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Abstract

:

Simple Summary


Antioxidants that are interrelated in the process of overcoming oxidative-stress-induced toxicity and neurite-outgrowth-inducing activity have become the main targets of neuroprotective therapy. The methanol extract of Glochidion zeylanicum (GZM) exhibits neuroprotective properties that are not only limited against H2O2/glutamate/Aβ insults but also promote neurite outgrowth activity. The neuroprotective effects of GZM extract were confirmed in cultured neuronal (HT-22 and Neuro-2a) cells and C. elegans models. To the best of our knowledge, this study is the first to report for the neuroprotective effects of GZM extract, suggesting that G. zeylanicum may be a neuroprotectant applicant for the prevention and alleviation of oxidative stress-induced neurodegenerative disorders, including Alzheimer’s disease. However, additional studies are required to identify the mechanistic pathways involved in neuroprotection and to confirm the efficacy of the extract in more complex model organisms.




Abstract


Oxidative stress plays a crucial role in the development of age-related neurodegenerative diseases. Previously, Glochidion zeylanicum methanol (GZM) extract has been reported to have antioxidant and anti-aging properties. However, the effect of GZM on neuroprotection has not been reported yet; furthermore, the mechanism involved in its antioxidant properties remains unresolved. The study is aimed to demonstrate the neuroprotective properties of GZM extract and their underlying mechanisms in cultured neuronal (HT-22 and Neuro-2a) cells and Caenorhabditis elegans models. GZM extract exhibited protective effects against glutamate/H2O2-induced toxicity in cultured neuronal cells by suppressing the intracellular reactive oxygen species (ROS) generation and enhancing the expression of endogenous antioxidant enzymes (SODs, GPx, and GSTs). GZM extract also triggered the expression of SIRT1/Nrf2 proteins and mRNA transcription of antioxidant genes (NQO1, GCLM, and EAAT3) which are the master regulators of cellular defense against oxidative stress. Additionally, GZM extract exhibited protective effects to counteract β-amyloid (Aβ)-induced toxicity in C. elegans and promoted neuritogenesis properties in Neuro-2a cells. Our observations suggest that GZM leaf extract has interesting neuritogenesis and neuroprotective potential and can possibly act as potential contender for the treatment of oxidative stress-induced Alzheimer’s disease (AD) and related neurodegenerative conditions; however, this needs to be studied further in other in vivo systems.
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1. Introduction


Alzheimer’s disease (AD) is a progressive neurologic ailment, which causes cognitive impairments and memory problems in patients [1]. The typical markers of AD histopathology are the accumulation of neurofibrillary tangles (NFTs) of hyperphosphorylated tau protein and β-amyloid (Aβ) plaques in the brain tissue, which lead to neuronal dysfunction and cell death [1]. The abnormal accumulations of Aβ and tau protein affect neuroplasticity and neurodegeneration, which correlate well with the cognitive symptoms of AD patients [1,2]. The evidence supports that oxidative stress associated neuronal cell damage plays a crucial role in the pathogenesis of AD [3]. Oxidative stress is closely associated with neurotoxicity, particularly by promoting Aβ aggregation and mitochondrial damage, which triggers neuronal cell death [1]. Glutamate is the main excitatory neurotransmitter that has been considered as an initiating factor of neuronal death in several neurodegenerative disorders [4,5]. Additionally, the high level of reactive oxygen species (ROS) accumulation is closely related to neuronal damage by glutamate [4,6,7], which occurs via receptor-mediated excitotoxicity and non-receptor-mediated oxidative toxicity [4,6].



The prevalence of AD is increasing among aging populations [1]. Currently, there are few effective drugs available for AD treatment. However, the drugs used to treat AD exert various adverse effects [1,8]. Recently, antioxidant compounds have been regarded as essential supplements for the alternative treatment and prevention of AD [9]. Prevention against oxidative-stress-induced neuronal toxicity is a key parameter in aiding neuroprotection [10]. Therefore, natural bioactive compounds found in herbs or plants with potent antioxidant and neuroprotective effects may provide complementary and alternative approaches for the treatment or prevention of AD and other neurodegenerative disorders.



Glochidion zeylanicum (Gaertn.) A.Juss. (family Phyllanthaceae) (GZ), native to Eastern Asia including Thailand, is a rich source of antioxidant compounds. In our previous study, the leaf extract of GZ was shown to promote oxidative stress resistance and exhibit anti-aging effects in the nematode Caenorhabditis elegans through the DAF-16/FoxO and SKN-1/Nrf-2 signaling pathways. [11,12]. Nevertheless, neuroprotective and neuritogenesis properties of GZ extract have not been reported.



The current study explored the neuroprotective effects of GZ extract and its underlying mechanisms on neurodegenerative events using cultured neuronal (HT-22 and Neuro-2a) cells and C. elegans models. We also investigated the neuritogenesis properties of GZ extract in the context of neurite outgrowth. The study provides experimental evidence of GZ extract and its applications in the prevention or treatment for neurodegenerative conditions involving oxidative stress.




2. Materials and Methods


2.1. Chemicals and Reagents


All the chemicals and reagents used in the study were purchased from Invitrogen (Carlsbad, CA, USA) and Sigma-Aldrich (St. Louis, MO, USA). Antibodies (both primary and secondary) were procured from Cell Signaling Technology (Danvers, MA, USA) (Supplementary Materials).




2.2. Plant Extraction


Glochidion zeylanicum (GZ) leaves were collected by Mrs. Laong Kwunpet and Mrs. Korakod Choosri from Jana district, Songkhla Province, in southern Thailand (7.205278° N, 100.596944° E). The plant samples were deposited for identification at the Kasin Suvatabhandhu herbarium, Department of Botany, Faculty of Science, Chulalongkorn University, Thailand (Voucher specimen No. BCU-016061). Dried and ground leaves (40 g) were extracted with methanol (400 mL) using a Soxhlet apparatus as previously described [11]. The extracts were filtrated and evaporated at 35–45 °C. The GZ methanol (GZM) extract was prepared in DMSO and stored at −20 °C as a stock.




2.3. Qualitative Phytochemical Screening


High-performance liquid chromatography (HPLC) of GZM extract was performed at RSU Science and Technology Research Equipment Center, Rangsit University, Thailand for the analysis of the chemical constituents (Supplementary Materials).




2.4. Cell Culture


Cell cultures were maintained as previously described [13]. HT-22 cells (Salk Institute, CA, USA) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) and Neuro-2a cells (The JCRB Cell Bank, Osaka, Japan) were maintained in Ham’s Nutrient Mixture F12, supplemented with 10% fetal bovine serum and 1% streptomycin. Both cells were grown at 37 °C with 5% CO2 atmosphere.




2.5. Cell Treatment


Pre-treatment of HT-22 and Neuro-2a cells was performed with various concentrations (0.5–10 μg/mL) of GZM extract for 48 h. Glutamate or H2O2 was then mixed into the culture medium for inducing cell toxicity. For protective assays, the extract was co-treated with glutamate (HT-22:18 h, Neuro-2a: 24 h) or H2O2 (15 min). DMSO (0.1% v/v) served as the control group. There was no significance between DMSO treatment and untreated control (Figure S3, Supplementary Materials).




2.6. Determination of Cell Viability


Cell viability was determined using MTT and LDH assays. The details are provided in the Supplementary Materials.




2.7. Measurement of Intracellular ROS


The measurement of intracellular ROS generated upon treatment was assayed with DCFH-DA dye as previously described [11]. The details are provided in the Supplementary Materials.




2.8. RNA Isolation and Quantitative RT-PCR


RNA extraction was performed with TRIzol reagent. Quantitative real-time PCR was performed using standard procedures [13]. The primer sequences are listed in the Supplementary Materials. β-actin was used as the normalization control [7,13,14] (Supplementary Materials).




2.9. Western Blot Analysis


Proteins were obtained from Neuro-2a cells by lysis 1X using RIPA buffer containing protease inhibitor cocktail (PMSF) and quantified using Bradford assay. Briefly, protein was electrophoresed through 10% SDS polyacrylamide gel, followed by transferring to PVDF membranes and blocking (5% skim milk). The membranes were subjected to immunoblot analysis using respective antibodies (SIRT1, Nrf2, and β-actin (Supplementary Materials)). Full images of the blots are provided in the supplementary materials (Figure S2).




