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Ndfip1 Prevents Rotenone-Induced Neurotoxicity and Upregulation of α-Synuclein in SH-SY5Y Cells
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Nedd4 family interacting protein 1 (Ndfip1) is an adaptor of Nedd4-family ubiquitin ligases. Experimental results showed that Ndfip1 had a potential neuroprotective effect in neurology diseases. However, the neuroprotective effect and the underlying mechanisms of Ndfip1 in Parkinson's disease (PD) have not yet been fully elucidated. Therefore, in this study, we explored the neuroprotective effect of Ndfip1 against mitochondrial complex I inhibitor rotenone in a human dopaminergic neuroblastoma SH-SY5Y cell line and further elucidated its possible underlying mechanisms. Our results showed that rotenone could induce the up-regulation of α-synuclein (α-syn) in both mRNA and protein levels. The expression of Ndfip1 decreased at 24 h after rotenone treatment. Further study showed that high expression of Ndfip1 could protect SH-SY5Y cells against rotenone-induced neurotoxicity and antagonize the rotenone-induced increase in α-syn protein levels. In addition, high expression of Ndfip1 inhibited rotenone-induced increase in the protein levels of caspase-3 and decrease in tyrosine hydroxylase (TH). Further study showed that Ndfip1 did not affect the protein expression of iron regulatory protein 1 (IRP1), transferrin receptor 1 (TfR1), while antagonized the increase in protein levels of P62 and ferritin L caused by rotenone. Our findings provide specific identification of Ndfip1 proteins to inhibit the increase of α-syn in rotenone-induced SH-SY5Y cells. Ndfip1 might be a new theoretical drug target for the prevention and treatment of PD.
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INTRODUCTION

Parkinson's disease (PD) is a neurodegenerative disease caused by progressive degeneration of dopamine (DA) neurons in the substantia nigra (SN). Although the etiology and pathogenesis of PD have not yet been elucidated, many factors such as oxidative stress, inflammatory response, apoptosis, loss of mitochondrial function, and dysfunction of the ubiquitin-proteasome system are considered to be involved in the pathogenesis of PD. Alpha-synuclein (α-syn) is the major constituent of Lewy body, which is a pathological hallmark of PD and has been found in both familial and sporadic PD (Polymeropoulos et al., 1997; Kruger et al., 1998; Spillantini et al., 1998; Bucciantini et al., 2002; Lesage et al., 2013; Trinh and Farrer, 2013). Abnormal expression and aggregates of α-syn impaired a variety of cellular processes (Lashuel et al., 2002a,b; Kim et al., 2009; Colla et al., 2012; Choi et al., 2013), thus contributing to neurotoxicity (Chen et al., 2007; Tetzlaff et al., 2008; Nasstrom et al., 2011; Wang et al., 2011).

It has been shown that proteasome and lysosome play crucial roles in the degradation of misfolded and damaged proteins (Betarbet et al., 2005; Gan-Or et al., 2015). Failure of these pathways in the brain was associated with neuropathological disorders including PD (Moore et al., 2005). Nedd4 family interacting protein 1 (Ndfip1) is a transmembrane protein that contains 221 amino acid residues and has a molecular weight of approximately 26 kDa. It contains two PPxY motifs that bind to the WW domain of Nedd4 ubiquitin ligase to mediate ubiquitin-dependent protein degradation (Jolliffe et al., 2000). It has been reported that high levels of Ndfip1 as well as its binding protein Nedd4 were found in the surviving neurons after brain ischemia and traumatic brain injury and might be responsible for neuron survival (Sang et al., 2006; Howitt et al., 2012; Lackovic et al., 2012; Goh et al., 2014). Ndfip1 was also reported to protect neurons against Co2+ and Fe2+-induced neurotoxicity (Howitt et al., 2009). Our previous studies also found that Ndfip1 could mediate the degradation of divalent metal transporter 1 (DMT1) to antagonize Fe2+-induced neurotoxicity (Jia et al., 2015). All the above studies indicated that Ndfip1 might serve as an early sensor protein, which removes harmful misfolded proteins in damaged neurons and promotes the survival of neurons under stress conditions. Studies have shown that aggregation of α-syn in the SN of patients with PD was accompanied by an up-regulation of Ndfip1 (Howitt et al., 2014), but the relationship between them and the possible mechanisms of their actions in PD were not fully elucidated.

In this study, rotenone was used to induce PD cell model. Rotenone was a natural pesticide, which is a specific inhibitor of mitochondrial NADH dehydrogenase in respiratory chain complex I. It can cause oxidative stress and increased expression of α-syn (Huang et al., 2009; Chou et al., 2010; Deng et al., 2020). Therefore, real-time quantitative PCR, western blotting and immunofluorescence were performed on human neuroblastoma SH-SY5Y cells to study the neuroprotective effects and possible mechanisms of Ndfip1 on rotenone-induced neurotoxicity and increase in α-syn protein levels. The experimental results provide a new theoretical basis and therapeutic target for revealing the pathogenesis of PD.



MATERIALS AND METHODS


Materials

The primary rabbit-anti-Ndfip1, rabbit-anti-tyrosine hydroxylase (TH) antibodies and rotenone were purchased from Sigma (St. Louis, MO, USA). The primary antibodies of rabbit-anti-α-syn, rabbit-anti-transferrin receptor 1 (TfR1), rabbit-anti-iron regulatory protein 1 (IRP1) and rabbit-anti-ferritin L were from Abcam (Cambridge, MA, USA). The primary antibodies of rabbit-anti-caspase-3 and rabbit-anti-P62 were from Cell Signaling Technology (Beverly, MA, USA). The monoclonal rabbit-anti-β-actin antibody was from Bioss (Beijing, China), and the goat anti-rabbit IgG labeled with HRP was from Santa Cruz (Dallas, TX, USA). The detailed information of antibodies are shown in Supplementary Table 1. High glucose/DMEM and FBS were from Hyclone (Logan, Utah, USA). Penicillin-streptomycin solution was bought from Beyotime (Shanghai, China). ECL ultrasensitive chemiluminescence kit was from MilliporeSigma (Billerica, MA, USA). All recombined adenoviruses were constructed by GeneChem (Shanghai, China). Other biological reagents and materials are from local commercial sources.



