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Abstract

:

Environmental exposure to arsenic has been profoundly associated with chronic systemic disorders, such as neurodegeneration, in both experimental models and clinical studies. The neuronal cells of the brain and the nervous system have a limited regeneration capacity, thus making them more vulnerable to exposure to xenobiotics, leading to long-lasting disabilities. The functional and anatomical complexity of these cells hinders the complete understanding of the mechanisms of neurodegeneration and neuroprotection. The present investigations aimed to evaluate the neuroprotective efficacy of a herbal formulation of Nobiletin (NOB) against the toxic insult induced by sodium arsenate (NA) in human neural progenitor cells (hNPCs) derived from human induced pluripotent stem cells (hiPSCs). Prior to the neuroprotective experiments, biologically safe doses of both NOB and NA were ascertained using standard endpoints of cytotoxicity. Thereafter, the hNPCs were exposed to either NOB (50 μM) or NA (50 μM) and co-exposed to biologically safe concentrations of NA (50 μM) with NOB (50 μM) for a period of up to 48 h. NOB treatment restored the morphological damage (neurite damage), the levels of stress granule G3BP1 (Ras-GTPase-activating protein (SH3 domain)-binding protein) and TIA1 (T cell-restricted intracellular antigen), and the expression of neuronal markers (Tuj1, Nestin, MAP2, and PAX6) when compared to NA-exposed cells. A substantial restoration of reactive oxygen species and mitochondrial membrane potential was also witnessed in the co-exposure group (NA + NOB) in comparison to the NA-exposed group. The findings suggest that NOB possesses a significant restorative/protective potential against the NA challenge in hNPCs under experimental conditions and imply that nobiletin may impart a potential therapeutic impact if studied adequately using in vivo studies.
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1. Introduction


Arsenic (As) is a ubiquitously dispersed environmental toxicant that has become a public health issue owing to its potential to harm human health. The threat of occupational and natural exposure to As has greatly increased because of its widespread industrial use for manufacturing alloys, ceramics, insecticides, and paints [1,2,3]. According to a WHO report, As contamination of groundwater affects roughly 140 million people in 50 countries all across the globe [4]. Chronic exposure to As through drinking water results in both cancerous and non-cancerous endpoint diseases. The most prevalent cancers in afflicted people are skin, lung, and urinary bladder cancers [5]. However, several non-cancer diseases are also emerging as a threat to human health, e.g., diabetes, hypertension, cardiovascular disease, and neurological disorders [6]. In a cohort study on the chronically As-exposed population in Bangladesh, the authors reported cognitive impairment and neurodevelopmental abnormalities in children affected by perinatal exposure to As [7]. It has been proven that As penetrates the blood–brain barrier and induces oxidative stress, which causes a variety of neurological problems in children, especially at lower doses [8,9].



As-induced oxidative stress can cause mitochondrial malfunction and neuronal death. Exposure to As leads to the generation of reactive oxygen species (ROS) and disrupts the antioxidant defense mechanisms [10]. The most widely acknowledged mechanism in As-induced neurotoxicity is increased oxidative stress accompanied by diminished antioxidant capacity. Demyelination and physiological changes in the axons of peripheral nerves were reported to be related to enhanced oxidative damage in an animal model of As exposure [11]. Furthermore, As administration promotes oxidative stress in both in vivo as well as in vitro glial and neuronal cell types [12,13,14]. The central nervous system and the brain are prone to oxidative damage because of their high levels of oxygen expenditure for higher energy needs, as well as high quantities of PUFAs (polyunsaturated fatty acids) and lower levels of antioxidant defense components [15,16]. As-induced stress also results in the generation of stress granules (SGs) [17]. The assembly of SGs with G3BP1 (Ras-GTPase-activating protein (SH3 domain)-binding protein) and TIA1 (T cell-restricted intracellular antigen) has been well characterized in response to different metabolic and oxidative stressors in neuronal systems. To survive a stressful situation, cells must conserve energy by silencing or limiting protein production. The development of SGs is one method for regulating protein synthesis. These granules comprise scaffold and RNA-binding proteins that protect the cell from toxicant-induced damage while keeping mRNAs translationally silent [18,19,20]. The stress granule response has also been studied with respect to As-mediated toxicity in brain cells. Therefore, the accumulation and clearance of stress granules may provide a quantifiable measure of As-induced toxicity and its potential alleviation by way of naturally occurring antioxidant compounds or plant extracts.



