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Abstract

:

Exogenous nucleotides (NTs) are considered conditionally essential nutrients, and the brain cannot synthesize NTs de novo. Therefore, the external supplementation of exogenous NTs is of great significance for maintaining normal neuronal metabolism and function under certain conditions, such as brain aging. This study, therefore, sets out to assess the neuroprotective effect of four kinds of single exogenous NTs and a mixture of the NTs, and to elucidate the potential mechanism. A rat pheochromocytoma cell line PC-12 was treated with different concentrations of exogenous NTs after 4 h of exposure to 200 µM H2O2. We found that the exogenous NTs exerted significant neuroprotection through decreasing neuron apoptosis and DNA damage, ameliorating inflammation and mitochondrial dysfunction, promoting cell viability, and augmenting antioxidant activity, and that they tended to up-regulate the NAD+/SIRTI/PGC-1α pathway involved in mitochondrial biogenesis. Among the different NTs, the neuroprotective effect of AMP seemed to be more prominent, followed by the NT mixture, NMN, and CMP. AMP also exhibited the strongest antioxidant activity in H2O2-treated PC-12 cells. UMP was excellent at inhibiting neuronal inflammation and improving mitochondrial function, while GMP offered major advantages in stabilizing mitochondrial membrane potential. The mixture of NTs had a slightly better performance than NMN, especially in up-modulating the NAD+/SIRTI/PGC-1α pathway, which regulates mitochondrial biogenesis. These results suggest that antioxidant activity, anti-inflammatory activity, and protection of mitochondrial function are possible mechanisms of the neuroprotective actions of exogenous NTs, and that the optimization of the mixture ratio and the concentration of NTs may achieve a better outcome.
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1. Introduction


Increased life expectancies have greatly expanded the number of elderly individuals with neurodegenerative disorders, such as Parkinson’s disease (PD) and Alzheimer’s disease (AD), as the major risk factor for developing these conditions is age. Currently, more than 55 million people suffer from neurodegenerative disorders worldwide. The financial cost of treating and caring for those with neurodegenerative disorders exceeds the expense of treating individuals with cancer and cardiovascular disease combined, which inflicts a heavy economic burden on society [1]. Thus, efforts to facilitate successful brain aging are worthwhile.



Neurodegenerative disorders are characterized by the deposition of neurotoxic proteins resulting from dysfunction and degeneration of specific populations of neurons in the brain, which experience oxidative and metabolic stress during the aging process. The hallmarks of the neural dysfunction or degeneration include mitochondrial dysfunction [2], accumulation of oxidatively damaged molecules [3], dysregulated energy metabolism [4], autophagy dysfunction [5], impaired DNA repair [6], disruption of neuronal networks [7], altered calcium homeostasis [8], and inflammation [9]. Given these facts, reducing the risk of neurodegenerative diseases requires eliminating neurotoxic proteins and improving neuronal function.



There are a growing number of studies that have demonstrated that dietary interventions, including dietary restriction, could modify brain aging and the development of neurodegenerative disorders. Mild cellular stress induced by dietary restriction up-modulates the expression of the coding proteins of genes, which are essential to neuron survival, and it may be especially successful at lowering the risk of age-associated neurodegenerative disorders [10]. Dietary factors such as vitamin E [11] and creatine [12] possess antioxidant properties, and can shield neurons from a range of oxidative assaults during brain aging and the development of neurodegenerative diseases. Dietary restriction and dietary supplementation of coenzyme Q10 [13] and naringenin [14] can stabilize mitochondrial function to counteract the energy deficits that occur during neural dysfunction. Dietary interventions, such as the supplementation of curcumin and ginsenosides [15,16], perform neuroprotective roles in neurodegenerative models via anti-inflammatory activities. In addition, dietary restriction and melatonin supplementation can inhibit the accumulation of neurotoxic proteins through increasing the autophagy pathway [17,18].



NTs are composed of pentose, base, and phosphoric acid, they are the fundamental components of nucleic acid. NTs are involved in determining the characteristics of organisms and the structure and function of a protein, orchestrating a myriad of physiological and biochemical functions in biological organisms, and participating in the regulation of various substances of metabolism. NTs serve as the primary high-energy chemicals in the pathway for energy metabolism and crucial messengers in the transmission of cell signals. NTs can be synthesized endogenously or can be ingested exogenously through dietary intake. Extensive research has confirmed the health benefits of exogenous NTs, including antioxidant activity, immunomodulatory activity, DNA protective activity, the promotion of cell proliferation, the maintenance of liver and intestinal function [19], and the restoration of mitochondrial function [20]. These bioactive traits point to the possible contribution of NTs to lowering the risk of neurodegenerative disorders. NTs cannot be synthesized de novo by the brain and bone marrow, and the salvage pathway is the principal alternative for the synthesis of NTs in the brain. Therefore, we assume that the external supplementation of NTs is of great significance for neuronal dysfunction and energy deficiency during brain aging. Moreover, evidence from several studies suggests that NTs may enhance brain nutrition and function [19], and inhibit age-induced deterioration of brain morphology and memory [21]. In addition, recent work performed in our laboratory revealed that exogenous NTs are involved in the synthesis of NAD+, consequently leading to the promotion of mitochondrial biogenesis via the NAD+/ SIRT1/PGC-1α pathway in the H2O2-induced senescent NIH/3T3 cells model. Collectively, all of these facts drove us to assess the significance of NTs to neural dysfunction during brain aging or the development of neurodegenerative disorders. This work examines the neuroprotective function of exogenous NTs and demonstrates the distinct roles of four different types of single NTs and a mixture of the NTs using an H2O2-induced neurodegenerative PC-12 cell model.




