentiation, in rodents Thyroid Hormone signaling activates mitochondrial metabolism during NSC commitment to neuronal precursor cells, and in humans, it regulates hippocampal neurogenesis dependent behaviors such as mood-related behaviors (Ming and Song, 2011; Chen et al., 2012; Kapoor et al., 2015; Miller and Hen, 2015; Gothié et al., 2020).

As previously mentioned, the Wnt signaling plays a curcial role for NSC self-renewal and neurogenesis (Kasai et al., 2005; Wen et al., 2009); and it promotes astrocyte differentiation and suppresses oligodendroglial differentiation in a phase-dependent manner through BMP signal modulation (Kasai et al., 2005).

Considering these findings, our results point out an anti-depressant effect of luteolin treatment exerted especially via the modulation of the estrogen, HIF-1 and thyroid hormone signaling pathways in the NSCs of mice. Equally these findings highlight the modulatory effect exerted by luteolin on signaling pathways involved in NSCs fate determination namely the Wnt signaling.

In the hippocampus of LPS induced depression model mice, the luteolin treatment enriched the GABAergic synapse by downregulation, and the PI3K-AKT (mmu04151), the JAK-STAT (mmu04630), and the estrogen signaling (mmu04915) by upregulation.

Recently, PI3K/Akt/GSK-3β/mTOR signaling pathway has been associated to neurobiology of depression and seems to be modulated by some pharmacological antidepressant strategies. Ludka et al. (2016) have shown a behavioral anti-depressant effect of Atorvastatin that was supported by neurochemical observations revealed by an increase of the immunocontent of the phosphorylated isoforms of Akt, GSK-3β and mTOR in the hippocampus of mice (Ludka et al., 2016).

In addition to its aforementioned role in the modulation of GFAP gene expression, JAK/STAT pathway is involved in mediating several functions of the central nervous system, including neurogenesis, synaptic plasticity, gliogenesis, and microglial activation, and all of which have been implicated in the pathophysiology of mood disorders. Moreover, there is also direct evidence from studies in populations with depressive disorders, suggesting that JAK/STAT pathways may be involved in the pathophysiology of depression and the antidepressant actions of current treatments have been shown to be mediated by JAK/STAT-dependent mechanisms (Wen et al., 2009; Lee et al., 2015; Shariq et al., 2019). Figure 6 summarizes the observed molecular effects of luteolin LPS-induced depression mice.

Thus, along with the results obtain in our in vitro study using hNSCs, the in vivo study confirms the potential astrogenic effect of luteolin in the defected astrogenesis model and highlights its modulatory effect on WNT-JAK-STAT signaling. This in vivo study highlighted also the modulatory effect of luteolin on different signaling pathways involved in the pathophysiology of depression. So far, the anti-depressant effect of luteolin treatment via Suppressing Endoplasmic Reticulum Stress was reported (Ishisaka et al., 2011), however to the best of our knowledge, this is the first study to show: that luteolin treatment might alter some signaling pathways associated with depression via the modulation of NSCs fate determination and that this flavone had are restoring effect on NSCs signaling to overcome the damage caused by LPS injection.

Given the non-static nature of NSCs, the effects of its source and its derivation method that may significantly affect its differentiation potential into specific cell types, the disrupt of commercialization of the hNSCs used in our study (StemProTM neural stem cells, Cat. no. A15654) limited the study of the protein expression of genes evaluated by RT-qPCR as well as the study of the composition of the NSC population including the percentage of SOX2 and PAX6 expression that would be informative and the percentage of mature neurons and TUBB3 percentage within the NSC population. The results from this in vitro study, therefore, require a future replication with other type of hNSCs.