2.10. Neurite Outgrowth Analysis


Neurite outgrowth upon GZM extract was performed according to Eik et al. in Neuro-2a cells and number of neurite-bearing cells and neurite length were measured [15] (Supplementary Materials).




2.11. C. elegans Strains and Culture Conditions


All of the C. elegans strains used in the study were procured from Caenorhabditis Genetics Center (University of Minnesota, U.S.A.) and maintained with Escherichia coli OP50 as the food source [16]. The nematodes were cultured in NGM agar plates at 16 °C and synchronized populations were developed as described previously [7,12]. Strains used in this study include CL4176 (smg-1(cc546) I; dvIs27 [(myo-3p::A-Beta (1–42)::let-851 3′UTR) + rol-6(su1006)] X), CL2006 (dvIs2 [pCL12(unc-54/human Abeta peptide 1–42 minigene) + pRF4]), CL2355 (smg-1(cc546) dvIs50 [pCL45 (snb-1::Abeta 1–42::3′ UTR(long) + mtl-2::GFP] I), and CL2122 (dvIs15 [(pPD30.38) unc-54(vector) + (pCL26) mtl-2::GFP. The nematodes were treated with various concentrations (1.25, 2.5, and 5 μg/mL) of GZM extract with DMSO (1% v/v) as the control.




2.12. Paralysis Assay


Transgenic worms (CL4176 and CL2006) expressing human Aβ1–42 were used to study the effect of GZM against Aβ toxicity [17]. The transgenic worm CL4176 expressed and aggregated human Aβ1−42 peptides in the muscle cells after a temperature shift to 25 °C, leading to oxidative stress and paralysis [17]. The transgenic worm CL2006 constitutively express Aβ along the body-wall muscles leading to progressive paralysis in adulthood [17]. For Aβ-independent effects, CL802 strain was used as control. The worms were synchronized and treated with GZM extract at the L4 stage.



The CL4176 worms were maintained at 16 °C for 48 h and shifted to 25 °C to induce Aβ expression. The number of paralyzed worms was measured at 20, 22, 24, 26, 28, and 30 h after the shift in temperature.



The CL2006 worms were maintained at 16 °C and classified as paralyzed when they did not respond to touch or showed halo appearance around the worms’ heads. Paralyzed worms were classified and excluded from the plates every second day.




2.13. Chemotaxis Assay


The transgenic strains CL2122 and CL2355 were used for the identification of Aβ-induced defects in chemotaxis behavior. The transgenic worms (L4 stage) were treated with GZM extract at 16 °C for 36 h, and then shifted to 23 °C for 36 h to induce Aβ1–42 expression. After treatment period, plates were washed, and the nematodes were placed in the center of the plate. The attractant side contained a mixture of diacetyl (0.1% in absolute ethanol) and sodium azide (1 M) on the plate. The opposite side of the plate (control) contained a mixture of absolute ethanol and sodium azide (1 M). Worms drawn toward the attractant and repellant sides were counted, and the chemotaxis index was calculated ((the number of worms at attractant location—the number of worms at control location)/the total number of worms).




2.14. Statistical Analysis


The data are shown as the mean ± SEM. Data handling and statistical processing were completed using GraphPad Prism 8.0 and analyzed by one-way ANOVA, followed by Bonferroni’s test. and p ≤ 0.05 was considered to be significant.





3. Results


3.1. Measurement of Optimum Glutamate and H2O2 Conditions in Cultured Neuronal (HT-22 and Neuro-2a) Cells


Neuronal cell damage induced by oxidative stress is a major phenomenon in neurodegenerative conditions [3]. The optimum conditions at which H2O2/glutamate induces neurotoxicity in HT22 and Neuro-2a cells were investigated. Exposure of HT-22 and Neuro-2a cells to different doses of glutamate (2.5–10 mM) and H2O2 (100 to 400 μM) for 1–24 h and 5–90 min, respectively. For H2O2 treatment, we found that cell viability of both cells reduced by 50% when compared with the untreated control after treatment with 200 and 400 µM H2O2 for 15 min in HT22 and Neuro-2a cells, respectively (Figure 1a,b). In the case of glutamate treatment, reduction in cell viability by 50% was obtained at 5 and 10 mM glutamate in HT22 (18 h) and Neuro-2a cells (24 h), respectively (Figure 1c,d). Therefore, these optimum conditions were used in the following experiments.




3.2. Neuroprotective Effects of GZM Extract against H2O2/Glutamate-Induced Neuronal Death in Cultured Neuronal (HT-22 and Neuro-2a) Cells


The cytotoxicity of GZM extract in both the cells was investigated to examine the non-lethal concentration. GZM extract (0.5–10 μg/mL) treatment was performed for 48 h in HT22 and Neuro-2a cells. When compared with the DMSO control, GZM extract treatment (0.5–10 μg/mL) did not affect the cell viability of both the cells (Figure 1e,f). The results indicated that GZM extract is non-toxic at the tested doses (0.5–10 μg/mL). Therefore, these concentrations were used in subsequent experiments.



The time- and dose-dependent responses of H2O2/glutamate supported and confirmed the experimental model of neurotoxicity in cultured neuronal (HT22 and Neuro-2a) cells (Figure 1a–d). Cell survival when treated with H2O2 alone was significantly lower (approximately 50%) than the DMSO control cells. However, co-treatment with GZM extract significantly reduced H2O2 cytotoxicity (Figure 2a–c,f) in both HT22 and Neuro-2a cells. This was further confirmed by the changes in the intracellular release of lactate dehydrogenase (LDH). An increase in LDH level in the culture medium is a marker of cell injury. The exposure of cells to H2O2 alone increased LDH levels (by approximately 60%). Co-treatment with GZM extract clearly attenuated the H2O2-mediated increase in LDH release (Figure 2c,d).



Similarly, co-treatment with GZM extract significantly improved the cell viability compared with that of glutamate-treated cells (Figure 3a–c,f). Furthermore, glutamate-induced LDH release was also attenuated by GZM treatment (Figure 3c,d). The results suggest that GZM extract exerted an influential neuroprotective effect against H2O2/glutamate-induced neurotoxicity.




3.3. Neuroprotective Effects of GZM Extract against Glutamate-Induced Oxidative Stress in Cultured Neuronal (HT22 and Neuro-2a) Cells


To investigate whether GZM acts against oxidative damage, intracellular ROS level was examined. Evidence of glutamate-induced toxicity in HT22 and Neuro-2a cells was shown by the increased intracellular ROS production (1.7–1.9-fold) (Figure 4a,b). Glutamate-induced production of intracellular ROS was clearly reduced by co-treatment with GZM extract (Figure 4a,b). We further investigated the endogenous antioxidant enzymes to support the protective effects of GZM extract upon glutamate exposure. The expression of antioxidant enzymes, including glutathione-S-transferase (GST), glutathione peroxidase (GPx), catalase (CAT), and superoxide dismutase (SOD) was measured.



In our previous study, the highest concentration of GZM extract (10 µg/mL) was reported to exhibit powerful antioxidant activity in vitro and in vivo [11]. In agreement with the report, the highest concentration of GZM extract (10 µg/mL) displayed potent neuroprotection in HT22 and Neuro-2a cells (Figure 2, Figure 3 and Figure 4). Further, GZM extract (10 µg/mL) increased the gene expression of antioxidant enzymes, including SOD1, SOD2, GPx, GSTo1, and GSTa2, in both HT22 and Neuro-2a cells, except for CAT (Figure 4c,d). The results indicate that GZM extract protects against glutamate/H2O2-induced cytotoxicity by the suppression of intracellular ROS production and induction of antioxidant enzyme expression.




3.4. Effects of GZM Extract on the Expression of SIRT1/Nrf2 Pathways


To determine the underlying mechanism of neuroprotective effects of GZM extract, we investigated the expression levels of SIRT1 and Nrf2. We found that GZM-treated neurons significantly increased SIRT1 and Nrf2 protein levels (Figure 5a,b). Further, GZM treatment potentially modulated the SIRT1/Nrf2 signaling pathway regulated-antioxidant genes NQO1, GCLM, EAAT3, and SIRT1 (Figure 5c,d). The findings indicated that GZM extract augments SIRT1/Nrf2 signaling pathway to promote cellular defenses against toxic insults.




