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Abstract

:

Parkinson’s disease (PD) is an age-related neurodegenerative disease (NDD) characterized by the degenerative loss of dopaminergic neurons in the substantia nigra along with aggregation of α-synuclein (α-syn). Neurogenic differentiation of human adipose-derived stem cells (NI-hADSCs) by supplementary factors for 14 days activates different biological signaling pathways. In this study, we evaluated the therapeutic role of NI-hADSC-conditioned medium (NI-hADSC-CM) in rotenone (ROT)-induced toxicity in SH-SY5Y cells. Increasing concentrations of ROT led to decreased cell survival at 24 and 48 h in a dose- and time-dependent manner. Treatment of NI-hADSC-CM (50% dilution in DMEM) against ROT (0.5 μM) significantly increased the cell survival. ROT toxicity decreased the expression of tyrosine hydroxylase (TH). Western blot analysis of the Triton X-100-soluble fraction revealed that ROT significantly decreased the oligomeric, dimeric, and monomeric phosphorylated Serine129 (p-S129) α-syn, as well as the total monomeric α-syn expression levels. ROT toxicity increased the oligomeric, but decreased the dimeric and monomeric p-S129 α-syn expression levels. Total α-syn expression (in all forms) was increased in the Triton X-100-insoluble fraction, compared to the control. NI-hADSC-CM treatment enhanced the TH expression, stabilized α-syn monomers, reduced the levels of toxic insoluble p-S129 α-syn, improved the expression of neuronal functional proteins, regulated the Bax/Bcl-2 ratio, and upregulated the expression of pro-caspases, along with PARP-1 inactivation. Moreover, hADSC-CM treatment decreased the cell numbers and have no effect against ROT toxicity on SH-SY5Y cells. The therapeutic effects of NI-hADSC-CM was higher than the beneficial effects of hADSC-CM on cellular signaling. From these results, we conclude that NI-hADSC-CM exerts neuroregenerative effects on ROT-induced PD-like impairments in SH-SY5Y cells.
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1. Introduction


Neurodegenerative diseases (NDDs) including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD), and amyotrophic lateral sclerosis (ALS), are characterized by the chronic loss of different neuronal subtypes [1]. PD is an age-related NDD characterized by the progressive loss of dopaminergic (DAergic) neurons in the substantia nigra (SN) pars compacta (SNpc) and the formation of misfolded protein aggregates [2]. Reduction of the rate-limiting enzyme in the biosynthesis of catecholamine neurotransmitters, tyrosine hydroxylase (TH), results in the loss of dopamine in the basal ganglia, an area of the brain responsible for fine motor control [3]. Progressive and abnormal protein aggregation results in the accumulation of intracellular α-synuclein (α-syn) inclusions known as Lewy bodies (LBs) and Lewy neurites (LNs) composed of aggregated α-syn fibrils, which seems to be associated with PD [2].



Rotenone (ROT), a piscicide extracted from the roots and plants belonging to the genera Lonchocarpus and Derris, is highly lipophilic and can easily cross all biological membranes, including the blood-brain barrier (BBB). ROT inhibits the activity of the mitochondrial electron transport chain (ETC) complex 1 (EC 7.1.1.2; reduced nicotinamide adenine dinucleotide ubiquinone reductase, NADH ubiquinone oxidoreductase, and Type I NADH dehydrogenase), leading to reduced ATP production and formation of reactive oxygen species (ROS), which can induce oxidative stress and impair oxidative phosphorylation [4]. Indeed, ROT has been reported for its ability to induce the formation of α-syn-positive cytoplasmic inclusions resembling LBs in nigral neurons, accompanied by PD-like neurodegeneration [5].



α-syn is a relatively small ubiquitous protein consisting of 140 amino acids; it is highly expressed in the presynaptic structures of the brain. α-syn exists as species with multiple molecular weights, including monomeric, dimeric, oligomeric, and fibrillary structures [6]. Monomeric α-syn has an amphipathic N-terminus, a hydrophobic central region (non-amyloid component), and an acidic C-terminus. In native conditions, monomeric α-syn is intrinsically soluble and capable of binding to membrane phospholipids; however, the aggregation process of α-syn involves the formation of several intermediate species, such as soluble and/or insoluble dimers, oligomers, protofibrils [7]. Therefore, oligomeric α-syn is widely used to describe aggregated α-syn [8].



In the α-syn aggregation process, post-translational modifications such as phosphorylation, ubiquitination, truncation, and oxidation by tyrosine nitration have emerged as major markers of α-syn pathology [9]. The phosphorylation of α-syn on multiple sites at the C-terminal end (S89, S129, Y125, Y133, and Y136) has important implications; phosphorylation at Serine 129 (p-S129) increases the appearance of eosinophilic cytoplasmic inclusions resembling the LBs of PD [10]. Studies have reported that approximately 90% of α-syn in LBs is phosphorylated at S129 in postmortem PD samples [11,12]. The abnormally accumulated α-syn oligomers at the presynaptic membrane in diseased neurons propagate to nearby healthy neurons via presynaptic terminals [13]. This transmission of α-syn induces mitochondrial dysfunction and promotes mitochondrial susceptibility to oxidative stress, dopamine transporter-mediated toxicity, caspase activation and cell death, which promotes the pathogenesis of PD and DLB [14,15].



Considering the above information, it is crucial to develop treatments that can reduce α-syn aggregation and impede PD progression. Interestingly, cell-based therapies with mesenchymal stem cells (MSCs) and their secretomes have been shown to cross the BBB, which explains their use in the treatment of NDDs [16]. MSCs are self-renewing and multipotent progenitor cells, and their beneficial effects against NDDs were mainly due to the factors they secrete, rather than cellular engraftment in models of PD [17,18], demonstrating the neuroprotective ability of MSC-conditioned medium (MSCs-CM). Moreover, adipose tissues represent an emerging source of stem cells; these tissues are obtained by less invasive methods such as lipoaspiration. Human adipose tissue-derived stem cells (hADSCs) differentiate into neuron- or glia-like cells in vitro [19]. Consistent with the results of the above studies, our group previously reported that neural-induced hADSCs (NI-hADSCs) displayed the functional characteristics of neuronal cells in the presence of basic fibroblast growth factor (bFGF) and forskolin for over two weeks [20]. In the present study, we evaluated the therapeutic role of NI-hADSC conditioned medium (NI-hADSC-CM) in ROT-induced PD-like impairments. We evaluated the differential alterations in the levels of soluble/insoluble monomeric, dimeric, and oligomeric forms of p-S129 and total α-syn expression. Moreover, we studied the involvement of specific cellular signaling pathways in human SH-SY5Y cells to gain valuable insights into PD pathogenesis.




2. Results


2.1. Effects of NI-hADSC-CM on ROT-Induced Cell Death in SH-SY5Y Cells


To evaluate the toxicity of ROT on SH-SY5Y cells, dose- and time-dependent studies were performed. Cells cultured in DMEM with 1% FBS were incubated with different concentrations of ROT (0, 0.5, 1, 2, 3, 4, 5, 7.5, and 10 μM) for 24 or 48 h. Adherent cells after trypsinization and deplated floating cells were used for trypan blue cell viability assays. The cell survival rate gradually decreased with increasing concentrations of ROT, indicating that ROT induced cell death after 24 and 48 h in a dose- and time-dependent manner (Figure 1a). Based on this experiment, 0.5 μM ROT, which reduced cell viability to around 55% compared with the control group, was used in all subsequent experiments.



To test the therapeutic effects of NI-hADSC-CM, SH-SY5Y cells were first treated with or without ROT for 24 h. After removal of culture medium, cells were treated with or without hADSC-CM or NI-hADSC-CM at 100, 50, and 25% dilution in DMEM supplemented with 1% FBS and incubated in the absence or presence of ROT (0.5 μM) for another 24 h (Figure 1b). Treatment with NI-hADSC-CM at 100, 50, and 25% dilutions significantly increased the numbers of ROT-exposed cells, but the normal number of cells was maintained in case of the control groups. In contrast, ROT-exposed cells treated with hADSC-CM did not show any significant changes against ROT-induced toxicity. However, they showed a significant decrease in cell numbers compared with the normal control group. These results evidence that NI-hADSC-CM must have higher therapeutic effects compared to hADSC-CM, which showed toxicity to control SH-SY5Y cells and no significant protective effect against ROT toxicity. Morphological changes showed that ROT exposure retracted cell neurites, altered the cell surface, and reduced the cell number, compared with the control group. NI-hADSC-CM treatment increased the cell number, along with an increase in the amount of cell neurites (Supplementary Figure S1). From these results, we chose NI-hADSC-CM at 50% dilution for further experiments (Supplementary Figure S2a) and morphological observation observed (Supplementary Figure S2b).




2.2. Effects of NI-hADSC-CM against ROT on TH and Syn211 Protein Expressions in SH-SY5Y Cells


TH, which is the rate-limiting enzyme for the biosynthesis of dopamine (DA), was evaluated by Western blotting (Figure 2a and Supplementary Figure S5). As expected, the protein expression of TH was significantly decreased following ROT toxicity (p<0.001) after 48 h, suggesting that ROT-induced toxicity led to neurodegeneration in SH-SY5Y cells. However, treatment with NI-hADSC-CM showed a marked protective effect (p < 0.001) against ROT toxicity in the last 24 h of the 48-h incubation period. hADSC-CM (50%) also showed protective effects, similar to NI-hADSC-CM.



To determine whether the expression of α-syn has been linked to PD, we used α-syn clone Syn211 antibody in Western blotting. To our surprise, results revealed that ROT-induced a significant decrease in total α-syn detected as Syn211 monomer (14 kDa), furthermore, the level of Syn211 was found to be increased in the NI-hADSC-CM or hADSC-CM treatment against ROT toxicity on SH-SY5Y cells (Figure 2b and Supplementary Figure S5).




2.3. Effects of NI-hADSC-CM against ROT on p-S129 and Total α-syn Protein Expressions in SH-SY5Y Cells


The crucial neuropathological feature in PD is the progressive accumulation of α-syn aggregates. To assess the molecular underpinnings of ROT-induced α-syn aggregation in SH-SY5Y cells, Western blot analyses of the Triton X-100-soluble and -insoluble (2% SDS soluble) lysate fractions were performed (Figure 3 and Figure 4). hADSC-CM, which showed toxicity to control SH-SY5Y cells on cell viability study (Figure 1b), but showed significant protective effect on TH and Syn211 against ROT toxicity (Figure 2) might not suitable to use against NDDs, therefore, hADSC-CM was omitted here. The Triton X-100-soluble and -insoluble (2% SDS soluble) protein fractions from 4 groups (depicted in Supplementary Figure S3a) were loaded onto 12 and 8% SDS-PAGE gels and immunoblotted for detecting the oligomeric, dimeric, and monomeric forms of p-S129 and total α-syn protein expression levels (Figure 3 and Figure 4).



The analysis of the Triton X-100-soluble fraction (Figure 3a and Supplementary Figure S6) revealed that 48 h of 0.5 μM ROT toxicity significantly decreased the levels of the oligomeric (p < 0.05 with 12 and 8% SDS-PAGE), dimeric (p < 0.01 and p < 0.05 with 12 and 8% SDS-PAGE, respectively), and monomeric (p < 0.001 with 12 and 8% SDS-PAGE) forms of p-S129 α-syn as well as the total monomeric α-syn levels (p < 0.001 with 12 and 8% SDS-PAGE) (Figure 3b–e).



However, the levels of p-S129 and total α-syn were significantly increased after treatment with NI-hADSC-CM for the last 24 h of the 48-h incubation period, compared to ROT exposure alone. The levels of the oligomeric (p < 0.05 and p < 0.01 with 12 and 8%, respectively), and dimeric and monomeric (p < 0.01 and p < 0.05 with 12 and 8% SDS-PAGE, respectively) forms of p-S129 α-syn as well as total monomeric α-syn (p < 0.05 and p < 0.05 with 12 and 8% SDS-PAGE, respectively), increased as seen in Figure 3b–e. Additionally, the ratio of monomeric p-S129/total α-syn was not changed following ROT-induced toxicity and NI-hADSC-CM treatment (Supplementary Figure S3b,c; 12 and 8% SDS-PAGE, respectively), suggesting that the expression of p-S129 was positively correlated with that of total α-syn.