CONCLUSION

In summary, our in vitro study in hNSCs showed that luteolin significantly increased the expression of GFAP and the number of GFAP+ cells as well as altered the WNT-BMP2-STAT3 pathways suggesting its potential for astrocytogenesis. Our in vivo findings showed luteolin significantly attenuated LPS-induced neuroinflammation by decreasing the IL-6 production in mice brain-derived astrocytes, reducing the serum IL-6, TNFα and corticosterone levels, and increasing the mature BDNF, dopamine, and noradrenaline levels in the hypothalamus. Whole-genome transcriptome analysis suggests that luteolin treatment may restore LPS-induced alterations in biological functions related to neurogenesis and astrocytogenesis in mice hypothalamus and brain-derived NSCs. Although the antidepressant behavioral effects of luteolin did not reach statistical significance, a number of signaling pathways involved in the pathophysiology of depression were modulated by luteolin treatment. Our study is the first to report astrocytogenic potential of luteolin and thus highlighting its possible therapeutic benefits in neuroinflammatory and neurodegenerative diseases. However, future studies are required to confirm its molecular mechanism of action.
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gephyrin (Gphn)

glutamate decarboxylase 1 (Gad1)

glutamate-ammonia ligase (glutamine synthetase) (Glul)

guanine nucleotide binding protein (G protein), alpha inhibiting 3 (Gnai3)
guanine nucleotide binding protein (G protein), beta 1 (Gnb1)

guanine nucleotide binding protein (G protein), gamma 2 (Gng2)

protein kinase, CAMP dependent, catalytic, beta (Prkacb)
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Regulation KEGG signaling

Upregulation Hematopoietic cell lineage (mmu04640)

Cell adhesion molecules (CAMs) (mmu04514)

Genes

CD44 antigen (Cd44)

Fc receptor, IgG, high affinity | (Fegr1)

colony stimulating factor 1 receptor (Csf1r)
histocompatibility 2, class Il antigen E beta (H2-Eb1)
sialic acid binding Ig-like lectin H (Siglech)

H-2 class | histocompatibility antigen, K-D alpha chain (LOC101056305)
cadherin 15 (Cdh15)

contactin 2 (Cntn2)

golgi apparatus protein 1 (Glg1)

histocompatibility 2, K1, K region (H2-K1)

histocompatibility 2, Q region locus 6 (H2-Q6)

histocompatibility 2, class Il antigen E beta (H2-Eb1)

Tuberculosis (Mmu05152)

Antigen processing and presentation (mmu04612)

Gene abbreviations are indicated in bold.

CD74 antigen (invariant polypeptide of major histocompatibility complex, class Il
antigen-associated) (Cd74)

Fc receptor, IgE, high affinity I, gamma polypeptide (Fcer1g)

Fc receptor, IgG, high affinity | (Fegr1)

Fc receptor, IgG, low affinity lll (Fcgr3)

apoptotic peptidase activating factor 1 (Apaf1)
calcium/calmodulin-dependent protein kinase I, delta (Camk2d)
cathepsin S (Ctss)

histocompatibility 2, class Il antigen E beta (H2-Eb1)

CD74 antigen (invariant polypeptide of major histocompatibility complex, class Il
antigen-associated) (Cd74)

H-2 class | histocompatibility antigen, K-D alpha chain (LOC101056305)
beta-2 microglobulin (B2m)

cathepsin S (Ctss)

histocompatibility 2, K1, K region (H2-K1)

histocompatibility 2, Q region locus 6 (H2-Q6)

histocompatibility 2, class Il antigen E beta (H2-Eb1)
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HIF-1 signaling pathway (04066)

Glycolysis/Gluconeogenesis (mmu00010)

Adherens junction (mmu04520)

Downregulation Systemic lupus erythematous (mmu05322)

Gene abbreviations are indicated in bold.

phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)
phospholipase C, gamma 1 (Plcg1)

solute carrier family 16 (monocarboxylic acid transporters), member 2 (Slc16a2)
solute carrier family 2 (facilitated glucose transporter), member 1 (Slc2at)
solute carrier organic anion transporter family, member 1c1 (Slco1c1)

FMS-like tyrosine kinase 1 (FIt1)

Enolase 1, alpha non-neuron (Eno1)

Glyceraldehyde-3-phosphate dehydrogenase, pseudogene 15 (Gapdh-ps15)
phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)
phospholipase C, gamma 1 (Plcg1)

predicted gene 9840 (Gm9840)

ribosomal protein S6 (Rps6)

solute carrier family 2 (facilitated glucose transporter), member 1 (Slc2a1)
transferrin receptor (Tfrc)

aldo-keto reductase family 1, member A1 (aldehyde reductase) (Akr1at)
aldolase A, fructose-bisphosphate (Aldoa)

aldolase C, fructose-bisphosphate (Aldoc)

enolase 1, alpha non-neuron (Enot)

glucose phosphate isomerase 1 (Gpit)

glyceraldehyde-3-phosphate dehydrogenase, pseudogene 15 (Gapdh-ps15)
lactate dehydrogenase B (Ldhb)

actin, beta (Actb)

actin, gamma, cytoplasmic 1 (Actg1)

catenin (cadherin associated protein), alpha 1 (Ctnnat)
catenin (cadherin associated protein), beta 1 (Ctnnb1)
cell division cycle 42 (Cdc42)

protein tyrosine phosphatase, receptor type, B (Ptprb)
sorbin and SH3 domain containing 1 (Sorbs1)

