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Abstract

:

Aging-related learning and memory decline are hallmarks of aging and pose a significant health burden. The effects of walnut oligopeptides (WOPs) on learning and memory were evaluated in this study. Sixty SAMP8 mice were randomly divided into four groups (15 mice/group), including one SAMP8 age-control group and three WOP-treated groups. SAMR1 mice (n = 15) that show a normal senescence rate were used as controls. The SAMP8 and SAMR1 controls were administered ordinary sterilized water, while the WOP-intervention groups were administered 110, 220, and 440 mg/kg·bw of WOPs in water, respectively. The whole intervention period was six months. The remaining 15 SAMP8 (4-month-old) mice were used as the young control group. The results showed that WOPs significantly improved the decline in aging-related learning/memory ability. WOPs significantly increased the expression of BDNF and PSD95 and decreased the level of APP and Aβ1-42 in the brain. The mechanism of action may be related to an increase in the activity of antioxidant enzymes (SOD and GSH-Px), a reduction in the expression of inflammatory factors (TNF-α and IL-1β) in the brain and a reduction in oxidative stress injury (MDA). Furthermore, the expression of AMPK, SIRT-1, and PGC-1α was upregulated and the mitochondrial DNA content was increased in brain. These results indicated that WOPs improved aging-related learning and memory impairment. WOP supplementation may be a potential and effective method for the elderly.
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1. Introduction


Aging is a major risk factor for gradual degenerative changes in the nervous system. The number of elderly individuals with neurodegenerative disorders, such as mild cognitive impairment and Alzheimer’s disease, is increasing, thus causing a huge economic burden worldwide [1]. Neural dysfunction or degeneration manifests as 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]. The nervous system is a highly energy-demanding system, and brain tissue is sensitive to oxidative stress. As aging occurs, excessive and non-self-cleared free radicals accumulate in the brain, thus triggering a vicious cycle, which perpetuates neuron damage, dysfunction of the nervous system, and a decline in learning and memory ability. Therefore, exploring the function of antioxidants with high safety with the aim to slow down oxidative stress in the brain is a good nutrition-based strategy to improve age-related learning and memory impairment. Based on high safety, dietary pattern [10], or inclusion of food-active substances, such as vitamin E [11], coenzyme Q10 [12], curcumin, and ginsenosides [13,14], nutritional intervention is an optimal choice for the prevention and treatment of neurodegenerative diseases.



As optimal food ingredients, bioactive peptides have been widely used based on their various characteristics, such as high absorptivity, hypo-allergenicity, and diverse biological activity [15]. Walnut (Juglans regia L) oligopeptides (WOPs) are enzymatically hydrolyzed from walnut seed residues after oil extraction. Our previous studies have suggested that WOPs exhibit practical beneficial functions, such as anti-hypoxia, anti-fatigue, regulation of blood lipids, promotion of probiotic proliferation, and a reduction in systematic inflammatory and metabolic disorders, and other biological activities, in addition to im-proving the nutritional profile [16,17,18,19,20]. WOPs have shown excellent potential antioxidative ability and maintain mitochondrial function.



SAMP8 mice are used as a rapidly aging mouse model that has the advantage of short lifespan and accelerated aging process. It is an excellent model to study memory deficits and a suitable animal model for mild cognitive impairment (MCI) associated research [21]. Additionally, mitochondrial dysfunction is the main cause of high oxidative stress in SAMP8 mice and is related to aging and learning/memory impairment [22,23]. Therefore, the present study aimed to investigate the impact of WOPs on age-related learning and memory impairment and to explore the possible underlying mechanisms involving mitochondrial targets in SAMP8 mice.




2. Materials and Methods


2.1. Materials


WOPs were provided by Beijing Huataitai Biotechnology Co., LTD (Beijing, China), in a faint yellow solid powder, and mainly consist of macromolecule peptides with molecules below 1000 D. WOPs are rich in glutamic acid, aspartic acid, arginine, and leucine. The amino acid composition of WOPs has already been described in our pervious study [16,17,18,19,20].



Assay kits used to determine oxidative stress and cholinergic were purchased from Nanjing Jiancheng Biological Engineering Research Institute (Nanjing, China), including superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), malondialdehyde (MDA), acetylcholinesterase (AChE), and choline acetyl-transferase (ChAT). The proinflammatory factors assay, tumor necrosis factor α (TNF-α) and interleukin (IL)-1β were purchased from MultiSciences (Lianke) Biotech Co., Ltd. (Hangzhou, China) and Beijing Zhongshang Boao Bio Technology Co., Ltd. (Beijing, China), respectively. TRIzol and the DNeasy Tissue Kit were purchased from Invitrogen (Carlsbad, CA, USA) and QIAGEN Sciences (Germantown, MD, USA), respectively. The secondary antibody (anti-rabbit or anti-mouse) was obtained from CST, including brain-derived neurotrophic factor (BDNF), postsynaptic density-95 (PSD95), APP and Aβ1-42.




2.2. Animal


A total of 60 four-month-old male SAMP8 and fifteen SAMR1 mice were provided by the Medical Laboratory Animal Science Department of Peking University. After one-week adaptive feeding, SAMP8 mice were randomly equally divided into one SAMP8 control and three WOP groups, according to body weight. All the mice were housed at constant temperature (25 ± 1 °C) and humidity (50–60%) under a 12 h:12 h light-dark cycle, and allowed free access to standard food (AIN-93G diet) throughout the experiment.



