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SIRT2, ERK and Nrf2 Mediate NAD+ Treatment-Induced Increase in the Antioxidant Capacity of PC12 Cells Under Basal Conditions
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NAD+ (oxidized form of nicotinamide adenine dinucleotide) administration is highly beneficial in numerous models of diseases and aging. It is becoming increasingly important to determine if NAD+ treatment may directly increase the antioxidant capacity of cells under basal conditions. In the current study, we tested our hypothesis that NAD+ can directly enhance the antioxidant capacity of cells under basal conditions by using PC12 cells as a cellular model. We found that NAD+ treatment can increase the GSH/GSSG ratios in the cells under basal conditions. NAD+ can also increase both the mRNA and protein level of γ-glutamylcysteine ligase (γ-GCL)—a key enzyme for glutathione synthesis, which appears to be mediated by the NAD+-induced increase in Nrf2 activity. These NAD+-induced changes can be prevented by both SIRT2 siRNA and the SIRT2 inhibitor AGK2. The NAD+-induced changes can also be blocked by the ERK signaling inhibitor U0126. Moreover, the NAD+-induced ERK activation can be blocked by both SIRT2 siRNA and AGK2. Collectively, our study has provided the first evidence that NAD+ can enhance directly the antioxidant capacity of the cells under basal conditions, which is mediated by SIRT2, ERK, and Nrf2. These findings have suggested not only the great nutritional potential of NAD+, but also a novel mechanism underlying the protective effects of the NAD+ administration in the disease models: the NAD+ administration can enhance the resistance of the normal cells to oxidative insults by increasing the antioxidant capacity of the cells.
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INTRODUCTION

NAD+ (oxidized form of nicotinamide adenine dinucleotide) plays critical roles in energy metabolism, mitochondrial functions, calcium homeostasis and immune functions (Ying, 2005, 2008; Ma et al., 2012). A number of studies have shown that NAD+ administration is highly beneficial in multiple models of major diseases (Ma et al., 2012). Moreover, NAD+ and its precursors such as nicotinamide mononucleotide (NMN) can produce significant anti-aging effects (Scheibye-Knudsen et al., 2014; Fang et al., 2016). Cumulating evidence has suggested that NAD+ deficiency is a common pathological factor of a number of diseases and aging (Ma et al., 2012). It becomes increasingly important to further elucidate the mechanisms underlying the beneficial effects of NAD+ administration in diseases and aging, which is necessary for not only elucidation of the roles of NAD+ administration in diseases and aging, but also clinical and nutritional applications of NAD+.

Oxidative stress plays critical pathological roles in numerous diseases and aging (Halliwell, 2005; Lin and Beal, 2006). Multiple studies have shown that NAD+ treatment can decrease oxidative stress-induced death of several cell types including neurons, astrocytes and myocytes (Ying et al., 2003; Alano et al., 2004, 2010). Several studies have suggested that NAD+ treatment can indirectly decrease oxidative cell death by such mechanisms as enhancement of SIRT1 activity and prevention of glycolytic inhibition, mitochondrial permeability transition (MPT), mitochondrial depolarization and nuclear translocation of apoptosis-inducing factor (AIF; Alano et al., 2004, 2010; Araki et al., 2004; Hong et al., 2014).

We proposed a hypothesis regarding the new mechanism underlying the protective effects of NAD+ administration in the disease models: NAD+ may enhance the antioxidant capacity of normal cells, which would increase the resistance of the cells to oxidative insults in the disease models. In our current study, we tested our hypothesis that NAD+ could enhance directly the antioxidant capacity of cells under basal conditions by using PC12 cells as a cellular model. Demonstration of this hypothesis would also provide valuable information indicating the nutritional potential of NAD+. Our study has indicated that NAD+ can increase directly the GSH/GSSG ratio of PC12 cells by a γ-glutamylcysteine ligase (γ-GCL)-dependent mechanism, which is mediated by SIRT2, ERK, and Nrf2.

MATERIALS AND METHODS

Cell Cultures

PC12 cells (TCR 9) were purchased from the Cell Resource Center of Shanghai Institute of Biological Sciences, Chinese Academy of Sciences. The cells were plated onto 6-well or 24-well cell culture plates at the initial density of 1 × 105 cells/ml in Dulbecco’s Modified Eagle Medium (DMEM) containing 4,500 mg/L D-glucose, 584 mg/L L-glutamine, 110 mg/L sodium pyruvate (Thermo Scientific, Waltham, MA, USA), which also contains 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) and 10% fetal bovine serum (Gibco, Melbourne, VIC Australia). The cells were used when the density of the cell cultures reached 60%–80%.

Primary rat cortical astrocyte cultures were prepared as described previously (Chen et al., 2013). This protocol was approved by the Animal Study Committee of the School of Biomedical Engineering, Shanghai Jiao Tong University. Briefly, cortices were separated from 1-day-old SD rat (SLAC, Shanghai, China), dissociated in trypsin, and seeded in 24-well plates in DMEM containing 1% penicillin and streptomycin (Invitrogen, Carlsbad, CA, USA) and 10% fetal bovine serum (Gibco). After 10 days, the cells were confluent and treated with cytosine arabinoside (10 μM) for 2 days to inhibit the proliferation of microglia. After replacing the culture medium, the cells were cultured for 2 days and ready to be used.

Experimental Procedures

Experiments were initiated by replacing the cell culture medium with medium containing various concentrations of drugs. The cells were left in an incubator with 5% CO2 at 37°C for various durations.

SIRT2 RNA Silencing

The density of PC12 cells was approximately 50% at the time of transfection. Three small interfering RNA (siRNA) duplexes against rat SIRT2 (NM_001008368) at nucleotides 754–772 (CC UUGCUAAGGAGCUCUAUTT), 843–862 (GCUGC UACACGCAGA AUAUTT), and 1,393–1,411 (GGAGCAUGCCAACAUAGAUTT) were commercially synthesized (Genepharma, Shanghai, China). Scrambled RNA oligonucleotides were used for control cells. The transfection was conducted according to the manufacturer’s instructions. For each well, 600 μl serum-free media containing 33.33 nM of each of the three SIRT2 siRNA oligos and 4 μl lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) were added. After incubation for 6 h, the media was replaced by DMEM containing 10% fetal bovine serum.