2. Results


2.1. NTs Protect against Neurodegeneration of H2O2-Treated PC-12 Cells


The preliminary test demonstrated that 4 h of H2O2 treatment significantly decreased cell viability in the range of 100~800 µM, in which 200 µM H2O2 decreased the cell viability to 55% (Figure 1A). In the follow-up study, PC-12 was treated with 200 µM H2O2 for 4 h. A supplementation of the NT mixture, NMN, AMP50/100/200, CMP50/100/200, and GMP50 significantly increased the cell viability of H2O2-treated PC-12 cells compared with the model group (Figure 1B). The increased rates relative to the model group were 64.44% (mixture of NTs) > 62.22% (CMP200) > 55.56% (AMP200) > 51.11% (NMN/AMP100) > 44.44% (CMP100) > 40.00% (AMP50/CMP50) > 35.56% (GMP50).



H2O2-mediated neurotoxic effects changed the morphological structure of PC-12, and led to the display of an enlarged nucleus, chromatin pyknosis, irregular nuclear membranes, reduced mitochondrial numbers, and increased mitochondrial size. Compared with the model group, the PC-12 cells supplemented with the 100 µM NT mixture displayed normal nucleus sizes, homogeneous chromatin, flat nuclear membranes, and relatively increased numbers of mitochondria of normal sizes (Figure 1C).



Increased cell apoptosis was witnessed in H2O2-treated PC-12 cells. The supplementation of the NT mixture, AMP100/200, and UMP50 significantly decreased the cell apoptosis rate in the H2O2-treated PC-12 cells (Figure 1D). The decreased rates relative to the model group were 43.17% (UMP50) > 41.30% (AMP100) > 39.37% (AMP200) >39.27% (NT mixture).



Oxidative stress frequently targets DNA during healthy metabolism, aging, and other stress responses. We found that the protein expression of γ-H2A.X, a marker of DNA damage, up-regulated in H2O2-treated PC-12 cells (Figure 1E). The supplementation of four kinds of single NTs, a mixture of the NTs, and NMN significantly down-regulated the protein expression of γ-H2A.X compared with the model group; only the AMP200 failed to suppress its expression. The decreased rates relative to the model group were 72.84% (CMP200) > 64.15% (GMP100) > 59.76% (GMP200) > 59.25% (CMP50) > 55.30% (CMP100) > 49.58% (AMP100) > 46.22% (NMN) > 45.75% (UMP200) > 44.49% (NT mixture) > 42.57% (AMP50) > 35.18% (GMP50) > 33.03% (UMP50) > 31.81% (UMP100).



The expression of the brain-derived neurotrophic factor (BDNF) did not show a significant change in the present cell model. Compared with the model group, the supplementation of four kinds of single NTs, the NT mixture, and NMN had no significant influence on the level of this protein (Figure 1F).




2.2. NTs Suppress Neuroinflammation in H2O2-Treated PC-12 Cells


H2O2 exposure caused neuroinflammation, a common feature of brain aging, in PC-12 cells. An increased secretion of IL-6, IL-1β, MMP-3, sICAM-1, and VCAM-1 was observed in H2O2-treated PC-12 cells compared with the control group. The supplementation of four kinds of single NTs, the NT mixture, and NMN all significantly decreased IL-6 (Figure 2A), IL-1β (Figure 2B), and VCAM-1 secretion (Figure 2E), all at a decreased rate of up to 44.71%. The NT mixture, AMP100, CMP100, GMP50/100, and UMP50/100/200 significantly decreased MMP-3 concentration (Figure 2C) compared with the model group. The decreased rates were 53.02% (GMP100) > 48.70% (AMP100) > 48.59% (UMP50) > 48.43% (UMP200) > 44.65% (GMP50) > 43.50% (UMP100) > 41.19 (NT mixture) > 36.40% (CMP100). The NT mixture, AMP50/100, CMP100/200, GMP50, and UMP50 significantly decreased the sICAM-1 level (Figure 2D) compared with the model group. The decreased rates were 79.09% (CMP100) > 70.71% (AMP50) > 68.17% (NT mixture) > 67.90% (GMP50) > 59.14% (AMP100) > 58.93% (UMP50) > 53.75% (CMP200).