3.5. Effects of GZM Extract on Neurite Outgrowth Activity in Neuro-2a Cells


To study neuronal differentiation, Neuro-2a cells were used as representatives [18]. In accordance with previous studies, serum deprivation (DMEM supplemented with 1% FBS) induced neurite outgrowth in Neuro-2a [18]. Neuro-2a cells treated with GZM extract resulted in the enhancement of neuritogenesis. GZM extract-treated Neuro-2a cells increased neurite lengths (30.92 µm) and the number of neurite-bearing cells (52.35%) when compared with the control (1% FBS) (neurite length, 16.30 µm; neurite bearing cells, 22.26%) (Figure 6a,b,g).



To further ensure the occurrence of neurite outgrowth activities, the expression of the neurite outgrowth markers, growth-associated protein 43 (GAP-43) [19], and Teneurin-4 (Ten-4) [20] were determined. GZM extract significantly upregulated GAP-43 and Ten-4 expression both at mRNA and protein levels in Neuro-2a cells when compared with the DMSO control (1% FBS) (Figure 6c–f) suggesting the neuritogenesis effect of GZM extract.




3.6. Neuroprotective Effects of GZM Extract against Aβ-Induced Paralysis in C. elegans


In order to further examine the neuroprotective effects of GZM extract in vivo, transgenic strains of C. elegans expressing Aβ were used. We first investigated the effects of GZM extract against Aβ-induced paralysis on CL4176 and CL2006 transgenic worms.



In our previous study, GZM extract showed resistance toward oxidative stress and lifespan extension properties in C. elegans at the non-toxic concentration (1–5 µg/mL) [11]. The control strain CL802 (not expressing Aβ) exhibited no paralysis, despite treatment (data not shown) at the tested concentration (1–5 µg/mL). We found that the CL4176 worms treated with GZM extract had markedly showed a delay in PT50 (time taken for 50% of the nematodes to be paralyzed) when compared to the DMSO control (Figure 7a) (Table S1, Supplementary Materials). Similarly, GZM extract also exhibited a delay in the Aβ-induced paralysis of CL2006 transgenic worms during adulthood (Figure 7b). The results suggest that GZM extract protects C. elegans from Aβ-induced damage.




3.7. Neuroprotective Effects of GZM Extract against Aβ-Induced Defects in Chemotaxis Behavior in C. elegans


To support the neuroprotective effects of GZM extract in C. elegans, chemotaxis assay with CL2122 and CL2355 transgenic worms was conducted. Transgenic CL2355 worms were found to express Aβ1–42 in the neuronal cells, which resulted in defects in chemotaxis sensitivity [21]. Since the GZM extract at the concentration 1–5 μg/mL delayed paralysis in CL4176 transgenic worms, 5 μg/mL GZM extract was chosen for all ensuing experiments. To determine the potential effect of GZM extract on chemotaxis behavior, we used diacetyl as an attractant. The results are expressed as the chemotaxis index compared with that of the untreated control. First, we found that the GZM extract treatment did not affect the chemotaxis behavior of the CL2122 mutant (transgenic control strain) (Figure 7d). CL2355 worms treated with GZM extract showed a significantly improved chemosensory response to the attractant (diacetyl) compared to the untreated control (Figure 7c), indicating that GZM extract has the potential to improve chemotaxis behavior in C. elegans against Aβ. Taken together, the effect of GZM extract on Aβ-dependent behavior of C. elegans may provide the opportunity to decipher GZM-extract-mediated neuroprotection against AD.





4. Discussion


Alzheimer’s disease (AD) is a neurodegenerative condition prevalently found in elderly populations worldwide [1]. At present, there is no satisfactory treatment for the broad range of pathological conditions associated with AD. Oxidative stress is intensively correlated with neurodegenerative diseases, particularly AD [3]. Natural products containing potent antioxidants may be used as alternative treatments or for the prevention of neurodegenerative diseases. In the current study, we explored the effects of GZM extract on neurodegeneration. This is the first report to describe the neuroprotective effects of GZ leaf extract in vitro (cultured neuronal cells HT22 and Neuro-2a) and in vivo (C. elegans).



Oxidative stress-induced neuronal toxicity is considered as one of the main factors allied to the development of neurodegenerative diseases, including AD [3]. High levels of glutamate activate the production of ROS, leading to neurotoxicity, neuronal cell damage, and eventually, neuronal cell death [4,6]. In addition, hydrogen peroxide (H2O2) is a common essential mediator of oxidative stress in neuronal cells [22]. Therefore, glutamate and H2O2 were used as the neurotoxic agents to induce neuronal cell death in this study. To study the neuroprotective effect against glutamate toxicity, mouse hippocampal neuronal HT22 cells lacking the ionotropic glutamate receptors were employed [6]. In addition, mouse neuroblastoma Neuro-2a cells are widely used as representatives in the study of neurite outgrowth and neuronal differentiation [23]. First, the neuroprotective effects of GZM extract against H2O2/glutamate-induced toxicity were determined using HT22 and Neuro-2a cells. We found that the GZM extract exerted a potent neuroprotective effect against glutamate/H2O2-induced cytotoxicity in both HT22 and Neuro-2a cells.



Oxidative stress upon glutamate exposure can be a reason of structural degradation, DNA damage, and mitochondria dysfunction, which play important roles in neuronal cell death [6]. In our study, the viability of cells treated with glutamate alone was remarkably low (approximately 50% lower) as opposed to that of untreated control cells. In addition, a notable elevation in intracellular ROS level was detected in HT22 (1.7-fold) and Neuro-2a (1.9 fold) cells upon glutamate treatment when compared to that of the untreated control. Consequently, glutamate-induced cytotoxicity in neuronal (HT22 and Neuro-2a) cells was indeed found to be allied with an increase in intracellular ROS corroborating with the previous reports [24]. The endogenous antioxidant enzymes, CAT, SOD, GST, and GPx play essential roles in neuroprotection by preventing ROS-mediated cellular damage [25,26,27]. We found that the GZM extract can counteract H2O2/glutamate-induced cytotoxicity by suppressing intracellular ROS production and augmenting the expression of antioxidant genes corresponding to the previous report, in which GZ extracts stimulated the expression of Sod-3 and Gst-4 in C. elegans [11].



The transcription factor NRF2 (nuclear factor erythroid 2-related factor 2) is the main cellular mechanism response to oxidative stress and cell damage [28,29,30,31]. The SIRT1/Nrf2 signaling pathway is an important signaling pathway to balance oxidative stress, which is actively involved in various neurodegenerative diseases [25,26]. SIRT1 manages transcription factors, inclusive of Nrf2, which acts as a master regulator of the antioxidant defense system. Nrf2 binds to the antioxidant response element (ARE), leading to enhanced expression of detoxifying enzymes (phase II) (GPx, GSTo1, and GSTa2) and antioxidative genes (SOD, CAT, NQO1, GCLM, and EAAT3) [25,26]. In accordance with reports, expression of SIRT1 and Nrf2 proteins as well as antioxidant genes, including NQO1, GCLM, EAAT3, and SIRT1, were upregulated upon GZM treatment. Further, by endogenous antioxidant enzyme expression, SOD, GPx, GSTo1, and GSTa2 were also significantly increased, which might be due to the activation of Nrf2/ARE. The results are in agreement with our previous study, in which GZ leaf extracts were demonstrated to provide oxidative stress resistance properties in C. elegans through SKN-1/Nrf-2 dependent mechanisms [11]. Collectively, our findings suggest that the antioxidant defense properties of GZM extract in cultured neuronal (HT22 and Neuro-2a) cells involve SIRT1/Nrf2 signaling pathway. NRF2 has been shown to influence the direction of glutamine derived glutamate metabolism, including the generation of antioxidant glutathione (GSH) for maintaining redox homeostasis [13]. In this study, we first focus on the antioxidant properties of GZM extract through the SIRT1/Nrf2 signaling pathway, which is a well-known antioxidant defense. We found that GZM extract augments SIRT1/Nrf2 signaling pathway to promote cellular defense against toxic insults. Nevertheless, the investigation of the effects of GZM extract on the SIRT1/Nrf2 signaling pathway under glutamate-induced toxicity conditions are interesting topics to confirm the antioxidant properties of GZM extract through the SIRT1/Nrf2 signaling pathway.