SAMP8 and SAMR1 controls were administered ordinary sterilized water, while WOP-intervention groups were administered 110, 220, and 440 mg/kg·bw concentrations of WOPs in water, respectively). The food consumption of water and food, as well as body weight were recorded weekly. Another fifteen 4-month-old SAMP8 mice were used as the young control group. After six months of continuous intervention, CO2 was used to anesthetize the mice. Anesthetized mice were euthanized by cervical dislocation after blood sampling. The hippocampus was isolated and immediately placed on ice, before storing at −80 °C.




2.3. Behavioral Tests


After six months of continuous intervention, four behavioral tests were carried out for testing the ability of learning and memory, including the open-field test, the Morris water maze test, the shuttle box test, and the step-down test. The specific process of the experimental operation was described previously [24]. To reduce the systematic error and ensure consistency of the observations before and after the intervention, all tests were performed by the same personnel. During the whole process of investigation, the movement of personnel was reduced and silence was maintained in the test room. We applied a 2-day interval between behavioral tests to eliminate any interference.




2.4. Biochemical Assays and Enzyme-Linked Immunosorbent Assay


All indicators, including the levels of oxidative stress biomarkers (SOD, GSH-Px, and MDA) in the serum and brain, and the levels of inflammatory parameters (TNF-α and IL-1β), and cholinergic system-related enzymes (AChE, ChAT) in the brain, were deter-mined using assay kits, according to the protocol provided by the manufacturer.




2.5. Western Blot Analysis


Western blot analysis was performed for three mice in each group, which were randomly selected. After extracting and measuring, the total proteins were transferred to PVDF membranes through gel electrophoresis. After being blocked with TBST, the membranes were incubated with primary antibodies overnight at 4 °C. Then, the membranes were incubated with secondary antibodies for 4 h at 4 °C. Routinely, protein load was detected by using enhanced chemiluminescence (ECL) detection.




2.6. Quantitative Real-Time PCR and Analyses of mtDNA Content


Total RNA and DNA were isolated from the hippocampal tissue of SAMP8 mice. The expression of target genes and mtDNA copy number were detect by real-time reverse transcription-PCR, according to our previous study [20]. Cycling conditions were 95 °C for 5 min, followed by 40 cycles of 95 °C for 10 s and 60 °C for 30 s. mRNA expression levels were quantified using a real-time PCR amplification kit with an ABI 7500 Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA).



The specific primers were used as follows: AMPK forward 5′-GAAAGTGAAGGTGGGCAAGC-3′ and reverse 5′-GATGTGAGGGTGCCTGAACA-3′; PGC-1α forward 5′-TCACGTTCAAGGTCACCCTA-3′ and reverse 5′-TCTCTCTCTGTTTGGCCCTT-3′; SIRT1 forward 5′-AGCGTCTTGACGGTAATCAA-3′ and reverse 5′-AACTTGGACTCTGGCATGTG-3′; mtDNA forward 5′-CGTTAGGTCAAGGTGTAGCC-3′ and reverse 5′-CCAGA CACACTTTCCAGTATG-3′; GAPDH forward 5′-TGCCCCCATGTTTGTGATG-3′ and reverse 5′-TGTGGTCATGAGCCCTTCC-3′.




2.7. Statistical Methods


Experimental results were expressed as the mean and standard deviation. SPSS software version 24.0 (SPSS Inc., Chicago, IL, USA) was used for analysis. Data with homogeneity of variance were analyzed by one-way ANOVA; otherwise, data were analyzed using a non-parametric test. LSD was used for comparison between the two groups, and statistical significance was set at p < 0.05.





3. Results


3.1. Effects of WOPs on the Body Weight, Food and Water Consumption of Mice


There was no significance in body weight, food, and water consumption changes among the control groups and three WOP intervention groups (data not shown).




3.2. Effects of WOPs on Learning and Memory Performance


3.2.1. The Space Exploration Capability of the Open-Field Test


As shown in Table 1, even though the number of squares crossed and rearing were present a downtrend in the SAMP8 group in the comparison with the young and SAMR1 control groups without remarkable differences (p > 0.05), they were significantly lower in WOPs-HG than that in young control (p < 0.05). Furthermore, the number of squares crossed in all WOP groups were markedly lower than those in SAMR1 control (p < 0.05). There were no differences among the groups in the number of fecal boli and inner squares entered, as well as the times spent in the inner squares (p > 0.05).




3.2.2. The Learning and Memory Capability in the Morris Water Maze Test


During the place navigation test, there is no significant difference in swimming speed between the groups. It can be considered that swimming speed will not interfere with the time for mice to find the platform, that is, the result of the escape latency. Thus, the escape latency of the mice can be used to reflect the spatial learning and memory level of the mice. With the increase in training days, the duration of escape latency in each group showed a decreasing trend (Figure 1). During the spatial probe test, the escape latency of SAMP8 old mice was significantly higher than that of the young and SAMR1 control groups. Among them, the escape latency of mice in WOP-treated groups was shortened in the comparison with SAMP8 control. The escape latency of the WOPs-HG group was significantly different from that of the SAMP8 control group (p < 0.05).