2.3. NTs Inhibit ROS Production and Enhance Antioxidant Activities in H2O2-Treated PC-12 Cells


The H2O2-treated PC-12 cells generated significantly higher levels of ROS compared with the control group. Significantly decreased ROS production was seen in the PC-12 cells supplemented with the NT mixture, AMP100, CMP50 and GMP50 (Figure 2F). The decreased rates were 51.98% (CMP50) > 47.81% (GMP50) > 46.73% (AMP100) > 46.69% (NT mixture). We also found that AMP100 and CMP100 significantly enhanced the GSH-Px activities compared with the model group (Figure 2G). The increased rates were 47.62% (AMP100) and > 40.95% (CMP100). The supplementation of the NT mixture, NMN, AMP50/100, CMP50/100, GMP50 and UMP50 significantly enhanced SOD activities in PC-12 cells (Figure 2H). The increased rates were 31.00% (NT mixture) > 29.86% (NMN) > 29.67% (AMP100/CMP50) > 27.75% (AMP50) > 27.56% (GMP50) > 26.99% (CMP100) > 26.79% (UMP50). In addition, the supplementation of four kinds of single NTs, the NT mixture, and NMN all significantly reduced the MDA production in H2O2-treated PC-12 cells (Figure 2I); the highest inhibition rate was 67.86% (NT mixture).




2.4. NTs Improve Mitochondrial Function and Tend to Up-Regulate the Mitochondrial Biogenesis Related Pathway NAD+/SIRT1/PGC-1α in H2O2-Treated PC-12 Cells


Mitochondrial dysfunction is characterized by the depolarization of mitochondrial membrane potential and the decrement of ATP production in H2O2-treated PC-12 cells compared with the control group. AMP200, CMP50 and different concentrations of GMP and UMP supplementation significantly increased the rate of red fluorescent relative to the model group (Figure 3A). The increased rates were 33.15% (GMP50) > 31.06% (UMP50) > 31.02% (GMP100) > 29.96% (GMP200) > 26.86 (UMP100) > 20.76% (UMP200) > 14.15% (AMP200) > 13.86% (CMP50). The supplementation of the NT mixture, NMN, AMP50, CMP50, and UMP100 significantly increased ATP production compared with the model group (Figure 3B). The increased rates were 79.59% (AMP50) > 68.56% (NT mixture) > 44.24% (NMN) > 40.24% (CMP50) > 33.15% (UMP100).



Further analysis showed that NTs may promote mitochondrial biogenesis through increasing NAD+ activity and up-regulating the gene and protein expression of SIRT1 and PGC-1α. Compared with the control group, H2O2 treatment significantly decreased NAD+ levels, and tended to lower NAD+/NADH. The supplementation of the NT mixture, NMN, AMP100/200, CMP50/200, GMP200, and UMP100/200 significantly increased NAD+ levels (Figure 3C). The increased rates were 208.98% (AMP200) > 149.46% (GMP200) > 127.48% (NMN) > 115.38% (NT mixture) > 111.86% (AMP100) > 111.07% (UMP100) > 106.56% (CMP50) > 105.02% (UMP200) > 100.15% (CMP200). AMP100/200 and GMP200 supplementation also significantly increased NAD+/NADH (Figure 3D). The increased rates were 104.47% (AMP200) > 87.97% (AMP100), and 85.13% (GMP200). H2O2 exposure significantly down-modulated the gene expression of SIRT1 in PC-12 cells, and the supplementation of the NT mixture, NMN, AMP, CMP, and GMP reversed this trend completely (Figure 3E). The increased rates were 110.18% (NT mixture) > 84.32% (AMP100) > 59.07% (CMP100) > 56.17% (NMN) > 28.02% (GMP100). The protein expression of SIRT1 tended to increase in the model group. Compared with the model group, the NT mixture supplementation tended to increase the protein expression of SIRT1 (Figure 3F). All of the above results suggest that decreased NAD+ activity results in decreased consumption of the NAD+ -dependent protein, SIRT1, in the model group. The administration of NTs significantly increased the NAD+ activity and gene expression of SIRT1, and maintained the same expression level of SIRT1 protein as that of the model group.



Interestingly, oxidative stress was found to up-regulate the gene expression of PGC-1α in PC-12 cells, while the supplementation of the NT mixture, AMP, and CMP further increased the gene expression of PGC-1α (Figure 3G). The increased rates were 127.33% (AMP100) > 58.99% (NT mixture) > 34.96% (CMP100). Compared with the model group, the protein expression of PGC-1α tended to increase in the groups administered with NTs (Figure 3H).





3. Discussion


NTs are the fundamental units of nucleic acid macromolecules, which are involved in different physiological and regulatory functions in organisms. Exogenous NTs were obtained from enzymatic hydrolysis of nucleic acid-enriched food. As basic raw materials, exogenous supplementation of NTs under specific physiological conditions can exert multiple effects in various biological systems, and all the bioactive properties confer the neuroprotective potential of NTs. The initial objective of the present project was to investigate the neuroprotective effect of exogenous NTs in H2O2-treated PC-12 cells and validate the underlying mechanism. We showed that exogenous NT supplementation protects against the neurodegeneration of H2O2-treated PC-12 cells, as demonstrated by increased cell viability, decreased inflammation, apoptotic rate, DNA damage, and morphology changes. Our findings accord with earlier observations that salmon milt and yeast-derived nucleic acid enhance the resistance of cells to oxidative stress, and inhibit apoptosis in A𝛽-treated SH-SY5Y neuronal cells [22]. Exogenous NTs also provide significant neuroprotection in in vivo models of nervous system diseases. Chen et al. found that the exogenous supplementation of a nucleoside-nucleotide mixture was associated with decreased age-induced deterioration of brain morphology and certain memory tasks [21]. Sato et al. found that a diet supplemented with NTs raised the levels of n-3 and n-6 lipids in the brain and enhanced the learning ability of rats [23]. Our findings are in line with those of previous studies. In addition, our results further support the idea that NTs reduce DNA damage [24,25] and cell apoptosis [26,27], and promote cell proliferation [28,29].