The imbalances between free radicals and antioxidants (oxidative stress) have been implicated in the progression of neurodegenerative diseases [1,3]. During the last decade, polyphenolic compounds have been explored extensively in neuroprotective effects because of their antioxidant properties [13,32,33,34,35]. Moreover, indirect antioxidant compounds [36] (moderate antioxidant systems and related pathways, but not direct interactions with reactive species) such as docosahexaenoic acid (DHA) [37], Vitamin K [38], and sinapic acid [39] have emerged in alternative treatment of neurodegenerative diseases. In view of the above, our findings are supported in that the beneficial effects of GZM on neuroprotective effects are possibly dependent on its antioxidant activity.



Neuritogenesis or neurite outgrowth plays an essential role in neuronal development [32]. The neurite outgrowth properties of GZM extract were determined using Neuro-2a cells. GZM extract was shown to exert neurite outgrowth activities as it elevated neurite length and the number of neurite-bearing cells. In addition, these phenomena were further confirmed by the increased expression of neurite outgrowth markers GAP-43 and Ten-4. Several studies have reported that polyphenols, including gallic acid [32,34], catechin [13,40,41] and quercetin [33,42,43], promote neurite outgrowth activity. The presence of phenolic compounds as well as gallic acid, catechin, and quercetin in GZM extract may be responsible for the observed behavior (Supplementary Figure S1) [11,12].



The Aβ plaques and tau proteins are well-known hallmarks of AD [44,45]. Abnormal Aβ production and deposition play important roles in the pathogenesis of AD [44,46]. C. elegans is a useful model organism for understanding age-associated neurodegeneration [47]. This worm has a basic nervous system that only contains 302 neurons that comprehensively map the neuronal connectivity [47]. Moreover, the transgenic worm exhibits the accumulation of protein carbonyls and ROS, similar to the pathology of AD [48]. Thus, we leveraged the established correlation between Aβ expression and apparent symptoms, including paralysis and chemotaxis behavior, in transgenic C. elegans model. The paralysis phenotype in Aβ expressing (in muscles) strains CL4176 and CL2006 was first investigated. GZM extract deferred Aβ-induced onset and aged paralysis in transgenic CL4176 and CL2006 worms, respectively. To connect Aβ toxicity with neurological functions, the chemotaxis behavior of Aβ expressing strain (in neurons) CL2355 was explored. GZM extract was found to exhibit improvements in the chemotaxis behavioral defects in transgenic CL2355 worms against Aβ. Collectively, these results indicate that GZM extract protects muscular and neurological functions in C elegans from Aβ-induced toxicity. Diverse studies have reported that the transcription factors DAF-16 and SKN-1 play crucial roles in Aβ deposition in the nematodes [47,48]. In our previous studies, we proved that the GZM leaf extract can stimulate oxidative stress resistance via the DAF-16/FoxO and SKN-1/Nrf-2 signaling pathways, leading to improvements in the lifespan and health of C. elegans [11]. We speculate that DAF-16/FoxO and SKN-1/Nrf-2 may play roles in GZM extract-mediated protection against Aβ toxicity.



Several studies have reported that phenolic antioxidants can protect against neurotoxicity induced by glutamate, Aβ peptides, and oxidative stress, which mainly depends on Nrf2/ARE signaling pathways [13,17,49,50,51,52]. GZM extract contains phenolic compounds including gallic acid, catechin, and quercetin (Supplementary Figure S1) [11,12]. Thus, neuroprotective effects mediated by the SIRT1/Nrf2 signaling pathway may result from the presence of bioactive compounds in the GZM extract. Further studies are needed to confirm the involvement of neuroprotective effects and explore more possible targets of the GZM extract.




5. Conclusions


In conclusion, neuroprotective effects of the GZM extract against H2O2/glutamate/Aβ-induced toxicity and neurite outgrowth properties were demonstrated in this study. GZM extract protects against H2O2/glutamate-induced oxidative toxicity by inhibiting the accumulation of intracellular ROS and increasing endogenous antioxidant enzymes via the SIRT1/Nrf2 signaling pathway. Moreover, GZM extract protects against Aβ-induced toxicity in C. elegans. In addition to its neuroprotective effects, GZM extract exhibited beneficial effects in promoting neurite outgrowth activity. Antioxidants that are interrelated in the process of overcoming oxidative-stress-induced toxicity and neurite-outgrowth-inducing activity have become the main targets of neuroprotective therapy. GZM extract exhibits neuroprotection properties that are not only protective against H2O2/glutamate/Aβ-induced toxicity but also promote neurite outgrowth activity. The neuroprotective effects of GZM extract were successfully confirmed in cultured neuronal (HT22 and Neuro-2a) cells and C. elegans models. The present study confirms, for the first time, the beneficial neuroprotective effects of GZM extract, suggesting that G. zeylanicum may be a neuroprotectant candidate for the prevention and treatment of AD and other neurodegenerative disorders related to oxidative stress. However, further studies are required in more complex model organisms to illuminate the active components of GZM extract and the mechanistic pathways involved in neuroprotection in order to support the therapeutic potential of the plant extracts for alternative or adjunct treatment of neurodegenerative diseases.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/biology10080800/s1, Supplementary Materials and Methods: 1.1 Chemicals and reagents, 1.2 Qualitative phytochemical screening, 1.3 Determination of cell viability, 1.4 Measurement of intracellular ROS, 1.5 RNA isolation and quantitative RT-PCR, 1.6 Western blot analysis, 1.7 Measurement of neurite outgrowth and neurite-bearing cells. Supplementary Figures and Tables: Figure S1. HPLC chromatograms of GZM extract, Figure S2. The full images of electrophoretic blots by WB analysis in Neuro-2a cells, Figure S3. The comparison between untreated control and DMSO (0.1% v/v) control, Table S1. PT50 values for the treatments in paralysis assay, Table S2. The summary of statistical values of glutamate, H2O2, and GZM treatment in neuronal (HT-22 and Neuro-2a) cells, Table S3. The summary of statistical values of H2O2 and GZM extract treatment in neuronal (HT-22 and Neuro-2a) cells, Table S4. The summary of statistical values of glutamate and GZM extract treatment in neuronal (HT-22 and Neuro-2a) cells, Table S5. The summary of statistical values of intracellular ROS levels and antioxidant enzyme genes expression after GZM extract treatment in neuronal (HT-22 and Neuro-2a) cells, Table S6. The summary of statistical values of SIRT-1 and Nrf2 expression after GZM extract treatment in Neuro-2a cells, Table S7. The summary of statistical values of neurite outgrowth after GZM extract treatment in Neuro-2a cells, Table S8. The summary of statistical values of neuroprotective effect after GZM extract treatment in C. elegans.





Author Contributions


C.D. performed the experiments, analyzed data, and was a major contributor in writing the manuscript. P.R. performed quantitative RT-PCR for gene expression study. C.D., P.R., S.Z., and X.G. designed the study and prepared culture mediums and reagents. M.W. reviewed and edited the manuscript. T.T. and M.W. provided chemicals and materials for the experiments, conceived, and supervised the research. All authors contributed the manuscript revision, read, and approved the submitted version. All authors have read and agreed to the published version of the manuscript.




Funding


The current study was performed with financial support from the 90th Anniversary Chulalongkorn University Fund (Ratchadaphiseksomphot Endowment Fund) funding code GCUGR1125603032D no. 29.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data used to support the findings of this study are included within the article and supplementary information file.