The space exploration experiment is used to measure the memory retention ability of the platform space position of the mice. After the platform was removed on the 7th day of the experiment, the target quadrant residence time and the number of crossings of the SAMP8 elderly control group were lower than those of the young control group, while the WOPs-HG group SAMP8 mice crossed. The number of platform locations increased compared with the elderly control group. The three intervention groups all made the SAMP8 mice stay longer in the target quadrant, indicating that WOP intervention in SAMP8 elderly mice can improve the learning and spatial memory decline of mice, but the intervention effect has no obvious dose–response relationship (Table 2).




3.2.3. The Trend of AAR and PAR in the Shuttle Box Test


The number of active avoidances of mice in each group gradually increases with the number of days, and the number of electric shocks gradually increases with the number of days (Figure 2). A decrease indicates that the learning effect of the mice on the acousto-optic conditioned reflex is continuously enhanced; compared with the young group, the number of active avoidances of the old control SAMP8 mice is reduced, and the number of electric shocks is increased. WOPs-MG and the intervention of WOPs-HG increased the number of active avoidances of SAMP8 mice and reduced the number of electric shocks, which can reach the level of SAMR1 and the young control group, suggesting that WOPs can enhance the weakened escape of electrical stimulation in old SAMP8 mice, showing its ability to improve conditioned reflexes.




3.2.4. The Number of Errors and Latency in the Step-Down Test


A platform-jumping experiment was conducted to test the passive avoidance reaction ability of mice in each group. The test at 24 h after training found that compared with the youth group, there was no statistical difference in the number of mistakes in the SAMR1 control group. However, the number of errors of the elderly SAMP8 mice has increased significantly, and the latency of staying on the platform is relatively short. WOPs-MG and WOPs-HG reduced the number of times that elderly mice received electric shocks, and the residence latency of elderly mice in the three WOP intervention groups was extended, making it reach the level of SAMR1. This indicates that WOPs can improve the reduction in passive avoidance response in SAMP8 mice (Table 3).





3.3. Effects of WOPs on Oxidative Stress in Serum and Hippocampus Tissue


Compared with young control, the SOD activity of SAMP8 control significantly decreased in serum (p = 0.001 vs. young control and p = 0.000 vs. SAMR1 control). Moreover, SOD activity was particularly higher in WOP groups than SAMP8 control in serum (p < 0.05). Similarly, there were significant differences between the SAMP8 control group and the young control on GSH-Px activity in the serum (p = 0.001 vs. young control and p = 0.001 vs. SAMR1 control). Compared with the model SAMP8 control group, the GSH-Px activity of serum significantly, respectively, increased in the WOPs-MG and WOPs-HG groups (p < 0.05). There was similar tendency on the SOD and GSH-Px activity in hippocampus tissue. However, due to the high standard deviation, there were no significant differences among the groups (p > 0.05).



Otherwise, compared to the mice in the young and SAMR1 control groups, the MDA content of serum and hippocampus tissue was markedly higher in the SAMP8 control group (p < 0.01). Compared with the SAMP8 control group, the MDA content of the serum was lower in WOPs-MG and WOPs-HG (p < 0.01 for WOPs-MG; p < 0.05 for WOPs-LG and WOPs-HG), while the MDA content of hippocampus tissue was greatly decreased in all WOP groups (p < 0.05) (shown in Figure 3).




3.4. Effects of WOPs on the Cholinergic Nervous System and Proinflammatory Factors in the Hippocampus Tissue


A marked difference was found in ChAT activity among the three controls (p < 0.05); but no difference in AChE (shown in Figure 4). The treatment of WOPs significantly increased the ChAT activity of aging mice (p < 0.05). However, the AChE activity showed no difference among the WOP groups (p > 0.05). Compared with the young and SAMR1 controls, the concentrations of IL-1β and TNF-α were significantly increased in the SAMP8 control group (p < 0.01). Additionally, both IL-1β and TNF-α present a lower level in all the WOPs in comparison with SAMP8 control (p < 0.05).




3.5. Effects of WOPs on Phosphorylate Synaptic Plasticity, Neurotrophic Factors, and Aβ Generation in the Hippocampus Tissue


To elucidate Aβ generation with aging, we evaluated the protein levels of APP and Aβ1-42 (shown in Figure 5A,B). With the aging process, the level of APP and Aβ1-42 was increased. Similarly, the expression of APP was significantly lower than that in the SAMP8 control group (p < 0.05). The expression of neurotrophic factors and synaptic proteins were detected in SAMP8 groups (shown in Figure 5C,D). Consistent with the behavioral results, the expression of BDNF and PSD95 was improved in WOP-treated groups in the comparison with SAMP8 age control (WOPs-MG vs. SAMP8 control, p < 0.05).




3.6. Effects of WOPs on Mitochondrial Function Factors and mtDNA Copy Number in the Hippocampus Tissue


As shown in Figure 6, mRNA expression of all mitochondrial biogenesis factors (AMPK, SIRT1 and PGC-1α) in aged mice was markedly lower than those in young control (p < 0.05). Moreover, mRNA expression of all mitochondrial biogenesis factors was increased in WOP groups, compared with the SAMP8 group (p < 0.05). The mtDNA content was also significantly improved in WOP groups after the WOPs treatment (p < 0.05). In particular, relative mtDNA content in WOPs-MG was 1.8-fold higher than in SAMP8 control (p < 0.01).





4. Discussion


Excessive accumulation of free radicals and mitochondrial dysfunction are typical features of brain aging and are considered good targets for early intervention. Walnuts are nuts with a variety of health benefits that are consumed worldwide [25,26,27,28]. Among these, the nootropic effect of walnuts is widely recognized [29,30,31]. In the past, most studies attributed the benefits of walnuts to walnut oil, with little focus on WOPs. This study shows that WOPs significantly improved aging-related decline in learning and memory.