We hypothesize that one possible mechanism of neuroprotective action of exogenous NTs is their antioxidant activity. In this study, exogenous NTs were found to reduce ROS and MDA production, and enhance GSH-Px and SOD activities in H2O2-treated PC-12 cells. Previous in vivo experiments in our laboratory also indicated the antioxidant characteristics of NTs in different tissues and systems [30,31]. This study was the first to show the antioxidative action of exogenous NTs on neurons. NTs are non-enzymatic antioxidants, and as the raw materials for the synthesis of nucleic acids, NTs involved in amino acid metabolism may in turn influence the expression, activities, or metabolism of antioxidant enzymes such as glutathione. NTs play a crucial regulatory role in the synthesis of unsaturated fatty acids. Several reports have shown that NTs added to infant formulas play a crucial role in the desaturation of essential fatty acids and the extension of long-chain polyunsaturated fatty acids in infants [32,33]. Moreover, exogenous NT supplementation was effective in reversing lipid metabolism abnormalities in a rat model of liver cirrhosis [34], while unsaturated fatty acids were able to neutralize ROS and enhance the expression of the antioxidant gene in neurons [35]. Thus, NTs diminished oxidative stress in neurons, via direct or indirect actions, thereby reducing the accumulation of oxidatively damaged macromolecules, down-regulating the stress-activated signaling pathway, and enabling the homeostasis of neurons.



Neuroinflammation is known to contribute to the neuronal damage that underpins neurodegenerative disorders [36]. In addition, neuroinflammation is closely connected with the blood-brain barrier disruption, thus destroying neuronal energy homeostasis. We found that the administration of exogenous NTs significantly inhibited neuroinflammation in H2O2-treated PC-12 cells, demonstrating that an anti-inflammatory mechanism may be responsible for the neuroprotective effects of exogenous NTs. In accordance with the present results, numerous earlier investigations have shown that exogenous NTs have potent immune-boosting and inflammation-controlling effects. Researchers found that the content of NTs in formula milk was lower than that in breast milk, which led to low immunity in infants. When exogenous NTs were added to formula milk, the incidence of acute diarrhea in infants was significantly decreased [37]. In another study, exogenous NT feed was able reduce the levels of IL-1 and IFN-γ and increase the level of IL-10 in an inflammatory reaction mice model, thus regulating the balance of inflammatory/anti-inflammatory cytokines in mice [38]. The anti-neuroinflammation action of exogenous NTs has not been studied. The present study was the first to demonstrate the anti-neuroinflammatory effects of exogenous NTs, and revealed that UMP was the most effective at inhibiting the secretion of inflammatory cytokines in H2O2-treated PC-12 cells.



Mitochondria are distributed in neurons and produce ATP to support the normal physiological activity of neurons. Numerous investigations have revealed age-related mitochondrial alterations, including mitochondrial enlargement, depolarized membrane potential, and decreased ATP production [39,40]. Consistent with previous findings, in the present study, the age-related mitochondrial alterations mentioned above were observed in H2O2-treated PC-12 cells, while exogenous NT treatment significantly increased mitochondrial membrane potential, ATP production, and normalized mitochondria size. These results are in accord with other studies, indicating that exogenous NTs stimulate the generation and storage of intracellular energy, promote mitochondrial DNA repair, and enhance mitochondrial enzyme activities [20,41,42]. Mitochondrial dysfunction during brain aging is also associated with a decrement in cellular NAD+ levels and NAD+/NADH. Our findings provide more evidence of this link, and exogenous NT supplementation reversed this trend. Moreover, the effect of AMP200 on increasing NAD+ levels was superior to NMN. On the other hand, as mentioned in the introduction, our recent work shows that exogenous NTs up-regulate the NAD+/SIRT1/PGC-1α pathway, which can regulate the biogenesis and electron transport systems of mitochondria [43] in senescent mouse embryonic fibroblasts. Similarly, the present study showed a positive association between NT supplementation and the up-modulation of the gene and protein expression of SIRT1 and PGC-1α. The above results imply a neuroprotective role of exogenous NTs against H2O2 exposure through the promotion of mitochondrial biogenesis via the NAD+/SIRT1/PGC-1α signaling pathway. In addition, researchers have found that SIRT1 is neuroprotective in AD models through the regulation of Aβ metabolism, and that its deletion causes increased tau acetylation, phosphorylation, and cognitive defects [44]. Increased neuronal SIRT1 expression might be another possible mechanism contributing to the neuroprotective performance of exogenous NTs.