Antioxidant agents have been proven to safeguard brain cells from As-induced oxidative impairment. The protective effects of pharmacological drugs and herbal extracts in As-induced neurotoxicity have been widely addressed [21]. Nobiletin (NOB) is one such example; it is a primary polymethoxyflavone found in the peels of citrus fruit such as limes, oranges, lemons, and mandarins [22]. Antioxidant, anti-inflammatory, anti-diabetic, and anti-carcinogenic actions have all been ascribed to nobiletin [23,24]. Nobiletin’s neuroprotective properties have been proven in a number of recent studies. In numerous animal models for AD, such as APP-SL 7–5 Tg mice, olfactory bulbectomy mice, and 3XTg-AD mice, nobiletin decreased Aβ-stimulated cognitive deterioration. The amelioration of the Akt/cAMP-response element-binding protein (CREP)/Bcl-2 pathway in damaged brains of ischemic Sprague-Dawley rats was observed under the therapeutic influence of NOB [25,26,27]. A notable restoration in the decreased levels of the glutathione (GSH)/glutathione disulfide (GSSG) ratio (an oxidative stress indicator) was observed during NOB treatment in the SAMP8 AD mouse model. The functioning of intracellular antioxidant enzymes such as manganese-superoxide dismutase and glutathione peroxidase were boosted by the action of nobiletin [28]. It was observed in a rat middle cerebral artery occlusion model that NOB dramatically boosted the levels of SOD1, Nrf2, GSH, and HO-1; in addition, the intensity of NF-κB, MDA, and MMP9 decreased [24]. In vitro studies on HT22 cells, PC12 cells, and SK-N-SH cells investigated the impact of nobiletin on oxidative stress and endoplasmic reticulum stress. Nobiletin showed neuroprotective effects on PC12 cells against hydrogen peroxide (H2O2)-induced apoptosis and restored the H2O2-induced decline in GSH and SOD levels [29,30]. Masjosthusmann et al., in 2019, investigated the detrimental toxicity of sodium arsenite (NaAsO2) on progenitor cells of rat and human brains (rNPCs and hNPCs, respectively). According to the authors, NaAsO2 impaired neurogenesis, exodus, and oligodendrogenesis in differentiating hNPCs and rNPCs [31]. Another study reported that in arsenic-exposed rats, the expression of numerous key genes required for normal maturation and axonal development, such as doublecortin, tenascin R, Mtap2, and Robo1, was found to be significantly downregulated. This adds to the theory that arsenic affects the capacity of hNPCs to grow into mature neurons, perhaps contributing to the reduction in the number of differentiating neurons [32]. Since arsenic toxicity is well reported in early stages of neurodevelopment, we employed hNPCs to assess arsenic-induced neurotoxicity [33].



To ameliorate neuronal damage, researchers are focusing on herbal compounds that have proven promising against neurotoxicity because of their anti-oxidative and neuroprotective efficacy and minimal adverse effects. The available quantum of literature highlights the multifaceted physiological activity of NOB and its neuroprotective effects on the brain. Here, we examined the impact of NOB against NA-induced neurotoxicity in hNPCs. We examined sodium arsenate-induced oxidative stress and neuronal damage in terms of the accumulation of the stress granule markers G3BP1 and TIA1 and also in terms of changes in the expression of neuronal markers. To the best of our knowledge, we report here, for the first time, NA-induced neurotoxicity on hNPCs and the neuroprotective effects of NOB on NA-challenged hNPCs.




2. Results


2.1. Cell Viability


Different concentrations of NA and NOB were administered in order to measure cell viability via MTT assay so as to determine the non-cytotoxic doses for our study. Figure 1A represents the NA-induced dose-dependent cytotoxic effects in hNPCs. The viable cell was 67.7% at 50 μM conc. (p < 0.01) of NA after 48 h of exposure and 55.8% at 50 μM conc. (p < 0.0001) of NA after 72 h of exposure; therefore, the 50 μM concentration for 48 h was adopted as the non-cytotoxic concentration for further experiments. A similar experiment was carried out for NOB. As depicted in Figure 1B, NOB at ≤50 μM did not show any significant toxicity, even in hNPCs exposed for up to 96 h (i.e., >70% viability was maintained), in contrast to the control group. Hence, we selected a concentration of 50 μM of nobiletin to study its neuroprotective impact against NA-mediated cellular toxicity. We therefore selected doses of NA 50 μM, NOB 50 μM, and co-exposure of NA 50 μM + NOB 50 μM for 48 h to further investigate the protective effect of NOB against NA-induced toxic insult.