In the present study, our behavioral experiments showed that SAMP8 mice showed a different degree of motor, exploration, learning, and memory impairment in the open-field test, the shuttle box test, the step-down test, and the Morris water maze test. In the open-field test, aging mouse models showed a decrease in squares crossed and reared. However, studies have shown that medium and high doses of WOPs considerably improved the number of squares crossed and standing time and improved age-related spatial exploration dysfunction in mice in open-field experiments. In the place navigation test, swimming speed decreased and escape latency did not significantly improve after six days of training. In the spatial probe test, escape latency was greatly extended in each WOP dose group, suggesting that WOPs have the potential to enhance learning and memory ability. In space exploration experiments, high-dose WOP intervention markedly improved the prolonged escape latency in SAMP8 mice and significantly increased the time spent in the target quadrant and the distance travelled in the target quadrant during the experiment. Although the escape response in all groups increased with time, indicating a continuous enhancement of learning, the number of times of active avoidance and electric shock increased in all aged mice in comparison with the young controls. In addition, these parameters decreased in all WOP-treated groups, suggesting that WOPs can enhance the weakened escape from electrical stimulation in old SAMP8 mice—the ability to improve conditioned reflexes. In the platform-jumping experiment, compared with the young group, there was no statistical difference in the number of mistakes in the SAMR1 control group. However, the number of errors in elderly SAMP8 mice increased significantly, and the latency time to stay on the platform was relatively short. WOPs-MG and WOPs-HG reduced the number of times that elderly mice received electric shocks, while the residence latency of elderly mice in the three WOP-intervention groups was ex-tended, reaching the level of the SAMR1 group. This indicates that WOPs can improve the reduction in passive avoidance responses in SAMP8 mice. Taken together, the results of our behavioral experiments suggest that WOPs improved age-related learning and memory disorders.



The maintenance of learning and memory function depends on the stability of the environment in hippocampus tissue. However, as hallmarks of aging, oxidative stress, chronic inflammatory and imbalance of mitochondrial homeostasis, no matter whether original occurring at systemic or central nervous system, are all potential mechanisms leading to brain function decline and presenting abnormal behavior. Several studies have shown that the increased oxidative stress in the aging brain is closely related to the decline of cognitive function, accompanied with a decrease in activities of SOD and GSH-Px, as well as an increase in MDA levels. In this study, compared with young and SAMR1 controls, the levels of antioxidant enzymes were decreased in the serum and the hippocampus of aged SAMP8 mice. WOPs-MG significantly enhanced the activity of serum SOD, and serum and hippocampus GSH-Px compared to SAMP8 control. These results indicate that WOPs improved the oxidative stress status of aging mice in both the serum and the hippocampus. These results indicate that WOPs effectively reduced oxidative damage to the hippocampus tissue by enhancing the antioxidant pathway, thereby maintaining hippocampus function. A chronic inflammatory state is one among the characteristics of aging and a risk factor for the high incidence of assorted age-dependent chronic diseases. Similarly, neuroinflammation of the central nervous system is an important reason for age-related learning and memory impairments. Studies have shown that there is a low level of immune activation in aging hippocampus tissue, expression of inflammatory factors were chronically elevated [32,33]. TNF-α is a vital pro-inflammatory cytokine. Additionally, the elevated levels of TNF-α within the hippocampus tissue would cut back the survival rate of newborn hippocampal neurons, result in impaired neurogenesis, and promote necrobiosis. In the present study, compared with the control group, there is abnormally high expression of the inflammatory factors IL-1β and TNF-α in the hippocampus and cortex of SAMP8 mice. However, the concentration of IL-1β in the hippocampus tissue of aged SAMP8 mice in the middle- and high-dose groups of WOP intervention was significantly decreased. Additionally, high-dose WOPs also significantly improved abnormally elevated TNF-α levels. Taken along the results of behavioral experiments, it may be speculated that WOPs could cut back the overexpression of age-related inflammatory factors and therefor the chronic inflammatory state of hippocampus tissue in aging people, thus reducing the incidence of inflammation-dependent hippocampal dysfunction.