Cell Culture

The SH-SY5Y cell line is purchased from the Shanghai Cell Bank of Chinese Academy of Sciences. The WT-α-syn iPC12 cells and A53T-α-syn iPC12 cells used in this experiment are a gift from Hong Kong Baptist University. SH-SY5Y cells, WT-α-syn iPC12 cells and A53T-α-syn iPC12 cells were cultured in high glucose/DMEM cell culture medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution and maintained in a cell incubator with 5% CO2 and 95% air at 37°C. In the experiment, cells were cultured in plastic cell culture flasks at a density of 1 × 105/cm2. Doxycline was added to WT-α-syn iPC12 cells and A53T-α-syn iPC12 cells to induce the expression of WT-α-syn and A53T-α-syn.



Adenovirus Infection of SH-SY5Y Cells and Exposure to Rotenone

SH-SY5Y cells were seeded in 6-well plates at a density of 2 × 104/cm2. When the cell density reached 50–70% confluence, the adenovirus with a multiplicity of infection (MOI) of 10 was then added to the medium to infect SH-SY5Y cells for 48 h. Fluorescence of green fluorescent protein (GFP) could be monitored to verify the infective efficiency. The recombinant adenovirus containing human Ndfip1 was named Ad.Ndfip1. Ad.GFP was used as an adenovirus control.

In this study, 300 nmol/L rotenone was used to detect the expression of target proteins (Sala et al., 2013; Li et al., 2014). SH-SY5Y cells were treated with 300 nmol/L rotenone for 3, 6, 9, 12, and 24 h separately. Then the RNA and protein were collected for the real-time quantitative PCR and western blots experiments to investigate the effect of rotenone on the expression of α-syn and Ndfip1. For the experiments of the neuroprotective effect of Ndfip1, cells were infected with Ad.GFP or Ad.Ndfip1 for 48 h following the treatment with 300 nmol/L rotenone for another 24 h.



Real-Time PCR to Detect the mRNA Levels of Ndfip1 and α-syn

Total RNA was isolated by TRIZoL Reagent (Invitrogen, USA). Then 5 μg of total RNA was reversely transcribed by 20 μL reaction system using AMV reverse transcription system (Promega Corporation, USA). Real-time PCR was performed in a real-time PCR system (Eppendorf) using the SYBR Green (QIAGEN) dye. The following is the sequence of different primers: human Ndfip1 sense primer: 5′-CATCGAATCATTAGTGGTTA-3′; antisense primer: 5′-GATGGAGGATGAATAAAGC-3′. Human alpha-synuclein sense primer: 5′-CAGTGTATTTCAAAGTCTTC-3′; antisense primer: 5′-AGGTGTTTTAAGTTTCTTCTA-3′. Human β-actin sense primer: 5′- CATGTACGTTGCTATCCAGGC-3′; antisense primer: 5′- CTCCTTAATGTCACGCACGAT-3′. In this study, β-actin mRNA was used as a standard control. Amplification and detection were performed under the following conditions: 95° C for 30 s followed by 40 cycles of 95° C for 10 s and 60° C for 30 s. The 2−ΔΔCt method was used in the calculation of relative mRNA expression levels.



Protein Extraction and Western Blotting

After cells were treated with rotenone or/and infected by recombinant adenovirus, the cells were washed once with cold PBS, and then lysed on ice for 30 min in 100 μL of lysis solution by mixing strong RIPA lysis buffer with PMSF (Sigma, USA) in a 99:1 ratio. The lysate was then centrifuged and the protein-containing supernatant was collected. Next, the concentration of the protein was measured using the BCA protein concentration determination kit (Beyotime). Proteins with 5 × loading buffer (Beyotime) were incubated at 95°C for 10 min.

The total 20 μg protein was separated by 12–15% sodium dodecyl sulfate polyacrylamide gel electrophoresis and the protein in the gel was transferred to a PVDF membrane. After blocking, blots were probed with antibody of α-synuclein, caspase-3, TH, P62, TfR1, IRP1 and ferritin L (1: 1,000) or Ndfip1 antibody (1: 500). Rabbit monoclonal β-actin antibody (1: 10,000) was used as loading control. The goat anti-rabbit IgG labeled with HRP was used at 1: 10,000. ECL ultrasensitive chemiluminescence kit and UVP gel imaging system were used to observe the expression of proteins. During photographing, camera settings were used to optimize the exposure time and determine the appropriate final exposure conditions.



Immunofluorescent and 4,6-Diamidino-2-phenylindole (DAPI) Staining

Cells were grown on glass coverslips and fixed in 4% paraformaldehyde for 30 min. Cells were then washed with 0.01 M PBS 3 times for 10 min and permeabilized with 0.1% Triton X-100 in 5% donkey serum-PBS for 1 h at room temperature. Subsequently, cells were incubated with rabbit anti-α-synuclein antibody (1:100) in PBS at 4°C overnight. After three PBS washes for 10 min, Alexa Flour568 conjugated goat anti-rabbit IgG secondary antibody (1:500) in PBS was added and incubated for 2 h at room temperature. Wash with PBS 3 times for 10 min. Nuclei were stained with DAPI at room temperature for 10 min in the dark and washed twice with PBS.