Determinations of GSH, GSSG, and GSH/GSSG Ratios

The levels of total glutathione (GSH + GSSG) and GSSG were determined by using a commercially available kit (Beyotime Institute of Biotechnology, Haimen, China), which was conducted according to the manufacturer’s instructions. In brief, cells were washed with PBS for three times and lysed, then frozen at −80°C and thawed at room temperature for three times. The levels of total glutathione were assessed by the 5,5′-dithiobis (2-nitrobenzoic acid; DTNB)-oxidized glutathione (GSSG) reductase-recycling assay. In brief, 700 μl of 0.33 mg/ml NADPH in 0.2 M sodium phosphate buffer containing 10 mM ethylenediaminetetraacetic acid (pH 7.2), 100 μl of 6 mM DTNB, and 190 μl of distilled water were added and mixed in an eppendorf tube. The reaction was initiated by addition of 10 μl of 250 IU/ml glutathione reductase. With readings recorded every 30 s, the absorbance was monitored at 412 nm by a plate reader for 15 min. To determine the levels of GSSG, 10 μl samples were vigorously mixed with 0.2 μl of 2-vinylpyridine and 0.6 μl triethanolamine. After 1 h, the sample was assayed as described above in the DTNB-GSSG reductase-recycling assay. According to the methods described above, standards (0.01, 0.02, 0.1, 0.2, and 1.0 mM) of total glutathione or GSSG were also assessed. The amount of total glutathione and GSSG in each sample was normalized by the protein concentration of the sample that was determined by BCA Protein Assay (Thermo Fisher Scientific, Waltham, MA, USA). The GSH concentrations were calculated from the differences between the concentrations of total glutathione and the concentrations of GSSG.

Nuclear Protein Extraction

All procedures were carried out at 4°C. Nuclear fractions were isolated using the Nuclear Protein Extraction Kit (Beyotime Institute of Biotechnology). Briefly, cells were collected and incubated with the extraction buffer A for 20 min. Then extraction buffer B was added into the suspension at the ratio of 1:20. The samples were centrifuged at 12,000 g for 5 min and the pellets were collected and resuspended in nuclear extraction buffer. The suspension was vortexed for 15–30 s every 2 min for a duration of 30 min and centrifuged for 10 min. Subsequently, the supernatant was collected as the nuclear protein lysates.

Western Blots

Western blot assays were conducted as described previously (Nie et al., 2014). Cells were lysed in RIPA buffer (Millipore, Temecula, CA, USA) containing Complete Protease Inhibitor Cocktail (Roche Diagnostics, Mannheim, Germany) as well as 1 mM PMSF. Thirty microgram of protein was loaded for each sample, which were electrophoresed through a 10% SDS-polyacrylamide gel, and then transferred to 0.45 μm nitrocellulose membranes (Millipore, CA, USA) on a semi-dry electro transferring unit (Bio-Rad Laboratories, Hercules, CA, USA). Membranes were blocked in 5% bovine serum albumin (BSA) in TBST for 2 h at room temperature and then incubated with GCLc antibody (1:1,000 dilution, 12601-1-AP; Proteintech Group, Chicago, IL, USA), GCLm antibody (1:1,000 dilution, 14241-1-AP; ProteinTech Group, Chicago, IL, USA), or Nrf2 antibody (1:1,000, C-20; Santa Cruz Biotechnology, Heidelberg, Germany), p-ERK antibody (1:2,000 dilution, 4,370; CST, Boston, MA, USA), ERK antibody (1:2,000 dilution, 4,695; CST), SIRT2 antibody (1:1,000 dilution, sc-20966; Santa Cruz Biotechnology, Dallas, TX, USA), β-tubulin (1:2,000 dilution, M20005; Abmart, Shanghai, China) or Lamin A/C (1:1,000 dilution, 2,032; CST) overnight at 4°C. Subsequently, the membranes were incubated with appropriate HRP-conjugated secondary antibody (Epitomics, Hangzhou, Zhejiang Province, China). The protein signals were visualized by using an ECL detection system (Pierce Biotechnology, Rockford, IL, USA). β-tubulin levels were used to normalize sample loading and transfer and Lamin A/C levels were used to normalize nuclear protein samples. Gel-Pro Analyzer was used to quantify the bands.

Quantitative Real-Time PCR Assays of the mRNA Levels of GCLc, GCLm and Nrf2

Quantitative real-time PCR (RT-PCR) assays were performed as described previously (Xie et al., 2013). After total RNA was extracted (TaKaRa MiniBEST Universal RNA Extraction Kit, Takara Bio, Dalian, China) from PC12 cells, 500 ng total RNA was reverse-transcribed to cDNA (Prime-Script RT reagent kit, Takara Bio, Dalian, China). The parameters set for reverse transcription were as follows: 37°C for 15 min, then 85°C for 15 s. Quantitative RT-PCR was performed by using SYBR Premix Ex Taq (Takara Bio, Dalian, China) and the following primers: Nrf2 (sense 5′-GACCTAAAGCACAGCCAACACAT-3’ and anti-sense 5′-CTCAATCGGCTTGAATGTTTGTC-3′); GCLc (sense 5′-ATGGAGGTACAGTTGACAG AC-3′ and anti-sense 5′-ACGGCGTTGCCACCTTTGCA-3′); GCLm (sense 5′-GCTGTACCAGTGGGCACAG-3′ and anti-sense 5′-GGCTTCAATGTCAGGGATGC-3′); GAPDH (sense 5′-AGGTCGGTGTGAACGGATTTG-3′ and anti-sense 5′- TGTAGACCATGTAGTTGA GGTCA-3′). PCRs were performed according to the following procedure: after denatured at 95°C for 10 s, 40 cycles of 95°C for 5 s and 60°C for 30 s. The data were analyzed by using the comparative threshold cycle method, and results were expressed as fold difference normalized to the level of GAPDH mRNA.