As a universally recognized biomarker of Alzheimer’s disease, Aβ was deposited in senile plaques as an amorphous aggregate of amyloid fibrillary or non-fibrillary, thus forming the typical brain features of Alzheimer’s disease [34]. Aβ is produced by hydrolysis of amyloid precursor protein APP in vivo, mainly including Aβ1-42, Aβ1-40 and Aβ1-43. Among them, Aβ1-42 is the main type of Aβ and also the main component of the senile plaques in the brain of AD patients [35,36]. The neurotoxicity of Aβ is a common pathway of multiple factors leading to the pathogenesis of AD, which can cause a series of intracellular physiological and biochemical changes [37,38,39]. Aβ can induce the generation of oxygen-free radicals, and oxygen-free radicals can also promote the decomposition of APP into Aβ. Aβ can prolong cell depolarization by inhibiting potassium channels and cause voltage-dependent calcium channel opening, leading to intracellular calcium overload. Meanwhile, Aβ resulted in the permeability of mitochondrial membrane potential and PTP (permeability transition pore) formation. In recent years, the focus of Aβ research has gradually shifted from insoluble amyloid plaques to soluble oligomers. Studies have found that Aβ oligomer is the main cause of neurotoxicity, resulting in the decline of learning and memory in AD patients. In the early stages of AD, large amounts of Aβ oligomers induce a series of biochemical changes, leading to a decrease in the synaptic plasticity of nerve cells and the ability to learn and memory. SAMP8 mice produced excessive soluble Aβ spontaneously in the hippocampus after the growth period, accompanied by a rapid decline in learning and memory. The study showed that, similar to AD, it was these soluble Aβ that caused the decline in learning and memory in SAMP8 mice. The expression levels of APP protein in the WOP group were significantly lower than that in the SAMP8 control group. The expression of Aβ1-42 protein in WOP groups was significantly lower than that in SAMP8 control groups. These results suggest that WOPs can interfere with the potential damage to hippocampal neurons and synaptic plasticity by reducing amyloid deposition in brain tissue, which has the potential to slow the development of age-dependent learning and memory impairment and reduce the risk of neurodegenerative diseases. BDNF is a very important member of the nerve growth factors (NGFs) family. It is widely found in the nervous system, especially in the hippocampus. The level of BDNF is decreased with an increase in age, and the persistent inflammatory response common in the elderly can reduce the expression of BDNF, which makes it a key mechanism to regulate age-related neural dysfunction. In this study, the expression level of BDNF in WOPs-MG groups was significantly higher than that in non-nucleotide and ordinary control groups, indicating the protective effect of WOPs. Postsynaptic density protein (PSD) is a specialized region composed of multiple proteins located under the postsynaptic membrane of the central nervous system. Under the electron microscope, PSD shows an increased density shadow and plays an important role in mediating and integrating synaptic signal transmission and learning and memory. PSD95 is a special intracellular protein in PSD and the main framework component of PSD. The expression level of PSD95 in the SAMP8 control group was lower than that in other groups, but there was no significant difference.



Mitochondria are among the foremost necessary organelles in neurons, and turn out ATP to support their physiological activity. Varied studies have disclosed alterations of mitochondria relating to aging, including mitochondrial enlargement, depolarization of membrane potential, and decreased ATP production [40,41,42]. Nerves require continuous ATP production to maintain long-term neural activity and electrical conduction. Mitochondria not only seem to be the most site of oxidative phosphorylation and ATP production but also play a vital regulative role in oxidative stress [43]. Mitochondrial dysfunction in the nervous system has been linked to neurodegenerative diseases. PGC-1α is a transcriptional co-activator concerned in mitochondrial biogenesis, OXPHOS, antioxidant defense, and different processes and is closely associated with the incidence and development of neurodegeneration [44]. Researchers have found that SIRT1 is neuroprotective in AD models by regulating Aβ metabolism, and its deletion causes increased tau acetylation and phosphorylation, and cognitive defects [45]. In mitochondria, Biogenesis and electron transport systems could be regulated by upregulation of the expression of SIRT1 and PGC-1α [46]. Similarly, the present study showed a positive association between WOP supplementation and upregulation of SIRT1 and PGC-1. As an upstream target of a series of phosphorylation-dependent adaptive modifiers, AMPK works together with PGC-1α to activate catabolic pathways to produce ATP and suppress energy consumption. It has been reported that cognitive ability could be improved by regulating neuronal mitochondrial homeostasis including mitophagy and mitochondrial biogenesis [47,48,49]. Likewise, an interesting finding of the present study was that AMPK expression was upregulated in the hippocampus tissue of mice after WOP treatment. These results imply a neuroprotective role of WOPs by promoting mitochondrial biogenesis via the AMPK/SIRT1/PGC-1 signaling pathway. mtDNA copy number is taken into account as a surrogate marker of mitochondrial function [50]. In this study, we found that WOPs improved mitochondrial function in the hippocampus by restoring mtDNA content and increasing AMPK/SIRT1/PGC-1α expression.



Abnormal levels of AChE and ChAT in the hippocampus of AD patients cause cholinergic neuron loss and degeneration of cholinergic fibers [51]. ChAT is a promoter of cholinergic function and promotes the synthesis of acetylcholine from acetyl-CoA and choline. In this study, hippocampus AChE activity was considerably augmented and hippocampus ChAT activity was considerably decreased in SAMP8 aged mice with learning and memory dysfunction, suggesting the occurrence of cholinergic dysfunction. WOPs significantly increased ChAT levels. However, there was no significant difference in AChE activity between the WOP-treated and aging control groups. Thus, further research is needed to determine the effects of WOP supplementation on age-dependent acetylcholine-related disorders.



Our study had many limitations. First, the dynamic intervention impact continues to be unclear, because these are the results of just one sample. Second, there was no examination of mitochondrial morphology, since we did not perform microscopy. Third, though the results of this study determined, in vivo, the efficiency and dose effect of WOPs on learning and memory, dose determination in humans is still unclear. Therefore, further clinical trials and primary cell culture experiments should be performed to confirm the observed effects, for a deeper investigation of the mechanism, and for application in patients.




5. Conclusions


Our findings strongly indicated a significant beneficial effect of WOPs on age-related learning/memory dysfunction. We speculate that the effect of WOPs could also be associated with improved mitochondrial function via the AMPK/SIRT1/PGC-1α pathway, therefore reducing the expression of inflammatory factors and anti-oxidative injury in the aging hippocampus. Clinical trials should be performed to verify WOP efficacy and optimal dose in humans.