H2A histone family, member Z (H2afz)
cathepsin G (Ctsg)
histone cluster 1, H2ac (Hist1h2ac)
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Upregulation

Huntington’s disease (mmu05016)

Estrogen signaling pathway (mmu04915)

Thyroid hormone signaling pathway (mmu4919)

cytochrome ¢ oxidase, subunit VIb polypeptide 1 (Cox6b1)
glyceraldehyde-3-phosphate dehydrogenase, pseudogene 15 (Gapdh-ps15)
presenilin enhancer gamma secretase subunit (Psenen)
ubiquinol-cytochrome ¢ reductase binding protein (Ugcrb)

ATP synthase, H+ transporting, mitochondrial FO complex, subunit C3 (subunit 9)
(Atp5g3)

ATP synthase, H+ transporting, mitochondrial FO complex, subunit D (Atp5h)
ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (Atp50)
ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit (Atp5e)
ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1
(Atp5c1)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 (Ndufa13)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 (Ndufa3)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 (Ndufa9)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11 (Ndufb11)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 (Ndufb5)

NADH dehydrogenase (ubiquinone) flavoprotein 3 (Ndufv3)

NADH dehydrogenase [ubiquinone] 1 subunit C2 (LOC102641347)

CcAMP responsive element binding protein 3 (Creb3)

clathrin, light polypeptide (Lca) (Clta)

cytochrome ¢ oxidase subunit IV isoform 1 (Cox4i1)

cytochrome ¢ oxidase subunit Vlla 2 (Cox7a2)

cytochrome ¢ oxidase subunit Vlla polypeptide 2-like (Cox7a2l)

cytochrome ¢ oxidase subunit Vla polypeptide 1 (Cox6a1)

cytochrome ¢ oxidase subunit Va (Cox5a)

cytochrome ¢ oxidase subunit Vb (Cox5b)

cytochrome ¢ oxidase, subunit VIb polypeptide 1 (Cox6b1)

dynactin 1 (Dctn1)

solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator),
member 4 (Slc25a4)

solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator),
member 5 (Slc25a5)

superoxide dismutase 1, soluble (Sod1)
ubiquinol-cytochrome ¢ reductase binding protein (Ugcrb)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
cAMP responsive element binding protein 3 (Creb3)

calmodulin 1 (Calm1)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

heat shock protein 1B (Hspa1b)

heat shock protein 8 (Hspa8)

heat shock protein 90 alpha (cytosolic), class B member 1 (Hsp90ab1)

heat shock protein 90, alpha (cytosolic), class A member 1 (Hsp90aa1)

heat shock protein 90, beta (Grp94), member 1 (Hsp90b1)

phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)

ATPase, Na+/K+ transporting, alpha 2 polypeptide (Atp1a2)
ATPase, Na+/K+ transporting, beta 2 polypeptide (Atp1b2)
actin, beta (Actb)

actin, gamma, cytoplasmic 1 (Actg1)

catenin (cadherin associated protein), beta 1 (Ctnnb1)
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Regulation

Upregulation

KEGG signaling

Parkinson’s disease (mmu05012)

Alzheimer’s disease (mmu05010)

Genes

ATP synthase, H+ transporting, mitochondrial FO complex, subunit C3 (subunit 9)
(Atp5g3)

ATP synthase, H+ transporting, mitochondrial FO complex, subunit D (Atp5h)
ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (Atp50)
ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit (Atp5e)
ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1
(Atp5c1)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 (Ndufa13)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 (Ndufa3)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 (Ndufa9)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11 (Ndufb11)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 (Ndufb5)

NADH dehydrogenase (ubiquinone) flavoprotein 3 (Ndufv3)