Determinations of Intracellular NAD+ Concentrations

As previously described (Ying et al., 2003), NAD+ concentrations were determined by the recycling assay. Briefly, samples were extracted in 0.5 N perchloric acid. After centrifugation at 12,000 g for 5 min, the supernatant was obtained, which was neutralized to pH 7.2 by using 3 N potassium hydroxide and 1 M potassium phosphate buffer. After centrifugation at 12,000 g for 5 min, the supernatants were mixed with a reaction media containing 1.7 mg 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT), 1.3 mg alcohol dehydrogenase, 488.4 mg nicotinamide, 10.6 mg phenazine methosulfate, and 2.4 mL ethanol in 37.6 mL Gly-Gly buffer (65 mM, pH 7.4). After 10 min, the A560 nm was determined by a plate reader, and the readings were calibrated with NAD+ standards. The protein concentrations were assessed by BCA Protein Assay (Thermo Scientific, Waltham, MA, USA).

Statistical Analyses

All data are analyzed by Graphpad Prism and presented as mean ± SE. For comparisons between two groups, unpaired t-test was used. For single-factor analysis, one way analysis of variance (ANOVA) followed by Dunnett post hoc test was used. For multi-factor analysis, two way ANOVA followed by Tukey post hoc test was used. P values less than 0.05 were considered statistically significant.

RESULTS

NAD+ Treatment Enhances the GSH/GSSG Ratio and Glutathione Levels of PC12 Cells and Primary Astrocyte Cultures

GSH/GSSG ratio is a major index of antioxidant capacity of cells (Dickinson and Forman, 2002). Our study determined the effects of NAD+ on the GSH/GSSG ratio and the levels of GSH, GSSG and total glutathione (GSH + GSSG) in the PC12 cells under basal conditions: treatment of the cells with 0.01, 0.1 and 1 mM NAD+ dose-dependently increased the GSH levels of the cells (Figure 1A), while only 1 mM NAD+ was capable of mildly increasing the GSSG levels (Figure 1B). One mM NAD+ significantly increased the GSH/GSSG ratio (Figure 1C), while both 0.1 and 1 mM NAD+ significantly increased the total glutathione levels (Figure 1D). We have further investigated the effects of 1 mM NAD+ treatment on the glutathione levels in primary rat astrocyte cultures. We found that NAD+ treatment also significantly increased the GSH level, total glutathione level and GSH/GSSG ratio of the cells (Figures 1E–H).
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FIGURE 1. NAD+ treatment increased the glutathione levels and GSH/GSSG ratio in PC12 cells. (A) NAD+ treatment dose-dependently increased the GSH level in PC12 cells. Analysis of variance (ANOVA: F = 3.695, p = 0.0234). (B) One millimolar NAD+ slightly increased the GSSG level in the cells, while lower concentrations of NAD+ did not affect the GSSG level (ANOVA: F = 3.115, p = 0.434). (C) One millimolar NAD+ significantly increased the GSH/GSSG ratio in the cells, while lower concentrations of NAD+ did not affect the GSH/GSSG ratio (ANOVA: F = 7.325, p = 0.001). (D) NAD+ treatment dose-dependently increased the total glutathione level in the cells (ANOVA: F = 8.338, p = 0.0004). For (A–D), the assays on GSH and GSSG were conducted, after the cells were treated with NAD+ for 24 h. N = 12. (E) NAD+ treatment increased the GSH level in primary astrocytes. (F) NAD+ treatment did not affect the GSSG level in primary astrocytes. (G) NAD+ treatment increased the GSH/GSSG ratio in primary astrocytes. (H) NAD+ treatment increased total glutathione levels in primary astrocytes. For (E–H), primary astrocytes were treated with 1 mM NAD+ for 24 h before the assays were conducted. N = 9. The data were pooled from three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.



NAD+ Treatment Enhances the GSH/GSSG Ratio and Total Glutathione Levels by Increasing Both GCL Levels and Nrf2 Activity of PC12 Cells

GCL is the key enzyme for GSH synthesis (Dickinson and Forman, 2002), while GSSG is originated from consumption of GSH in various antioxidant processes (Stryer, 1995). Our finding that NAD+ treatment can increase the total glutathione levels has suggested that the GCL activity may be increased in the NAD+-treated cells. GCL has two major subunits—GCLc and GCLm, both of which are important for GCL activity (Meister, 1991; Huang et al., 1993). Our RT-PCR assay showed that NAD+ significantly increased the mRNA levels of both GCLc and GCLm (Figures 2A,B). Our Western blot assays also showed that NAD+ significantly increased the protein levels of both GCLc and GCLm (Figures 2C–E).
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FIGURE 2. NAD+ treatment increased the gene expression and protein levels of GCLc and GCLm in PC12 cells. (A) Real-time PCR (RT-PCR) assays showed that NAD+ treatment led to a significant increase in the GCLc mRNA level, assessed at 6 h after the NAD+ treatment. (B) RT-PCR assays showed that NAD+ treatment led to significant increases in the GCLm mRNA levels, assessed at 6 h after the NAD+ treatment. (C) Western blot assays showed that NAD+ treatment led to increased protein levels of GCLc and GCLm in PC12 cells, assessed at 12 h after the NAD+ treatment. (D) Quantifications of the Western blots showed that NAD+ treatment led to a significant increase in the protein levels of GCLc. (E) Quantifications of the Western blots showed that NAD+ treatment led to a significant increase in the protein level of GCLm. N = 16. The data were pooled from four independent experiments. ***p < 0.001.