Author Contributions


Q.D., M.X., L.W., R.F., Y.H., X.L., R.M. and R.L. in vivo study and collecting samples; Q.D., L.W., R.F., Y.H., M.X. and Y.L., designing the experiment, and writing and editing the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Part of this research is supported by the Beijing Natural Science Foundation (No. 7214278).




Institutional Review Board Statement


This study was approved by the Institutional Animal Care and Use Committee of Peking University (No. LA2017017).




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to privacy. The studies not involving humans.




Acknowledgments


The authors would like to acknowledge Beijing Huataitai Biotechnology Co., Ltd. (Beijing, China) for providing the walnut oligopeptides samples used in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Hurd, M.D.; Martorell, P.; Langa, K.M. Monetary costs of dementia in the United States. N. Engl. J. Med. 2013, 369, 489–490. [Google Scholar] [CrossRef]

	



Lin, M.T.; Beal, M.F. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. Nature 2006, 443, 787–795. [Google Scholar] [CrossRef]

	



Simpson, D.S.A.; Oliver, P.L. ROS Generation in Microglia: Understanding Oxidative Stress and Inflammation in Neurodegenerative Disease. Antioxidants 2020, 9, 743. [Google Scholar] [CrossRef]

	



Mattson, M.P.; Arumugam, T.V. Hallmarks of Brain Aging: Adaptive and Pathological Modification by Metabolic States. Cell Metab. 2018, 27, 1176–1199. [Google Scholar] [CrossRef]

	



Menzies, F.M.; Fleming, A.; Rubinsztein, D.C. Compromised autophagy and neurodegenerative diseases. Nat. Rev. Neurosci. 2015, 16, 345–357. [Google Scholar] [CrossRef]

	



Chow, H.M.; Herrup, K. Genomic integrity and the ageing brain. Nat. Rev. Neurosci. 2015, 16, 672–684. [Google Scholar] [CrossRef]

	



Mather, M.; Harley, C.W. The Locus Coeruleus: Essential for Maintaining Cognitive Function and the Aging Brain. Trends Cogn. Sci. 2016, 20, 214–226. [Google Scholar] [CrossRef]

	



Strehler, E.E.; Thayer, S.A. Evidence for a role of plasma membrane calcium pumps in neurodegenerative disease: Recent developments. Neurosci. Lett. 2018, 663, 39–47. [Google Scholar] [CrossRef]

	



Stephenson, J.; Nutma, E.; van der Valk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases. Immunology 2018, 154, 204–219. [Google Scholar] [CrossRef]

	



Morris, M.C.; Tangney, C.C.; Wang, Y.; Sacks, F.M.; Barnes, L.L.; Bennett, D.A.; Aggarwal, N.T. MIND diet slows cognitive decline with aging. Alzheimer’s Dement. 2015, 11, 1015–1022. [Google Scholar] [CrossRef]

	



Grundman, M. Vitamin E and Alzheimer disease: The basis for additional clinical trials. Am. J. Clin. Nutr. 2000, 71, 630s–636s. [Google Scholar] [CrossRef]

	



Yang, X.; Zhang, Y.; Xu, H.; Luo, X.; Yu, J.; Liu, J.; Chang, R.C. Neuroprotection of Coenzyme Q10 in Neurodegenerative Diseases. Curr. Top. Med. Chem. 2016, 16, 858–866. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Chen, C.; Zhang, X.; Li, X.; Chen, Z.; Yang, C.; Liang, X.; Zhu, G.; Xu, Z. Neuroprotective Effect of Curcumin Against Cerebral Ischemia-Reperfusion Via Mediating Autophagy and Inflammation. J. Mol. Neurosci. 2018, 64, 129–139. [Google Scholar] [CrossRef]

	



Cheng, Z.; Zhang, M.; Ling, C.; Zhu, Y.; Ren, H.; Hong, C.; Qin, J.; Liu, T.; Wang, J. Neuroprotective Effects of Ginsenosides against Cerebral Ischemia. Molecules 2019, 24, 1102. [Google Scholar] [CrossRef]

	



Admassu, H.; Gasmalla, M.A.A.; Yang, R.; Zhao, W. Bioactive Peptides Derived from Seaweed Protein and Their Health Benefits: Antihypertensive, Antioxidant, and Antidiabetic Properties. J. Food Sci. 2018, 83, 6–16. [Google Scholar] [CrossRef]

	



Zhu, N.; Liu, R.; He, L.; Mao, R.; Liu, X.; Zhang, T.; Hao, Y.; Fan, R.; Xu, M.; Li, Y. Radioprotective Effect of Walnut Oligopeptides against Gamma Radiation-Induced Splenocyte Apoptosis and Intestinal Injury in Mice. Molecules 2019, 24, 1582. [Google Scholar]

	



Li, D.; Ren, J.; Wang, T.; Wu, L.; Liu, P.; Li, Y. Anti-hypoxia effects of walnut oligopeptides (Juglans regia L.) in mice. Am. J. Transl. Res. 2021, 13, 4581–4590. [Google Scholar]

	



Ting, D.; Yong, L. Beneficial effect and mechanism of walnut oligopeptide on Lactobacillus plantarum Z7. Food Sci. Nutr. 2021, 9, 672–681. [Google Scholar]

	