2.2. Nobiletin (NOB) Protects hNPCs against Sodium Arsenate (NA)-Induced Neurotoxicity


After selecting non-cytotoxic concentrations for NA and NOB from the cell viability assay, we exposed the cells to NA, NOB, and NA + NOB (co-exposure) (Figure 2A). We observed the neurite length of the hNPCs for every group. The neurite length of the control hNPCs was found to be 229.4 ± 6.7. The neurite length was increased in cells exposed to only NOB (296.1 ± 6.4) in comparison to the control. The cells exposed to NA showed deformations and a decrease in neurite length (99.8 ± 4.0). The cells exposed to NA + NOB (co-exposure) showed increases in neurite length (264.5 ± 6.2) compared to those exposed to NA only. The morphological results indicate a possible neuroprotective effect of nobiletin against NA insult. Exposure to NA significantly reduced neurite length (2.3 times lower than in the control) in hNPCs, but co-exposure to NOB significantly restored neurite length (2.6 times greater than NA-exposed cells), as shown in Figure 2B.




2.3. Antioxidative Properties of Nobiletin


For dissecting out the anti-oxidative activity of NOB in hNPCs, we performed a DCFDA/H2DCFDA assay to measure ROS generation. The nonfluorescent H2DCFDA transforms to the highly fluorescent 2’,7’-dichlorofluorescein (DCF) after the cleavage of the acetate groups by intracellular esterases and oxidation. The fluorescent intensity of DCF directly correlates to ROS levels. Specifically, increase in the fluorescent intensity of DCF implies the ROS generation in cells. In this experiment, hNPCs were exposed to NA, NOB, and NA + NOB (co-exposure) for 48 h, followed by DCFDA incubation (Figure 3A). Cells exposed to NOB alone showed non-significant ROS generation (2.628 ± 0.31) in comparison to the control (1.972 ± 0.14), while in NA-exposed cells, the fluorescent intensity of DCF was found to be elevated (17.82 ± 0.73); the level was around eight times higher than that of unexposed cells, and this result showed the significant increase in ROS generation in the NA group. The cells exposed to NA + NOB (co-exposure) showed the levels of DCFDA fluorescent intensity (5.34 ± 0.26) that was around three times lower in comparison to NA-exposed cells. The results showed that NA-exposed hNPCs generated the highest ROS levels, while hNPCs co-exposed to NA + NOB showed a significant decrease in ROS generation, indicating the protective efficacy of NOB against NA-induced ROS generation. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) was taken as a positive control that showed maximum ROS generation, i.e., (20.32 ± 0.63) (Figure 3B).




2.4. Protective effect of NOB against NA-induced MMP alteration


To investigate the protective effect of NOB on NA-mediated alteration in the MMP, a JC-1 assay was performed. JC-1 gets excited at ≈490 nm and emits wavelength at ≈ 530 ± 40 nm (for JC-1 monomers—green) and at ≈ 580 ± 30 nm (for JC-1 aggregates—red). The membrane depolarization is greater if the monomer to aggregate ratio (530 ± 40: 580 ± 30) is larger. We exposed hNPC cells to NA, NOB, and NA + NOB (co-exposure) for 48 h and further administered incubation with JC-1 dye in all the groups. At a higher mitochondria membrane potential, JC-1 forms aggregates (red), but at low membrane potential, JC-1 forms monomers (green). When mitochondria are physiologically normal, their membrane potential is large, and JC-1 enters rapidly, thus forming aggregates; nevertheless, toxic insult can alter the normal membrane potential, leading to mitochondrial dysfunction and a decrease in membrane potential. The hNPCs in the unexposed group were viable and located in the aggregate (red) zone (red: green 6.85 ± 0.65, Figure 4A(c)). For a positive control, we exposed the hNPCs to CCCP (50 μM), a well-known MMP disrupter, and CCCP increased the cells in the JC-1 monomer area and decreased the size of the JC-1 aggregate area (red: green 0.206 ± 0.01, Figure 4A(o)). An enhancement intensity of JC-1 monomeric cells was observed due to the MMP loss induced by NA (50 μM) treatment (red: green 0.270 ± 0.02, Figure 4A(f)), while control cells showed a reduced number of JC-1’s monomeric form in comparison to the NA-exposed group. The exposure of NOB to hNPC cells did not cause a significant change in the MMP (red: green 7.41 ± 1.17, Figure 4A(l)) in comparison to the control group. The cells exposed to NA + NOB (co-exposure) (5.04 ± 0.40, Figure 4A(i)) showed a decrease in the JC-1 monomeric form in comparison to the NA-exposed cells. Thus, the results demonstrated that NOB protects against the MMP disruption caused by NA in hNPCs.