Because induction of GCL expression has been reported to be dependent on Nrf2 (Chan and Kwong, 2000; Suh et al., 2004), we also determined the effects of NAD+ treatment on the Nrf2 mRNA levels and the level of nuclear translocation of Nrf2. Our study showed that NAD+ significantly increased not only the Nrf2 mRNA levels but also the nuclear Nrf2 levels of the cells (Figures 3A–C).
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FIGURE 3. NAD+ treatment led to a significant increase in the mRNA levels and nuclear levels of Nrf2 of PC12 cells. (A) RT-PCR assays showed that NAD+ treatment led to a significant increase in the Nrf2 mRNA level, assessed at 6 h after the NAD+ treatment. (B) Western blot assays showed that NAD+ treatment led to an increased level of nuclear Nrf2 in the cells, assessed at 1 h after the NAD+ treatment. (C) Quantifications of the Western blots showed that NAD+ treatment led to a significant increase in the nuclear levels of Nrf2. N = 12. ***p < 0.01.



SIRT2 Mediates the NAD+-Induced Increase in GSH/GSSG Ratio by Regulating the Nrf2 and GCL in PC12 Cells

It has been reported that NAD+-dependent enzymes SIRT1 and SIRT2 can affect the gene expression of antioxidant enzymes such as mitochondrial superoxide dismutase (SOD2) by affecting the transcriptional factors of FOXO family (Wang et al., 2007; Liu et al., 2013). Therefore, we investigated the roles of SIRT1 and SIRT2 in the NAD+-produced increase in the GSH/GSSG ratio. Our study did not observe any significant effects of the SIRT1 inhibitor Ex 527 (Selleck Chemicals, Houston, TX, USA) on the NAD+-produced increase in the GSH/GSSG ratio and the levels of GSH, GSSG, and total glutathione (Supplementary Figure S1), thus arguing against the possibility that SIRT1 plays a major role in the NAD+-induced increases in the antioxidant capacity. In contrast, we found that SIRT2 inhibitor AGK2 was capable of abolishing the effects of NAD+ on the GSH/GSSG ratio and the levels of GSH, GSSG, and total glutathione of the cells (Figures 4A–D). AGK2 was also shown to block the NAD+-induced increases in both mRNA and protein levels of GCLc and GCLm (Figures 4E–I). Moreover, AGK2 treatment attenuated the NAD+-induced increases in the Nrf2 mRNA levels and the nuclear Nrf2 levels (Figures 4J–L).
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FIGURE 4. The SIRT2 inhibitor AGK2 prevented the NAD+-induced increases in the glutathione levels, GSH/GSSG ratio, glutamylcysteine ligase (GCL) level and nuclear Nrf2 level of PC12 cells. (A) AGK2 prevented the NAD+-induced increase in the GSH levels (effect of NAD+ treatment, F(1,36) = 15.91, p = 0.0003; effect of AGK2 treatment, F(1,36) = 4.282, p = 0.0457; effect of AGK2 * NAD+ treatment, F(1,36) = 6.875, p = 0.0127). (B) AGK2 prevented the NAD+-induced increase in the GSSG levels (effect of NAD+ treatment, F(1,36) = 25.84, p < 0.0001; effect of AGK2 treatment, F(1,36) = 2.402, p = 0.1299; effect of AGK2 * NAD+ treatment, F(1,36) = 7.422, p = 0.0099). (C) AGK2 prevented the NAD+-induced increase in the GSH/GSSG ratio (effect of NAD+ treatment, F(1,36) = 20.21, p < 0.0001; effect of AGK2 treatment, F(1,36) = 8.883, p = 0.0051; effect of AGK2 * NAD+ treatment, F(1,36) = 5.841, p = 0.0209). (D) AGK2 prevented the NAD+-induced increase in the total glutathione level (effect of NAD+ treatment, F(1,36) = 4.292, p = 0.0455; effect of AGK2 treatment, F(1,36) = 0.1002, p = 0.7534; effect of AGK2 * NAD+ treatment, F(1,36) = 1.769, p = 0.1919). For (A–D), the assays were conducted after the cells were treated with 1 mM NAD+ and 5 μM AGK2 for 24 h. (E) AGK2 prevented the NAD+-induced increase in the GCLc mRNA level of the cells, assessed at 6 h after the NAD+ treatment (effect of NAD+ treatment, F(1,44) = 15.46, p = 0.0003; effect of AGK2 treatment, F(1,44) = 10.24, p = 0.0026; effect of AGK2 * NAD+ treatment, F(1,44) = 15.59, p = 0.0003). (F) AGK2 prevented the NAD+-induced increase in the GCLm mRNA level of the cells, assessed at 6 h after the NAD+ treatment (effect of NAD+ treatment, F(1,44) = 52.53, p < 0.0001; effect of AGK2 treatment, F(1,44) = 9.449, p = 0.0036; effect of AGK2 * NAD+ treatment, F(1,44) = 20.06, p < 0.0001). (G) Representative western blot bands of GCLc and GCLm. (H) AGK2 prevented the NAD+-induced increases in the protein levels of GCLc in PC12 cells, assessed at 12 h after the NAD+ treatment (effect of NAD+ treatment, F(1,36) = 9.982, p = 0.0032; effect of AGK2 treatment, F(1,36) = 5.051, p = 0.0245; effect of AGK2 * NAD+ treatment, F(1,36) = 3.86, p = 0.0572). (I) AGK2 prevented the NAD+-induced increases in the protein levels of GCLm in PC12 cells, assessed at 12 h after the NAD+ treatment (effect of NAD+ treatment, F(1,36) = 9.831, p = 0.0034; effect of AGK2 treatment, F(1,36) = 2.646, p = 0.1125; effect of AGK2 * NAD+ treatment, F(1,36) = 5.171, p = 0.029). (J) AGK2 prevented the NAD+-induced increase in the Nrf2 mRNA level of the cells, assessed at 6 h after the NAD+ treatment (effect of NAD+ treatment, F(1,36) = 9.982, p = 0.0032; effect of AGK2 treatment, F(1,36) = 5051, p = 0.0245; effect of AGK2 * NAD+ treatment, F(1,36) = 3.86, p = 0.0572). (K) Representative western blot bands of nuclear Nrf2. (L) AGK2 prevented the NAD+-induced nuclear translocation of Nrf2, assessed at 1 h after the cells were treated with 1 mM NAD+ and 5 μM AGK2 (effect of NAD+ treatment, F(1,32) = 3.753, p = 0.0616; effect of AGK2 treatment, F(1,32) = 7.13, p = 0.0118; effect of AGK2 * NAD+ treatment, F(1,32) = 10.28, p = 0.0030). The data were pooled from four independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.