Liu, R.; Hao, Y.; Zhu, N.; Liu, X.; Kang, J.; Mao, R.; Hou, C.; Li, Y. The Gastroprotective Effect of Small Molecule Oligopeptides Isolated from Walnut (Juglans regia L.) against Ethanol-Induced Gastric Mucosal Injury in Rats. Nutrients 2020, 12, 1138. [Google Scholar]

	



Liu, R.; Wu, L.; Du, Q.; Ren, J.; Chen, Q.; Di, L.; Mao, R.; Liu, X.; Li, Y. Small Molecule Oligopeptides Isolated from Walnut (Juglans regia L.) and Their Anti-Fatigue Effects in Mice. Molecules 2018, 24, 45. [Google Scholar] [CrossRef]

	



Yang, X.; Yu, D.; Xue, L.; Li, H.; Du, J. Probiotics modulate the microbiota-gut-brain axis and improve memory deficits in aged SAMP8 mice. Acta Pharm. Sin. B 2020, 10, 475–487. [Google Scholar] [CrossRef] [PubMed]

	



Palomera-Avalos, V.; Grinan-Ferre, C.; Puigoriol-Ilamola, D.; Camins, A.; Sanfeliu, C.; Canudas, A.M.; Pallas, M. Resveratrol Protects SAMP8 Brain Under Metabolic Stress: Focus on Mitochondrial Function and Wnt Pathway. Mol. Neurobiol. 2017, 54, 1661–1676. [Google Scholar] [CrossRef] [PubMed]

	



Dai, Z.; Lu, X.; Zhu, W.; Liu, X.; Li, B.; Song, L.; Liu, H.; Cai, W.; Deng, Y.; Xu, T.; et al. Carnosine ameliorates age-related dementia via improving mitochondrial dysfunction in SAMP8 mice. Food Funct. 2020, 11, 2489–2497. [Google Scholar] [CrossRef] [PubMed]

	



Yu, X.; Li, Z.; Liu, X.; Hu, J.; Liu, R.; Zhu, N.; Li, Y. The Antioxidant Effects of Whey Protein Peptide on Learning and Memory Improvement in Aging Mice Models. Nutrients 2021, 13, 2100. [Google Scholar] [CrossRef] [PubMed]

	



Chen, N.; Yang, H.; Sun, Y.; Niu, J.; Liu, S. Purification and identification of antioxidant peptides from walnut (Juglans regia L.) protein hydrolysates. Peptides 2012, 38, 344–349. [Google Scholar] [CrossRef]

	



Ma, S.; Huang, D.; Zhai, M.; Yang, L.; Peng, S.; Chen, C.; Feng, X.; Weng, Q.; Zhang, B.; Xu, M. Isolation of a novel bio-peptide from walnut residual protein inducing apoptosis and autophagy on cancer cells. BMC Complement. Altern. Med. 2015, 15, 413. [Google Scholar]

	



Downs, M.L.; Semic-Jusufagic, A.; Simpson, A.; Bartra, J.; Fernandez-Rivas, M.; Rigby, N.M.; Taylor, S.L.; Baumert, J.L.; Mills, E.N. Characterization of low molecular weight allergens from English walnut (Juglans regia). J. Agric. Food Chem. 2014, 62, 11767–11775. [Google Scholar] [CrossRef]

	



Kim, D.I.; Kim, K.S. Walnut extract exhibits anti-fatigue action via improvement of exercise tolerance in mice. Lab. Anim. Res. 2013, 29, 190–195. [Google Scholar]

	



Chauhan, A.; Chauhan, V. Beneficial Effects of Walnuts on Cognition and Brain Health. Nutrients 2020, 12, 550. [Google Scholar] [CrossRef]

	



Rajaram, S.; Jones, J.; Lee, G.J. Plant-Based Dietary Patterns, Plant Foods, and Age-Related Cognitive Decline. Adv. Nutr. 2019, 10 (Suppl. 4), S422–S436. [Google Scholar] [CrossRef]

	



Esselun, C.; Dilberger, B.; Silaidos, C.V.; Koch, E.; Schebb, N.H.; Eckert, G.P. A Walnut Diet in Combination with Enriched Environment Improves Cognitive Function and Affects Lipid Metabolites in Brain and Liver of Aged NMRI Mice. Neuromol. Med. 2021, 23, 140–160. [Google Scholar] [CrossRef] [PubMed]

	



Fidaleo, M.; Cavallucci, V.; Pani, G. Nutrients, neurogenesis and brain ageing: From disease mechanisms to therapeutic opportunities. Biochem. Pharmacol. 2017, 141, 63–76. [Google Scholar] [CrossRef]

	



Garaschuk, O.; Semchyshyn, H.M.; Lushchak, V.I. Healthy brain aging: Interplay between reactive species, inflammation and energy supply. Ageing Res. Rev. 2018, 43, 26–45. [Google Scholar] [CrossRef]

	



Louneva, N.; Cohen, J.W.; Han, L.Y.; Tallbot, K.; Wilson, R.S.; Bennett, D.A.; Trojanowski, J.Q.; Arnold, S.E. Caspase-3 is enriched in postsynaptic densities and increased in Alzheimer’s disease. Am. J. Pathol. 2008, 173, 1488–1495. [Google Scholar] [CrossRef] [PubMed]

	



Schmitt, K.; Grimm, A.; Kazmierczak, A.; Strosznajder, J.B.; Götz, J.; Eckert, A. Insights into mitochondrial dysfunction: Aging, amyloid-β, and tau-A deleterious trio. Antioxid. Redox Signal. 2012, 16, 1456–1466. [Google Scholar] [CrossRef]