DAPI staining was also performed to assess apoptosis. Percentage of apoptotic cells with DNA fragmentation, nuclear condensation, and segmentation was counted manually by researchers blinded to the treatment schedule using a fluorescence microscope. The data were expressed as a percentage of apoptotic cells to the total number of cells.



Statistical Analysis

The experimental results were analyzed by GraphPad Prism 5 statistical software and data was expressed as mean ± S.E.M. One-way analysis of variance (ANOVA) was used to compare data. P < 0.05 was considered to be statistically significant.




RESULTS


The Expressions of α-syn and Ndfip1 After Exposure to Rotenone in SH-SY5Y Cells

Following treatment with 300 nmol/L rotenone, the mRNA and protein levels of α-syn in SH-SY5Y cells were quantified by real-time PCR and western blots in different time point. Results showed that 300 nmol/L rotenone could significantly increase the mRNA expression of α-syn at 12 and 24 h compared with the control (Figure 1A). We then detected the protein levels of α-syn in different time point after exposure to rotenone. Results showed that the protein expression of α-syn increased from 6 h after rotenone treatment and increased further at 9, 12, and 24 h after rotenone exposure in SH-SY5Y cells (Figure 1B).
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FIGURE 1. The mRNA and protein expressions of α-syn and Ndfip1 after exposure to rotenone in SH-SY5Y cells. (A) The mRNA expression of α-syn in rotenone-treated SH-SY5Y cells increased at 12 and 24 h compared with the control (**P < 0.01, ***P < 0.001, compared with the control). (B) The protein expression of α-syn increased at 6, 9, 12, and 24 h after rotenone exposure compared with the control in SH-SY5Y cells (*P < 0.05, **P < 0.01, ***P < 0.001, compared with the control). (C) The mRNA expression of Ndfip1 in rotenone-treated SH-SY5Y increased at 6 and 9 h, compared with the control (*P < 0.05, compared with the control). (D) The protein expression of Ndfip1 increased significantly at 3, 6, and 9 h and decreased at 24 h after rotenone exposure in SH-SY5Y cells, compared with the control (*P < 0.05, **P < 0.01, ***P < 0.001, compared with the control).


To investigate whether rotenone treatment could affect the expression of Ndfip1, we detected the expression of Ndfip1 in mRNA and protein levels. Data showed that the mRNA expression of Ndfip1 increased at 6 and 9 h after exposure to rotenone, compared with the control (Figure 1C). In addition, we also detected the protein levels of Ndfip1 in rotenone-treated SH-SY5Y cells by western blots. Data showed that the protein expression of Ndfip1 increased significantly at 3, 6, 9 h and decreased at 24 h after rotenone treatment in SH-SY5Y cells, compared with the control (Figure 1D).



High Levels of Ndfip1 Protected SH-SY5Y Cells Against Rotenone-Induced Morphological Change

In this study, recombinant adenovirus-induce overexpression of Ndfip1 was used. The expression of Ndfip1 was detected after Ad.Ndfip1 or Ad.GFP infection in SH-SY5Y cells for 48 h. We have detected two bands of Ndfip1 in 26 KD and 52 KD (GFP-fusion) in this experiment. Data showed that the expression of Ndfip1 increased significantly in the SH-SY5Y cells with infection of Ad.Ndfip1 compared with Ad.GFP infected cells and the normal controls (Figure 2A).
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FIGURE 2. The effect of high levels of Ndfip1 on rotenone-induced morphological change and apoptosis. (A) The expression of Ndfip1 increased significantly in the SH-SY5Y cells with infection of Ad.Ndfip1 compared with Ad.GFP infected cells and the normal controls (***P < 0.001, compared with the control). (B) Cells were attached with the regular shape in the control group. After exposure to 300 nmol/L rotenone, cell bodies showed shrinkage and detachment. High levels of Ndfip1 significantly inhibited the rotenone-induced morphological damage. In addition, there were not significant morphology changes in Ad.GFP infected cells compared with the control. Scale bar indicates 100 μm. (C) Representative fluorescence photographs show the nuclei morphology in different groups. Arrows indicate perinuclear apoptotic bodies and nuclear fragmentation typically observed in apoptotic cells. (D) The percentage of apoptotic cells was calculated as the ratio of apoptotic cells to total cells. Results are expressed as mean ± S.E.M. of three independent experiments (***P < 0.001, compared with control; ###P < 0.001, compared with rotenone group and Ad.GFP/rotenone group). Scale bar indicates 50 μm.


To investigate whether the high levels of Ndfip1 could protect SH-SY5Y cells against rotenone, we observed morphological change by phase-contrast imaging after different treatment. As shown in Figure 2B, cells were attached with the regular shape in the control group. After exposure to 300 nmol/L rotenone, cell bodies showed shrinkage and detachment. Furthermore, DAPI staining showed that nuclei of control cells were round and large in size. However, the nuclei of cells with rotenone treatment appeared hypercondensed and perinuclear apoptotic bodies; Overexpression of Ndfip1 significantly protected against rotenone-induced nuclear condensation and perinuclear apoptotic bodies in SH-SY5Y cells (Figure 2C). The percentage of apoptotic cells increased in the rotenone-treated cells, which could be inhibited by overexpression of Ndfip1 (Figure 2D).