As shown in Figure 4 and Supplementary Figure S7, we compared the Triton X-100-insoluble p-S129 protein expression levels with the total α-syn expression levels.



We observed that ROT toxicity induced an increase in the levels of oligomeric (p < 0.01 with 12 and 8% SDS-PAGE) p-S129 α-syn, but a decrease in the expression levels of dimeric (p < 0.01 and p < 0.05 with 12 and 8% SDS-PAGE, respectively) and monomeric (p<0.01 with 12 and 8% SDS-PAGE) p-S129 α-syn (Figure 4b,d, respectively from 12 and 8% SDS-PAGE). NI-hADSC-CM treatment significantly reversed the effects of ROT on the oligomeric (p < 0.001 with 12 and 8% SDS-PAGE), dimeric (p > 0.05 and p < 0.01 with 12 and 8% SDS-PAGE, respectively), and monomeric (p < 0.01 with 12 and 8% SDS-PAGE) p-S129 protein expression levels.



Moreover, the oligomeric, dimeric, and monomeric forms (12% SDS-PAGE: p < 0.05; 8% SDS-PAGE: oligomeric and monomeric α-syn at p < 0.001, dimeric α-syn at p < 0.01) of total α-syn in the insoluble fractions were significantly increased following ROT-induced toxicity, compared with the corresponding levels in the control samples. Treatment of ROT-exposed cells with NI-hADSC-CM for the last 24 h of the 48-h incubation period reduced the expression levels of the oligomeric (p < 0.001 with 12 and 8% SDS-PAGE), dimeric (p < 0.01 and p < 0.001 with 12 and 8% SDS-PAGE, respectively gel), and monomeric (p < 0.01 with 12 and 8% SDS-PAGE) forms of total α-syn to approximately the levels observed in the control samples (Figure 4c and 4e, respectively from 12 and 8% SDS-PAGE). In addition, the ratio of oligomeric p-S129/total α-syn in ROT-exposed cells treated with NI-hADSC-CM did not change (Supplementary Figure S3d,e), suggesting that the expression levels of insoluble oligomers of p-S129 were positively correlated with those of oligomeric total α-syn. The ratio of dimeric and monomeric p-S129/total α-syn following ROT-induced toxicity was decreased, but that in NI-hADSC-CM-treated cells were increased to the levels observed in the control samples (Supplementary Figure S3d,e; 12 and 8% SDS-PAGE, respectively). The hADSC-CM treatment, which showed toxicity to control SH-SY5Y cells and no protective effect against ROT-induced toxicity was not used in Western blot to detect p-S129 and/or total α-syn.




2.4. Effects of NI-hADSC-CM against ROT on Protein Expression of Neuronal Markers in SH-SY5Y Cells


Phosphorylated α-syn can interact with several cytoskeletal and synaptic proteins and affect their neuronal functions. To evaluate this aspect, we investigated the protein expression of the neuronal markers neurofilament-heavy (NF-H), β3-tubulin (Tuj1), neuronal nuclei (NeuN), and synaptophysin (SYP) (Figure 5 and Supplementary Figure S8). ROT-exposed cells showed a significant decrease in the expression levels of NF-H (p < 0.001; Figure 5a), β3-tubulin (p < 0.001; Figure 5b), NeuN (p < 0.05; Figure 5c), and SYP (p < 0.05; Figure 5d) compared with the control group. As expected, the NF-H, β3-tubulin, NeuN, and SYP expression levels were increased by NI-hADSC-CM (p < 0.001 for all) and hADSC-CM (β3-tubulin: p < 0.01; NeuN and SYP: p < 0.001) in ROT-exposed SH-SY5Y cells. Treatment of control cells with NI-hADSC-CM increased the expression levels of NF-H (p < 0.05) and NeuN (p < 0.01).




2.5. Effects of NI-hADSC-CM against ROT on Apoptotic Protein Expression Levels in SH-SY5Y Cells


As the abnormal accumulation of α-syn oligomers during oxidative stress leads to mitochondrial dysfunction, we detected the levels of the pro-apoptotic protein Bax and anti-apoptotic proteins Bcl-2 and Mcl-1 to examine the effects of NI-hADSC-CM on the expression of apoptosis-related proteins in ROT-exposed SH-SY5Y cells (Figure 6 and Supplementary Figure S9). We found that ROT exposure for 48 h significantly increased the levels of Bax (p < 0.001; Figure 6a) but decreased those of Bcl-2 (p < 0.05; Figure 6b) and Mcl-1 (p < 0.01; Figure 6c), compared with the control group. However, treatment with NI-hADSC-CM or hADSC-CM significantly decreased the Bax levels (p < 0.001) and increased the Bcl-2 (p < 0.001) and Mcl-1 (p < 0.001 by NI-hADSC-CM; p < 0.01 by hADSC-CM) levels in ROT-exposed SH-SY5Y cells. Moreover, control cells treated with NI-hADSC-CM or hADSC-CM showed increased Bcl-2 (p < 0.001 by NI-hADSC-CM; p < 0.01 by hADSC-CM) and Mcl-1 (p < 0.01 by NI-hADSC-CM; p < 0.05 by hADSC-CM) protein expression levels compared to those in the untreated control SH-SY5Y cells. Bcl-2, as an anti-apoptotic member of the Bcl-2 family, can bind to Bax to form Bcl-2:Bax heterodimers, thereby attenuating the apoptotic effect of Bax. Apparently, ROT caused an increase in the Bax/Bcl-2 ratio (p < 0.001; Supplementary Figure S4a) but decreased the Bcl-2/Bax ratio (p < 0.001; Supplementary Figure S4b). Treatment with NI-hADSC-CM or hADSC-CM significantly decreased the Bax/Bcl-2 ratio (p < 0.001; Supplementary Figure S4a) but increased the Bcl-2/Bax ratio (p < 0.001; Supplementary Figure S4b), compared with the ROT-exposed group as well as the untreated control group.



Cytochrome c (Cyt-c), an activator of Cas-9, released from mitochondria to cytosol during apoptosis by ROT after overexpression of Bax levels. In Figure 6d, SH-SY5Y cells with ROT toxicity led a significant increase in Cyt-c protein expression (p < 0.001) compared with the control group; however, NI-hADSC-CM treatment significantly attenuated the excessive expression of Cyt-c (p < 0.001). Treatment of hADSC-CM to ROT-induced SH-SY5Y cells did not show any significant changes on Cyt-c levels.



As shown in Figure 7 and Supplementary Figure S10, the levels of pro-Cas-9, -3, and -7 were significantly downregulated (p < 0.001, p < 0.01, and p < 0.001, respectively), similar to the case for the Bcl-2 and Mcl-1 expression levels in the ROT-induced toxicity group. Caspases are synthesized as inactive pro-caspases undergo cleavage leading to their activation. Unfortunately, we did not get any cleaved signals in Western blotting. The decreased pro-caspases during ROT-induced toxicity have been evidence the increased cleaved/active caspases. Treatment with NI-hADSC-CM significantly increased the levels of pro-caspases (Cas-9 and Cas-7: p < 0.001; Cas-3: p < 0.01) in the ROT-exposed cells. hADSC-CM treatment also increased the pro-Cas-7 (p < 0.05) levels following ROT toxicity. Moreover, the levels of pro-PARP-1 decreased (p < 0.05; Supplementary Figure S4b), but those of cleaved PARP-1 (p < 0.05; Supplementary Figure S4c) and the cleaved/pro-PARP-1 ratio (p < 0.001; Figure 7d) increased following ROT-induced toxicity in SH-SY5Y cells. NI-hADSC-CM treatment increased the pro-PARP-1 (p < 0.05) levels and decreased the cleaved PARP-1 levels (p < 0.01) and cleaved/pro-PARP-1 ratio (p < 0.001; Figure 7d) following ROT-induced toxicity. hADSC-CM treatment decreased the cleaved PARP-1 levels (p < 0.05) and the cleaved/pro-PARP-1 ratio (p < 0.001) following ROT-induced toxicity in SH-SY5Y cells. These results demonstrated that NI-hADSC-CM could inhibit the ROT-induced apoptosis in SH-SY5Y cells.





3. Discussion


MSCs are unspecialized cells in the human body that can be differentiated into specialized stem cells for performing diverse functions. This property of MSCs has been exploited for the treatment of various diseases [21]. We previously established a protocol for the isolation and culture of hADSCs. More than 95% of the hADSCs expressed MSC-specific markers, including CD13, CD44 (endoglin), CD90 (Thy-1), and CD166, but did not express markers for hematopoietic stem cells, including CD14, CD34, and CD45 [20]. After neurogenic differentiation in the presence of bFGF and forskolin for over two weeks, the majority of NI-hADSCs exhibited distinct bipolar or multipolar morphologies with branched processes. The expression of neural stem cell marker (nestin), neuronal markers (Tuj1, MAP2, NF-L, NF-M, NF-H, NSE, and NeuN), synaptic markers (GAP43 and SNAP25), astrocyte marker (GFAP), and oligodendrocyte marker (CNPase) was very high when NI-hADSCs were grown in the presence of bFGF and forskolin. They also displayed voltage-dependent and TTX-sensitive sodium currents, which are functional hallmarks of neurons, and expressed high levels of ionic channel genes, which are important in neural function [20]. Moreover, our previous study showed that the transplantation of NI-hADSCs could restore the injured spiral ganglion neurons in guinea pigs with neomycin-induced sensorineural hearing loss [22]. We also previously reported that neural-induced human bone-marrow stem cells (NI-hBMSCs) by bFGF and forskolin markedly increased the expression of neurotrophic factors (NGF, bFGF, angiopoietin-1, BDNF, GDNF and NT-3) after transplanted to guinea pig model for facial nerve axotomy injury. These results suggests that NI-hBMSCs act as a source of neurotrophic factors [23].



Secretome or conditioned medium (CM) contains a set of bioactive factors/molecules released from cells, tissues, or organisms [24,25]. These factors include secreted lipids, proteins, nucleic acids, chemokines, cytokines, growth factors, hormones, and extracellular vesicles (EVs) [26,27]. Treatment using MSC-CM conferred effective therapeutic benefits against NDDs, including focal cerebral ischemia-reperfusion injury, by inducing the recovery of damaged cells and tissues [28]. In the present study, the tested concentrations of ROT caused dose- and time-dependent reductions in cell survival. However, treatment with NI-hADSC-CM for the last 24 h markedly attenuated the ROT (0.5 μM)-induced toxicity for 48 h. Moreover, hADSC-CM showed toxicity to SH-SY5Y cells and no significant protective effect against ROT toxicity might not be suitable to use against NDDs, therefore, the beneficial effects of hADSC-CM on cellular signaling was not discussed here.



TH is an important rate-limiting enzyme in dopamine biosynthesis as well as in physiological brain functions [2]. ROT-induced toxicity for 48 h dramatically reduced the expression of TH, suggesting that the PD-like impairments in SH-SY5Y cells correlate with the magnitude of dopamine deficit that impairs dopamine synthesis and its metabolism in neurons undergoing selective degeneration [2,3]. Meanwhile, the upregulation of TH expression by NI-hADSC-CM treatment in ROT-exposed cells indicates the enhanced dopamine production and diminished ROT-induced PD-like impairments.