We are dedicated to the universal concept that exogenous NTs are essential nutrients required for age-specific stages in life. The present study has been one of the first attempts to extensively examine the effect of exogenous NTs, including four kinds of single NTs and a mixture of the NTs, on H2O2-induced neural dysfunction. NMN is a derivative of NTs and shares a similar chemical structure, and therefore served as a positive control in the present study. Numerous studies have demonstrated that NMN also provides neuroprotection as NAD+ precursors [45,46]. Overall, the neuroprotective effect of AMP seemed to be more prominent, followed by the NT mixture, NMN, and CMP. When it came to increasing antioxidant activity and mitochondrial biogenesis, they all performed better. Different exogenous NTs, the NT mixture, and NMN all significantly inhibited the neuronal inflammatory response. Among them, UMP was the most effective. UMP was also superior in improving mitochondrial function, and only UMP100 was able to maintain stable levels of ATP and mitochondrial membrane potential, while GMP offered major advantages in stabilizing mitochondrial membrane potential. These results suggest that the optimization of the NT mixture ratio and concentration may achieve a better outcome. NTs performed slightly better than NMN, especially in up-modulating the mitochondrial biogenesis-related gene expression of SIRT1 and PGC-1α. Furthermore, as nutrients, the safety of NTs is much higher than that of NMN. In addition, we speculated that the protective effect of exogenous NTs on the nervous system is multifold. Our previous study found that exogenous NTs delayed endothelial cell senescence [47], implying that they may have a certain protective effect on the blood-brain barrier, which serves two roles: supplying nutrients and blocking inflammatory insults [48]. Large-scale studies showed that the blood-brain barrier is broken down by various neurodegenerative diseases [49]. Therefore, exogenous NTs may retain the homeostasis of the nervous system by maintaining the integrity of the blood-brain barrier. Unquestionably, more work will be needed to confirm our assumption.



There were several limitations in our study. First, we only verified the signaling pathway that correlated with previous findings, without in-depth mechanism research. Further multi-omics studies should be performed to investigate a wider array of signaling pathways with a full consideration of the histiocytic specificity. Second, the present study simulated the model of neuronal dysfunction, which is the pathological basis of neurodegenerative diseases, making our findings less generalizable to protein-aggregative neurodegenerative diseases. Therefore, more sophisticated cellular and animal models are needed to explore the effects of exogenous NTs on protein-aggregative neurodegenerative diseases such as AD and PD.




4. Materials and Methods


4.1. Chemicals


The NTs used in our experiment were extracted from ribonucleic acid by enzymatic hydrolysis, including disodium guanosine-5′-monophosphate (GMP), disodium 5′- uridine monophosphate (UMP), 5′-cytimidine monophosphate (CMP), 5′-adenosine monophosphate (AMP), and nicotinamide mononucleotide (NMN), respectively. All of them were supplied by Dalian ZHEN-AO Biotechnology Co. Ltd. (Dalian, China).




4.2. Cell Cuture and Teatments


PC-12 were obtained from American Type Culture Collection (ATCC, Manassas, VA, USA). The PC-12 were cultured in Dulbecco’s Modification of Eagle’s Medium (DMEM) (GIBCO, Grand Island, NE, USA), and supplemented with 10% fetal bovine serum (Zhong Qiao Xin Zhou Biotechnology Co. Ltd., Shanghai, China) and 1% antibiotic–antimitotic (Coolaber, Beijing, China) at 37 °C under a humidified atmosphere of 5% CO2.



H2O2-induced cell injury was performed as previously described; the PC-12 were maintained for 4 h in a growth medium containing different concentrations of H2O2, and then cultured in the growth medium. Cell viability was assessed after 24 h and the appropriate H2O2 concentration was selected for the following experiments.



With the exception of the control group (growth medium without H2O2) and the model group (growth medium with 200µM H2O2), the cells (exposed to H2O2 for 4 h) were treated with different concentrations of single NTs, the NT mixture, and NMN for 24 h, as follows: the NT mixture group (growth medium containing a 100 µM NT mixture; AMP: CMP: GMP: UMP = 22.80: 25.80: 30.20: 20.40), the NMN group (growth medium containing 0.5 mM NMN), and low, middle, and high doses of GMP/UMP/CMP/AMP groups (growth medium containing 50/100/200 µM GMP/UMP/CMP/AMP). Following exposure to the NTs, the cells were harvested for further analysis.




4.3. Morphology Observation


The cell morphological changes were observed by a transmission electron microscope. In brief, cells were collected and washed twice with PBS before being fixed with 2.5% glutaraldehyde overnight at 4 °C. Then, cells were washed three times with PBS and fixed with 1% osmic acid for 1 h. Graded acetone was dehydrated (30%, 70%, 95%, and 100% in PBS, each for 15 min), the resin was embedded, and ultrathin sections (Mode: OMU3, Leica Reichert, Munich, Germany) were stained with uranyl acetate and citric acid (Beyotime, Shanghai, China). Cellular morphology and mitochondria were observed by transmission electron microscopy (JEM-1400. Leica Reichert, Wetzlar, Germany).