High Levels of Ndfip1 Protected SH-SY5Y Cells Against Rotenone-Induced Decrease in TH Expression and Increase in Caspase-3 Expression

After SH-SY5Y cells were infected with recombinant adenovirus for 24 h and then incubated with 300 nmol/L rotenone for another 24 h, the protein expression of TH and caspase-3 were detected. Results showed that the protein levels of TH in rotenone and Ad.GFP/rotenone group were down-regulated by 37.5 and 44.2%, respectively, compared with the control group. Further study demonstrated that the expression of caspase-3 protein in rotenone group and Ad.GFP/rotenone group were up-regulated by 60.3 and 75.4%, respectively, compared with the control group. High levels of Ndfip1 could inhibit rotenone-induced down-regulation of TH (Figure 3A) and up-regulation of caspase-3 (Figure 3B).
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FIGURE 3. Ndfip1 antagonized rotenone-induced down-regulation of TH and increase of caspase-3 in SH-SY5Y cells. (A) Ndfip1 antagonized down-regulation of TH induced by rotenone in SH-SY5Y cells. Western blots were applied to detect the protein levels of TH in various groups. Compared with the control group, treatment of 300 nmol/L rotenone for 24 h resulted in down-regulation of TH protein in SH-SY5H cells. The protein levels of TH in Ad.Ndfip1/rotenone group were increased compared to the Ad.GFP/rotenone group and rotenone group (***P < 0.001, compared with control; ##P < 0.01, compared with rotenone group; ∧∧∧P < 0.001, compared with Ad.GFP/rotenone group; n = 6). (B) Ndfip1 antagonized rotenone-induced caspase-3 activation in SH-SY5Y cells. Western blots were applied to detect the protein levels of caspase-3 in various groups. Compared with the control group, treatment of 300 nmol/L rotenone for 24 h resulted in up-regulation of caspase-3 protein in SH-SY5H cells. The protein levels of caspase-3 in Ad.Ndfip1/rotenone group were reduced compared to the Ad.GFP/rotenone and rotenone group (**P < 0.01, ***P < 0.001, compared with control; #P < 0.05, compared with rotenone group; ∧∧P < 0.01, compared with Ad.GFP/rotenone group; n = 6).




High Levels of Ndfip1 Dramatically Inhibited Rotenone-Induced Increase in the Protein Levels of α-syn in SH-SY5Y Cells

Rotenone exposure for 24 h decreased the expression of Ndfip1 in SH-SY5Y cells. Ad.Ndfip1 infection induced an obvious increase in the protein levels of Ndfip1 after exposure to rotenone (Figure 4A). To verify whether high levels of Ndfip1 could protect SH-SY5Y cells against rotenone-induced increase in α-syn, the α-syn protein levels were detected by western blots. Results showed that the protein levels of α-syn were obviously decreased in Ad.Ndfip1 infected cells compared with Ad.GFP infected cells and control cells after rotenone treatment, as shown in Figure 4B. Additionally, the study of immunofluorescence indicated the basal levels of α-syn expression (red fluorescence) in cultured SH-SY5Y cells and increased expression in rotenone-treated cells, but down-regulation in Ad.Ndfip1/rotenone cells (Figure 4C). These results demonstrate a role for Ndfip1 in regulating α-syn protein levels in rotenone-treated SH-SY5Y cells.
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FIGURE 4. The effect of high levels of Ndfip1 on rotenone-induced increase of α-syn in SH-SY5Y cells. (A) The expression of Ndfip1 in rotenone-treated cells decreased significantly compared with the control. The higher protein levels of Ndfip1 were detected in cells infected with Ad.Ndfip1 following rotenone treatment, compared with rotenone or Ad.GFP/rotenone groups (*P < 0.05, **P < 0.01, compared with the control; ###P < 0.001, compared with rotenone-treated cells). (B) The expression of α-syn in rotenone-treated cells increased significantly compared with the control. Ad.Ndfip1 infection could inhibit rotenone-induced increase in the protein levels of α-syn. Additionally, Ad.GFP treatment had no apparent effect on rotenone-induced increase in the protein levels of α-syn (**P < 0.01, compared with the control; #P < 0.05, compared with rotenone-treated cells). (C) Immunofluorescence with anti-α-syn antibodies indicated the basal levels of α-syn expression (red fluorescence) in cultured SH-SY5Y cells and increased expression in rotenone and Ad.GFP/rotenone cells, but down-regulation in Ad.Ndfip1/rotenone cells. Scale bar indicates 20 μm.




High Levels of Ndfip1 Did Not Affect α-Syn Protein Expression in WT-α-syn iPC12 Cells and A53T-α-syn iPC12 Cells Treated With Doxycline (DOX)

The recombinant adenovirus carrying Ndfip1 was used to infect A53T-α-syn iPC12 cells or WT-α-syn iPC12 cells. The expression of Ndfip1 was detected 48 h after infection. The experimental results showed that the expression of Ndfip1 increased significantly in Ad.Ndfip1 infected iPC12 cells, compared with the Ad.GFP group (Figures 5A,B). Then after infection of A53T-α-syn iPC12 cells or WT-α-syn iPC12 cells with Ad.Ndfip1 or Ad.GFP for 24 h, doxycline was added to iPC12 cells for another 24 h to induced the expression of α-syn. Western blots were used to detect the changes of α-syn. The results showed that the expression of α-syn did not change in the Ad.Ndfip1 + DOX group in A53T-α-syn iPC12 cells or WT-α-syn iPC12 cells, compared with the Ad.GFP+DOX group (Figures 5C,D).
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FIGURE 5. The effect of Ndfip1 on α-syn protein expression in WT-α-syn iPC12 cells and A53T-α-syn iPC12 cells. (A) Increased expression of Ndfip1 was observed in Ad.Ndfip1 group in WT-α-syn iPC12 cells. (B) Increased expression of Ndfip1 was observed in Ad.Ndfip1 group in A53T-α-syn iPC12 cells. (C) Increased expression of α-Syn was observed in Ad.Ndfip1 + DOX and Ad.GFP + DOX group. The expression of α-syn did not change in the Ad.Ndfip1 + DOX group, compared with the Ad.GFP+DOX group in WT-α-syn iPC12 cells. β-actin was used as a loading control (**P < 0.01, compared with the Ad.GFP group; ##P < 0.01, compared with Ad.Ndfip1 group). (D) Increased expression of α-Syn was observed in Ad.Ndfip1 + DOX and Ad.GFP + DOX group. The expression of α-syn did not change in the Ad.Ndfip1 + DOX group, compared with the Ad.GFP + DOX group in A53T-α-syn iPC12 cells. β-actin was used as a loading control (**P < 0.01, compared with the Ad.GFP group; #P < 0.05, compared with Ad.Ndfip1 group).