The reduction of TH expression in PD may indicate changes in the biosynthesis of proteins required for axonal regeneration in neurotransmission [29]. The localization of α-syn on synaptic vesicles as well as in cell bodies and axons of neuronal cells [30] has several important regulatory functions, including synaptic maintenance, mitochondrial homeostasis, proteasome function, dopamine metabolism, and chaperone activity [31]. α-syn is also the main component of LBs in the pathogenesis of PD. α-syn clone Syn211 which can only bind once per α-syn C-terminus region residues 121–125 [32] decreased during ROT toxicity indicates a significant impairment in the presynaptic neurotransmission. This was evidenced by others that the knock-down of α-syn causes neuronal dysfunction and degeneration [33], reduction in striatal dopamine in mice [34], and impaired synaptic vesicle docking and the release of neurotransmitters into the synaptic cleft in traumatic brain injury in rats [35]. The level of Syn211 was found to be increased in the NI-hADSC-CM group shown that soluble monomeric α-syn is essential for α-syn-related neurotransmission. In addition, these results indicate that further experiments are needed to delineate the exact soluble and aggregated α-syn in the context of NDDs.



Decreased salivary total a-syn may reflect the reduction of α-syn monomers as well as the formation of insoluble intracellular inclusions and soluble oligomers in PD patients [36]. The excess α-syn aggregation in the dopaminergic neuronal terminals also reduces the dopamine reuptake [37]. Natively unfolded α-syn monomers interact to form unstable dimers, which develop into toxic oligomers and fibrils in PD [38,39]. These toxic species of α-syn may propagate from diseased cells to healthy neurons and induce the conversion of native α-syn into toxic oligomeric species [40]. The phosphorylation of α-syn at Serine129 (p-S129) in the C-terminus (95–140) leads to a higher propensity for α-syn aggregation [41]. Moreover, p-S129 is implicated in the formation of LBs and α-syn toxicity [42]. Therefore, the expression levels of p-S129 and the total oligomeric, dimeric, and monomeric forms of α-syn in Triton X-100-soluble and -insoluble (2% SDS soluble) fractions were analyzed by Western blotting using paraformaldehyde and glutaraldehyde as membrane fixatives.



As anticipated, the level of the oligomeric form of insoluble p-S129 α-syn was increased in proportion to that of the insoluble total α-syn oligomeric protein during ROT toxicity along with a reduced level of total α-syn soluble oligomers, indicating that ROT increased the toxic α-syn aggregation with PD disease progression. Previous studies have suggested that increased p-S129 α-syn levels in PD patients leads to α-syn aggregation [43,44]. Other studies have provided evidence that the oligomeric α-syn is positively correlated with the motor impairments in PD patients [45,46,47] and aged mice [48]. In addition, the oligomerization of α-syn could be initiated by dimerization from monomeric α-syn on membrane surfaces [49]. The levels of insoluble dimeric and monomeric p-S129 were decreased following ROT-induced toxicity, in contrast with the increased levels of dimeric and monomeric forms of total α-syn, suggesting that insoluble p-S129 α-syn is mostly associated with oligomeric α-syn aggregation rather than dimeric or monomeric α-syn aggregation. Moreover, the increased levels of the monomeric and dimeric forms of total α-syn observed in the Triton X-100-insoluble fraction of ROT-exposed cells in this study indicates that ROT-induced inhibition of mitochondrial complex I activity affects the stability of monomeric α-syn [50] and is involved in the initiation and the accumulation of the oligomeric forms of total α-syn [51]. In addition, the unchanged ratio of soluble monomeric p-S129/total α-syn levels during ROT-induced toxicity suggests that the expression of soluble p-S129 was also positively correlated with that of total soluble α-syn.



In our study, we found that NI-hADSC-CM treatment significantly reduced the accumulation of insoluble p-S129 oligomers and total α-syn levels, but increased the soluble p-S129 and total α-syn levels during ROT-induced toxicity. A previous study has shown that MSC-CM treatment reduced the formation of α-syn aggregates [52], suggesting that the insoluble p-S129 and total α-syn oligomers in our study were converted into soluble oligomers possibly due to the enhanced clearance of α-syn aggregates by NI-hADSC-CM treatment. NI-hADSC-CM likely preserved the levels of the soluble monomeric form of the α-syn protein and its physiological functions. Therefore, the inhibitory effect of NI-hADSC-CM on the levels of α-syn oligomers might be due to its active constituents, which penetrate the BBB to ameliorate the ROT-induced impairments, as previously reported [53]. We hypothesize that the reduction of the levels of insoluble oligomeric p-S129 and total α-syn, along with the preservation of the levels of soluble α-syn, may be sensitive markers for the treatment of LBs in PD.



ROT-induced inhibition of the activity of mitochondrial complex I by oxidative stress ultimately impaired mitochondrial function via disturbed mitochondrial dynamics subsequently damages the cytoskeletal proteins [54], interferes with the production of synaptic vesicle proteins [55], and destroys the axonal transport integrity [56], leading to neurotransmitter leakage [57]. Neurofilaments (NFs) are intermediate filamentary proteins that play a role in forming and maintaining the axonal architecture and transport cargoes within the neurons [58]. NF-H (also called NF200) is a major component of axonal outgrowth [59] with a more mature phenotype [60]. The decreased expression of NF-H in this study is consistent with previous findings that the overexpression of α-syn affects the integrity of neurofilament networks [61] and leads to motor neurons retracting from synapses [62]. NI-hADSC-CM treatment promoted NF-H protein expression, suggesting that the integrity of the neuronal cytoskeleton is necessary for axonal growth and cargo transport.



Overexpression of α-syn oligomers is associated with the disruption of neurofilament networks, microtubule structures, and axonal transport in normal neurons [63]. β3-tubulin (Tuj1, also called TUBB3) is a microtubule-related neuronal cell marker expressed exclusively in neurons [64]. Moreover, NF-H directly binds to the C-terminal domain of tubulin and modulates its activity [65]. In the present study, β3-tubulin expression was significantly reduced during ROT toxicity, which is consistent with a previous study that β3-tubulin levels were dramatically decreased in NDDs [66]. It was hypothesized that the polymerization of β3-tubulin with α-syn forms an insoluble protein complex that accumulates in the nerve terminals leading to neuronal dysfunction, indicating that microtubules play an important role in α-syn regulation [67]. ROT-exposed cells showed increased β3-tubulin and soluble α-syn levels after NI-hADSC-CM treatment, suggesting that the expression of β3-tubulin is essential for progressive neurite formation and growth.



Neuronal nuclear protein (NeuN, also called Fox-3 or RBFOX3) is a highly conserved and soluble nuclear protein that binds to DNA and is observed in most neuronal cell types throughout the nervous system. NeuN expression occurs in association with terminal neuronal differentiation [68,69]. Therefore, NeuN is used to evaluate neuronal cell loss in NDDs [70]. Given this fact, the present study also revealed a significant loss of this marker NeuN during ROT-induced toxicity. However, NI-hADSC-CM increased NeuN expression, indicating the neuronal differentiation of SH-SY5Y cells. Therefore, NeuN has been a reliable marker of mature neurons [71].



A membrane glycoprotein localized in presynaptic vesicles, SYP is associated with recycling vesicles that are essential for neurotransmission [72]. SYP expression has been used to access synaptic density in the brain [73] and cultured neurons [74]. Accumulation of α-syn in the synaptic C-terminus resulted in reduced SYP localization in the terminals [49]. In our study, the decreased expression of the SYP protein indicates the synaptic degeneration or reduced localization or expression of SYP as a result of α-syn accumulation in the synapse, as reported previously [75]. Our results also revealed that NI-hADSC-CM treatment increased the expression of SYP and decreased the levels of α-syn oligomers in the ROT-exposed SH-SY5Y cells, suggesting that NI-hADSC-CM inhibits the accumulation of α-syn oligomers in the synapses and facilitates optimal SYP function. Finally, NI-hADSC-CM treatment was correlated with the expression of the neuronal markers, confirming that NI-hADSC-CM reduced axonal injury and enhanced axonal and synaptic properties after ROT-induced toxicity.



Overexpression of α-syn or its oligomers with annular and pore-like structures in the membrane exerts a cytotoxic effect on neurons, which is linked to the apoptotic Bcl-2 family-related caspase pathways [76]. Apoptosis-induced neuronal death is the main hallmark of PD by ROT-induced toxicity, which inhibits the activity of mitochondrial ETC complex I, resulting in the generation of intracellular ROS through electron accumulation [77]. The mitochondrial permeabilization is regulated by the Bcl-2 family of proteins, which consists of several pro-apoptotic and anti-apoptotic members. The pro-apoptotic protein Bax resides in the cytosol. Bcl-2, an anti-apoptotic protein residing in the outer mitochondrial membrane, inhibits cytochrome c release [78,79], stabilizes the membrane potential, preserves ATP production, and prevents oxidative stress [80]. In this study, ROT toxicity induced a significant increase in Bax expression but decreased the expression of Bcl-2 and Mcl-1. In addition, the Bax/Bcl-2 protein ratio is a better predictor of apoptotic cell death than the absolute concentrations of either Bax or Bcl-2 alone [81], which increased during ROT toxicity in SH-SY5Y cells, indicating the increased level of mitochondrial apoptosis. As expected, NI-hADSC-CM treatment reduced the Bax/Bcl-2 ratio, along with increased Mcl-1 levels in SH-SY5Y cells, indicating the restored expression levels of the mitochondrial functional proteins [79].



ROT induces the translocation of Bax from the cytosol to the mitochondria, which triggers the release of cytochrome c (Cyt-c) from the mitochondria to the cytosol [79,82], leading to the activation of caspases, and ensures apoptosis [77]. Caspases are initially synthesized as inactive pro-caspases, which undergo dimerization or oligomerization and then, cleavage, leading to their activation [83]. Cas-9 is the initiator of the caspase cascade, which can cleave and activate Cas-3 and −7 [84]. In this study, ROT toxicity significantly increased the levels of Cyt-c, activation of the initiator Cas-9 as well as the effectors Cas-3 and −7, as evidenced by the decrease in the levels of the pro-caspases, all of which are critical mediators of mitochondria-mediated apoptosis. Cyt-c released from the mitochondria directly binds to Apaf-1 in a dATP-dependent manner and induces a conformational change, allowing Cas-9 to interact with the complex to form the apoptosome, subsequently activating Cas-9 [85]. NI-hADSC-CM treatment against ROT toxicity regulated the levels of the Cyt-c and pro-caspases, suggesting that NI-hADSC-CM inhibited the expression of intracellular apoptosis-associated proteins.



Moreover, PARP-1 signaling is also involved in NDDs, probably via the induction of mitochondrial defects [77]. PARP-1 has DNA-binding domains that detect DNA damage and facilitate repair. PARP-1 is cleaved into 89-kDa fragments during apoptosis, which could have been generated by the activation of Cas-3 and -7 [86], evidenced in this study by ROT-induced toxicity in SH-SY5Y cells. Excessive activation of caspases and PARP-1 triggers the apoptotic processes, including biochemical and morphological changes, such as chromatin condensation, nuclear fragmentation, and cytoskeletal degradation [87]. These processes result in the depletion of nicotinamide adenine dinucleotide (NAD) and ATP, leading to cellular energy failure and cell death [88]. PARP-1 inhibitors have been shown to reduce α-syn-induced cell death [89], supporting that NI-hADSC-CM treatment in this study diminished ROT-induced apoptotic cell death. Therefore, our findings indicate the strong anti-apoptotic potential of NI-hADSC-CM.



Moreover, there may be suspicion that the beneficial effects of NI-hADSC-CM results in this study may be the presence of bFGF and forskolin. To explain that the clinical application of bFGF is greatly limited by its short half-life which degrade quickly and lose its bioactivities [90]. It has been shown to be unstable at physiological conditions, with a half-life of approximately eight hours at standard mammalian cell culture conditions (37 °C/5% CO2) [91]. bFGF did not influence the cell viability against MPP+ or 6-OHDA in SH-SY5Y cells [92]. Forskolin did not change the total TH in SH-SY5Y cells [93] or α-syn-induced toxicity [94]. Forskolin (10 μM) to PC12 cells decreased the cell viability at 48 h, in addition, phosphorylated and total TH did not increase in PC12 cells, but led to apoptosis mediated by caspase-3 activation [95]. However, in this present study, the NI-hADSC-CM treatment increased the cell viability, TH, and pro-caspase-3 protein levels. Our previous study resulted that transplanted NI-hBMSCs increased the neurotrophic factors in guinea pig [23]. RT-PCR resulted that neuronal transcription factors such as Neurogenin 1, Math1, and Hash1 were significantly increased in NI-hADSCs compared with hADSCs [22]. From this, the present study results explain that the beneficial effects of NI-hADSC-CM is from its bioactive factors/molecules released from NI-hADSCs and not from the differentiation compounds such as bFGF and forskolin.