4.4. Cell Viability Assay


Cell viability was evaluated by the cell-counting kit-8 (CCK-8) assay (KeyGEN, Jiangsu, China) according to the manufacturer’s protocol. In brief, 100 µL/well cells (about 1 × 104) were seeded in 96-well plates. After treatment according to the protocol, 10 µL CCK-8 was added to each well and incubated at 37 °C for 1–4 h. The absorbance of each well was measured at 450 nm with a microplate reader (BMG FLUOstar Omega, Offenburg, Germany).




4.5. Flow Cytometry


First, 2 mL/well cells (about 2 × 105) were seeded in 6-well plates and treated according to the protocol. For apoptosis analysis, cells were harvested and washed once with PBS and then resuspended in PI/Annexin-V solution (KeyGEN, Nanjing, China) and analyzed using a Flow Cytometer (Beckman Coulter, Brea, CA, USA). For intracellular ROS analysis, cells were harvested and washed once with PBS before being incubated for 20 min at 37 °C with a 10 µM 2,7-dichlorofluorescein diacetate (Beyotime, Shanghai, China). After being washed with PBS three times, the cells were analyzed using a Flow Cytometer (Beckman Coulter, Brea, CA, USA). For mitochondrial membrane potential (∆Ψm) analysis, cells were harvested and stained with a 500 µL 1× JC-1 dye solution (Beyotime, Shanghai, China) at 37 °C for 20 min in the dark. Then, the cells were washed twice and resuspended using a 1× JC-1 staining buffer. The change of fluorescence color was analyzed using flow cytometry (Beckman Coulter, Brea, CA, USA).




4.6. Biochemical Analysis


First, 2 mL/well cells (about 2 × 105) were seeded in 6-well plates and treated according to the protocol. Then, the supernatant was obtained for the measurements of malondialdehyde (MDA), glutathione peroxidase (GSH-Px), superoxide dismutase (SOD) activities, NAD+/NADH, ATP, interleukin-6 (IL-6), IL-1β, matrix metalloproteinase-3 (MMP-3), intercellular cell adhesion molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) using commercial kits.




4.7. Quantitative Real-Time PCR Analysis


The total RNA was extracted from cell samples using a Trizol reagent (Invitrogen, Waltham, USA) according to standard protocols. An AM-MLV reverse transcriptase kit (Promega, Madison, Wisconsin, USA) was used to prepare cDNA. The levels of mRNA expression were quantified using a real-time PCR amplification kit and a ABI 7500 Real Time PCR System (Applied Biosystems, Carlsbad, CA, USA). The primers information used in the present study are presented in Table 1.




4.8. Western Blot Analysis


First, 2 mL/well cells (about 2 × 105) were seeded in 6-well plates and treated according to the protocol. Cells were collected and washed twice with PBS; then, they were resuspended in RIPA Lysis Buffer (Biosharp, Hefei, China) and supplemented with 1 mM of phenylmethanesulfonyl fluoride. Protein was extracted by centrifugation at 14,000× g for 15 min at 4 °C, and the concentration of protein was measured with a BCA protein assay kit (Thermo Scientific, Waltham, USA). Equal amounts of protein (80–150 µg) were separated by 10–20% SDS-PAGE gel and transferred to PVDF membranes at different electric currents according to the size of protein molecules. The membranes were blocked for 2 h in 5% non-fat milk dissolved with Tris-buffered saline containing 0.05% Tween-20 (TBST) at room temperature. Protein expression was detected using a primary antibody γ-H2A.X (1:1000, Abcam, Cambridge, MA, USA), BDNF (1:5000, Abcam, Cambridge, MA, USA), AMPKα (1:1000, CST, Danvers, MA, USA), PGC-1α (1:2000, Abcam, Cambridge, MA, USA), ULK2 (1:1000, CST, Danvers, MA, USA), SIRT1 (1:1000, CST, Danvers, MA, USA), β-actin (1:5000, Abcam, Cambridge, MA, USA), and horseradish peroxidase-conjugated anti-rabbit secondary antibodies (1:10,000, Abcam, Cambridge, MA, USA). A Quantitative analysis of a western blot was performed using Image-Pro Plus software (Media Cybernetics, Rockville, MD, USA).




4.9. Statistical Analysis


Statistical analyses were performed using SPSS software version 24 (SPSS Inc., Chicago, IL, USA). Data were expressed as mean ± standard deviation (SD) and analyzed by a one-way analysis of variance (ANOVA) test; a test for the difference of parametric samples among groups of multiple comparisons of least significant difference (equal variances assumed) or Dunnett’s T3 test (equal variances not assumed) was used. p < 0.05 indicated a statistically significant difference.