2.5. Impact of NOB on Neuronal Markers and Stress Granule Markers in Neural Progenitor Cells Exposed to NA


We studied the alterations in neuronal markers and stress granule markers via immunocytochemistry techniques where hNPCs were exposed to NA, NOB, and NA + NOB (co-exposure). The procedure followed was performed in accordance with the protocol mentioned in the Materials and Methods section. In Figure 5A, the expression of PAX6 and nestin was shown in all the groups. The fluorescent intensity of the images was calculated and represented in Figure 5B. The cells in the control group that were analyzed for PAX6 had a fluorescence intensity of 22.71 ± 0.47, while the fluorescent intensity in NA-exposed cells was 4.45 ± 0.16, which indicated the presence of neuronal damage in NA-exposed cells in comparison to the control cells. Cells exposed to NOB alone showed a fluorescence intensity of 21.68 ± 0.47, which was relatively similar to the control hNPCs. A significant upregulation of PAX6 fluorescence intensity in co-exposed hNPCs (17.16 ± 0.77) was observed, in contrast with the NA-exposed cells, which confirmed that the identity of the neuronal markers was maintained by NOB. For nestin, NA-exposed cells showed a lower fluorescence intensity of 5.73 ± 0.30 in comparison to the control value of 37.06 ± 1.29, which indicated the impairment of nestin expression in NA-exposed cells. On the other hand, NOB-exposed cells showed a fluorescent intensity of 37.52 ±1.15, which was relatively similar to that of the control group. The NA + NOB co-exposed cells had a fluorescence intensity of 22.54 ± 0.64, which was significantly higher than the NA-exposed group; thus, confirming the protective efficacy of NOB for the restoration of neuronal identity in the case of neuronal damage induced by NA.



We also confirmed the expression of Tuj1 and MAP2 via immunocytochemistry techniques (Figure 6). The morphological fluorescence images are represented in Figure 6A, while the calculations of fluorescence intensity are represented in Figure 6B. When cells were exposed to NA, the expression of Tuj1 was found to be 9.37 ± 0.56, while in control cells, it was found to be 30.71 ± 0.73. Results showed neuronal damage in NA-exposed hNPCs and lower levels of neuronal markers expression in comparison to the control. Cells exposed to NOB alone showed a 31.06 ± 1.65 fluorescence intensity, which was very near to that of the control group. The NA + NOB (co-exposure) cells showed an increased fluorescence intensity of 18.3 ± 0.56 in comparison to the NA-exposed cells. This demonstrated that NOB prevented the neuronal marker impairment caused by NA exposure. The MAP2 marker was also analyzed for MAP2 expression in exposed and unexposed cells; the results confirmed the neuroprotective effect of NOB against NA insult. It was shown that cells exposed to NA showed a 9.17 ± 0.38 MAP2 expression in comparison to the control level of 32.99 ± 0.42, whereas in NA + NOB (co-exposure) cells, fluorescence intensity values were found to be 23.15 ± 0.76. The cells exposed to NOB showed a similar value to that of the control group: 32.9 ± 1.20. The results for various neuronal markers showed the restoration efficacy of NOB against NA-mediated neuronal damage in hNPCs.



The stress granule markers (G3BP1 and TIA1) were analyzed by immunocytochemistry techniques. G3BP1 and TIA1 expressions are presented in Figure 7. The images are represented in Figure 7A, and their calculated fluorescence intensities are shown in Figure 7B. When cells were exposed to NA, the fluorescence intensity was found to be 24.47 ± 0.48 for G3BP1, which was around four times higher than the control value of 5.60 ± 0.29. The results showed the significant enhancement of stress granule marker expression in the presence of toxic insult. NA + NOB (co-exposure) cells showed an 11.85 ± 0.69 fluorescence intensity, which was around two times lower than the cells exposed to NA alone. The resultant decreased intensity showed that NOB along with NA reduced the expression of stress granule markers. The cells exposed to NOB demonstrated a non-significant expression in terms of fluorescence intensity, i.e., 7.79 ± 0.38, in comparison to the control. The expression of the TIA1 stress granule marker was also evaluated, and the results showed that NA-exposed cells had a 23.46 ± 0.98 fluorescence intensity, which was much higher in comparison to the control cells that had a 1.45 ± 0.20 fluorescence intensity. The expression of the stress granule marker TIA1 in NA-exposed cells was found to be approximately 12 times higher than in control exposed cells. NA+ NOB (co-exposed) cells exhibited a fluorescence intensity of 6.46 ± 0.42. This value was around three times lower than NA-exposed cells. This result confirmed that NOB drove the protective effects against the stress granule markers in hNPCs. Thus, it can be stated that NOB has neuroprotective efficacy and an anti-stress potential against toxic insults of NA.