Acknowledgments


We would like to thank the Graduate School, Chulalongkorn University for providing the scholarship for both research expenses and tuition fees including the “72nd Birthday Anniversary of His Majesty the King’s for Doctoral Scholarship”, “The 90th Anniversary Chulalongkorn University Fund (Ratchadaphiseksomphot Endowment Fund)” funding code GCUGR1125603032D no. 29, and “The Overseas Research Experience Scholarship for Graduate Students”. We would like to thank a research grant supported by Rachadapisek Sompot Fund (CU_GR_63 82 37 09). Special thanks to Pille Link, Mariana Roxo for providing the guidance and discussion on C. elegans experiments.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations


AD: Alzheimer’s disease; AREs, antioxidant response elements; CAT, catalase; DMEM, Dulbecco’s Modified Eagle’s Medium; DMSO, dimethyl sulfoxide; DNA, deoxyribonucleic acid; EAAT3, excitatory amino acid transporter 3; FBS, fetal bovine serum; GAP-43, growth associated protein 43; GCLM, glutamate cysteine ligase complex modifier subunit; GLC-MS, gas/liquid chromatography-mass spectrometry; GPx, glutathione peroxidase; GST, glutathione-S-transferase; GST-4, glutathione S-transferase 4; GZ, Glochidion zeylanicum.; GZM, GZ methanol extract; H2DCF-DA, 2,7-Dichlorofluorescein diacetate; H2O2, hydrogen peroxide; HamF12, Ham’s Nutrient Mixture F12; HPLC, high-performance liquid chromatography; LDH, lactate dehydrogenase; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NQO1, NAD(P)H, quinone oxidoreductase 1; Nrf2, nuclear factor-E2-related factor 2; PCR, polymerase chain reaction; PBS, phosphate buffer saline; RNA, ribonucleic acid; ROS, reactive oxygen species; SIRT, Sirtuin 1; SOD, superoxide dismutase; SOD-3, superoxide dismutase-3; Ten-4, Teneurin-4.




References


	



Querfurth, H.W.; LaFerla, F.M. Alzheimer’s disease. N. Engl. J. Med. 2010, 362, 329–344. [Google Scholar] [CrossRef]

	



Tanaka, M.; Toldi, J.; Vécsei, L. Exploring the etiological links behind neurodegenerative diseases: Inflammatory cytokines and bioactive kynurenines. Int. J. Mol. Sci. 2020, 21, 2431. [Google Scholar] [CrossRef]

	



Luca, M.; Luca, A.; Calandra, C. The role of oxidative damage in the pathogenesis and progression of Alzheimer’s disease and vascular dementia. Oxid. Med. Cell Longev. 2015, 2015, 504678. [Google Scholar] [CrossRef] [PubMed]

	



Wang, R.; Reddy, P.H. Role of glutamate and NMDA receptors in Alzheimer’s disease. J. Alzheimers Dis. 2017, 57, 1041–1048. [Google Scholar] [CrossRef]

	



Smythies, J. The neurotoxicity of glutamate, dopamine, iron and reactive oxygen species: Functional interrelationships in health and disease: A review-discussion. Neurotox. Res. 1999, 1, 27–39. [Google Scholar] [CrossRef]

	



Jin, M.L.; Park, S.Y.; Kim, Y.H.; Oh, J.I.; Lee, S.J.; Park, G. The neuroprotective effects of cordycepin inhibit glutamate-induced oxidative and ER stress-associated apoptosis in hippocampal HT22 cells. Neurotoxicology 2014, 41, 102–111. [Google Scholar] [CrossRef]

	



Sukprasansap, M.; Chanvorachote, P.; Tencomnao, T. Cleistocalyx nervosum var. paniala berry fruit protects neurotoxicity against endoplasmic reticulum stress-induced apoptosis. Food Chem. Toxicol. Int. J. Publ. Br. Ind. Biol. Res. Assoc. 2017, 103, 279–288. [Google Scholar] [CrossRef]

	



Cummings, J.L.; Tong, G.; Ballard, C. Treatment combinations for Alzheimer’s disease: Current and future pharmacotherapy options. J. Alzheimers Dis. 2019, 67, 779–794. [Google Scholar] [CrossRef]

	



Dos Santos-Neto, L.L.; de Vilhena Toledo, M.A.; Medeiros-Souza, P.; de Souza, G.A. The use of herbal medicine in Alzheimer’s disease—A systematic review. Evid. Based Complement. Altern. Med. 2006, 3, 441–445. [Google Scholar] [CrossRef] [PubMed]

	



Uttara, B.; Singh, A.V.; Zamboni, P.; Mahajan, R.T. Oxidative stress and neurodegenerative diseases: A review of upstream and downstream antioxidant therapeutic options. Curr. Neuropharmacol. 2009, 7, 65–74. [Google Scholar] [CrossRef] [PubMed]

	



Duangjan, C.; Rangsinth, P.; Gu, X.; Zhang, S.; Wink, M.; Tencomnao, T. Glochidion zeylanicum leaf extracts exhibit lifespan extending and oxidative stress resistance properties in Caenorhabditis elegans via DAF-16/FoxO and SKN-1/Nrf-2 signaling pathways. Phytomedicine Int. J. Phytother. Phytopharm. 2019, 64, 153061. [Google Scholar] [CrossRef]

	



Duangjan, C.; Rangsinth, P.; Gu, X.; Zhang, S.; Wink, M.; Tencomnao, T. Data on the effects of Glochidion zeylanicum leaf extracts in Caenorhabditis elegans. Data Brief. 2019, 26, 104461. [Google Scholar] [CrossRef]

	



Zhang, S.; Duangjan, C.; Tencomnao, T.; Liu, J.; Lin, J.; Wink, M. Neuroprotective effects of oolong tea extracts against glutamate-induced toxicity in cultured neuronal cells and β-amyloid-induced toxicity in Caenorhabditis elegans. Food Funct. 2020, 11, 8179–8192. [Google Scholar] [CrossRef] [PubMed]

	



Prasansuklab, A.; Meemon, K.; Sobhon, P.; Tencomnao, T. Ethanolic extract of Streblus asper leaves protects against glutamate-induced toxicity in HT22 hippocampal neuronal cells and extends lifespan of Caenorhabditis elegans. BMC Complement. Altern. Med. 2017, 17, 551. [Google Scholar] [CrossRef] [PubMed]

	



Eik, L.F.; Naidu, M.; David, P.; Wong, K.H.; Tan, Y.S.; Sabaratnam, V. Lignosus rhinocerus (Cooke) Ryvarden: A medicinal mushroom that stimulates neurite outgrowth in PC-12 cells. Evid. Based Complement. Altern. Med. Ecam 2012, 2012, 320308. [Google Scholar] [CrossRef] [PubMed]

	



Brenner, S. The genetics of Caenorhabditis elegans. Genetics 1974, 77, 71–94. [Google Scholar] [CrossRef]

	



Link, P.; Roth, K.; Sporer, F.; Wink, M. Carlina acaulis exhibits antioxidant activity and counteracts Aβ toxicity in Caenorhabditis elegans. Molecules 2016, 21, 871. [Google Scholar] [CrossRef]

	



Shigeta, M.; Shibukawa, Y.; Ihara, H.; Miyoshi, E.; Taniguchi, N.; Gu, J. β1,4-N-acetylglucosaminyltransferase III potentiates β1 integrin-mediated neuritogenesis induced by serum deprivation in Neuro2a cells. Glycobiology 2006, 16, 564–571. [Google Scholar] [CrossRef] [PubMed]

	



Korshunova, I.; Mosevitsky, M. Role of the growth-associated protein GAP-43 in NCAM-mediated neurite outgrowth. Adv. Exp. Med. Biol. 2010, 663, 169–182. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, N.; Numakawa, T.; Chou, J.; de Vega, S.; Mizuniwa, C.; Sekimoto, K.; Adachi, N.; Kunugi, H.; Arikawa-Hirasawa, E.; Yamada, Y.; et al. Teneurin-4 promotes cellular protrusion formation and neurite outgrowth through focal adhesion kinase signaling. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2014, 28, 1386–1397. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Wu, Z.; Butko, P.; Christen, Y.; Lambert, M.P.; Klein, W.L.; Link, C.D.; Luo, Y. Amyloid-beta-induced pathological behaviors are suppressed by Ginkgo biloba extract EGb 761 and ginkgolides in transgenic Caenorhabditis elegans. J. Neurosci. 2006, 26, 13102–13113. [Google Scholar] [CrossRef]

	