High Levels of Ndfip1 Antagonized Rotenone-Induced Increase in P62 and Ferritin L Protein Expression

To further investigate the possible mechanisms underlying the protective effect of Ndfip1 against rotenone, we detect the expression of the autophagy-related protein P62. The results showed that the expression of P62 protein in the rotenone group up-regulated significantly, compared with the control group, which could be antagonized by high level of Ndfip1 (Figure 6A). In addition, we have tested the expression of iron-related proteins including iron regulatory protein 1 (IRP1), transferrin receptor 1 (TfR1), and ferritin L in cells treated with rotenone. The results showed that high expression of Ndfip1 did not affect the protein expression of IRP1, TfR1, while antagonized the increase in ferritin L protein expression caused by rotenone (Figures 6B–D).
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FIGURE 6. High levels of Ndfip1 antagonized rotenone-induced increase in P62 and ferritin L protein expression. (A) The protein expression of P62 in the rotenone group up-regulated significantly, compared with the control group. High level of Ndfip1 could antagonize rotenone-induced up-regulation of P62 (*P < 0.05, compared with the control; #P < 0.05, compared with rotenone-treated cells). (B) Changes in the protein expression of IRP1. (C) Changes in the protein expression of TfR1. (D) The protein expression of ferritin L in the rotenone group up-regulated significantly, compared with the control group. High level of Ndfip1 could antagonize rotenone-induced up-regulation of ferritin L (***P < 0.001, compared with the control; ##P < 0.01, compared with rotenone-treated cells).





DISCUSSION

In this study, we showed that the expression of Ndfip1 decreased and α-syn increased in rotenone-induced PD cell models. Further studies showed that high expression of Ndfip1 could protect SH-SY5Y cells against rotenone-induced neurotoxicity by inhibiting the up-regulation of caspase-3 and α-syn. However, high expression of Ndfip1 did not affect the α-syn protein level in DOX-induced A53T-α-syn iPC12 cells or WT-α-syn iPC12 cells. In addition, high expression of Ndfip1 inhibited rotenone-induced increase of P62 and ferritin L protein. This indicated that high expression of Ndfip1 might be a new theoretical target for the prevention and treatment of PD.

Alpha-syn aggregate is a critical event in the death of DA neurons and the progression of PD (Sanders and Greenamyre, 2013). Rotenone is an insecticide, which could inhibit complex I activity and promote α-syn up-regulation and aggregate (Betarbet et al., 2000; Sanders and Greenamyre, 2013; Chen et al., 2018). Our results also indicate that rotenone is able to increase both the mRNA and protein levels of α-syn in SH-SY5Y cells. Moreover, our results provide the first evidence for a role of rotenone in the regulation of Ndfip1. The analysis of Ndfip1 mRNA levels performed in this study demonstrates that rotenone leads to a transcriptional up-regulation of Ndfip1 after exposure to rotenone for 6 and 9 h. Data also shows that the protein expression of Ndfip1 increased significantly at 3, 6, and 9 h after rotenone treatment in SH-SY5Y cells. Other study has also shown that aggregation of α-syn in the SN of PD patients was accompanied by an up-regulation of Ndfip1 (Howitt et al., 2014). It was reported that Ndfip1 is strongly expressed in surviving neurons around the site of injury following transient focal cerebral ischemia or traumatic brain injury to provide neuroprotection (Sang et al., 2006; Lackovic et al., 2012). This suggested that the up-regulation of Ndfip1 in rotenone-induced PD cell model might represent an adaptive or protective response to provide neuroprotection against rotenone. However, protein expression of Ndfip1 decreased at 24 h after rotenone treatment in SH-SY5Y cells. This decrease of Ndfip1 protein might result in the loss of its neuroprotection on rotenone-treated SH-SY5Y cells.

Ndfip1 was reported previously to have a neuroprotective effect on neurons (Sang et al., 2006; Lackovic et al., 2012; Jia et al., 2015; Liu et al., 2015). The above results in this study indicated that the decreased Ndfip1 might be involved in loss of neuroprotection in rotenone-treated SH-SY5Y cells. Then increasing Ndfip1 levels might be protective to rotenone-treated SH-SY5Y cells. Therefore, Ad.Ndfip1-induced high expression of Ndfip1 was used to investigate its neuroprotective effect against rotenone in this study. We first observed morphological change after different treatment. Results showed that Ad.Ndfip1-induced high levels of Ndfip1 significantly inhibited the rotenone-induced morphological damage and apoptosis. TH is the rate-limiting enzyme in the biosynthesis of DA and used as a marker of dopaminergic neurons. In this study, high levels of Ndfip1 could inhibit rotenone-induced decrease in TH protein levels. In addition, we also showed that Ndfip1 antagonized rotenone-induced increase in apoptosis protein caspase-3, further indicating the protective effect of high levels of Ndfip1 against rotenone-induced neurotoxicity.