We further applied SIRT2 siRNA to investigate the role of SIRT2 in the NAD+-induced increases in glutathione synthesis. SIRT2 siRNA significantly decreased the expression of SIRT2 (Figure 5A). SIRT2 siRNA was also capable of preventing the NAD+-induced increases in the GSH/GSSG ratio and the levels of GSH, GSSG, and total glutathione (Figures 5B–E). We further applied RT-PCR assays to determine the effects of SIRT2 siRNA on the NAD+-induced increases in the mRNA levels of GCLc, GCLm and Nrf2, showing that SIRT2 silencing significantly decreased the NAD+-induced elevations of the mRNA levels of GCLc, GCLm and Nrf2 (Figures 5F–H).
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FIGURE 5. SIRT2 silencing prevented NAD+-induced increases in the glutathione levels, GSH/GSSG ratio, GCL level, and Nrf2 level of PC12 cells. (A) SIRT2 siRNA decreased the protein levels of SIRT2 in PC12 cells. (B) SIRT2 silencing prevented the NAD+-induced increase in the GSH level of the cells (effect of NAD+ treatment, F(1,44) = 105.2, p < 0.0001; effect of SIRT2 siRNA, F(1,44) = 16.01, p = 0.0002; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 50.4, p < 0.0001). (C) Effects of SIRT2 siRNA and NAD+ on GSSG levels (effect of NAD+ treatment, F(1,44) = 1.544, p = 0.2206; effect of SIRT2 siRNA, F(1,44) = 0.0108, p = 9177; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 3.279, p = 0.077). (D) SIRT2 silencing prevented the NAD+-induced increase in the GSH/GSSG ratio of the cells (effect of NAD+ treatment, F(1,44) = 12.21, p = 0.0011; effect of SIRT2 siRNA, F(1,44) = 4.623, p = 0.0371; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 3.336, p = 0.0746). (E) SIRT2 silencing prevented the NAD+-induced increase in the total glutathione level of the cells. (effect of NAD+ treatment, F(1,44) = 123.6, p < 0.0001; effect of SIRT2 siRNA, F(1,44) = 13.73, p = 0.0006; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 56.69, p < 0.0001). (F) SIRT2 silencing prevented the NAD+-induced increase in the GCLc mRNA level of the cells (effect of NAD+ treatment, F(1,44) = 5.452, p = 0.0242; effect of SIRT2 siRNA, F(1,44) = 8.229, p = 0.0063; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 10.69, p = 0.0021). (G) SIRT2 silencing prevented the NAD+-induced increase in the GCLm mRNA level of the cells (effect of NAD+ treatment, F(1,44) = 32.68, p < 0.0001; effect of SIRT2 siRNA, F(1,44) = 10.09, p = 0.0027; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 4.664, p = 0.0363). (H) SIRT2 silencing prevented the NAD+-induced increase in the Nrf2 mRNA level of the cells (effect of NAD+ treatment, F(1,44) = 305, p < 0.0001; effect of SIRT2 siRNA, F(1,44) = 178.7, p < 0.0001; effect of SIRT2 siRNA * NAD+ treatment, F(1,44) = 178.7, p < 0.0001). The cells were treated with SIRT2 siRNA for 6 h. After the media was replaced with Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum, the cells were treated with NAD+. RT-PCR assays were conducted at 6 h after the NAD+ treatment, while glutathione assays were conducted at 24 h after the NAD+ treatment. The data were pooled from four independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.



ERK Activation Plays a Crucial Role in the NAD+-Induced Increases in the GSH/GSSG Ratio and Nrf2 Activity of PC12 Cells