3. Discussion


In neuropathological situations, the production of endogenous oxidative stress and reactive oxygen species (ROS) in the central nervous system (CNS) are leading causes of neurodegeneration [34]. Imbalances in oxidative and anti-oxidative responses, along with ROS formation and mitochondrial malfunction, are hypothesized to be involved in the pathophysiology of neuronal cell death [35]. According to our findings, the oxidative state plays a vital role in regulating and controlling neuronal cell survival in the brain by interacting with cellular components. Additionally, the role of mitochondrial dysfunction has also been linked to cellular damage, as depicted in Figure 4, where results showed that NOB protects against the MMP disruption caused by NA in hNPCs. In our investigation, it was also found that sodium arsenate impaired neuronal markers, such Tuj-1 and nestin, but these markers were restored when hNPCs were co-exposed to NA and NOB. The toxicity induced by NA has previously been linked to the production of oxidative stress, which results in neuronal damage and elevated levels of stress granule markers. In our present study, we investigated the role of TIA1 and G3BP1 stress granule markers in NA-induced neurotoxicity. TIA1 aids in the recruitment of the spliceosome, which regulates RNA splicing, and suppresses the transcription of several genes, including the cytokine tumor necrosis factor-alpha. TIA1 moves from the nucleus to the cytoplasm in response to stress, where it nucleates a form of RNA granule known as the stress granule; hence, TIA1 participates in the translational stress response [36]. G3BP1 is a multifunctional protein best known for its role in stress granule construction and related dynamics. Evidence suggests that G3BP1 appears necessary for neural growth and survival [37]. The creation of G3BP1/mice exhibiting late embryonic lethality emphasizes the relevance of G3BP1. All organs were present and were of standard size in G3BP1/neonates (on the 129/Sv mouse background), with the only notable anomaly being significant cell death in the brain. Many follow-up studies focusing on stress granule dynamics have been carried out in immortalized cell lines (e.g., HeLa, U2OS, HEK293) or using over-expression to express proteins prone to phase separation [38]. In this study, perhaps for the first time, we investigated the involvement of G3BP1- and TIA1-linked neuronal impairment in in vitro hNPCs exposed to NA to determine the impact of oxidative stress and evaluate the anti-oxidative effect of NOB. It was discovered that when cells were exposed to NA, the stress granule markers TIA1 and G3BP1 were upregulated, and when cells were co-exposed to NA and NOB, it ameliorated the level of stress granule markers; hence, it can be inferred that NOB aided in neuronal restoration and provided protection from oxidative stress.



According to a prior study, nobiletin improved memory in a rat AD model by repairing the phosphorylation of the cAMP response element-binding protein, which had been damaged due to amyloid formation. The Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-J cog) was used in a case study to see whether nobiletin could delay the progression of cognitive impairment in donepezil-administered AD patients [39]. The blood–brain barrier (BBB) permeability of NOB was examined in several studies that reported that it has high BBB permeability, and the maximal concentrations of nobiletin in the brain and plasma were found to be 4.20 µg/mL and 1.78 µg/mL, respectively [40,41]. Hence, nobiletin could be considered as a possible promising compound for managing brain cell impairment. A study by Lan Zhang. et al. stated that nobiletin stimulates antioxidant and anti-inflammatory responses and protects against ischemic stroke. The authors demonstrated that the ischemia-induced upregulation of NF-κB and MMP9 were reduced following NOB injection, suggesting that NOB’s therapeutic impact in ischemic stroke may be linked to a lower expression of MMP9 and NF-κB genes [24]. Filiz Kazak. et al. discovered that nobiletin treatment boosted BDNF levels and prevented cisplatin-induced neuronal degeneration and edema. In a rat model of cisplatin-induced neurotoxicity, it also reduced cisplatin-induced apoptosis in the cerebrovascular endothelium and neurons. Thus, nobiletin might be considered as a supplement to cisplatin therapy for cancer patients [42]. Our results showed a substantial reduction in the reactive oxygen species and an amelioration of the mitochondrial membrane potential in the co-exposure group (NA + NOB) in comparison to the NA-exposed group. Hence, it can be concluded that NOB could be a potential agent for managing and protecting neuronal cells from oxidative damage caused by NA exposure.