Furthermore, our results showed that rotenone increased the expression of α-syn in SH-SY5Y cells. Then we further investigated whether Ndfip1 could affect rotenone-induced increase in α-syn expression in SH-SY5Y cells. Results showed that rotenone treatment increased α-syn significantly, which could be inhibited by high levels of Ndfip1. In addition, we also observed the effect of Ndfip1 on α-syn protein levels in A53T-α-syn iPC12 cells or WT-α-syn iPC12 cells, which express high levels of WT α-syn or A53T α-syn. Results shows that high expression of Ndfip1 does not affect α-syn protein level in WT SNCA iPC12 cells and A53T SNCA iPC12 cells. This indicated that the mechanisms underlying the effect of Ndfip1 on α-syn expression might be diverse response to different treatment. It has been shown that rotenone induces autophagy inhibition. In the present study, we demonstrated that rotenone treatment resulted in an elevated P62 level in SH-SY5Y cells in agreement with the previous study, indicating the autophagy inhibition of rotenone. High levels of Ndfip1 antagonized rotenone-induced elevation of P62 level. This suggests that the activation of autophagy flux might account at least partially for the effect of Ndfip1 against rotenone-induced upregulation of α-syn by increasing the degradation of α-syn.

In this study, we have also shown that the protein expression of iron-related proteins including IRP1 and TfR1 was not changed, while ferritin protein expression increased after rotenone treatment. IRP1 was known to regulate the expression of iron-related proteins including TfR1 and ferritin at translational level via binding iron responsive element (IRE) on these iron-related proteins. Our result suggested that rotenone-induced increase in ferritin protein expression is not dependent on IRP1/IRE system. This is consistent with the result showing that transient translational repression of ferritin synthesis via IRP was not involved in the regulation of ferritin protein level during rotenone treatment (MacKenzie et al., 2008). They also showed that ferritin transcription was activated by rotenone via an oxidative stress-mediated pathway leading to activation of ARE. It has been confirmed the regulation of ferritin-L by a MARE/ARE DNA sequence (Hintze and Theil, 2005). Our results in this study demonstrate that rotenone increases the expression ferritin L, which could be inhibited by high level of Ndfip1. This suggested that the effect of Ndfip1 might be partially through antagonizing oxidative stress-mediated activation of ARE cause by rotenone, thus involved in the regulation of ferritin-L.



CONCLUSION

In conclusion, our study provides the possibility that the neuroprotective property of Ndfip1 on dopaminergic cells might be associated with decreased the protein levels of α-syn resulting from rotenone treatment. We also show that Ndfip1 has a protective effect on rotenone-induced PD cell model though antagonizing autophagy inhibition, apoptosis and oxidative stress caused by rotenone. The experimental study provides further insights and new experimental basis into the neurotoxicity caused by the abnormal accumulation of α-syn in PD and provides new experimental evidence for the treatment of PD.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



AUTHOR CONTRIBUTIONS

HX and JX designed the experiments. HX and XL wrote the initial draft of the manuscript. XL, LQ, NZ, XY, ZX, and LS performed the experiments and analyzed the data. JX revised the manuscript. All authors have read and approved the final version of the manuscript.



FUNDING

This work was supported by grants from the National Foundation of Natural Science of China (31871202, 31771124), the Department of Science and Technology of Shandong Province (ZR2019MC057), Excellent Innovative Team of Shandong Province (2020KJK007), Taishan Scholars Construction Project, Shandong.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnmol.2020.613404/full#supplementary-material



REFERENCES

 Betarbet, R., Sherer, T. B., and Greenamyre, J. T. (2005). Ubiquitin-proteasome system and Parkinson's diseases. Exp. Neurol. 191 (Suppl. 1), S17–27. doi: 10.1016/j.expneurol.2004.08.021

 Betarbet, R., Sherer, T. B., Mackenzie, G., Garcia-Osuna, M., Panov, A. V., and Greenamyre, J. T. (2000). Chronic systemic pesticide exposure reproduces features of Parkinson's disease. Nat. Neurosci. 3, 1301–1306. doi: 10.1038/81834

 Bucciantini, M., Giannoni, E., Chiti, F., Baroni, F., Formigli, L., Zurdo, J., et al. (2002). Inherent toxicity of aggregates implies a common mechanism for protein misfolding diseases. Nature 416, 507–511. doi: 10.1038/416507a

 Chen, L., Jin, J., Davis, J., Zhou, Y., Wang, Y., Liu, J., et al. (2007). Oligomeric α-syn inhibits tubulin polymerization. Biochem. Biophys. Res. Commun. 356, 548–553. doi: 10.1016/j.bbrc.2007.02.163

 Chen, Y., Zhang, N., Ji, D., Hou, Y., Chen, C., Fu, Y., et al. (2018). Dysregulation of bcl-2 enhanced rotenone-induced alpha-synuclein aggregation associated with autophagic pathways. Neuroreport 29, 1201–1208. doi: 10.1097/WNR.0000000000001097

 Choi, B. K., Choi, M. G., Kim, J. Y., Yang, Y., Lai, Y., Kweon, D. H., et al. (2013). Large α-syn oligomers inhibit neuronal SNARE-mediated vesicle docking. Proc. Natl. Acad. Sci. U. S. A. 110, 4087–4092. doi: 10.1073/pnas.1218424110

 Chou, A. P., Li, S., Fitzmaurice, A. G., and Bronstein, J. M. (2010). Mechanisms of rotenone-induced proteasome inhibition. Neurotoxicology 31, 367–372. doi: 10.1016/j.neuro.2010.04.006

 Colla, E., Jensen, P. H., Pletnikova, O., Troncoso, J. C., Glabe, C., and Lee, M. K. (2012). Accumulation of toxic α-syn oligomer within endoplasmic reticulum occurs in α-synopathy in vivo. J. Neurosci. 32, 3301–3305. doi: 10.1523/JNEUROSCI.5368-11.2012

 Deng, H., Jia, Y., Pan, D., and Ma, Z. (2020). Berberine alleviates rotenone-induced cytotoxicity by antioxidation and activation of PI3K/Akt signaling pathway in SH-SY5Y cells. Neuroreport. 31, 41–47. doi: 10.1097/WNR.0000000000001365