4. Materials and Methods


4.1. Preparation of hADSCs and Neurogenic Differentiation of NI-hADSC


Adipose tissues were obtained from individuals according to the guidelines established by the Ethics Committee at the Chonnam National University Medical School (IRB: I-2009-03-016). hADSCs were cultured and differentiated into NI-hADSCs following our previously established methods [20,22,96]. The hADSCs were grown as adherent cultures in Dulbecco’s Modified Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone), 1% penicillin-streptomycin (Gibco BRL, Grand Island, NY, USA), and 0.2% amphotericin B (Gibco) at 37 °C in a humidified atmosphere of 5% CO2. For experiment, hADSCs (passages 3-5) were maintained in DMEM containing 1% FBS for 7 days, then, the cell culture medium (hADSC-CM) was aspirated, pooled, sterile filtered using a 0.2-μm syringe filter, and stored at −80 °C until further use. To induce neurogenic differentiation, hADSCs (passages 3-5)) were maintained in DMEM containing 1% FBS and supplemented with 100 ng/mL basic fibroblast growth factor (bFGF; Invitrogen Co., Carlsbad, CA, USA) for seven days. The cells were then incubated in the presence of 10 μM forskolin (Sigma Chemical co., St. Louis, MO, USA) for the next seven days. Then, the neural-induced conditioned medium (NI-hADSC-CM) was aspirated, pooled, sterile filtered using a 0.2-μm syringe filter, and stored at −80 °C until further use. We collected multiple batches of hADSC-CM and NI-hADSC-CM for our experiments.




4.2. SH-SY5Y Culture


The human neuroblastoma cell line SH-SY5Y (RRID: CVCL_0019; ATCC® CRL-2266) was maintained in DMEM (Welgene Inc. Gyeongsan, South Korea) supplemented with 10% FBS and 1% penicillin-streptomycin at 37 °C in a humidified atmosphere containing 5% CO2/95% air. Confluent cultures (passages 15–22) were washed with phosphate-buffered saline (PBS), detached with 0.25% trypsin-EDTA solution, reseeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS, and used for experiments after overnight incubation.




4.3. Rotenone Toxicity


ROT (Sigma R8875) stock was prepared at a concentration of 10 mM in dimethyl sulfoxide (DMSO; Sigma, D2650), aliquoted, stored at −80 °C, and used within 6 months. Before starting each experiment, a ROT working solution was prepared by diluting the stock with serum-free DMEM media. SH-SY5Y cells were incubated in the absence or presence of ROT or DMSO at the indicated concentrations for 24 or 48 h. The phase contrast images were taken using an Olympus microscope (CKX41) equipped with a camera. Damaged and deplated floating cells in the medium and trypsinized cells were combined and subjected to trypan blue cell viability assay. The number of surviving cells were counted using LUNA-IITM (Logos Biosystems, Anyang, South Korea) automated cell counter. The cell count assay was performed in triplicate and expressed as a percentage (%) of the control.




4.4. Treatments of hADSC-CM and NI-hADSC-CM


To test the therapeutic effects of NI-hADSC-CM, SH-SY5Y cells were first treated with or without ROT for 24 h. The culture medium were removed, floating cells were pelleted from the medium, resuspend the cell pellet in the fresh medium, and added to respective wells. Then, cells were treated with or without hADSC-CM or NI-hADSC-CM at 100, 50, and 25% dilution in DMEM supplemented with 1% FBS and incubated in the absence or presence of ROT (0.5 μM) for another 24 h. FBS was maintained at a concentration of 1% throughout the study. Floating cells in the medium and trypsinized adherent cells were combined and then subjected to cell counting as explained above.




4.5. Preparation of Total Cell Lysates and Immunoblotting


SH-SY5Y cells were incubated in the absence or presence of ROT (0.5 μM) or the solvent (DMSO) for 24 h. After removing the medium, cells were treated with or without hADSC-CM or NI-hADSC-CM at 50% dilution in DMEM and incubated in the presence or absence of ROT (0.5 μM) for another 24 h (The schematic experimental study plan is depicted in Supplementary Figure S2A). Different passages of SH-SY5Y cells treated with different batches of hADSC-CM or NI-hADSC-CM for three independent experiments. After 48 h, floating cells in medium were combined with adherent cells harvested by scraping, pelleted, and washed twice with PBS. Then, cells were exposed to cell lysate buffer (100 mM Tris–HCl (pH 7.6), 100 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), and 1% Triton X-100) supplemented with protease and phosphatase inhibitors and incubated for 30 min in ice. After centrifugation at 13,200 rpm for 15 min at 4 °C, the supernatants were collected as the total cell lysates. Protein concentrations were determined using the BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA; #23225) following the manufacturer’s instructions. Equal amounts of the proteins (15 μg) were separated on 8–14% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes (Millipore, Bradford, MA, USA; HATF00010). The membranes were washed with PBS containing 0.5% (v/v) Tween 20 (PBS-T) followed by blocking with 5% (v/v) non-fat dried milk solution prepared in PBS-T and then incubated overnight with primary antibodies at 4 °C. The antibodies (Millipore, Temecula, CA, USA; Abcam, Cambridge, MA, USA; Cell Signaling Technology Inc., Danvers, MA, USA; Santa Cruz Biotechnology, Santa Cruz, CA, USA) used are listed in Supplementary Table S1. After this, the membranes were exposed to secondary antibodies conjugated to horseradish peroxidase for 2–3 h at room temperature (RT) and washed thrice with PBS-T. The signals were detected using an enhanced chemiluminescence (ECL) system (Millipore, Billerica, MA, USA; WBLUR0500) and a LAS 4000 luminescent image analyzer (GE Healthcare, Little Chalfont, UK). The membranes were incubated in Western blot Stripping Buffer (Thermo Scientific, #21059) with constant shaking for 60 min. Using different molecular weight loading controls, β-actin or GAPDH, were used to normalize the expression levels of the interested proteins. For detection with Syn211 antibody, samples loaded on to SDS-PAGE gels were, transferred into nitrocellulose membranes were post-fixed in 0.4% paraformaldehyde (PFA; GeneAll, Seoul, South Korea; SM-P-01-100) in PBS for 30 min followed by three washes with PBS before blocking with milk solution. Densitometric analysis was performed using ImageJ (National Institute of Health, USA) software.




4.6. Triton X-100-Soluble and -Insoluble Fractionation and Western Blotting for Evaluating the Expression of α-syn


To assess the α-syn aggregation in SH-SY5Y cells, Western blot analyses of the Triton X-100-soluble and -insoluble (2% SDS soluble) lysate fractions were performed after omitting hADSC-CM groups (The experimental study plan is depicted in Supplementary Figure 3a). After 48 h of experiment, SH-SY5Y cells were lysed in cell lysis buffer containing protease and phosphatase inhibitors with 1% Triton X-100 as mentioned above for 30 min in ice. After centrifugation at 13,200 rpm for 15 min at 4 °C, the supernatants were collected as the Triton X-100-soluble fractions. The cell pellets were washed with PBS, dissolved in the cell lysis buffer containing protease and phosphatase inhibitors with 1% Triton X-100 and 2% SDS, and then used as Triton X-100-insoluble fraction after sonication on ice six times for 10 s each. Protein concentrations were determined by BCA Protein Assay Kit. Equal amounts of the proteins (30 μg) were separated on 8 or 12% SDS-polyacrylamide gels and transferred onto nitrocellulose membranes. Immediately after the transfer, the membranes were pre-fixed with 4% PFA in PBS containing 0.01% glutaraldehyde (Sigma 340855) for 60 min at RT and then washed with PBS. Blocking was performed with 5% skim milk in Tris-buffered saline (TBS) with 0.1% Tween-20 (TBS-T) for 60 min. Membranes were then incubated with anti-p-S129 α-syn (Abcam, ab51253) primary antibody diluted in blocking buffer overnight at 4 °C. The membranes were then washed thrice for 10 min each in TBS and incubated with the secondary antibodies for 3 h diluted in blocking buffer. After washing the membranes thrice for 10 min each in TBS, the signals were visualized using ECL. After visualizing p-S129 α-syn, the membranes were washed with PBS-T and incubated in Western blot Stripping Buffer with constant shaking for 60 min. After being washed with PBS-T thrice for 10 min each, the membranes were pre-fixed with 4% PFA in PBS for 60 min at RT and then rinsed with PBS. After blocking in 5% skim milk in TBS-T for 60 min, the membranes were then incubated with total α-syn (Abcam, ab212184) primary antibody diluted in blocking buffer overnight at 4 °C. Subsequently, the membranes were washed thrice for 10 min each in TBS and incubated with secondary antibodies diluted in blocking buffer. Next, the membranes were washed thrice for 10 min each in TBS, and the signals were visualized using ECL. As β-actin bands are very faint (data not shown) due to membrane fixation, another loading control GAPDH was used to normalize the protein expression levels. Densitometric analysis was performed using ImageJ software.




4.7. Statistical Analysis


Data are expressed as the mean ± standard error mean (SEM). The statistical significance of the effects of the treatments was determined using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc multiple comparison test. Differences with p values <0.05 were considered statistically significant. GraphPad Prism® 5.0 software (GraphPad Software Inc., San Diego, CA, USA) was used for analyzing data and plotting graphs.





5. Conclusions


In summary, the ROT-induced decrease in cell survival was ameliorated by NI-hADSC-CM treatment. NI-hADSC-CM increased the ROT-induced depletion of tyrosine hydroxylase (TH) protein. The ROT-induced phosphorylation and aggregation of soluble α-syn into insoluble α-syn was prevented by NI-hADSC-CM treatment; NI-hADSC-CM reduced α-syn phosphorylation, blocked the formation of toxic α-syn oligomers, and stabilized the soluble α-syn monomers. NI-hADSC-CM treatment improved the neuronal function by inhibiting the ROT-induced suppression of the expression levels of the NF-H, β3-tubulin, NeuN, and SYP proteins. Mitochondrial dysfunction was detected by evaluating the changes in the Bax/Bcl-2 ratio and decreased Mcl-1 expression levels, which resulted in the activation of caspases-9, -3, and -7, and PARP-1. NI-hADSC-CM treatment regulated the ratio of Bax/Bcl-2, upregulated the expression of the pro-caspases -9, -3, and -7, and inactivated PARP-1. These results indicated that NI-hADSC-CM exerts therapeutic effects against PD through the inhibition of cell death, stabilization of α-syn monomers, promotion of neurogenesis, and suppression of apoptosis (Figure 8). These results hypothesize that the reduction of the levels of insoluble oligomeric p-S129 and total α-syn, along with the preservation of the levels of soluble α-syn, may be sensitive markers for the treatment of PD. Moreover, hADSC-CM treatment decreased the cell numbers and have no effect against ROT toxicity on SH-SY5Y cells evidenced that NI-hADSC-CM have more beneficial effects compared to the effects of hADSC-CM. These therapeutic effects of NI-hADSC-CM may be due to the release of several biological molecules into the conditioned medium during the bFGF- and forskolin-induced neural differentiation. In our future studies, we will attempt to identify the released bioactive factors/molecules in NI-hADSC-CM that are responsible for its neuroregenerative potential. Additionally, it is necessary to study the signaling pathways present downstream of α-syn for developing safer therapeutic strategies.








Supplementary Materials


The following are available online at https://www.mdpi.com/1422-0067/22/5/2322/s1.