NADH dehydrogenase [ubiquinone] 1 subunit C2 (LOC102641347)

NADH dehydrogenase subunit 5 (ND5)

cytochrome ¢ oxidase subunit IV isoform 1 (Cox4i1)

cytochrome ¢ oxidase subunit Vlla 2 (Cox7a2)

cytochrome ¢ oxidase subunit Vlla polypeptide 2-like (Cox7a2l)

cytochrome ¢ oxidase subunit Vla polypeptide 1 (Cox6a)

cytochrome ¢ oxidase subunit Va (Cox5a)

cytochrome ¢ oxidase subunit Vb (Cox5b)

cytochrome ¢ oxidase, subunit VIb polypeptide 1 (Cox6b1)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator),
member 4 (Slc25a4)

solute carrier family 25 (mitochondrial carrier, adenine nucleotide translocator),
member 5 (SIc25a5)

ubiquinol-cytochrome ¢ reductase binding protein (Ugcrb)

ATP synthase, H+ transporting, mitochondrial FO complex, subunit D (Atp5h)
ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (Atp50)
ATP synthase, H+ transporting, mitochondrial F1 complex, epsilon subunit (Atp5e)
ATP synthase, H+ transporting, mitochondrial F1 complex, gamma polypeptide 1
(Atp5c1)

ATPase, Ca++ transporting, cardiac muscle, slow twitch 2 (Atp2a2)

ATP synthase, H+ transporting, mitochondrial FO complex, subunit D (Atp5h)
ATP synthase, H+ transporting, mitochondrial F1 complex, O subunit (Atp5o0)
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 13 (Ndufa13)
NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3 (Ndufa3)

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 9 (Ndufa9)

NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 11 (Ndufb11)
NADH dehydrogenase (ubiquinone) 1 beta subcomplex, 5 (Ndufb5)

NADH dehydrogenase (ubiquinone) flavoprotein 3 (Ndufv3)

NADH dehydrogenase [ubiquinone] 1 subunit C2 (LOC102641347)

amyloid beta (A4) precursor protein (App)

apolipoprotein E (Apoe)

calmodulin 1 (Calm1)

cytochrome ¢ oxidase subunit IV isoform 1 (Cox4i1)

cytochrome ¢ oxidase subunit Vlla 2 (Cox7a2)

cytochrome ¢ oxidase subunit Vlla polypeptide 2-like (Cox7a2l)

cytochrome ¢ oxidase subunit Vla polypeptide 1 (Cox6a1)

cytochrome ¢ oxidase subunit Va (Cox5a)

cytochrome ¢ oxidase subunit Vb (Cox5b)
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Regulation KEGG signaling

Downregulation Estrogen signaling pathway (mmu04915)

Thyroid hormone synthesis (mmu04918)

Adherens junction (mmu04520)

cAMP signaling pathway (mmu04024)

Glutamatergic synapse (mmu04724)

Cholinergic synapse (mmu04725)

Dopaminergic synapse (mmu04728)

PIBK-Akt signaling pathway (mmu04151)

Downregulation

Gap junction (mmu04540)

Insulin secretion (mmu04911)

Upregulation Salivary secretion (mmu04970)

Systemic lupus erythematosus (mmu05322)

Gene abbreviations are indicated in bold.

Thyroid hormone signaling pathway (mmu04919)

Genes

FBJ osteosarcoma oncogene (Fos)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
CAMP responsive element binding protein 3 (Creb3)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

heat shock protein 1B (Hspa1b)

heat shock protein 8 (Hspa8)

heat shock protein 90 alpha (cytosolic), class B member 1 (Hsp90ab1)

heat shock protein 90, alpha (cytosolic), class A member 1 (Hsp90aat)

heat shock protein 90, beta (Grp94), member 1 (Hsp90b1)

phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)

ATPase, Na+/K+ transporting, alpha 2 polypeptide (Atp1a2)

ATPase, Na+/K+ transporting, beta 2 polypeptide (Atp1b2)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
CAMP responsive element binding protein 3 (Creb3)

heat shock protein 90, beta (Grp94), member 1 (Hsp90b1)

WAS protein family, member 2 (Wasf2)

actin, beta (Actb)

actin, gamma, cytoplasmic 1 (Actg1)

catenin (cadherin associated protein), beta 1 (Ctnnb1)
protein tyrosine phosphatase, receptor type, B (Ptprb)