 Gan-Or, Z., Dion, P. A., and Rouleau, G. A. (2015). Genetic perspective on the role of the autophagy-lysosome pathway in Parkinson disease. Autophagy 11, 1443–1457. doi: 10.1080/15548627.2015.1067364

 Goh, C. P., Putz, U., Howitt, J., Low, L. H., Gunnersen, J., Bye, N., et al. (2014). Nuclear trafficking of Pten after brain injury leads to neuron survival not death. Exp. Neurol. 252, 37–46. doi: 10.1016/j.expneurol.2013.11.017

 Hintze, K. J., and Theil, E. C. (2005). DNA and mRNA elements with complementary responses to hemin, antioxidant inducers, and iron control ferritin-L expression. Proc. Natl. Acad. Sci. U. S. A. 102, 15048–15052. doi: 10.1073/pnas.0505148102

 Howitt, J., Gysbers, A. M., Ayton, S., Carew-Jones, F., Putz, U., Finkelstein, D. I., et al. (2014). Increased Ndfip1 in the substantia nigra of Parkinsonian brains is associated with elevated iron levels. PLoS ONE 9:e87119. doi: 10.1371/journal.pone.0087119

 Howitt, J., Lackovic, J., Low, L. H., Naguib, A., Macintyre, A., Goh, C. P., et al. (2012). Ndfip1 regulates nuclear Pten import in vivo to promote neuronal survival following cerebral ischemia. J. Cell Biol. 196, 29–36. doi: 10.1083/jcb.201105009

 Howitt, J., Putz, U., Lackovic, J., Doan, A., Dorstyn, L., Cheng, H., et al. (2009). Divalent metal transporter 1 (DMT1) regulation by Ndfip1 prevents metal toxicity in human neurons. Proc. Natl. Acad. Sci. U. S. A. 106, 15489–15494. doi: 10.1073/pnas.0904880106

 Huang, J., Hao, L., Xiong, N., Cao, X., Liang, Z., Sun, S., et al. (2009). Involvement of glyceraldehyde-3-phosphate dehydrogenase in rotenone-induced cell apoptosis: relevance to protein misfolding and aggregation. Brain Res. 1279, 1–8. doi: 10.1016/j.brainres.2009.05.011

 Jia, W., Xu, H., Du, X., Jiang, H., and Xie, J. (2015). Ndfip1 attenuated 6-OHDA-induced iron accumulation via regulating the degradation of DMT1. Neurobiol. Aging 36, 1183–1193. doi: 10.1016/j.neurobiolaging.2014.10.021

 Jolliffe, C. N., Harvey, K. F., Haines, B. P., Parasivam, G., and Kumar, S. (2000). Identification of multiple proteins expressed in murine embryos as binding partners for the WW domains of the ubiquitin-protein ligase Nedd4. Biochem. J. 351 (Pt 3), 557–565. doi: 10.1042/bj3510557

 Kim, H. Y., Cho, M. K., Kumar, A., Maier, E., Siebenhaar, C., Becker, S., et al. (2009). Structural properties of pore-forming oligomers of α-syn. J. Am. Chem. Soc. 131, 17482–17489. doi: 10.1021/ja9077599

 Kruger, R., Kuhn, W., Muller, T., Woitalla, D., Graeber, M., Kosel, S., et al. (1998). Ala30Pro mutation in the gene encoding α-syn in Parkinson's disease. Nat. Genet. 18, 106–108. doi: 10.1038/ng0298-106

 Lackovic, J., Howitt, J., Callaway, J. K., Silke, J., Bartlett, P., and Tan, S. S. (2012). Differential regulation of Nedd4 ubiquitin ligases and their adaptor protein Ndfip1 in a rat model of ischemic stroke. Exp. Neurol. 235, 326–335. doi: 10.1016/j.expneurol.2012.02.014

 Lashuel, H. A., Hartley, D., Petre, B. M., Walz, T., and Lansbury, P. T. Jr. (2002a). Neurodegenerative disease: amyloid pores from pathogenic mutations. Nature 418:291. doi: 10.1038/418291a

 Lashuel, H. A., Petre, B. M., Wall, J., Simon, M., Nowak, R. J., Walz, T., et al. (2002b). α-syn, especially the Parkinson's disease-associated mutants, forms pore-like annular and tubular protofibrils. J. Mol. Biol. 322, 1089–1102. doi: 10.1016/S0022-2836(02)00735-0

 Lesage, S., Anheim, M., Letournel, F., Bousset, L., Honore, A., Rozas, N., et al. (2013). G51D α-syn mutation causes a novel parkinsonian-pyramidal syndrome. Ann. Neurol. 73, 459–471. doi: 10.1002/ana.23894

 Li, B., Yuan, Y., Zhang, W., He, W., Hu, J., and Chen, N. (2014). Flavin-containing monooxygenase, a new clue of pathological proteins in the rotenone model of parkinsonism. Neurosci. Lett. 566, 11–16. doi: 10.1016/j.neulet.2013.11.036

 Liu, K., Xu, H., Xiang, H., Sun, P., and Xie, J. (2015). Protective effects of Ndfip1 on MPP(+)-induced apoptosis in MES23.5 cells and its underlying mechanisms. Exp. Neurol. 273, 215–224. doi: 10.1016/j.expneurol.2015.08.013

 MacKenzie, E. L, Ray, P. D., and Tsuji, Y. (2008). Role and regulation of ferritin H in rotenone-mediated mitochondrial oxidative stress. Free Radic. Biol. Med. 44, 1762–1771. doi: 10.1016/j.freeradbiomed.2008.01.031

 Moore, D. J., West, A. B., Dawson, V. L., and Dawson, T. M. (2005). Molecular pathophysiology of Parkinson's disease. Annu. Rev. Neurosci. 28, 57–87. doi: 10.1146/annurev.neuro.28.061604.135718