Author Contributions


Conceptualization, M.R., S.J. and H.-S.J.; methodology, M.R.; software, M.R.; validation, M.R., S.J. and H.-S.J.; formal analysis, M.R.; investigation, M.R. and S.J.; resources, M.R., S.J. and H.-S.J.; data curation, M.R., S.J. and H.-S.J.; writing—original draft preparation, M.R.; writing—review and editing, S.J. and H.-S.J.; visualization, M.R.; supervision, S.J. and H.-S.J.; project administration, S.J. and H.-S.J.; funding acquisition, M.R., S.J. and H.-S.J. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by grants from the National Research Foundation of Korea (grant numbers NRF-2018R1D1A1B07050883, NRF-2020R1I1A3070388 and NRF-2020R1F1A1076616), Chonnam National University Hospital Biomedical Research Institute (CRI18034-1), and a grant from the Jeollanam-do Science and Technology R&D Project (Development of Stem Cell-Derived New Drug), funded by the Jeollanam-do, Korea.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Ramalingam, M.; Kim, S.J. Reactive oxygen/nitrogen species and their functional correlations in neurodegenerative diseases. J. Neural. Transm. 2012, 119, 891–910. [Google Scholar] [CrossRef] [PubMed]

	



Ramalingam, M.; Huh, Y.J.; Lee, Y.I. The impairments of alpha-synuclein and mechanistic target of rapamycin in rotenone-induced SH-SY5Y cells and mice model of Parkinson’s disease. Front. Neurosci. 2019, 13, 1028. [Google Scholar] [CrossRef] [PubMed]

	



Ramalingam, M.; Kim, S.-J. The Neuroprotective Role of Insulin Against MPP+-Induced Parkinson’s Disease in Differentiated SH-SY5Y Cells. J. Cell. Biochem. 2015, 117, 917–926. [Google Scholar] [CrossRef] [PubMed]

	



Martinez, T.N.; Greenamyre, J.T. Toxin Models of Mitochondrial Dysfunction in Parkinson’s Disease. Antioxidants Redox Signal. 2012, 16, 920–934. [Google Scholar] [CrossRef] [PubMed]

	



Betarbet, R.; Sherer, T.B.; MacKenzie, G.; Garcia-Osuna, M.; Panov, A.V.; Greenamyre, J.T. Chronic systemic pesticide exposure reproduces features of Parkinson’s disease. Nat. Neurosci. 2000, 3, 1301–1306. [Google Scholar] [CrossRef]

	



Peelaerts, W.; Bousset, L.; Baekelandt, V.; Melki, R. Alpha-synuclein strains and seeding in Parkinson’s disease, incidental Lewy body disease, dementia with Lewy bodies and multiple system atrophy: Similarities and differences. Cell Tissue Res. 2018, 373, 195–212. [Google Scholar] [CrossRef]

	



Zhou, W.; Barkow, J.C.; Freed, C.R. Running wheel exercise reduces alpha-synuclein aggregation and improves motor and cognitive function in a transgenic mouse model of Parkinson’s disease. PLoS ONE 2017, 12, e0190160. [Google Scholar] [CrossRef] [PubMed]

	



Shin, J.Y.; Lee, P.H. Mesenchymal stem cells modulate misfolded alpha-synuclein in parkinsonian disorders: A multitarget disease-modifying strategy. Stem Cell Res. 2020, 47, 101908. [Google Scholar] [CrossRef]

	



Schmid, A.W.; Fauvet, B.; Moniatte, M.; Lashuel, H.A. Alpha-synuclein post-translational modifications as potential biomarkers for Parkinson disease and other synucleinopathies. Mol. Cell. Proteomics 2013, 12, 3543–3558. [Google Scholar] [CrossRef] [PubMed]

	



Smith, W.W.; Margolis, R.L.; Li, X.; Troncoso, J.C.; Lee, M.K.; Dawson, V.L.; Dawson, T.M.; Iwatsubo, T.; Ross, C.A. Alpha-synuclein phosphorylation enhances eosinophilic cytoplasmic inclusion formation in SH-SY5Y cells. J. Neurosci. 2005, 25, 5544–5552. [Google Scholar] [CrossRef] [PubMed]

	



Fujiwara, H.; Hasegawa, M.; Dohmae, N.; Kawashima, A.; Masliah, E.; Goldberg, M.S.; Shen, J.; Takio, K.; Iwatsubo, T. Alpha-synuclein is phosphorylated in synucleinopathy lesions. Nat. Cell Biol. 2002, 4, 160–164. [Google Scholar] [CrossRef] [PubMed]

	



Hasegawa, M.; Fujiwara, H.; Nonaka, T.; Wakabayashi, K.; Takahashi, H.; Lee, V.M.-Y.; Trojanowski, J.Q.; Mann, D.; Iwatsubo, T. Phosphorylated α-Synuclein Is Ubiquitinated in α-Synucleinopathy Lesions. J. Biol. Chem. 2002, 277, 49071–49076. [Google Scholar] [CrossRef]

	



Desplats, P.; Lee, H.-J.; Bae, E.-J.; Patrick, C.; Rockenstein, E.; Crews, L.; Spencer, B.; Masliah, E.; Lee, S.-J. Inclusion formation and neuronal cell death through neuron-to-neuron transmission of -synuclein. Proc. Natl. Acad. Sci. USA 2009, 106, 13010–13015. [Google Scholar] [CrossRef] [PubMed]

	



Mogi, M.; Togari, A.; Kondo, T.; Mizuno, Y.; Komure, O.; Kuno, S.; Ichinose, H.; Nagatsu, T. Caspase activities and tumor necrosis factor receptor R1 (p55) level are elevated in the substantia nigra from Parkinsonian brain. J. Neural Transm. 2000, 107, 335–341. [Google Scholar] [CrossRef]

	



Lehmensiek, V.; Tan, E.M.; Schwarz, J.; Storch, A. Expression of mutant alpha-synucleins enhances dopamine transporter-mediated MPP(+) toxicity in vitro. Neuroreport 2002, 13, 1279–1283. [Google Scholar] [CrossRef] [PubMed]

	



Angeloni, C.; Gatti, M.; Prata, C.; Hrelia, S.; Maraldi, T. Role of Mesenchymal Stem Cells in Counteracting Oxidative Stress—Related Neurodegeneration. Int. J. Mol. Sci. 2020, 21, 3299. [Google Scholar] [CrossRef]

	



Pires, A.O.; Teixeira, F.; Mendes-Pinheiro, B.; Serra, S.C.; Sousa, N.; Salgado, A.J. Old and new challenges in Parkinson’s disease therapeutics. Prog. Neurobiol. 2017, 156, 69–89. [Google Scholar] [CrossRef] [PubMed]

	



Teixeira, F.G.; Carvalho, M.M.; Panchalingam, K.M.; Rodrigues, A.J.; Mendes-Pinheiro, B.; Anjo, S.; Manadas, B.; Behie, L.A.; Sousa, N.; Salgado, A.J. Impact of the Secretome of Human Mesenchymal Stem Cells on Brain Structure and Animal Behavior in a Rat Model of Parkinson’s Disease. Stem Cells Transl. Med. 2016, 6, 634–646. [Google Scholar] [CrossRef]

	



Safford, K.M.; Safford, S.D.; Gimble, J.M.; Shetty, A.K.; Rice, H.E. Characterization of neuronal/glial differentiation of murine adipose-derived adult stromal cells. Exp. Neurol. 2004, 187, 319–328. [Google Scholar] [CrossRef] [PubMed]

	



Jang, S.; Cho, H.H.; Cho, Y.B.; Park, J.S.; Jeong, H.S. Functional neural differentiation of human adipose tissue-derived stem cells using bFGF and forskolin. BMC Cell Biol. 2010, 11, 25. [Google Scholar] [CrossRef] [PubMed]

	



Bongso, A.; Lee, E.H. (Eds.) Stem Cells: Their Definition, Classification and Sources. In Stem Cells; World Scientific: Singapore, 2005; pp. 1–13. [Google Scholar]

	



Jang, S.; Cho, H.-H.; Kim, S.-H.; Lee, K.-H.; Cho, Y.-B.; Park, J.-S.; Jeong, H.-S. Transplantation of human adipose tissue-derived stem cells for repair of injured spiral ganglion neurons in deaf guinea pigs. Neural Regen. Res. 2016, 11, 994–1000. [Google Scholar] [CrossRef] [PubMed]

	



Cho, H.-H.; Jang, S.; Lee, S.-C.; Jeong, H.-S.; Park, J.-S.; Han, J.-Y.; Lee, K.-H.; Cho, Y.-B. Effect of neural-induced mesenchymal stem cells and platelet-rich plasma on facial nerve regeneration in an acute nerve injury model. Laryngoscope 2010, 120, 907–913. [Google Scholar] [CrossRef] [PubMed]

	



Hathout, Y. Approaches to the study of the cell secretome. Expert Rev. Proteom. 2007, 4, 239–248. [Google Scholar] [CrossRef] [PubMed]

	



Skalnikova, H.; Motlik, J.; Gadher, S.J.; Kovarova, H. Mapping of the secretome of primary isolates of mammalian cells, stem cells and derived cell lines. Proteomics 2011, 11, 691–708. [Google Scholar] [CrossRef]

	



Baglio, S.R.; Pegtel, D.M.; Baldini, N. Mesenchymal stem cell secreted vesicles provide novel opportunities in (stem) cell-free therapy. Front. Physiol. 2012, 3, 359. [Google Scholar] [CrossRef] [PubMed]

	



Vizoso, F.J.; Eiro, N.; Cid, S.; Schneider, J.; Perez-Fernandez, R. Mesenchymal stem cell secretome: Toward cell-free therapeutic strategies in regenerative medicine. Int. J. Mol. Sci. 2017, 18, 1852. [Google Scholar] [CrossRef] [PubMed]

	



Cho, Y.J.; Song, H.S.; Bhang, S.; Lee, S.; Kang, B.G.; Lee, J.C.; An, J.; Cha, C.I.; Nam, D.-H.; Kim, B.S.; et al. Therapeutic effects of human adipose stem cell-conditioned medium on stroke. J. Neurosci. Res. 2012, 90, 1794–1802. [Google Scholar] [CrossRef] [PubMed]

	



Reis, D.J.; Gilad, G.; Pickel, V.M.; Joh, T.H. Reversible changes in the activities and amounts of tyrosine hydroxylase in dopamine neurons of the substantia nigra in response to axonal injury as studied by immunochemical and immunocytochemical methods. Brain Res. 1978, 144, 325–342. [Google Scholar] [CrossRef]

	



Iwai, A.; Masliah, E.; Yoshimoto, M.; Ge, N.; Flanagan, L.; de Silva, H.A.; Kittel, A.; Saitoh, T. The precursor protein of non-A beta component of Alzheimer’s disease amyloid is a presynaptic protein of the central nervous system. Neuron 1995, 14, 467–475. [Google Scholar] [CrossRef]

	



Uversky, V.N. A protein-chameleon: Conformational plasticity of alpha-synuclein, a disordered protein involved in neurodegenerative disorders. J. Biomol. Struct. Dyn. 2003, 21, 211–234. [Google Scholar] [CrossRef] [PubMed]

	



Zunke, F.; Moise, A.C.; Belur, N.R.; Gelyana, E.; Stojkovska, I.; Dzaferbegovic, H.; Toker, N.J.; Jeon, S.; Fredriksen, K.; Mazzulli, J.R. Reversible Conformational Conversion of α-Synuclein into Toxic Assemblies by Glucosylceramide. Neuron 2018, 97, 92–107.e10. [Google Scholar] [CrossRef] [PubMed]

	



Hallett, P.J.; McLean, J.R.; Kartunen, A.; Langston, J.W.; Isacson, O. Alpha-synuclein overexpressing transgenic mice show internal organ pathology and autonomic deficits. Neurobiol. Dis. 2012, 47, 258–267. [Google Scholar] [CrossRef] [PubMed]

	



Abeliovich, A.; Schmitz, Y.; Farinas, I.; Choi-Lundberg, D.; Ho, W.H.; Castillo, P.E.; Shinsky, N.; Verdugo, J.M.; Armanini, M.; Ryan, A.; et al. Mice lacking alpha-synuclein display functional deficits in the nigrostriatal dopamine system. Neuron 2000, 25, 239–252. [Google Scholar] [CrossRef]