It has been reported that pERK can induce Nrf2 activation by promoting its phosphorylation (Zipper and Mulcahy, 2000; Yang et al., 2011). Therefore, we determined if ERK phosphorylation plays a role in the NAD+-induced increase in the GSH/GSSG ratio. Our study showed that U0126, an inhibitor of the ERK pathway, attenuated the NAD+-induced increases in the GSH/GSSG ratio and the levels of GSH, GSSG, and total glutathione (Figures 6A–D). U0126 also blocked the NAD+-induced increases in the mRNA levels of GCLc, GCLm and Nrf2 (Figures 6E–G). Our Western blot assay showed that NAD+-induced nuclear translocation of Nrf2 was also blocked by U0126 (Figure 6H).
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FIGURE 6. Inhibition of ERK signaling prevented NAD+-induced increases in the glutathione levels, GSH/GSSG ratio, GCL level, and Nrf2 levels of PC12 cells. (A) The MEK/ERK pathway inhibitor U0126 prevented the NAD+-induced increase in the GSH level of the cells (effect of NAD+ treatment, F(1,32) = 9.854, p = 0.0036; effect of U0126 treatment, F(1,32) = 6.019, p = 0.0198; effect of U0126 * NAD+ treatment, F(1,32) = 2.844, p = 0.1015). (B) Effects of U0216 and NAD+ on GSSG levels (effect of NAD+ treatment, F(1,32) = 2.162, p = 0.1512; effect of U0126 treatment, F(1,32) = 4.908, p = 0.0340; effect of U0126 * NAD+ treatment, F(1,32) = 0.6915, p = 0.4118). (C) U0126 prevented the NAD+-induced increase in the GSH/GSSG ratio of the cells (effect of NAD+ treatment, F(1,32) = 12.93, p = 0.0011; effect of U0126 treatment, F(1,32) = 3.603, p = 0.0667; effect of U0126 * NAD+ treatment, F(1,32) = 5.902, p = 0.0209). (D) U0126 prevented the NAD+-induced increase in the total glutathione level of the cells (effect of NAD+ treatment, F(1,32) = 11.9, p = 0.0016; effect of U0126 treatment, F(1,32) = 8.2, p = 0.0073; effect of U0126 * NAD+ treatment, F(1,32) = 3.11, p = 0.0873). (E) U0126 prevented the NAD+-induced increase in the GCLc mRNA level of the cells (effect of NAD+ treatment, F(1,32) = 12.82, p = 0.0011; effect of U0126 treatment, F(1,32) = 3.367, p = 0.0758; effect of U0126 * NAD+ treatment, F(1,32) = 4.912, p = 0.0339). (F) U0126 prevented the NAD+-induced increase in the GCLm mRNA level of the cells (effect of NAD+ treatment, F(1,32) = 4.155, p = 0.0499; effect of U0126 treatment, F(1,32) = 3.098, p = 0.0879; effect of U0126 * NAD+ treatment, F(1,32) = 5.738, p = 0.0226). (G) U0126 prevented the NAD+-induced increase in the Nrf2 mRNA level of the cells (effect of NAD+ treatment, F(1,32) = 4.155, p = 0.0499; effect of U0126 treatment, F(1,32) = 3.098, p = 0.0879; effect of U0126 * NAD+ treatment, F(1,32) = 5.738, p = 0.0226). (H) U0126 prevented the NAD+-induced increase in the nuclear Nrf2 protein level of the cells (effect of NAD+ treatment, F(1,32) = 9.22, p = 0.0047; effect of U0126 treatment, F(1,32) = 2.17, p = 0.1505; effect of U0126 * NAD+ treatment, F(1,32) = 8.781, p = 0.0057). The cells were treated with 1 mM NAD+ and 20 μM U0126. Glutathione assays were conducted at 24 h after the drug treatment. RT-PCR assays were conducted at 6 h after the drug treatment. Western blot assays were conducted at 1 h after the drug treatment. The data were pooled from four independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.



We further found that NAD+ treatment induced a significant increase in the pERK protein level in PC12 cells, which was attenuated by either SIRT2 siRNA or AGK2 (Figures 7A,B), suggesting that ERK was a downstream target of SIRT2 in the NAD+-induced increase in the GSH/GSSG ratio.


[image: image]

FIGURE 7. Both the SIRT2 inhibitor AGK2 and SIRT2 silencing prevented the NAD+-induced increase in phosphorylated ERK in PC12 cells. (A) AGK2 prevented the NAD+-induced increase in phosphorylated ERK. The cells were treated with 5 μM AGK2 and 1 mM NAD+ for 0.5 h (effect of NAD+ treatment, F(1,32) = 15.89, p = 0.0004; effect of AGK2 treatment, F(1,32) = 2.462, p = 0.1265; effect of AGK2 * NAD+ treatment, F(1,32) = 7.258, p = 0.0111). (B) SIRT2 silencing prevented the NAD+-induced increase in phosphorylated ERK. After the cells were treated with SIRT2 siRNA for 6 h, the media was replaced with DMEM containing 10% fetal bovine serum (effect of NAD+ treatment, F(1,32) = 6.415, p = 0.0164; effect of SIRT2 siRNA, F(1,32) = 8.138, p = 0.0075; effect of SIRT2 siRNA * NAD+ treatment, F(1,32) = 2.114, p = 0.1557). Then the cells were treated with 1 mM NAD+ for 0.5 h. *p < 0.05; **p < 0.01.



NAD+ Promoted the GSH Synthesis in an Adenosine-Independent Way

Our latest study reported that NAD+ induced increases in the intracellular ATP levels of PC12 cells under basal conditions through its degradation into adenosine (Zhang et al., 2018). Therefore, we investigated the role of adenosine in the NAD+-induced increases in the GSH synthesis and GSH/GSSG ratio. We found that NAD+ significantly increased the extracellular adenosine level, but only slightly increased the intracellular adenosine levels (Supplementary Figures S2A,B). Consistent with the findings of Ramkumar et al. (1995), our study showed that adenosine increased the GSH levels and GSH/GSSG ratios (Supplementary Figures S3A–D).

Our current study has indicated that SIRT2 mediates the NAD+-induced increases in GSH synthesis. However, the mechanism underlying the adenosine-produced changes of GSH metabolism appears to be different from that underlying the NAD+-produced changes of GSH metabolism: the SIRT2 inhibitor AGK2 could not block the adenosine-produced changes of the glutathione metabolism (Supplementary Figures S3E–H).

DISCUSSION

The major findings of our current study include: first, NAD+ treatment can increase the GSH/GSSG ratio of PC12 cells under basal conditions, suggesting that NAD+ treatment can increase directly the antioxidant capacity of the cells; second, NAD+ treatment can increase both the mRNA and protein levels of GCL; third, NAD+ treatment can increase both the Nrf2 mRNA level and nuclear Nrf2 levels; fourth, SIRT2 mediates the NAD+-induced increase in the GSH/GSSG ratio, GCL levels and Nrf2 activity; fifth, ERK mediates the increases in the GSH/GSSG ratio and Nrf2 activity; and sixth, ERK is a downstream target of SIRT2 in the NAD+-produced changes of the glutathione metabolism. Collectively, our study has indicated that NAD+ can enhance directly the antioxidant capacity of the cells, which is mediated by SIRT2, ERK, and Nrf2 (Figure 8).
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FIGURE 8. Diagrammatic presentation of the mechanisms underlying the relationships among NAD+, ERK, SIRT2, Nrf2, GCL, glutathione metabolism, and antioxidant capacity of cells.