Pax6 regulates the fate of neural progenitor cells throughout their development and guides them to adult neuronal commitment [43]. Pax6 is required in mammals to determine the neuro-ectodermal fate from pluripotent embryonic cells, for neurogenesis, and also for maintaining the stem cell and progenitor cell population in the actively dividing germinal core [44]. Pax6 expression begins in a broad region of the neuro-epithelium in mice as early as embryonic day 8, when the neural tube approaches closure. Pax6 is expressed throughout neuronal development, from the actively dividing germinal core across the cellular regions of the embryonic forebrain, midbrain, hindbrain, and adult brain [45,46]. The aforementioned Pax6 functions are based on its expression patterns in different brain areas throughout neuronal development. In this study, we looked at PAX-6 protein expression in hNPCs and discovered that NA downregulates PAX-6 expression, whereas NOB increased PAX-6 expression, indicating the neuroprotective role of nobiletin. The microtubule-associated protein 2 (MAP2) family of proteins, in particular, is a large family of cytoskeletal components that are primarily produced in neurons and act as substrates for the majority of protein kinases and phosphatases [47]. MAP2 plays a crucial role in the nucleation and stabilization of microtubules, the regulation of organelle translocation within axons and dendrites, and the anchoring of regulatory proteins such as protein kinases, all of which is significant for signal transmission. The function of MAP2 is related to the expansion of neuronal processes, synaptic plasticity, and neuronal cell death. As a result, MAP2 is a fascinating case study for understanding how its expression regulates neuronal function [48,49]. To corroborate the presence of MAP-2, its expression was examined in control and exposed cells using immunocytochemistry. We discovered that MAP-2 was downregulated in NA-exposed cells, whereas hNPCs co-exposed to NA + NOB showed higher expression of MAP2, confirming the neuroprotective efficacy of NOB. Thus, NOB may play a crucial role in the maintenance of neural integrity when altered by increased oxidative stress in response to NA exposure. Moreover, our findings also indicated that the neuroprotective action of NOB prevented the loss of other neuronal markers, such as nestin and Tuj1, when exposed to NA. Therefore, NOB can be marked as a potential neuroprotectant with anti-oxidative and anti-stress properties for the management and cure of neurodegenerative pathologies. A schematic representation depicting the neuroprotective role of NOB against NA-induced neuronal damage is illustrated in Figure 8. However, there is much scope for further elucidating the molecular mechanisms of the action of nobiletin with respect to the protection of neuronal cells from xenobiotic-induced oxidative stress and neuronal damage.




4. Materials and Methods


4.1. Reagents and Consumables


Chemicals reagents and kits used were procured from Thermo Fisher Scientific (Waltham, MA, USA) and sigma unless and otherwise stated. Essential 8 medium (#A1517001), DMEM/F12 medium (#12500062), N2 supplement (#17502048), B27 supplement (#17504044), Invivogen Normocin (#ant-nr-1), Episomal human iPSCs (#A18945), sodium biocarbonate, fluorescent antibodies, and D-PBS were purchased from Gibco (Thermo Fisher Scientific). All the primary antibodies were purchased from abcam. Sodium arsenate and carbonyl cyanide m-chlorophenylhydrazone (CCCP) were purchased from sigma-aldrich. Nobiletin was procured from carbosynth. Plastic and culture wares were procured from Thermofisher scientific and Corning Inc. All the experiments were performed using Autoclaved Milli Q water.




4.2. Cell Culture


Human episomal iPSC cell lines were obtained from Gibco. A standard cell culture medium, Essential 8™ Medium, was used for culturing hiPSCs. A matrigel-coated 60 mm culture dish was used that provided a defined surface for a feeder-free extracellular matrix, thus maintaining pluripotency and average growth of iPSCs. The iPSCs were cultured on matrigel-coated 60 mm dish in Essential 8 medium, and kept in a humidified incubator with 5% CO2 at 37 °C. For the formation of neural progenitor cells (hNPCs), pure iPSC colonies were detached manually and grown in suspension in an ultra-low attachment plate to form embryoid bodies (EBs). Large spherical EBs were selected and plated over the matrigel-coated culture dish to form hNPCs. hNPCs were cultured in a 60 mm dish and expanded for the experiments.