	



Carlson, S.W.; Yan, H.Q.; Li, Y.; Henchir, J.; Ma, X.; Young, M.S.; Ikonomovic, M.D.; Dixon, C.E. Differential regional responses in soluble monomeric alpha synuclein abundance following traumatic brain injury. Mol. Neurobiol. 2021, 58, 362–374. [Google Scholar] [CrossRef]

	



Vivacqua, G.; Latorre, A.; Suppa, A.; Nardi, M.; Pietracupa, S.; Mancinelli, R.; Fabbrini, G.; Colosimo, C.; Gaudio, E.; Berardelli, A. Abnormal Salivary Total and Oligomeric Alpha-Synuclein in Parkinson’s Disease. PLoS ONE 2016, 11, e0151156. [Google Scholar] [CrossRef] [PubMed]

	



Lundblad, M.; Decressac, M.; Mattsson, B.; Bjorklund, A. Impaired neurotransmission caused by overexpression of alpha-synuclein in nigral dopamine neurons. Proc. Natl. Acad. Sci. USA 2012, 109, 3213–3219. [Google Scholar] [CrossRef] [PubMed]

	



Tsigelny, I.F.; Sharikov, Y.; Miller, M.A.; Masliah, E. Mechanism of alpha-synuclein oligomerization and membrane interaction: Theoretical approach to unstructured proteins studies. Nanomedicine 2008, 4, 350–357. [Google Scholar] [CrossRef] [PubMed]

	



Lashuel, H.A.; Overk, C.R.; Oueslati, A.; Masliah, E. The many faces of alpha-synuclein: From structure and toxicity to therapeutic target. Nat. Rev. Neurosci. 2013, 14, 38–48. [Google Scholar] [CrossRef] [PubMed]

	



Luk, K.C.; Song, C.; O’Brien, P.; Stieber, A.; Branch, J.R.; Brunden, K.R.; Trojanowski, J.Q.; Lee, V.M. Exogenous alpha-synuclein fibrils seed the formation of Lewy body-like intracellular inclusions in cultured cells. Proc. Natl. Acad. Sci. USA 2009, 106, 20051–20056. [Google Scholar] [CrossRef] [PubMed]

	



Samuel, F.; Flavin, W.P.; Iqbal, S.; Pacelli, C.; Sri Renganathan, S.D.; Trudeau, L.E.; Campbell, E.M.; Fraser, P.E.; Tandon, A. Effects of serine 129 phosphorylation on alpha-synuclein aggregation, membrane association, and internalization. J. Biol. Chem. 2016, 291, 4374–4385. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, J.P.; Walker, D.E.; Goldstein, J.M.; de Laat, R.; Banducci, K.; Caccavello, R.J.; Barbour, R.; Huang, J.; Kling, K.; Lee, M.; et al. Phosphorylation of Ser-129 Is the Dominant Pathological Modification of α-Synuclein in Familial and Sporadic Lewy Body Disease. J. Biol. Chem. 2006, 281, 29739–29752. [Google Scholar] [CrossRef] [PubMed]

	



Lue, L.F.; Walker, D.G.; Adler, C.H.; Shill, H.; Tran, H.; Akiyama, H.; Sue, L.I.; Caviness, J.; Sabbagh, M.N.; Beach, T.G. Biochemical increase in phosphorylated alpha-synuclein precedes histopathology of Lewy-type synucleinopathies. Brain Pathol. 2012, 22, 745–756. [Google Scholar] [CrossRef] [PubMed]

	



Walker, D.G.; Lue, L.-F.; Adler, C.H.; Shill, H.A.; Caviness, J.N.; Sabbagh, M.N.; Akiyama, H.; Serrano, G.E.; Sue, L.I.; Beach, T.G. Changes in properties of serine 129 phosphorylated α-synuclein with progression of Lewy-type histopathology in human brains. Exp. Neurol. 2013, 240, 190–204. [Google Scholar] [CrossRef]

	



Tokuda, T.; Qureshi, M.M.; Ardah, M.T.; Varghese, S.; Shehab, S.A.; Kasai, T.; Ishigami, N.; Tamaoka, A.; Nakagawa, M.; El-Agnaf, O.M. Detection of elevated levels of alpha-synuclein oligomers in CSF from patients with Parkinson disease. Neurology 2010, 75, 1766–1772. [Google Scholar] [CrossRef] [PubMed]

	



Hansson, O.; Hall, S.; Öhrfelt, A.; Zetterberg, H.; Blennow, K.; Minthon, L.; Nägga, K.; Londos, E.; Varghese, S.; Majbour, N.K.; et al. Levels of cerebrospinal fluid α-synuclein oligomers are increased in Parkinson’s disease with dementia and dementia with Lewy bodies compared to Alzheimer’s disease. Alzheimer’s Res. Ther. 2014, 6, 25. [Google Scholar] [CrossRef] [PubMed]

	



Majbour, N.K.; Vaikath, N.N.; van Dijk, K.D.; Ardah, M.T.; Varghese, S.; Vesterager, L.B.; Montezinho, L.P.; Poole, S.; Safieh-Garabedian, B.; Tokuda, T.; et al. Oligomeric and phosphorylated alpha-synuclein as potential CSF biomarkers for Parkinson’s disease. Mol. Neurodegener. 2016, 11, 7. [Google Scholar] [CrossRef]

	



Gruden, M.A.; Davydova, T.V.; Narkevich, V.B.; Fomina, V.G.; Wang, C.; Kudrin, V.S.; Morozova-Roche, L.A.; Sewell, R.D. Intranasal administration of alpha-synuclein aggregates: A Parkinson’s disease model with behavioral and neurochemical correlates. Behav. Brain Res. 2014, 263, 158–168. [Google Scholar] [CrossRef] [PubMed]

	



Wrasidlo, W.; Tsigelny, I.F.; Price, D.L.; Dutta, G.; Rockenstein, E.; Schwarz, T.C.; Ledolter, K.; Bonhaus, D.; Paulino, A.; Eleuteri, S.; et al. A de novo compound targeting alpha-synuclein improves deficits in models of Parkinson’s disease. Brain 2016, 139, 3217–3236. [Google Scholar] [CrossRef]

	



Canerina-Amaro, A.; Pereda, D.; Diaz, M.; Rodriguez-Barreto, D.; Casanas-Sanchez, V.; Heffer, M.; Garcia-Esparcia, P.; Ferrer, I.; Puertas-Avendano, R.; Marin, R. Differential aggregation and phosphorylation of alpha synuclein in membrane compartments associated with Parkinson disease. Front. Neurosci. 2019, 13, 382. [Google Scholar] [CrossRef] [PubMed]

	



Tyson, T.; Steiner, J.A.; Brundin, P. Sorting out release, uptake and processing of alpha-synuclein during prion-like spread of pathology. J. Neurochem. 2016, 139, 275–289. [Google Scholar] [CrossRef] [PubMed]

	



Oh, S.H.; Kim, H.N.; Park, H.J.; Shin, J.Y.; Kim, D.Y.; Lee, P.H. The cleavage effect of mesenchymal stem cell and its derived matrix metalloproteinase-2 on extracellular alpha-synuclein aggregates in Parkinsonian models. Stem Cells Transl. Med. 2017, 6, 949–961. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.R.; Lai, P.L.; Chien, Y.; Lee, P.H.; Lai, Y.H.; Ma, H.I.; Shiau, C.Y.; Wang, K.C. Improvement of impaired motor functions by human dental exfoliated deciduous teeth stem cell-derived factors in a rat model of Parkinson’s disease. Int. J. Mol. Sci. 2020, 21, 3807. [Google Scholar] [CrossRef] [PubMed]

	



Anesti, V.; Scorrano, L. The relationship between mitochondrial shape and function and the cytoskeleton. Biochim. Biophys. Acta 2006, 1757, 692–699. [Google Scholar] [CrossRef]

	



Fortin, D.L.; Nemani, V.M.; Nakamura, K.; Edwards, R.H. The behavior of alpha-synuclein in neurons. Mov. Disord. 2010, 25, S21–S26. [Google Scholar] [CrossRef] [PubMed]

	



Scott, D.A.; Tabarean, I.; Tang, Y.; Cartier, A.; Masliah, E.; Roy, S. A pathologic cascade leading to synaptic dysfunction in alpha-synuclein-induced neurodegeneration. J. Neurosci. 2010, 30, 8083–8095. [Google Scholar] [CrossRef]

	



Bras, I.C.; Xylaki, M.; Outeiro, T.F. Mechanisms of alpha-synuclein toxicity: An update and outlook. Prog. Brain Res. 2020, 252, 91–129. [Google Scholar] [PubMed]

	



De Waegh, S.M.; Lee, V.M.; Brady, S.T. Local modulation of neurofilament phosphorylation, axonal caliber, and slow axonal transport by myelinating Schwann cells. Cell 1992, 68, 451–463. [Google Scholar] [CrossRef]

	



Teunissen, C.E.; Khalil, M. Neurofilaments as biomarkers in multiple sclerosis. Mult. Scler. 2012, 18, 552–556. [Google Scholar] [CrossRef] [PubMed]

	



Grant, P.; Pant, H.C. Neurofilament protein synthesis and phosphorylation. J. Neurocytol. 2000, 29, 843–872. [Google Scholar] [CrossRef]

	



Buchman, V.L.; Adu, J.; Pinon, L.G.; Ninkina, N.N.; Davies, A.M. Persyn, a member of the synuclein family, influences neurofilament network integrity. Nat. Neurosci. 1998, 1, 101–103. [Google Scholar] [CrossRef]

	



Van der Putten, H.; Wiederhold, K.H.; Probst, A.; Barbieri, S.; Mistl, C.; Danner, S.; Kauffmann, S.; Hofele, K.; Spooren, W.P.; Ruegg, M.A.; et al. Neuropathology in mice expressing human alpha-synuclein. J. Neurosci. 2000, 20, 6021–6029. [Google Scholar] [CrossRef]

	



Gassowska, M.; Czapski, G.A.; Pajak, B.; Cieslik, M.; Lenkiewicz, A.M.; Adamczyk, A. Extracellular alpha-synuclein leads to microtubule destabilization via GSK-3beta-dependent Tau phosphorylation in PC12 cells. PLoS ONE 2014, 9, e94259. [Google Scholar] [CrossRef] [PubMed]

	



Hisaoka, M.; Okamoto, S.; Koyama, S.; Ishida, T.; Imamura, T.; Kanda, H.; Kameya, T.; Meis-Kindblom, J.M.; Kindblom, L.G.; Hashimoto, H. Microtubule-associated protein-2 and class III beta-tubulin are expressed in extraskeletal myxoid chondrosarcoma. Mod. Pathol. 2003, 16, 453–459. [Google Scholar] [CrossRef]

	



Bocquet, A.; Berges, R.; Frank, R.; Robert, P.; Peterson, A.C.; Eyer, J. Neurofilaments bind tubulin and modulate its polymerization. J. Neurosci. 2009, 29, 11043–11054. [Google Scholar] [CrossRef] [PubMed]

	



Scopa, C.; Marrocco, F.; Latina, V.; Ruggeri, F.; Corvaglia, V.; La Regina, F.; Ammassari-Teule, M.; Middei, S.; Amadoro, G.; Meli, G.; et al. Impaired adult neurogenesis is an early event in Alzheimer’s disease neurodegeneration, mediated by intracellular Aβ oligomers. Cell Death Diff. 2020, 27, 934–948. [Google Scholar] [CrossRef] [PubMed]

	



Nakayama, K.; Suzuki, Y.; Yazawa, I. Microtubule depolymerization suppresses alpha-synuclein accumulation in a mouse model of multiple system atrophy. Am. J. Pathol. 2009, 174, 1471–1480. [Google Scholar] [CrossRef] [PubMed]

	