Oxidative stress is a major pathological factor in numerous diseases and aging (Halliwell, 2005; Lin and Beal, 2006). Previous studies have suggested that NAD+ treatment can decrease oxidative cell death indirectly by such mechanisms as enhancement of SIRT1 activity and prevention of glycolytic inhibition, MPT, mitochondrial depolarization and nuclear translocation of AIF (Alano et al., 2004, 2010; Hong et al., 2014). However, it remains unclear if NAD+ may attenuate oxidative damage by increasing directly the antioxidant capacity of normal cells. Our current study has provided the first evidence suggesting that NAD+ treatment can enhance directly the antioxidant capacity of cells under basal conditions: NAD+ treatment can significantly increase the GSH/GSSG ratio of the cells. Our findings have suggested that NAD+ administration may produce its profound protective effects by increasing directly the antioxidant capacity of normal cells in the models of various diseases and aging, which can lead to increased resistance of the normal cells to oxidative insults.

Our study has indicated that NAD+ can significantly increase the mRNA levels and the protein levels of both GCLc and GCLm of the cells. These observations have suggested that NAD+ treatment leads to increased GSH synthesis by enhancing the mRNA levels and the protein levels of GCL. Previous studies have suggested that Nrf2 is a transcriptional factor for the gene expression of GCL (Chan and Kwong, 2000; Suh et al., 2004). Our current study has shown that NAD+ can increase both Nrf2 mRNA level and the nuclear Nrf2 levels, which have suggested that NAD+ treatment leads to increased GCL levels at least partially by activating Nrf2.

Our current study has also indicated that SIRT2, rather than SIRT1, mediates the NAD+-induced increase in the antioxidant capacity: both SIRT2 silencing and the SIRT2 inhibitor AGK2 can virtually abolish the effects of NAD+ on the GSH/GSSG ratio, the GCL levels and the Nrf2 activity. This finding, together with the previous studies indicating the capacity of SIRT2 to modulate the gene expression of SOD2 by affecting the activity of FOXO3a (Wang et al., 2007; Liu et al., 2013), has suggested that SIRT2 is an important modulator of antioxidant capacity of cells.

SIRT2 is a NAD+-dependent enzyme (Schemies et al., 2010). A recent study has shown that decreased NAD+ levels can produce decreased SIRT2 activity (Skoge et al., 2014). Therefore, in our current study, the NAD+ treatment-induced increases in the intracellular NAD+ levels could lead to increased SIRT2 activity, resulting in the increases in the Nrf2 activity, GCL levels and GSH/GSSG ratios. It is seemingly puzzling that SIRT2, but not SIRT1, mediates the NAD+-induced changes of the glutathione metabolism. We propose the following mechanisms for accounting for this finding: SIRT2 is a cytosolic enzyme, while SIRT1 is mainly a nuclear enzyme (Houtkooper et al., 2012). NAD+ treatment may selectively increase cytosolic NAD+ levels, leading to a selective increase in SIRT2 activity. Future studies are warranted to further elucidate the mechanisms underlying this finding.

Our study has indicated that ERK links SIRT2 and the NAD+ treatment-produced changes of the GSH/GSSG ratio, the GCL levels and the Nrf2 activity in our experimental model: first, both SIRT2 siRNA and AGK2 can prevent the NAD+-induced increase in ERK phosphorylation, indicating that SIRT2 mediates the NAD+-induced ERK phosphorylation; and second, ERK inhibition can also significantly attenuate the NAD+-induced increases in the GSH/GSSG ratio and the Nrf2 activity. These findings are consistent with previous reports regarding the regulatory effect of SIRT2 on ERK: SIRT2 overexpression regulated type II collagen expression by activating ERK signaling in rabbit articular chondrocytes (Eo et al., 2016); and SIRT2 modulated neuronal differentiation by enhancing ERK/CREB pathway in mesenchymal stem cells (Jeong and Cho, 2017). There are also studies suggesting that SIRT2 and ERK are mutually regulated: ERK can bind to SIRT2, leading to increased protein levels, stability and activity of SIRT2, while SIRT2 inhibition can also block ERK phosphorylation in HEK 293 cells (Choi et al., 2013). Future studies are warranted to further investigate the mechanisms underlying the relationships between SIRT2 and ERK.

Our recent study reported that NAD+ induced increases in intracellular ATP levels under basal conditions through its degradation into adenosine (Zhang et al., 2018). Our current study has suggested that NAD+ increases the GSH synthesis of the cells under basal conditions by an adenosine-independent pathway: while both NAD+ and adenosine can increase GSH synthesis, AGK2 can reverse only the NAD+ treatment-produced changes of the glutathione metabolism. Moreover, the concentrations of adenosine generated from the degradation of 1 mM NAD+ are much lower than 0.01 mM, which is not sufficient to increase GSH synthesis.

Our previous study has suggested that NADH can significantly increase the levels of GSH and GSSG of PC12 cells (Cao et al., 2016). However, it is noteworthy that NAD+, but not NADH, can increase GSH/GSSG ratio—a major index of antioxidant capacity of cells. These observations have suggested that NAD+ is superior over NADH at least in enhancing antioxidant capacity of normal cells, which may account for the following important observations regarding the biological effects of NAD+ and NADH: compared with NADH, NAD+ has shown profound protective effects in much more models of diseases and aging (Ying, 2008). Moreover, our current study has indicated that the NAD+-induced increase in glutathione synthesis is Akt-independent (Supplementary Figure S4), while the NADH-induced increase in glutathione synthesis is Akt-dependent (Cao et al., 2016).