4.3. MTT Assay


The MTT test was carried out by the procedure for assessing NA- and NOB-induced cytotoxicity [50]. Approximately 20,000 hNPC cells were seeded in a matrigel-coated 96-well culture plate and incubated in a humidified incubator with 5% CO2 at 37 °C. On the next day, the cells were starved by giving a basal medium of DMEM/F12 only. Cells were subjected to different doses (1 µM, 5 µM, 10 µM, 25 µM, 50 µM, 100 µM, and 200 µM) of NA and NOB. At periods of 24 h, 48 h, 72 h, and 96 h, the cytotoxicity induced by NA and NOB was measured. When it was 4 h before the end of the dose exposure time, 10 µL of MTT (5 mg/mL) was added to each well and incubated for approx. 4 h at 37 °C, 5% CO2. The MTT-containing media was aspirated after exposure, and formazan crystals were dissolved using 200 µL DMSO. The plate was read at 550 nm using a spectrophotometer (Synergy HT, BioTek, Santa Clara, USA). The trials were carried out in triplicate, with a positive control set running concurrently.




4.4. Morphology of Cells and Neurite Length


After selecting the concentrations of NA and NOB, cells were treated with NA 50 µM, NOB 50 µM, and the co-exposure of NA and NOB for 48 h. A phase-contrast microscope equipped with NIS Element BR software from Nikon (Melville, NY, USA) was used for the measurement of neurite length.




4.5. ROS Generation


The 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA) fluorescent dye was used to detect ROS generation quantitatively and qualitatively. The substrate was 2′,7′ dichlorofluorescein diacetate, which was measured when oxidized into 2′,7′ dichlorofluorescein (DCF). In brief, the control and exposed groups of hNPCs were incubated in the dark at 37 °C for 60 min after adding 10 μM DCF-DA. For the positive control, a 50 μM final concentration of carbonyl cyanide m-chlorophenylhydrazone (CCCP) was given to the cells and incubated for 5 min at 37 °C. The intracellular fluorescence of DCF was measured using the Invitrogen EVOS FL imaging system. The experiments were carried out in triplicate.




4.6. JC-1 Dye for Mitochondrial Membrane Potential


The regular mitochondrial activity of cells may be assessed by measuring changes in the mitochondrial membrane potential. In a 6-well culture plate, 1 × 105 cells were plated per well and incubated for 20–30 min at 37 °C, 5% CO2. The cells were then exposed to selected doses of NA and NOB. After the completion of 24 h of treatment, the cells were washed in PBS, and 2 μM of JC-1 dye was placed in each well, followed by 15–30 min of incubation at 37 °C with 5% CO2. For the positive control, 50 μM final concentration of CCCP was added to the cells and incubated for 5 min at 37 °C. Using Invitrogen EVOS FL imaging, the fluorescence intensity of the test cultures (including controls) was assessed immediately after the dye was replaced with pre-warmed PBS.




4.7. Immunocytochemical Analysis


hNPCs were seeded on the matrigel-coated 18 mm glass coverslip on 12 healthy culture plates. Cells were incubated with primary and secondary antibodies, and slides were prepared using Fluoroshield™ with DAPI. The slides were visualized under EVOS FL using specific filters for secondary antibodies and DAPI. Three randomly selected microscopic fields were considered and analyzed for measuring fluorescence intensity using ImageJ (1.49 V) analysis software (NIH Image) for each marker. The AFI values were acquired from the ImageJ software and were manually derived in Microsoft Excel. GraphPad Prism 7.0 software (GraphPad Software, La Jolla, CA, USA) was used for the data analysis.