Chen, L.; Xu, B.; Liu, L.; Luo, Y.; Yin, J.; Zhou, H.; Chen, W.; Shen, T.; Han, X.; Huang, S. Hydrogen peroxide inhibits mTOR signaling by activation of AMPKalpha leading to apoptosis of neuronal cells. Lab. Investig. J. Tech. Methods Pathol. 2010, 90, 762–773. [Google Scholar] [CrossRef] [PubMed]

	



Park, S.J.; Jin, M.L.; An, H.K.; Kim, K.S.; Ko, M.J.; Kim, C.M.; Choi, Y.W.; Lee, Y.C. Emodin induces neurite outgrowth through PI3K/Akt/GSK-3β-mediated signaling pathways in Neuro2a cells. Neurosci. Lett. 2015, 588, 101–107. [Google Scholar] [CrossRef] [PubMed]

	



Fukui, M.; Song, J.H.; Choi, J.; Choi, H.J.; Zhu, B.T. Mechanism of glutamate-induced neurotoxicity in HT22 mouse hippocampal cells. Eur. J. Pharmacol. 2009, 617, 1–11. [Google Scholar] [CrossRef]

	



Peng, S.; Hou, Y.; Yao, J.; Fang, J. Activation of Nrf2-driven antioxidant enzymes by cardamonin confers neuroprotection of PC12 cells against oxidative damage. Food Funct. 2017, 8, 997–1007. [Google Scholar] [CrossRef] [PubMed]

	



Bi, W.; He, C.N.; Li, X.X.; Zhou, L.Y.; Liu, R.J.; Zhang, S.; Li, G.Q.; Chen, Z.C.; Zhang, P.F. Ginnalin A from Kujin tea (Acer tataricum subsp. ginnala) exhibits a colorectal cancer chemoprevention effect via activation of the Nrf2/HO-1 signaling pathway. Food Funct. 2018, 9, 2809–2819. [Google Scholar] [CrossRef]

	



Duangjan, C.; Rangsinth, P.; Zhang, S.; Gu, X.; Wink, M.; Tencomnao, T. Vitis vinifera leaf extract protects against glutamate-induced oxidative toxicity in HT22 hippocampal neuronal cells and increases stress resistance properties in Caenorhabditis elegans. Front. Nutr. 2021, 8, 634100. [Google Scholar] [CrossRef] [PubMed]

	



Lo, J.Y.; Spatola, B.N.; Curran, S.P. WDR23 regulates NRF2 independently of KEAP1. PLoS Genet. 2017, 13, e1006762. [Google Scholar] [CrossRef]

	



Aleksunes, L.M.; Reisman, S.A.; Yeager, R.L.; Goedken, M.J.; Klaassen, C.D. Nuclear factor erythroid 2-related factor 2 deletion impairs glucose tolerance and exacerbates hyperglycemia in type 1 diabetic mice. J. Pharm. Exp. 2010, 333, 140–151. [Google Scholar] [CrossRef]

	



Vasileva, L.V.; Savova, M.S.; Amirova, K.M.; Dinkova-Kostova, A.T.; Georgiev, M.I. Obesity and NRF2-mediated cytoprotection: Where is the missing link? Pharmacol. Res. 2020, 156, 104760. [Google Scholar] [CrossRef]

	



Tebay, L.E.; Robertson, H.; Durant, S.T.; Vitale, S.R.; Penning, T.M.; Dinkova-Kostova, A.T.; Hayes, J.D. Mechanisms of activation of the transcription factor Nrf2 by redox stressors, nutrient cues, and energy status and the pathways through which it attenuates degenerative disease. Free Radic. Biol. Med. 2015, 88, 108–146. [Google Scholar] [CrossRef]

	



Siddiqui, S.; Kamal, A.; Khan, F.; Jamali, K.S.; Saify, Z.S. Gallic and vanillic acid suppress inflammation and promote myelination in an in vitro mouse model of neurodegeneration. Mol. Biol. Rep. 2019, 46, 997–1011. [Google Scholar] [CrossRef] [PubMed]

	



Chan, G.K.L.; Hu, W.W.H.; Zheng, Z.X.; Huang, M.; Lin, Y.X.Y.; Wang, C.Y.; Gong, A.G.W.; Yang, X.Y.; Tsim, K.W.K.; Dong, T.T.X. Quercetin potentiates the NGF-induced effects in cultured PC 12 cells: Identification by HerboChips showing a binding with NGF. Evid. Based Complement. Altern. Med. 2018, 2018, 1502457. [Google Scholar] [CrossRef]

	



Duangjan, C.; Rangsinth, P.; Zhang, S.; Wink, M.; Tencomnao, T. Anacardium occidentale L. leaf extracts protect against glutamate/H(2)O(2)-induced oxidative toxicity and induce neurite outgrowth: The involvement of SIRT1/Nrf2 signaling pathway and teneurin 4 transmembrane protein. Front. Pharmacol. 2021, 12, 627738. [Google Scholar] [CrossRef]

	



Rangsinth, P.; Prasansuklab, A.; Duangjan, C.; Gu, X.; Meemon, K.; Wink, M.; Tencomnao, T. Leaf extract of Caesalpinia mimosoides enhances oxidative stress resistance and prolongs lifespan in Caenorhabditis elegans. BMC Complement. Altern. Med. 2019, 19, 164. [Google Scholar] [CrossRef] [PubMed]

	



Adams, J.D. Probable Causes of Alzheimer’s Disease. Science 2021, 3, 16. [Google Scholar] [CrossRef]

	



Díaz, M.; Mesa-Herrera, F.; Marín, R. DHA and Its elaborated modulation of antioxidant defenses of the brain: Implications in aging and AD neurodegeneration. Antioxidants 2021, 10, 907. [Google Scholar] [CrossRef]

	



Huang, S.H.; Fang, S.T.; Chen, Y.C. Molecular mechanism of vitamin K2 protection against amyloid-β-induced cytotoxicity. Biomolecules 2021, 11, 423. [Google Scholar] [CrossRef] [PubMed]

	



Verma, V.; Singh, D.; Kh, R. Sinapic acid alleviates oxidative stress and neuro-inflammatory changes in sporadic model of Alzheimer’s disease in rats. Brain Sci. 2020, 10, 923. [Google Scholar] [CrossRef] [PubMed]

	



Unno, K.; Pervin, M.; Nakagawa, A.; Iguchi, K.; Hara, A.; Takagaki, A.; Nanjo, F.; Minami, A.; Nakamura, Y. Blood-brain barrier permeability of green tea catechin metabolites and their neuritogenic activity in human neuroblastoma SH-SY5Y cells. Mol. Nutr. Food Res. 2017, 61, 1700294. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.Q.; Wang, Z.S.; Ma, Y.X.; Zhang, W.; Lu, J.L.; Liang, Y.R.; Zheng, X.Q. Neuroprotective effects and mechanisms of tea bioactive components in neurodegenerative diseases. Molecules 2018, 23, 512. [Google Scholar] [CrossRef]

	



Marunaka, Y.; Niisato, N.; Miyazaki, H.; Nakajima, K.I.; Taruno, A.; Sun, H.; Marunaka, R.; Okui, M.; Yamamoto, T.; Kanamura, N.; et al. Quercetin is a useful medicinal compound showing various actions including control of blood pressure, neurite elongation and epithelial ion transport. Curr. Med. Chem. 2018, 25, 4876–4887. [Google Scholar] [CrossRef] [PubMed]

	



Chen, M.M.; Yin, Z.Q.; Zhang, L.Y.; Liao, H. Quercetin promotes neurite growth through enhancing intracellular cAMP level and GAP-43 expression. Chin. J. Nat. Med. 2015, 13, 667–672. [Google Scholar] [CrossRef]

	



Viola, K.L.; Klein, W.L. Amyloid β oligomers in Alzheimer’s disease pathogenesis, treatment, and diagnosis. Acta Neuropathol. 2015, 129, 183–206. [Google Scholar] [CrossRef] [PubMed]

	



Gouras, G.K.; Olsson, T.T.; Hansson, O. β-Amyloid peptides and amyloid plaques in Alzheimer’s disease. Neurother. J. Am. Soc. Exp. Neurother. 2015, 12, 3–11. [Google Scholar] [CrossRef] [PubMed]

	



Bloom, G.S. Amyloid-β and tau: The trigger and bullet in Alzheimer disease pathogenesis. JAMA Neurol. 2014, 71, 505–508. [Google Scholar] [CrossRef]