Mullen, R.J.; Buck, C.R.; Smith, A.M. NeuN, a neuronal specific nuclear protein in vertebrates. Development 1992, 116, 201–211. [Google Scholar] [PubMed]

	



Portiansky, E.L.; Barbeito, C.G.; Gimeno, E.J.; Zuccolilli, G.O.; Goya, R.G. Loss of NeuN immunoreactivity in rat spinal cord neurons during aging. Exp. Neurol. 2006, 202, 519–521. [Google Scholar] [CrossRef]

	



Wolf, H.K.; Buslei, R.; Schmidt-Kastner, R.; Schmidt-Kastner, P.K.; Pietsch, T.; Wiestler, O.D.; Blumcke, I. NeuN: A useful neuronal marker for diagnostic histopathology. J. Histochem. Cytochem. 1996, 44, 1167–1171. [Google Scholar] [CrossRef] [PubMed]

	



Maxeiner, S.; Glassmann, A.; Kao, H.T.; Schilling, K. The molecular basis of the specificity and cross-reactivity of the NeuN epitope of the neuron-specific splicing regulator, Rbfox3. Histochem. Cell Biol. 2014, 141, 43–55. [Google Scholar] [CrossRef] [PubMed]

	



Daly, C.; Sugimori, M.; Moreira, J.E.; Ziff, E.B.; Llinas, R. Synaptophysin regulates clathrin-independent endocytosis of synaptic vesicles. Proc. Natl. Acad. Sci. USA 2000, 97, 6120–6125. [Google Scholar] [CrossRef] [PubMed]

	



Counts, S.E.; Nadeem, M.; Lad, S.P.; Wuu, J.; Mufson, E.J. Differential expression of synaptic proteins in the frontal and temporal cortex of elderly subjects with mild cognitive impairment. J. Neuropathol. Exp. Neurol. 2006, 65, 592–601. [Google Scholar] [CrossRef]

	



Bate, C.; Tayebi, M.; Salmona, M.; Diomede, L.; Williams, A. Polyunsaturated fatty acids protect against prion-mediated synapse damage in vitro. Neurotox. Res. 2010, 17, 203–214. [Google Scholar] [CrossRef]

	



Rockenstein, E.; Nuber, S.; Overk, C.R.; Ubhi, K.; Mante, M.; Patrick, C.; Adame, A.; Trejo-Morales, M.; Gerez, J.; Picotti, P.; et al. Accumulation of oligomer-prone alpha-synuclein exacerbates synaptic and neuronal degeneration in vivo. Brain 2014, 137, 1496–1513. [Google Scholar] [CrossRef] [PubMed]

	



Kim, S.; Seo, J.H.; Suh, Y.H. Alpha-synuclein, Parkinson’s disease, and Alzheimer’s disease. Parkinsonism Relat. Disord. 2004, 10, S9–S13. [Google Scholar] [CrossRef]

	



Callizot, N.; Combes, M.; Henriques, A.; Poindron, P. Necrosis, apoptosis, necroptosis, three modes of action of dopaminergic neuron neurotoxins. PLoS ONE 2019, 14, e0215277. [Google Scholar] [CrossRef]

	



Borner, C. The Bcl-2 protein family: Sensors and checkpoints for life-or-death decisions. Mol. Immunol. 2003, 39, 615–647. [Google Scholar] [CrossRef]

	



Sapkota, K.; Kim, S.; Park, S.E.; Kim, S.J. Detoxified extract of Rhus verniciflua stokes inhibits rotenone-induced apoptosis in human dopaminergic cells, SH-SY5Y. Cell. Mol. Neurobiol. 2011, 31, 213–223. [Google Scholar] [CrossRef] [PubMed]

	



McConkey, D.J. Biochemical determinants of apoptosis and necrosis. Toxicol. Lett. 1998, 99, 157–168. [Google Scholar] [CrossRef]

	



Cory, S.; Adams, J.M. The Bcl2 family: Regulators of the cellular life-or-death switch. Nat. Rev. Cancer 2002, 2, 647–656. [Google Scholar] [CrossRef] [PubMed]

	



Xiong, Y.J.; Song, Y.Z.; Zhu, Y.; Zuo, W.Q.; Zhao, Y.F.; Shen, X.; Wang, W.J.; Liu, Y.L.; Wu, J.C.; Liang, Z.Q. Neuroprotective effects of olanzapine against rotenone-induced toxicity in PC12 cells. Acta Pharmacol. Sin. 2020, 41, 508–515. [Google Scholar] [CrossRef] [PubMed]

	



Shi, Y. Caspase activation: Revisiting the induced proximity model. Cell 2004, 117, 855–858. [Google Scholar] [CrossRef] [PubMed]

	



Fiskum, G.; Starkov, A.; Polster, B.M.; Chinopoulos, C. Mitochondrial mechanisms of neural cell death and neuroprotective interventions in Parkinson’s disease. Ann. N. Y. Acad. Sci. 2003, 991, 111–119. [Google Scholar] [CrossRef]

	



Li, P.; Nijhawan, D.; Budihardjo, I.; Srinivasula, S.M.; Ahmad, M.; Alnemri, E.S.; Wang, X. Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 complex initiates an apoptotic protease cascade. Cell 1997, 91, 479–489. [Google Scholar] [CrossRef]

	



Lazebnik, Y.A.; Kaufmann, S.H.; Desnoyers, S.; Poirier, G.G.; Earnshaw, W.C. Cleavage of poly(ADP-ribose) polymerase by a proteinase with properties like ICE. Nature 1994, 371, 346–347. [Google Scholar] [CrossRef] [PubMed]

	



Sharikova, A.V.; Quaye, E.; Park, J.Y.; Maloney, M.C.; Desta, H.; Thiyagarajan, R.; Seldeen, K.L.; Parikh, N.U.; Sandhu, P.; Khmaladze, A.; et al. Methamphetamine induces apoptosis of microglia via the intrinsic mitochondrial-dependent pathway. J. Neuroimmune Pharmacol. 2018, 13, 396–411. [Google Scholar] [CrossRef] [PubMed]

	



Chan, P.H. Mitochondria and neuronal death/survival signaling pathways in cerebral ischemia. Neurochem. Res. 2004, 29, 1943–1949. [Google Scholar] [CrossRef] [PubMed]

	



Outeiro, T.F.; Grammatopoulos, T.N.; Altmann, S.; Amore, A.; Standaert, D.G.; Hyman, B.T.; Kazantsev, A.G. Pharmacological inhibition of PARP-1 reduces alpha-synuclein- and MPP(+)-induced cytotoxicity in Parkinson’s disease in vitro models. Biochem. Biophys. Res. Commun. 2007, 357, 596–602. [Google Scholar] [CrossRef]

	



Wu, Y.; Wang, Z.; Cai, P.; Jiang, T.; Li, Y.; Yuan, Y.; Li, R.; Khor, S.; Lu, Y.; Wang, J.; et al. Dual delivery of bFGF- and NGF-binding coacervate confers neuroprotection by promoting neuronal proliferation. Cell Physiol. Biochem. 2018, 47, 948–956. [Google Scholar] [CrossRef] [PubMed]

	



Dallas, M.; Balhouse, B.; Navarro, D.; Reid, K.; Mackowski, M. Improving cell culture outcomes through stabilized bFGF. Gen. Eng. Biotech. News 2018, 38, 22–23. [Google Scholar] [CrossRef]

	



Spina, M.B.; Squinto, S.P.; Miller, J.; Lindsay, R.M.; Hyman, C. Brain-derived neurotrophic factor protects dopamine neurons against 6-hydroxydopamine and N-methyl-4-phenylpyridinium ion toxicity: Involvement of the glutathione system. J. Neurochem. 1992, 59, 99–106. [Google Scholar] [CrossRef]

	



Gordon, S.L.; Bobrovskaya, L.; Dunkley, P.R.; Dickson, P.W. Differential regulation of human tyrosine hydroxylase isoforms 1 and 2 in situ: Isoform 2 is not phosphorylated at Ser35. Biochim. Biophys. Acta 2009, 1793, 1860–1867. [Google Scholar] [CrossRef] [PubMed]

	



Hollerhage, M.; Moebius, C.; Melms, J.; Chiu, W.H.; Goebel, J.N.; Chakroun, T.; Koeglsperger, T.; Oertel, W.H.; Rosler, T.W.; Bickle, M.; et al. Protective efficacy of phosphodiesterase-1 inhibition against alpha-synuclein toxicity revealed by compound screening in LUHMES cells. Sci. Rep. 2017, 7, 11469. [Google Scholar] [CrossRef]

	



Park, K.H.; Park, H.J.; Shin, K.S.; Choi, H.S.; Kai, M.; Lee, M.K. Modulation of PC12 cell viability by forskolin-induced cyclic AMP levels through ERK and JNK pathways: An implication for L-DOPA-induced cytotoxicity in nigrostriatal dopamine neurons. Toxicol. Sci. 2012, 128, 247–257. [Google Scholar] [CrossRef] [PubMed]

	



Jang, S.; Park, J.S.; Jeong, H.S. Neural differentiation of human adipose tissue-derived stem cells involves activation of the Wnt5a/JNK signalling. Stem Cells Int. 2015, 2015, 178618. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 02322 g001 550] 





Figure 1. Effects of NI-hADSC-CM on ROT-induced cell death. SH-SY5Y cells were seeded at a density of 5×104 cells/mL in DMEM containing 1% FBS and used for experiments after overnight incubation. (a) Cells were incubated with different concentrations of ROT (0, 0.5, 1, 2, 3, 4, 5, 7.5, and 10 μM) for 24 h or 48 h and subjected to trypan blue cell viability assay. Data are presented as the mean ± SEM of three independent experiments and analyzed by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: ** p < 0.01 and *** p < 0.001 vs. control for 24 h; ### p < 0.001 vs. control for 48 h. A two-way ANOVA followed by a Bonferroni post hoc test analyzed the time-dependent effects of ROT. Statistical significance: $ p < 0.05, $$ p < 0.01, and $$$ p < 0.001. (b) Cells were incubated in the absence or presence of ROT (0.5 μM) for 48 h and then treated with hADSC-CM or NI-hADSC-CM at 100 or 50 or 25% during the last 24 h, and cell survival was assessed by trypan blue assay. Data are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 2. Effects of NI-hADSC-CM against ROT on TH and Syn211 protein expressions. SH-SY5Y cells were seeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS and used for the experiments after overnight incubation. Cells incubated in the absence or presence of ROT (0.5 μM) for 48 h were treated with hADSC-CM (50%) or NI-hADSC-CM (50%) during the last 24 h, and the TH (a), Syn211 (b), and GAPDH or β-actin expression levels were assessed by Western blotting. Images are representative of three independent experiments. Data are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 3. Effects of NI-hADSC-CM against ROT on p-S129 and total α-syn expressions in Triton X-100-soluble cell lysate fractions. SH-SY5Y cells were seeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS and used for the experiments after overnight incubation. Cells incubated in the absence or presence of ROT (0.5 μM) for 48 h were treated with NI-hADSC-CM (50%) during the last 24 h. Cell lysates were prepared as 1% Triton X-100 soluble and insoluble (2× SDS-soluble) fractions. The expression levels of p-S129- and total α-syn were analyzed from 1% Triton X-100 soluble fractions by Western blotting using 12 and 8% SDS-PAGE gels (a). Images are representative of three independent experiments. The bar graphs represent fold changes in p-S129 α-syn/GAPDH (b,d) and total α-syn/GAPDH (c,e) in 12% (b,c) or 8% (d,e) SDS-PAGE. Data are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.01, ** p < 0.05, and *** p < 0.001. 
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Figure 4. Effects of NI-hADSC-CM against ROT on p-S129 and total α-syn expressions in Triton X-100-insoluble cell lysate fractions. SH-SY5Y cells were seeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS and used for experiments after overnight incubation. Cells incubated in the absence or presence of ROT (0.5 μM) for 48 h were treated with NI-hADSC-CM (50%) during the last 24 h. Cell lysates were prepared as 1% Triton X-100 soluble and insoluble (2× SDS-soluble) fractions. The expression levels of p-S129- and total α-syn were analyzed from 1% Triton X-100 insoluble (2× SDS soluble) fractions by Western blotting using 12 and 8% SDS-PAGE gels (a). Images are representative of three independent experiments. The bar graphs represent fold changes in p-S129 α-syn/GAPDH (b,d) and total α-syn/GAPDH (c,e) in 12% (b,c) or 8% (e) SDS-PAGE gels. Data are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 5. Effects of NI-hADSC-CM against ROT on protein expression of neuronal markers. SH-SY5Y cells were seeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS and used for experiments after overnight incubation. Cells in the absence or presence of ROT (0.5 μM) for 48 h were treated with hADSC-CM (50%) or NI-hADSC-CM (50%) during the last 24 h, and the expression levels of NF-H (a), β3-tubulin (b), NeuN (c), SYP (d), and GAPDH or β-actin were analyzed by Western blotting. Images are representative of three independent experiments. Data are presented as mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 6. Effects of NI-hADSC-CM against ROT on Bcl-2 family proteins and Cyt-c expressions. SH-SY5Y cells were seeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS and used for experiments after overnight incubation. Cells in the absence or presence of ROT (0.5 μM) for 48 h were treated with hADSC-CM (50%) or NI-hADSC-CM (50%) during the last 24 h and the Bax (a), Bcl-2 (b), Mcl-1 (c), Cyt-c (d) and β-actin or GAPDH expression levels were assessed by Western blotting. Images are representative of three independent experiments. Data are presented as mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 7. Effects of NI-hADSC-CM against ROT on caspases and PARP-1 protein expressions. SH-SY5Y cells were seeded at a density of 5 × 104 cells/mL in DMEM containing 1% FBS and used for experiments after overnight incubation. Cells in the absence or presence of ROT (0.5 μM) for 48 h were treated with hADSC-CM (50%) or NI-hADSC-CM (50%) during the last 24 h, and the expression levels of pro-Cas-9 (a), pro-Cas-3 (b), pro-Cas-7 (c), PARP (d), and β-actin or GAPDH were assessed by Western blotting. Images are representative of three independent experiments. Data are presented as the mean ± SEM of three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. Statistical significance: a—compared with control; b—compared with ROT; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 8. Diagrammatic representation of various activities of NI-hADSC-CM in the ROT-induced PD-like model. The downward arrows (↓) denote inhibitions, and the upward arrows (↑) denote stimulation by ROT (red) and NI-hADSC-CM (green). 