 Nasstrom, T., Fagerqvist, T., Barbu, M., Karlsson, M., Nikolajeff, F., Kasrayan, A., et al. (2011). The lipid peroxidation products 4-oxo-2-nonenal and 4-hydroxy-2-nonenal promote the formation of α-syn oligomers with distinct biochemical, morphological, and functional properties. Free Radic. Biol. Med. 50, 428–437. doi: 10.1016/j.freeradbiomed.2010.11.027

 Polymeropoulos, M. H., Lavedan, C., Leroy, E., Ide, S. E., Dehejia, A., Dutra, A., et al. (1997). Mutation in the α-syn gene identified in families with Parkinson's disease. Science 276, 2045–2047. doi: 10.1126/science.276.5321.2045

 Sala, G., Arosio, A., Stefanoni, G., Melchionda, L., Riva, C., Marinig, D., et al. (2013). Rotenone upregulates alpha-synuclein and myocyte enhancer factor 2D independently from lysosomal degradation inhibition. Biomed. Res. Int. 2013:846725. doi: 10.1155/2013/846725

 Sanders, L. H., and Greenamyre, J. T. (2013). Oxidative damage to macromolecules in human Parkinson disease and the rotenone model. Free Radic. Biol. Med. 62, 111–120. doi: 10.1016/j.freeradbiomed.2013.01.003

 Sang, Q., Kim, M. H., Kumar, S., Bye, N., Morganti-Kossman, M. C., Gunnersen, J., et al. (2006). Nedd4-WW domain-binding protein 5 (Ndfip1) is associated with neuronal survival after acute cortical brain injury. J. Neurosci. 26, 7234–7244. doi: 10.1523/JNEUROSCI.1398-06.2006

 Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., and Goedert, M. (1998). alpha-Synuclein in filamentous inclusions of Lewy bodies from Parkinson's disease and dementia with lewy bodies. Proc. Natl. Acad. Sci. U. S. A. 95, 6469–6473. doi: 10.1073/pnas.95.11.6469

 Tetzlaff, J. E., Putcha, P., Outeiro, T. F., Ivanov, A., Berezovska, O., Hyman, B. T., et al. (2008). CHIP targets toxic α-syn oligomers for degradation. J. Biol. Chem. 283, 17962–17968. doi: 10.1074/jbc.M802283200

 Trinh, J., and Farrer, M. (2013). Advances in the genetics of Parkinson disease. Nat. Rev. Neurol. 9, 445–454. doi: 10.1038/nrneurol.2013.132

 Wang, W., Perovic, I., Chittuluru, J., Kaganovich, A., Nguyen, L. T., Liao, J., et al. (2011). A soluble α-syn construct forms a dynamic tetramer. Proc. Natl. Acad. Sci. U. S. A. 108, 17797–17802. doi: 10.1073/pnas.1113260108

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

Copyright © 2021 Liu, Qu, Zhang, Yu, Xiao, Song, Xie and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnmol-13-613404-g005.gif
S5kDa--

26kDa--

AdGFP ¢+ - -
AdNGRL - =+

WTSNCA iPCI2 cells

c

a-synuclein B —

[aclin e e e e

55kDa--

26kDae-
AGFP v s - -
AdNdpl - -+ o+

ASITSNCA iPCI2 cells

o

17KDa cesynuclein [ M 17kDa
KDY Practn ——— 3D






OPS/images/fnmol-13-613404-g006.gif
P62 — - - 2kDa IRPI - - sKDa
[acin s— ———43kDa  B-actin - 13Da

[P

TFRI - - - 54kDa Ferrtin L s S —— |0kDa
(actin 302 actin - 131D






OPS/images/fnmol-13-613404-g003.gif





OPS/images/fnmol-13-613404-g004.gif
Nuckeus Nere

- .-
e --
AP
Ratcnone
-






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Ndfip1 Prevents Rotenone-Induced Neurotoxicity and Upregulation of α-Synuclein in SH-SY5Y Cells



		Introduction



		Materials and Methods



		Materials



		Cell Culture



		Adenovirus Infection of SH-SY5Y Cells and Exposure to Rotenone



		Real-Time PCR to Detect the mRNA Levels of Ndfip1 and α-syn



		Protein Extraction and Western Blotting



		Immunofluorescent and 4,6-Diamidino-2-phenylindole (DAPI) Staining



		Statistical Analysis







		Results



		The Expressions of α-syn and Ndfip1 After Exposure to Rotenone in SH-SY5Y Cells



		High Levels of Ndfip1 Protected SH-SY5Y Cells Against Rotenone-Induced Morphological Change



		High Levels of Ndfip1 Protected SH-SY5Y Cells Against Rotenone-Induced Decrease in TH Expression and Increase in Caspase-3 Expression



		High Levels of Ndfip1 Dramatically Inhibited Rotenone-Induced Increase in the Protein Levels of α-syn in SH-SY5Y Cells



		High Levels of Ndfip1 Did Not Affect α-Syn Protein Expression in WT-α-syn iPC12 Cells and A53T-α-syn iPC12 Cells Treated With Doxycline (DOX)



		High Levels of Ndfip1 Antagonized Rotenone-Induced Increase in P62 and Ferritin L Protein Expression







		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Supplementary Material



		References

















OPS/images/cover.jpg
, frontiers
in Molecular Neuroscience

Ndfipl Prevents Rotenone-Induced
Neurotoxicity and Upregulation of
a-Synuclein in SH-SY5Y Cells





OPS/images/fnmol-13-613404-g001.gif
[
h

IRNa NP U et

Cower 3 & & 12

%

Nt

i

[T

e A e

‘Rotenons ()

EE





OPS/images/fnmol-13-613404-g002.gif
§ :
§ %
et 2










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers )
in Molecular Neuroscience