5. Conclusions


The present study was designed to evaluate the effect of four kinds of single NTs and a mixture of the NTs on H2O2-induced neuron degeneration. We showed that exogenous NTs exerted significant neuroprotection through decreasing neuron apoptosis and DNA damage, ameliorating inflammation and mitochondrial dysfunction, promoting cell viability, and augmenting antioxidant activity. Moreover, we found that NTs tend to up-modulate the longevity regulating pathway NAD+/SIRT1/PGC-1α, although further work is required to confirm this pathway. The neuroprotective effect of AMP seemed to be more prominent, followed by the NT mixture, NMN, and CMP. All of the NTs performed better in terms of boosting antioxidant activities and up-modulating the mitochondrial biogenesis-related NAD+/SIRT1/PGC-1α pathway. UMP is the most effective at inhibiting neuronal inflammation and improving mitochondrial function, while GMP offers major advantages in stabilizing mitochondrial membrane potential. The exogenous NT mixture performed slightly better than NMN, especially in terms of up-modulating the relative gene expression of SIRT1 and PGC-1. These results suggest that the optimization of the ratio and concentration of the NT mixture may achieve a better outcome.
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Figure 1. (A) The dose-dependent response of H2O2 to PC-12 cells; (B) The cell viability evaluation of NTs using the CCK-8 assay; (C) The effect of NTs on the morphological changes of H2O2-treated PC-12 cells using transmission electron microscopy (3000×); (D) The effect of NTs on the cell apoptosis rate in H2O2-treated PC-12 cells; (E) The effect of NTs on the protein expression of γ-H2A.X in H2O2-treated PC-12 cells; (F) the effect of NTs on the protein expression of BDNF in H2O2-treated PC-12 cells (n = 3 per group). # p < 0.05 versus control group, * p < 0.05 versus model group. 
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Figure 2. (A) The effect of NTs on the secretion of IL-1𝛽 in H2O2-treated PC-12 cells; (B) The effect of NTs on the secretion of IL-6 in H2O2-treated PC-12 cells; (C) The effect of NTs on the secretion of MMP3 in H2O2-treated PC-12 cells; (D) The effect of NTs on the secretion of sICAM-1 in H2O2-treated PC-12 cells; (E) The effect of NTs on the secretion of VCAM-1 in H2O2-treated PC-12 cells; (F) The effect of NTs on the intracellular ROS production in H2O2-treated PC-12 cells; (G) The effect of NTs on the GSH-Px activities in H2O2-treated PC-12 cells; (H) The effect of NTs on the SOD activities in H2O2-treated PC-12 cells; (I) The effect of NTs on the MDA levels in H2O2-treated PC-12 cells (n = 3 per group). # p < 0.05 versus control group, * p < 0.05 versus model group. 
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Figure 3. (A) The effect of NTs on the mitochondrial membrane potential in H2O2-treated PC-12 cells; (B) The effect of NTs on the ATP production in H2O2-treated PC-12 cells; (C) The effect of NTs on the NAD+ levels in H2O2-treated PC-12 cells; (D) The effect of NTs on NAD+/NADH in H2O2-treated PC-12 cells; (E) The effect of NTs on the relative gene expression of SIRT1 in H2O2-treated PC-12 cells; (F) The effect of NTs on the relative protein expression of SIRT1 in H2O2-treated PC-12 cells; (G) The effect of NTs on the relative gene expression of PGC-1α in H2O2-treated PC-12 cells; (H) The effect of NTs on the relative protein expression of PGC-1α in H2O2-treated PC-12 cells. Values represented the mean ± S.D. (n = 3 per group). # p < 0.05 versus control group, * p < 0.05 versus model group. 
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Table 1. The primers information used for real-time PCR analysis.
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	Primer Sequences
	Probes
	Sizes of PCR Products





	AMPKα Forward primer
	5′-GGGTGAAGATCGGCCACTAC-3′
	164bp



	AMPKα Reverse primer
	5′-CTCTCTGCGGATTTTCCCGA-3′
	



	PGC-1α Forward primer
	5′-GACTGGCAGGGGCACATCT-3′
	156bp



	PGC-1α Reverse Primer
	5′-TGGGATGACCGAAGTGCTT-3′
	



	SIRT1 Forward primer
	5′-TATGCTCGCCTTGCTGTAGA-3′
	132bp



	SIRT1 Reverse Primer
	5′-TGGCTGGAATTGTCCAGGAT-3′
	



	ULK2 Forward primer
	5′-TTAGTCAGTGCTGCTGTGGA-3′
	99bp



	ULK2 Reverse Primer
	5′-AGAGTGACTGTGGTGACTGG-3′
	



	GAPDH Forward primer
	5′-CAACTCCCTCAAGATTGTCAGCAA-3′
	128bp



	GAPDH Reverse primer
	5′-GGCATGGACTGTGGTCATGA-3′
	
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
™
@)

1908 - 8500
- , Z 40.00
_ £10.00 -
= 5 E—b 35.00
R ; 8.00 - 2 30.00
0 6.00 = 20.00
. 4.00 15.00
2.00 10.00
5.00
0.00 0.00
-9
NI S § kS ESLSSLAELAS AL °z>"' S & § NI
& X F S DS LSS S S S 2.00) 4‘-& . N N N ‘F ¢ Q“ L Q\ &L
o°°€‘°9¢* é‘ké‘v_&?@ v\&& w“.ﬁ& @.\§.§\$ i‘&& ‘“w“@‘“@@‘ é‘éé‘bé‘@ 024\ év“@@ @@@ é‘@.\:s SF S
é Group Group Group
~ 20.00 - _ 600 1 & 30.00 ~
3 =
® & 25.00
= 15.00 Kl -
. - & 20.00
2 2 :
J 10.00 3] £15.00
] > 2
S 10.00