Figure 8. Diagrammatic representation of various activities of NI-hADSC-CM in the ROT-induced PD-like model. The downward arrows (↓) denote inhibitions, and the upward arrows (↑) denote stimulation by ROT (red) and NI-hADSC-CM (green).



[image: Ijms 22 02322 g008]













	
	
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 (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
ror 03 8

ii"
i
HE

ror 03 B

proCanTre| .
P

ProCando
Pt

e

roPARP. |
e PARP o

GAPDI -






media/file4.png
f—
tn
1
g
th
1

1.0+

TH/

= 2.0+
x 3 1.0 ——

N
= 1.5
<E
< 2

Syn211/B-actin
(Control normalized w 1}

0.5+

0 0.0
ROT (0.5 ,R-ff - ROT (0.5 uM) -

hADSC-CM (50%) - ok - - it o hADSC-CM (50%) - + = & + =
NI-hADSC-CM (50%) a = + = = + NI-hADSC-CM (50%)
TH 62100 | ™ S S o N — o3 Synle (14 kDa)
GAPDH (37 kbu) P —— 35 B-actin {43 kDa)

(a) (b)





nav.xhtml


  ijms-22-02322


  
    		
      ijms-22-02322
    


  




  





media/file16.png
I Rotenone NI-hADSC-CM

W

Z%) {% i NI-hADSC-CM -

Monomeri€ a-syn
(Soluble)

W,
i g},
Qé’% i,

Cell membrane

{Soluble)
Monomeri
(Insoluble)

Tp NF-H
, l B3-tubulin
LM YP
W 2 \.

Oligomeric . )
p-S5129 a-syn \ <’ Dopaminergic

(Insoluble) =_1 Cell Death






media/file2.png
o, -

g 100

E TS

£

& S0-

=

o 254

ROT (uM) -
150+
1251

:
|

Cell Snrvival (%)
=]
o

254

ROT(0S5 M) -
hADSC-CM (%) -
NLhADSC-CM (%) -






media/file5.jpg





media/file3.jpg
T

AP,





media/file1.jpg
-
s
H

Cell Survival (%)

bg

0
ROT (M)

ERE

Cell Survival (%)

roT3 b
BADSC-CM (%)
NLRADSC-CM (%)

100 50






media/file7.jpg





media/file10.png
2.0 1.5-

1.5+

B3-tubulin/B-actin
(Control normalized to 1}

NF-H/GAPDH
(Contral narmalized w 1]
=
1

ROT (0.5 &Y . ROT (0.5 p&:ﬁ
hADSC-CM (50%) - s 2 : + e hADSC-CM (50%)
NI-hADSC-CM (50%) - 8 ke & . Kt NI-hADSC-CM (50%)

NF-H (INO-2IMD 10D} B 3-Tubulin s kDa)

GAPDH 7 wwa

B -actin {43 KDy

2.0 2.0q
h***

7 1.5 < 1.5
= =3
- 2 2

S £ 10— G E 1.0-
¥
Z 2 o 2

3 0.5 S 0.5

([} 0.0

ROT (0.5 u%l‘)' & ROT (0.5 uM)
hADSC-CM (50%) - o ; " e ) hADSC-CM (50%)
NI-hADSC-CM (50%) - : % 5 8 + NI-hADSC-CM (50%)
— ‘ SY p {3H-4% kD)

G }\PDH {37 LDy

NeuN (16-48 KDu)

B-actin {43 kDuy






media/file12.png
qF**

= - 2.04
e e
= =
=3 £ ¥
R g 5 1.5+
1 E - (R
& £ 10— et
. = (S
- -~ — 1.0
- 3T
2 =B
=] =1
o 0.5 3
= = 0.54

ROT (0.5 uM) - ROT (0.5 ;&ﬁ
hADSC-CM (50%) - + . ’ + : hADSC-CM (50%)
NI-hADSC-CM (50%) - ] + ] ; + NI-hADSC-CM (50%)

F
Bel-2 o

Bax owa

B-actin (43 kDa) B-actin «s s

2.0~ 2.5-
a***
- 1.54 a¥e Pk =~ 2.0+
;- e S = 2
€73 23 1.5
¥s <3
@ E 1.0 — G E
- g ERE _
Tz N 1.0
= G E
< - "
< 03 = 0.5
ROT (0.5 Jh‘,’ , ROT (0.5 ;&'1‘1' - -
hADSC-CM (50%) - s 2 ¢ + & hADSC-CM (50%) - +

NI-hADSC-CM (50%) " - ot - - ki NI-hADSC-CM (50%)
Mel-1 coxnn | o Bl - ——

Cyt-Cusuww

B-actin GAPDH 7104

(d)





media/file9.jpg
piee
H

sor 05 -

rEm—

Lt





media/file0.png





media/file14.png
:
|

1.0 —

(o]
in
1
=)
N
1

pro Cas-3/B-actin

{Comtrnl normalized 1y 1)

pro Cas-9/p-actin
(Conrrol normalized ro 11

0.0
ROT (0.5 pN) -
hADSC-CM (50%) -
NI-hADSC-CM (30%)

N

ROT (0.5 ;&'{‘i
hADSC-CM (50%)
NI-hADSC-CM (50%)

‘pT‘O-CﬂS-g (49 LDa) pr 0-Cas-3 <

|3-actin (43 kDa) B-actin (43 kDa)

(b)
2.5

a¥**

)
b
i

1.0+

pro Cas-7/B-actin
{Control normalized to 11

iControl normalized w1

cleaved/pro PARP-1

- 0.5+

ROT (0.5 ;R-’IY ROT (0.5 _uQ\ﬁ'i
hADSC-CM (50%) = & . & r . hADSC-CM (50%) - + , - = B}
NI-hADSC-CM (50%) i i + 5 2 " NI-hADSC-CM (50%)
R SRt pl‘O-PARP(Imuna)

clecaved-PARP sswn

GAPDHH'.’ kDo |

pro—Cas-7 (35 kb

B-actinu.\ ki)

(c)





media/file8.png
19 Triton X100 Insoluble Fraction 1% Triton X-100 Insoluble Fraction
8% SDS-PAGL Gel

12% SDS-PAGE Gel

40 7
&
75| 2
‘ o
20
6| 2
48 r
2
5 3
. g g:
3s = c
53
g
p-S129 a-syn 25 } :
20
17 Dimer
11 Monomer
ﬁ 240
g 80
= s
o
w b 4
z
. - £
T
g :
g
total a-syn g
=
Dimer
%g} Monomer
GAPDH -
ROT (0.5 uM) = = = =
NI-hADSC-CM (50%) - -+ - + - - i +
(a)
2.0- 2.0-
1.5 1.5-

(Conteol normaliced 1o 11

HEHHT

p-S129 o -syw/GAPDH
=4

p-S129 a-syn/GAPDH
Coutrol nonmaiced lo 1)
)
1
|

H

A

o=
0.0 = K|
ROT (D5pMy = = + + ROT(03pM) - = +
NE-hADSC-CM (80%) - + - + NI-RADSC-CM (50%) - + - & e
Oligomers (Mipomers Lme Monomer
2.0 2.0+
“00-
g - ]'S- : = l.S‘
i 23
<% <t
£E L0- = I L0 M
L= == .3 i ——
ol =2 R i
- e - g =
- 3 = =3 o= ==
2% 05 e e < 0.5 - ==
13 3 — - -
= = o
= == ==
= E

003 ‘]o“
RO (0.3 uM) ROT idspMy - - + +
NEBADSCAOM (S0%) « 4+ - 4+ - 4+ « 4+ - 4+ - 4+ NI hADSC CMI50%) - + - <+

Higemars Dimer Maonnmer Oligomers Limner Monumer






media/file11.jpg
i

.

T ror 0 88"

- " B2
pctin.on. © pacinn

wor s 8 R0 M

2 e N
[  GAPDH e -
)

© 2






media/file6.png
p-S129 a-syn

GAPDH
ROT (0.5 uM)
NI-hADSC-CM (50%)

| &

—
—
1

S
U
1

p-S129 a-syn/GAPDH
(Control normalized to 1)

0.0
ROT (0.5 uM) =
NI-hADSC-CM (50%) -

1% I'riton X-100 Soluble I'raction

12% SDS-PAGE Gel

1% Triton X-100 Soluble Fraction

8% SDS-PAGE Gel

Oligomers

Dimer

Monomer

Monomer

- S
n =)
1 ]

(Control normalized to 1)
p—
—
]

p-S129 a-syn/GAPDH

=
th
1

(b)

UHHEHEHHHE N HHEHE N HA]
D

24()
180
135
100
5
L E
Dimer

35
25 } Monomer

25 } Monomer

(c)

1.57

—

.

]
1

THE A HHEEHH]
ithlilghl gy

=

.

h
1

total a-syn/CAPDH

(Control normalized to 1)

H

] l5-
b$
i S _ b*g:
== = ==
= = -3
5 == T 10—
= = %3
== St C =
== = £ E
== == X =
- - 2
ot == =z (.57
= = 3
= + + — 0.0
- - - ROT (0.5 uM) - - + +
+ - + - - 4+ - 4+ NI-hADSC-CM (50%) - + - +
Oligomers Dimer Monomer Monomer

0.0
ROT (0.5 pM) - R s ROT (0.5 yM) -
NI-hADSC-CM (50%) - + - - + - +  NI-hADSC-CM (50%) - + - +
Oligomers Monomer Monomer

(e)





media/file15.jpg
R

ﬁ/ —
T, <{Dopaminergic |~
o =} Calveath, &