ATPase, Na+/K+ transporting, alpha 2 polypeptide (Atp1a2)

ATPase, Na+/K+ transporting, beta 2 polypeptide (Atp1b2)

FBJ osteosarcoma oncogene (Fos)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
CcAMP responsive element binding protein 3 (Creb3)
calcium/calmodulin-dependent protein kinase Il alpha (Camk2a)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

nuclear factor of kappa light polypeptide gene enhancer in B cells inhibitor, alpha
(Nfkbia)

phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
glutamate-ammonia ligase (glutamine synthetase) (Glul)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

guanine nucleotide binding protein (G protein), beta 1 (Gnb1)

predicted gene 15776 (Gm15776)

solute carrier family 1 (glial high affinity glutamate transporter), member 2 (Slc1a2)
solute carrier family 1 (glial high affinity glutamate transporter), member 3 (Slc1a3)

FBJ osteosarcoma oncogene (Fos)

CcAMP responsive element binding protein 3 (Creb3)
calcium/calmodulin-dependent protein kinase Il alpha (Camk2a)
guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)
guanine nucleotide binding protein (G protein), beta 1 (Gnb1)
phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)
predicted gene 15776 (Gm15776)

FBJ osteosarcoma oncogene (Fos)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
CAMP responsive element binding protein 3 (Creb3)
calcium/calmodulin-dependent protein kinase Il alpha (Camk2a)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

guanine nucleotide binding protein (G protein), beta 1 (Gnb1)

predicted gene 15776 (Gm15776)

protein phosphatase 2, regulatory subunit B, alpha (Ppp2r2a)

FMS-like tyrosine kinase 1 (FIt1)

Von Willebrand factor (Vwf)

CAMP responsive element binding protein 3 (Creb3)

eukaryotic translation initiation factor 4E member 2 (Eif4e2)

fibronectin 1 (Fn1)

guanine nucleotide binding protein (G protein), beta 1 (Gnb1)

heat shock protein 90 alpha (cytosolic), class B member 1 (Hsp90ab1)

heat shock protein 90, alpha (cytosolic), class A member 1 (Hsp90aa1)
heat shock protein 90, beta (Grp94), member 1 (Hsp90b1)
phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)

predicted gene 15776 (Gm15776)

protein phosphatase 2, regulatory subunit B, alpha (Ppp2r2a)

ribosomal protein S6 (Rps6)

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein,
epsilon polypeptide (Ywhae)

tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, theta
polypeptide (Ywhaq)

ATPase, Na+/K+ transporting, alpha 2 polypeptide (Atp1a2)

ATPase, Na+/K+ transporting, beta 2 polypeptide (Atp1b2)

actin, beta (Actb)

actin, gamma, cytoplasmic 1 (Actg1)

catenin (cadherin associated protein), beta 1 (Ctnnb1)
phosphatidylinositol 3-kinase catalytic delta polypeptide (Pik3cd)

solute carrier family 2 (facilitated glucose transporter), member 1 (Slc2at)
solute carrier organic anion transporter family, member 1c1 (Slco1c1)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
Gap junction protein, alpha 1 (Gja1)

Gap junction protein, delta 2 (Gjd2)

guanine nucleotide binding protein (G protein), alpha inhibiting 2 (Gnai2)

tubulin, alpha 1A (Tubata)

tubulin, alpha 1B (Tuba1b)

ATPase, Na+/K+ transporting, alpha 2 polypeptide (Atp1a2)

ATPase, Na+/K+ transporting, beta 2 polypeptide (Atp1b2)

GNAS (guanine nucleotide binding protein, alpha stimulating) complex locus (Gnas)
RABS3A, member RAS oncogene family (Rab3a)

CcAMP responsive element binding protein 3 (Creb3)
calcium/calmodulin-dependent protein kinase Il alpha (Camk2a)

solute carrier family 2 (facilitated glucose transporter), member 1 (Slc2at)

cathelicidin antimicrobial peptide (Camp)
lysozyme 1 (Lyz1)
lysozyme 2 (Lyz2)

H2A histone family, member Z (H2afz)
cathepsin G (Ctsg)
histone cluster 1, H2ac (Hist1h2ac)
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