5.00

SO > & SN PN SN AL
\%Q’\'\,Q S \*boéﬂ\"Q\"Q«\'vQ-\",
NS K Q@QQ F OIS DI FI I
FFFTFFFFF TP e S TEFS S TFF TS
Group Group b Group
20.00 4.00 -
= 18.00 T 350 -
£ 16.00 %300-
2 14.00 g
A 12.00 £ 250 1
€ 10.00 < 2.00
8.00 %1.50
6.00
400 1.00
2.00 0.50
0.00 0.00
& 3§ SO S S S S S & ST LA S S S S S & S SLASL LA S S SS
@@Qx & & > LN @Q\WQ\ Q\WQ\W @waﬁxwﬂx & WV
& v;f"%vw@ @@@Qcﬁ‘o@&@&& o @/\ %v“&&@&&@é&@&@ s é& év“&&@&&w“&@ w‘\ws
é

Group Group Group





nav.xhtml


  molecules-28-01226


  
    		
      molecules-28-01226
    


  




  





media/file0.png





media/file2.png
120.00 -
120.00
— 100.00 ’33
2 — 100.00
2 2
= 80.00 = 80.00
2 2
">- 60.00 Py 60.00
= >
O 40.00 & 40.00
20.00 20.00
0.00 0.00

oM 50pM 100puM 200uM 400puM 800uM

H>02 concentration

% ] "2 ‘i e
"\.".ii‘.‘-:
) %
) 4 £ 23 T2
v
whed —
= o1 23
(75} *
. ‘o = - .
g ey Z i A A R A DA TS s o 2 4 3 4
10 10 10 10 10 10 10 10 10 1
‘6" AYFITC AYFITC AYFITC 10 10
=] l e
& Contro NTs mixture
< VE VE e
“.Jd .Lf;\ | ©_ |
2 s 2 =
o~
@27 EN93 ENE"
21 4 CE e
g :
e T e T e m—— L * %
1 10 10 10 10 ™ 10 10° "0 ) 573 13 " S
10 10 10 10 10
AYENC AYFITC

E AMP GMP
6 g . 0.50
% S 2 045
£ £ $8os
't x5 X5 o | F—— |
- 3% 38 020 FHAX) —— e e e e e s et
2 > >$ 015 ‘
< 5 = 010 \ 1
= K & 0.05 B-Actin - i
0.00 3 | 3 )
IR ¥ S PSS $ & @ of g @ P R P P o
HEEEEESE FIEEE P PP P
Group Group

o

N

w
o
w
w

o
w
o

o
N
o

=]

N

w

BDNF-----—_’- T ——— | o —— W W—

o
—
w
o
N
o

0.15
0.10

(=]
[
o
BDNF /actin

BDNF/actin
relative protein expression

L cmemas-aas b —— T i e comn e e

e
o
W

o
o
w

BDNF /actin
relative protein expression

, 0.00 r e S PP 8L
0.00 S E &S S SRP L SL S S S R &S ‘}ob"(’o(é 6@‘ e" vés ég'* Yé{\r ‘pr" d,o“ G‘g"’g G‘ss éxg'\r <,‘§ 0“3'* éxg‘\r ‘}ob"cé‘é Qés &ﬁb’o‘@'
S &% o8
FEF TS FESEISEE & E & '

N Group Group Group





media/file5.jpg
. |||||II|I|||I|I|"‘ r

J}//ﬁ s

pitt

S LI






media/file6.png
Red Fluorescence (%)

ATP (umol/gprot)

i

Relative gene expression of SIRT1

0@@ )
& @ ¢ S &
Ll D Q
(’0\!\«‘,@ ?vs‘\vs‘\

Group

350.00
300.00
250.00
200.00
150.00
100.00
50.00
0.00

1.60
1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

&&‘@

QQ

SIRT1/actin
Relative protein expression

@»é& o“sw\sés

0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

QQ

NAD* (umol/g)

104

Control

10°
asaal

§

JC1
10

10!
aasal

0

10d 4

>
<
H

§

JC1
10
ul

10!
il

10°

T T
10! 102
JC1 G

-

0

9 vg v.o-
2{Model ={NTs m =1 NMN
oy oy Coy
o, - - o
327 3 =7 9"
o3 21 21
cc = S
e oy — b |
Tio? ol 10l w0 el il
- vD p=4
= =
L] k] |
21 =1 .
=1 CMP GMP iUMP
4 ey -
Ly ¥ : 527 g=1
(% - 1 o :’ B E 3
ey ¥ 21 =3 2
3 i = ]
o ¢ 3 N =T i i T 4
3 ki it " q =100 10! 102 10° 109 10 10 10 10 10
1 o' gt 10 JC1G ¥1G

NAD*/NADH

' PSS LS ELEEE $ &
ob@éeq"@m@q”x@x@ A CFSFSFELSS oS S
SESEESEELSEETEEE SRS TEET S S
Group Group
G H
6.00 - 035
”t
5.00 0.30
0.25

Relative gene expression of PGC-1a

4.00

3.00

2.00

1.00

0.00

PGC-1a/actin
Relative protein expression

0.15

0.10

0.05






media/file3.jpg
Ry






media/file1.jpg