4.8. Statistical Analysis


The experiments were performed in triplicate, and data were represented as the ± standard error of the mean (SEM). Comparisons among the groups were performed using one-way analysis of variance (ANOVA). The GraphPad Prism 7 application was used to interpret the corresponding parameters, error bars, p-values, and bar graphs.
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Figure 1. MTT assay was performed on hNPCs following NA and NOB exposure for 24, 48, 72, and 96 h. (A) is graphical representation of cell viability with different concentrations of sodium arsenate (NA) and (B) showing the cell viability at different concentration of nobiletin (NOB). The values are the mean ± SE of experiment replicates. The data are represented as the mean of the percent of the unexposed control ± SE, n = 2 (biological replicates). 
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Figure 2. Neuronal protection in hNPCs: (A). (a) Morphological control, (b) Morphological alterations following the exposure to sodium arsenate (NA), (c) Morphological alterations/recovery/protection following the co-exposure to NA + NOB, and (d) morphological alterations following the exposure to NOB. All images are of phase contrast microscopy, which represents the biological triplicates. (B). Graphical representation of neurite length analysis following the different groups of exposures. Data are presented as the ± SEM, n = 3 (biological replicates including their technical replicates); the significant changes in comparison to the unexposed control group are: ** p < 0.01, **** p < 0.0001, and #### p < 0.0001 compared with NA-exposed cells. Scale bar, 200 µM. The images were taken at a magnification of 200×. 
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Figure 3. Detection of ROS generation by DCFH-DA in hNPCs (A) (a) Control or unexposed cells, (b) NA-exposed cells, (c) NA and NOB co-exposed group, (d) NOB exposed cells, and (e) Positive control group exposed to CCCP. Images were taken with Invitrogen EVOS FL fluorescence microscope. Scale bar, 100 µM. (B) Graphical representation of ROS generation following the different groups of exposures. Cellular and mitochondrial ROS generation was calculated by ImageJ software. Data are represented as the ±SEM of three separate experiment replicates performed in n = 3 (biological replicates); the significant changes in comparison to the unexposed control group are *** p < 0.001, **** p < 0.0001, and #### p< 0.0001 compared with NA-exposed cells. 
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Figure 4. Mitochondrial membrane potential (MMP) measurement by JC1 dye in (A). (c) Control or unexposed cells, (f) NA-exposed cells, (i) NA + NOB co-exposed group, (l) NOB exposed cells, and (o) Positive control group exposed to CCCP. The JC1 aggregates were observed to be red and monomers to be green. Images were taken with an Invitrogen EVOS FL fluorescence microscope. Scale bar, 100 µM. (B) Fluorescent intensity was calculated by ImageJ software; images are represented in graph format. Data are presented as the ±SEM of three separate experiments performed in n = 3 (biological replicates). The change in expression pattern is statistically significant as indicated by **** p < 0.0001 in comparison to the control and #### p< 0.0001 compared with NA-exposed cells. 
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Figure 5. Effect of NA and NOB on hNPCs neuronal markers. (A) Representative immunocytochemistry (ICC) images of hNPCs depicting the expression of functional neuronal marker genes PAX6 and nestin of (d) Control or unexposed cells, (h) NA-exposed cells, (l) NA and NOB co-exposed group, (p) NOB-exposed cells; Images were taken using an Invitrogen EVOS FL fluorescence microscope. Scale bar, 100 µM. (B) Fluorescent intensity was calculated by ImageJ software, and images are represented in graph format. Data are presented as the ±SEM of three separate experiments performed in n = 3 (biological replicates). The change in expression pattern is statistically significant as indicated by **** p < 0.0001 vs. the control and #### p < 0.0001 compared with NA-exposed cells. 
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Figure 6. Effect of NA and NOB on hNPCs neuronal markers. Figure (A) Representative immunocytochemistry (ICC) images of hNPCs, depicting the expression of the functional neuronal marker genes TUJ1 and MAP2 of (d) Control or unexposed cells, (h) NA-exposed cells, (l) NA and NOB co-exposed group, and (p) NOB exposed cells; Images were taken using an Invitrogen EVOS FL fluorescence microscope. Scale bar, 100 µM. (B) Fluorescent intensity was calculated by ImageJ software, and images are represented in graph format. Data are presented as the ±SEM of three separate experiments performed in n = 3 (biological replicates). The change in expression pattern is statistically significant as indicated by * p < 0.05, **** p < 0.0001 vs. control and #### p< 0.0001 compared with NA-exposed cells. 
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Figure 7. Effect of NOB and NA on stress granule markers G3BP1 and TIA1 in hNPCs. (A) Representative immunocytochemistry (ICC) images of hNPCs depicting the expression of G3BP1 and TIA1 positive granules in (d) Control or unexposed cells, (h) NA-exposed cells, (l) NA and NOB co-exposed group, and (p) NOB exposed cells; Images were taken using an Invitrogen EVOS FL fluorescence microscope. Scale bar, 100 µM. (B). Quantification of cells with G3BP1 and TIA1 positive granules under the indicated conditions. Fluorescent intensity was calculated by ImageJ software, and images are represented in graph format. Data are presented as the ±SEM of three separate experiments performed in 3 biological replicates. The change in expression pattern is statistically significant as indicated by * p < 0.05, **** p < 0.0001 compared to the control and #### p < 0.0001 compared with NA-exposed cells. 
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Figure 8. Schematic representation of NA-induced neuronal damage and the neuroprotective efficacy of NOB on human neural progenitor cells (hNPCs). (Figure Created with BioRender.com (accessed on 19 April 2022). 
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