	



Link, C.D. C. elegans models of age-associated neurodegenerative diseases: Lessons from transgenic worm models of Alzheimer’s disease. Exp. Gerontol. 2006, 41, 1007–1013. [Google Scholar] [CrossRef]

	



Alexander, A.G.; Marfil, V.; Li, C. Use of Caenorhabditis elegans as a model to study Alzheimer’s disease and other neurodegenerative diseases. Front. Genet. 2014, 5, 279. [Google Scholar] [CrossRef]

	



Heiner, F.; Feistel, B.; Wink, M. Sideritis scardica extracts inhibit aggregation and toxicity of amyloid-β in Caenorhabditis elegans used as a model for Alzheimer’s disease. PeerJ 2018, 6, e4683. [Google Scholar] [CrossRef]

	



Kong, D.; Yan, Y.; He, X.Y.; Yang, H.; Liang, B.; Wang, J.; He, Y.; Ding, Y.; Yu, H. Effects of resveratrol on the mechanisms of antioxidants and estrogen in Alzheimer’s disease. BioMed Res. Int. 2019, 2019, 8983752. [Google Scholar] [CrossRef]

	



Simoni, E.; Serafini, M.M.; Caporaso, R.; Marchetti, C.; Racchi, M.; Minarini, A.; Bartolini, M.; Lanni, C.; Rosini, M. Targeting the Nrf2/amyloid-beta liaison in Alzheimer’s disease: A rational approach. ACS Chem. Neurosci. 2017, 8, 1618–1627. [Google Scholar] [CrossRef] [PubMed]

	



Rong, H.; Liang, Y.; Niu, Y. Rosmarinic acid attenuates β-amyloid-induced oxidative stress via Akt/GSK-3β/Fyn-mediated Nrf2 activation in PC12 cells. Free Radic. Biol. Med. 2018, 120, 114–123. [Google Scholar] [CrossRef] [PubMed]








[image: Biology 10 00800 g001 550] 





Figure 1. Cytotoxic effects of H2O2, glutamate, and GZM extract in neuronal (HT-22 and Neuro-2a) cells. Cell viability was analyzed using the MTT method. The neurons were exposed to different doses of H2O2 or glutamate for various time periods in HT-22 (a,c) and Neuro-2a cells (b,d). The effects of GZM extract on the cell viability of HT-22 (e) and Neuro-2a (f) cells. The cells were treated with varying concentrations of the extract for 48 h. (p ≤ 0.001 compared with DMSO control). The details of statistical values are provided in Table S2 (Supplementary Materials). 






Figure 1. Cytotoxic effects of H2O2, glutamate, and GZM extract in neuronal (HT-22 and Neuro-2a) cells. Cell viability was analyzed using the MTT method. The neurons were exposed to different doses of H2O2 or glutamate for various time periods in HT-22 (a,c) and Neuro-2a cells (b,d). The effects of GZM extract on the cell viability of HT-22 (e) and Neuro-2a (f) cells. The cells were treated with varying concentrations of the extract for 48 h. (p ≤ 0.001 compared with DMSO control). The details of statistical values are provided in Table S2 (Supplementary Materials).



[image: Biology 10 00800 g001]







[image: Biology 10 00800 g002 550] 





Figure 2. Neuroprotective effect of GZM extract against H2O2-induced toxicity in HT22 and Neuro-2a cells. MTT and LDH methods were used to analyze cell viability of HT22 (a,c) and Neuro-2a cells (b,d) after treatment with varying concentrations of GZM extract. Cell morphology of HT22 (e) and Neuro-2a (f) were observed under a light microscope (5× magnification). ((H200 and H400 corresponds to 200 and 400 µM H2O2, respectively; n = 3). (**** p < 0.0001, DMSO control vs. H2O2 treatment alone; #### p < 0.0001, H2O2 treatment alone vs. H2O2 and GZM extract treatment. The details of statistical values are provided in Table S3 (Supplementary Materials). 
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Figure 3. Neuroprotective effect of GZM extract against glutamate-induced toxicity in HT22 and Neuro-2a cells. MTT and LDH methods were used to analyze cell viability of HT22 (a,c) and Neuro-2a cells (b,d) after treatment with varying concentrations of GZM extract. Cell morphology of HT22 (e) and Neuro-2a (f) were observed under a light microscope (5× magnification). (G5 and G10 corresponds to 5, 10 mM glutamate; n = 3) **** p < 0.0001, DMSO control vs. glutamate treatment alone; #### p < 0.0001 glutamate treatment alone vs. glutamate and GZM extract treatment. The details of statistical values are provided in Table S4 (Supplementary Materials). 
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Figure 4. Antioxidant effects of GZM extract on glutamate-induced oxidative stress. GZM extract ameliorated ROS level in HT22 (a) and Neuro-2a (b) cells and induced the expression of antioxidant genes in HT22 (c) and Neuro-2a (d) cells (n = 3; ** p < 0.01, *** p < 0.001, and **** p < 0.0001, DMSO control vs. glutamate treatment alone; #### p < 0.0001, glutamate treatment alone vs. glutamate and GZM extract treatment). The details of statistical values are provided in Table S5 (Supplementary Materials). 
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Figure 5. Effect of GZM extract on SIRT1/Nrf2 expression. GZM extract upregulated the expression of the SIRT1 (a) and Nrf2 proteins (b) in Neuro-2a cells. The expression levels of candidate antioxidant genes were increased after treatment with GZM extract in HT22 (c) and Neuro-2a (d) cells. (n = 3; * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001, DMSO control vs. GZM extract treatment) The details of statistical values are provided in Table S6 (Supplementary Materials). 
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Figure 6. Effect of GZM extract on neurite outgrowth. GZM extract-treated Neuro-2a cells increased the average neurite length (a) and the percentage of neurite-bearing cells (b). The morphology of Neuro-2a cells was observed under a light microscope at 10× magnification (g). GZM extract increased the expression levels of the neuron markers GAP-43 (c,d) and Ten-4 (e,f) in Neuro-2a cells. The details of statistical values are provided in Table S7 (Supplementary Materials). (n = 3; ** p < 0.01, *** p < 0.001, and **** p < 0.0001 1% FBS (DMEM) control vs. GZM extract treatment; ## p < 0.001 and #### p < 0.0001 10% FBS (DMEM) vs. 1% FBS (DMEM). 
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Figure 7. Neuroprotective effect of GZM extract against Aβ-induced toxicity in C. elegans. GZM extract delayed the progression of body paralysis in CL4176 (a) and CL2006 (b) worms. GZM extract increased the chemotaxis index in CL2355 (c) nematodes. The CL2122 strain serves as control strain (d). The represented times are from the instigation of temperature increase. The details of statistical values are provided in Table S8 (Supplementary Materials). (n = 3); and **** p < 0.0001, DMSO control vs. GZM extract treatment. 






Figure 7. Neuroprotective effect of GZM extract against Aβ-induced toxicity in C. elegans. GZM extract delayed the progression of body paralysis in CL4176 (a) and CL2006 (b) worms. GZM extract increased the chemotaxis index in CL2355 (c) nematodes. The CL2122 strain serves as control strain (d). The represented times are from the instigation of temperature increase. The details of statistical values are provided in Table S8 (Supplementary Materials). (n = 3); and **** p < 0.0001, DMSO control vs. GZM extract treatment.