It is of significance to know if i.v. or i.p. NAD+ administration is capable of increasing the NAD+ levels in the brain under normal conditions, considering the presence of the blood brain barrier (BBB) that can block of the entrance of numerous molecules (Abbott et al., 2010). There have been two studies suggesting that NAD+ can pass through BBB to enter the brain under normal conditions: Roh et al. (2018) reported that exogenous NAD+ crossed the BBB through the Connexin 43 gap junction and entered the hypothalamus in its intact form; and Huang et al. (2018) reported that intravenous injection of NAD+ significantly increased the NAD+ level in the brain under physiological conditions, which has further suggested that NAD+ can cross the BBB under normal conditions. Future studies are warranted to solidly demonstrate that NAD+ is capable of passing through BBB under normal conditions.
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FIGURE S1 | EX 527, a SIRT1 inhibitor, did not prevent the NAD+-induced increases in the GSH level, total glutathione level, and GSH/GSSG ratio in PC12 cells. (A) EX 527 did not prevent the NAD+-induced increase in the GSH level of the cells (effect of NAD+ treatment, F(1,32) = 27.53, p < 0.0001; effect of EX527 treatment, F(1,32) = 0.7361, p = 0.3973; effect of EX527 * NAD+ treatment, F(1,32) = 0.2272, p = 0.6369). (B) Effects of EX 527 and NAD+ on GSSG levels (effect of NAD+ treatment, F(1,32) = 2.853, p = 0.1009; effect of EX527 treatment, F(1,32) = 2.364, p = 0.1340; effect of EX527 * NAD+ treatment, F(1,32) = 0.2706, p = 0.6065). (C) EX 527 did not prevent the NAD+-induced increase in the GSH/GSSG ratio of the cells (effect of NAD+ treatment, F(1,32) = 21.13, p < 0.0001; effect of EX527 treatment, F(1,32) = 0.09369, p = 0.7615; effect of EX527 * NAD+ treatment, F(1,32) = 0.07047, p = 0.7924). (D) EX 527 did not prevent the NAD+-induced increase in the total glutathione level of the cells (effect of NAD+ treatment, F(1,32) = 13.66, p = 0.0008; effect of EX527 treatment, F(1,32) = 0.06223, p = 0.8046; effect of EX527 * NAD+ treatment, F(1,32) = 0.3151, p = 0.5785). The assays were conducted after the cells were treated with 1 mM NAD+ and 5 μM EX 527 for 24 h. The data were pooled from four independent experiments. *p < 0.05; **p < 0.01.

FIGURE S2 | NAD+ treatment led to a significant increase in the intracellular and extracellular adenosine levels in PC12 cells. After the cells were treated with 1 mM NAD+ for 24 h, the intracellular and extracellular adenosine levels were determined. (A) NAD+ treatment significantly increased the extracellular adenosine level in PC12 cells. (B) NAD+ treatment significantly increased the extracellular adenosine level in PC12 cells. The data were pooled from four independent experiments. ***p < 0.001.

FIGURE S3 | AGK2 could not block the adenosine-produced increases in the glutathione level and GSH/GSSG ratio. (A) Adenosine treatment increased the GSH levels in the cells. (ANOVA: F = 15.33, p < 0.0001). (B) Adenosine did not affect the GSSG levels (ANOVA: F = 2.902, p = 0.0499). (C) Adenosine significantly increased the GSH/GSSG ratio in the cells (ANOVA: F = 5.663, p = 0.0031). (D) Adenosine treatment dose-dependently increased the total glutathione level of the cells (ANOVA: F = 11.8, p < 0.0001). (E) AGK2 did not prevent the adenosine-induced increase in the GSH level of the cells (effect of adenosine treatment, F(1,32) = 75.71, p < 0.0001; effect of AGK2 treatment, F(1,32) = 1.24, p = 0.2738; effect of AGK2 * adenosine treatment, F(1,32) = 0.4104, p = 0.5263). (F) The GSSG level was not affected by AGK2 or adenosine (effect of adenosine treatment, F(1,32) = 2.528, p = 0.1217; effect of AGK2 treatment, F(1,32) = 0.002108, p = 0.9637; effect of AGK2 * adenosine treatment, F(1,32) = 0.08424, p = 0.7735). (G) AGK2 did not prevent the adenosine-induced increase in the GSH/GSSG ratio of the cells (effect of adenosine treatment, F(1,32) = 23.93, p < 0.0001; effect of AGK2 treatment, F(1,32) = 0.6463, p = 0.4274; effect of AGK2* adenosine treatment, F(1,32) = 0.00351, p = 0.9531). (H) AGK2 did not prevent the adenosine-induced increase in the total glutathione level of the cells (effect of adenosine treatment, F(1,32) = 69.45, p < 0.0001; effect of AGK2 treatment, F(1,32) = 1.994, p = 0.1676; effect of AGK2 * adenosine treatment, F(1,32) = 0.9088, p = 0.3476). The cells were treated with 1 mM adenosine with or without 5 μM AGK2 for 24 h. The data were pooled from four independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE S4 | LY294002, a PI3K/Akt pathway inhibitor, did not prevent the NAD+-induced increases in the glutathione levels and GSH/GSSG ratio in PC12 cells. (A) LY294002 did not prevent the NAD+-induced increase in the GSH level of the cells (effect of NAD+ treatment, F(1,32) = 20.74, p < 0.0001; effect of LY294002 treatment, F(1,32) = 0.1793, p = 0.6748; effect of LY294002 * NAD+ treatment, F(1,32) = 0.1216, p = 0.7296). (B) Effects of LY294002 and NAD+ on GSSG levels (effect of NAD+ treatment, F(1,32) = 0.8547, p = 0.3621; effect of LY294002 treatment, F(1,32) = 0.2553, p = 0.6168; effect of LY294002* NAD+ treatment, F(1,32) = 1.035, p = 0.3167). (C) LY294002 did not prevent the NAD+-induced increase in the GSH/GSSG ratio of the cells (effect of NAD+ treatment, F(1,32) = 25.27, p < 0.0001; effect of LY294002 treatment, F(1,32) = 0.5421, p = 0.4669; effect of LY294002 * NAD+ treatment, F(1,32) = 0.01279, p = 0.9107). (D) LY294002 did not prevent the NAD+-induced increase in the total glutathione level of the cells (effect of NAD+ treatment, F(1,32) = 20.24, p < 0.0001; effect of LY294002 treatment, F(1,32) = 0.1071, p = 0.7456; effect of LY294002 * NAD+ treatment, F(1,32) = 0.008013, p = 0.9292). The assays were conducted, after the cells were treated with 1 μM LY294002 and 1 mM NAD+ for 24 h. The data were pooled from four independent experiments. *p < 0.05; **p < 0.01.
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