[image: Biology 10 00800 g007]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
f 150' b]Sﬂ‘
E — ? wrie e
5 g o |
@ = 100+ S T 100-
SE ) = i s 2 o
-— . < r?i
EE _\E‘ é e e T
2 X 50- < 2 s50-
= s Z
—| —
o )
o &
0- T T T 0= 1 1 1
R S &S
& ¢ RO MG i ;
oF o7 & &N O o S S
\ X X
D " S ®
S O &@ &S
C d
80+ 80- Ak
- | ,-E
%%E 60 %EE 60—
— u
23 g5
- y - e 404 E E o 40+
-l —_—
= 5 E = & £
af=z L R e EZ .
& 2
D- T T T 0= T T |
S & & & @ 3 & B % B
06 @\? \?Q} Q‘% Q‘% 006 @Q q*f Q"f Q"\f
< v \e) N Q < » ) N Q)
F S P o S
F P TP ¥ ¢ G‘v@xo &
% x
S & S F 'b”‘@
e HT22 cells
H200+GZM 0.5 pg/ml  H200+GZM 1 pg/ml  H200+GZM 10 pg/ml H,0, 200 pM Control

f Neuro-2a cells

H400+GZM 0.5 pg/ml  H400+GZM 1 pg/ml  H400+GZM 10 pg/ml ~ H,0,400 pM Control






nav.xhtml


  biology-10-00800


  
    		
      biology-10-00800
    


  




  





media/file2.png
=
E 3 Z
= = = B o
= =S = L L
S o o 2 2 2
=8 % P2
S Q2 S 53
L I = Lo I A I
o "o
- %, !
%, ﬁm
%
[ | =
A
% [{ - &
_Q_.Q &u\ .____.&
- -
L] a.@v ? w .nm_v.
‘o E L, E %
o L s, = @ = 4 .#V
“, 9, "0
G - ¢
- 5, “‘b _| \A‘\ uw@
.\&.f \&v. Y
...ﬁ\, L o h...%
- Y%, / o 4
.h.,.. .ﬁ._ﬁ .b
i z T ! : . T 3 | | | 1
S[129 BZ-0aNAN S[199 BT-04MAN S[[99 BZ-04nay v
(fonu0d o) SIpiqeIA [[pD (1on3u0d o) ANpqers (12D .
= ’ = ’ = (jonuod v,) Spqens ;)
=
, = %
T =
z33 e 2
s 2 o L o2 o2
S 8 g -
[ ] [w ] [} {21 o~ {11
Q2 Q. 5 3 2
- GGG
R w oy
= ..n...ﬂ‘. -
.___Ns\ “_\___an
% Ly 4 & < %
- ,...&.\ . i i@ m_. T, L‘.__,.w\
% 20 %
% ’ SIPY ZTLH
" %, ¢ g (1onu0d %) Hmqen 1D
%z I uvnv\ =
- %,
.\@%
“n [ {] -
- .-..0. “x.hw
“@
o
_ - ¢
- ,-.&. e
%
.:“-
2 =2 =2 = = = = S = =
m_. o0 b= - 4 H. = s
SI199 ZZLH SII92 ZTLH

2 (1onuod o) Supqeis [pD < (jonuod %) Apqen 1D





media/file5.jpg
oty o

GSCINRS sl GHGIM Ly GG 10

f Neuro-2a cell

AR R SR i






media/file3.jpg
a
H
H
i
H






media/file1.jpg
i o =






media/file7.jpg





media/file10.png
Hl DMSO control
M GZM 10 pg/ml

- e e == Nrf-2
45- m B-actin
GZM  Control

45- s gy  f-actin
GZM  Control

*&

120- o o &  SIRT-1

m : ¢

! L] ] L]
- s - e
~l — p—

=
BZ-01ndN (Isueyd pjoj)
uorssaadxy yNYW juepixopuy

B DMSO control
m GZM 10 pg/ml

= v = w S s w S w3
-1 - - —] = ~l — — [—] [—]
S[122 eZ-0anaN (33ueyd pjoy) S[192 eZ-0and\ (33ueyd pjoy)
a_a_wmv.-anm— LLMIS 2AnepPy b uo1ssa.1dxy 7JIN 2AnEPY

s v <9 w <
~l — - (] (—]
SIPY ZZLH (38ueyd ploy)

uoissaadxy vy W Juepixonuy





media/file12.png
ke ke ke

L ] ¥ %@
: s & = @,
S[[99 BZ-0aINAN “a,
(24) SULIBIQ-IILININ]
*
i
*
&,
1 L 1 I -\%%
 ® |] =2 = v,
S[[99 BZ-04NaN ‘a,

< (JAM) YISud] ANy ISeIdAY

uoissaadxy uIoad spdvo 2ANEPRY

1] | 1 |
o =1 — = \m.\

S[199 eZ-0anay (dsueyd pjoy)
uo1ssa1dX 7] U0 H-ud ], IANB[Y

: %,
7
4.
<9
“y
&\»V ...\\.9
%
2, %
%4
%&\ Q\_
& & & o :

S[199 eZ-0andN (Sueyd pjoy)

\e\
4-

S
i
b
iy
@.P
D2
B é\@
2,
%
I ] I ] %% ] ] ] %@
- ag (o | — = Qa =1 - (] = Qe
SII29 BZ-0.4N9N (93uEY2 pIoj) “% @ spa ez-oanaN (3Sueyd pioy) %

uolssa1dxy VNYW £pd VO ADEPRY uo1SSAIdXT] VNHW $-Ud [, IADE[Y

2 Neuro-2a cells

GZM 10 pg/ml

1% FBS

10% FBS





media/file9.jpg
Kba

120 e SIRT-

Sy Pactin

VR o coura

b
i
41 9B - Nrf:2

w 5 — st

Vi o,






media/file0.png





media/file14.png
=

150
- DMSO control —— DMSO control

* GZM 1.25 pg/ml #**= = GZM 1.25 pg/ml  ****
—— GZM 2.5 pg/ml #+++ o GZM 2.5 pg/ml  *ee»
== GZM 5 pg/ml #*** —— GZM 5 pg/ml  #xes

100

% Not paralysed
CL4176

Time (h)

g

% Not paralysed
CL2006

0.5- - d s
S 041 )
;5 E 0.3"
28 034 T8
2 & 2 & (.21
- .
£0C 20
= =
B E 0.1
= =
o 5

th
=
1

e

T 1 1
16 18 20 22






media/file8.png
o kel

w

o *

e de e e

S[[99 B7-0andN] (Jo3uo0d o)
SOY 1e[npPaeu] 2AneRY

HitiH

B

#_%E#

200+

<

= = =

] = A
S[192 ZZLH ([0nuod o)

SOY IB[N[[2IE1)U] JADNE[IY

“
\&\ .U
\Mv Xﬁa
s 9
&£
p
..
w9,
£ _mv&r JM,U
[/
Y
%, %
%, 2
(]
o
5,
@

El DMSO control
. GZM 10 pg/ml

E

&
Q.Ua..
£
7,
%,
<y
mru
"
; +
9
b
* \N
£,
: "
* A»W.
L,
T T T T T 1 .‘MU
O T B T S
~l ~1 — — = =

eZ-0anaN (asueyd pjoj)

uoissaidx yNRW Juepixonuy

*kkk

Hl DMSO control
m GZM 10 pg/mL

Av
@
0%
;
* 7,
@
%
<
hm.b
:
K
i
2
<,
(v
: '
[
5,
r T T T T 1 (V]
) [—] ur = w =
= i -_ — = =

S[199 ZZLH (d8ueyd pjoy)
uoIssaadxy yNYw Jueprxonguy





media/file11.jpg
£ Neuro-2a cells

1% FB8 prr——s





media/file6.png
18 150~
) P e Pa——
|-
£ =
S » 100+ 52 100 - 88
— V] = et
£ o - ¥ W
bﬂ T e .ri]
. S50
g £ 7
0- T T T 0= T T T
> > D D > y QD
& 6‘$ &S &S & @‘S’@hq"g& Q"f@‘%&
S & &SN SIS
P E & S &
807 | 80— e
z z
qb.‘ﬂ ? - 60+ w E‘; E 6“-
= = FET
'ﬁ E 51 =z = <@
SEq w- S Eq 40-
= = Hit e W A
-3 20- - =z 20—
0- T T T 0- T T 1
N S > S
& D& &S S &S &
0@‘ & ,.,;:9@\@ \Q@ 0@'" NI
Q-
SR A ° RN
Qé \é@' xc,(‘) ﬁ:‘xo xc;‘) Qé(’ o xc;‘) b C" 0“)
G‘D <] c;: \Q G\ C,\Q

e HT2 ces

G5+GZM 0.5 pg/ml G5+GZM 1 pg/ml G5+GZM 10 pg/ml Glutamate S mM Control

f Neuro-2a cells

G10+GZM 0.5 pg/ml  G10+GZM 1 pg/ml  G10+GZM 10 pg/ml  Glutamate 10 mM Control