	



Takata, K.; Takada, T.; Ito, A.; Asai, M.; Tawa, M.; Saito, Y.; Ashihara, E.; Tomimoto, H.; Kitamura, Y.; Shimohama, S. Microglial Amyloid-β1-40 Phagocytosis Dysfunction Is Caused by High-Mobility Group Box Protein-1: Implications for the Pathological Progression of Alzheimer’s Disease. Int. J. Alzheimer’s Dis. 2012, 2012, 685739. [Google Scholar] [CrossRef]

	



Isaev, N.K.; Stelmashook, E.V.; Genrikhs, E.E. Neurogenesis and brain aging. Rev. Neurosci. 2019, 30, 573–580. [Google Scholar] [CrossRef]

	



Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al. Oxidative stress, aging, and diseases. Clin. Interv. Aging 2018, 13, 757–772. [Google Scholar] [CrossRef]

	



Gabelle, A.; Schraen, S.; Gutierrez, L.A.; Pays, C.; Rouaud, O.; Buée, L.; Touchon, J.; Helmer, C.; Lambert, J.C.; Berr, C. Plasma β-amyloid 40 levels are positively associated with mortality risks in the elderly. Alzheimer’s Dement. 2015, 11, 672–680. [Google Scholar] [CrossRef]

	



Ostojic, S.M. Exercise-induced mitochondrial dysfunction: A myth or reality? Clin. Sci. 2016, 130, 1407–1416. [Google Scholar] [CrossRef]

	



Morozov, Y.M.; Datta, D.; Paspalas, C.D.; Arnsten, A.F.T. Ultrastructural evidence for impaired mitochondrial fission in the aged rhesus monkey dorsolateral prefrontal cortex. Neurobiol. Aging 2017, 51, 9–18. [Google Scholar] [CrossRef]

	



Pollard, A.K.; Craig, E.L.; Chakrabarti, L. Mitochondrial Complex 1 Activity Measured by Spectrophotometry Is Reduced across All Brain Regions in Ageing and More Specifically in Neurodegeneration. PLoS ONE 2016, 11, e0157405. [Google Scholar] [CrossRef]

	



Robergs, R.A.; Ghiasvand, F.; Parker, D. Biochemistry of exercise-induced metabolic acidosis. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2004, 287, 502–516. [Google Scholar] [CrossRef]

	



Johri, A.; Beal, M.F. Mitochondrial dysfunction in neurodegenerative diseases. J. Pharmacol. Exp. Ther. 2012, 342, 619–630. [Google Scholar] [CrossRef]

	



Herskovits, A.Z.; Guarente, L. Sirtuin deacetylases in neurodegenerative diseases of aging. Cell Res. 2013, 23, 746–758. [Google Scholar]

	



Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.; Troy, A.; Cinti, S.; Lowell, B.; Scarpulla, R.C.; et al. Mechanisms controlling mitochondrial biogenesis and respiration through the thermogenic coactivator PGC-1. Cell 1999, 98, 115–124. [Google Scholar] [CrossRef]

	



Yang, Z.; Shi, X.; Ren, J.; Yin, H.; Li, D.; Song, L.; Zhang, Y. Mitochondrial homeostasis is involved in inhibiting hippocampus neuronal apoptosis during ZSWF ameliorate the cognitive dysfunction of SAMP8 mice. J. Funct. Foods 2022, 9, 105010. [Google Scholar] [CrossRef]

	



Dong, W.; Quo, W.; Wang, F.; Li, C.; Xie, Y.; Zheng, X.; Shi, H. Electroacupuncture Upregulates SIRT1-Dependent PGC-1 alpha Expression in SAMP8 Mice. Med. Sci. Monit. 2015, 21, 3356–3362. [Google Scholar] [CrossRef]

	



Izquierdo, V.; Palomera-Ávalos, V.; Pallàs, M.; Griñán-Ferré, C. Resveratrol Supplementation Attenuates Cognitive and Molecular Alterations under Maternal High-Fat Diet Intake: Epigenetic Inheritance over Generations. Int. J. Mol. Sci. 2021, 22, 1453. [Google Scholar] [CrossRef]

	



Wang, S.Y.; Huang, W.C.; Liu, C.C.; Wang, M.F.; Ho, C.S.; Huang, W.P.; Hou, C.C.; Chuang, H.L.; Huang, C.C. Pumpkin (Cucurbita moschata) fruit extract improves physical fatigue and exercise performance in mice. Molecules 2012, 17, 11864–11876. [Google Scholar] [CrossRef]

	



Toricelli, M.; Pereira, A.; Souza Abrao, G.; Malerba, H.N.; Maia, J.; Buck, H.S.; Viel, T.A. Mechanisms of neuroplasticity and brain degeneration: Strategies for protection during the aging process. Neural Regen. Res. 2021, 16, 58–67. [Google Scholar] [PubMed]








[image: Nutrients 14 05059 g001 550] 





Figure 1. The trend of escape latency. Data are presented as the means ± SD (n = 12). 
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Figure 2. The trend of AAR and PAR. Data are presented as the means ± SD (n = 12). 
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Figure 3. Effects of WOPs on serum SOD, GSH-Px and MDA, and brain SOD, GSH-Px and MDA. Data are presented as the means ± SD (n = 12). * p < 0.05 vs. the young control; ** p < 0.01 vs. the young control; # p < 0.05 vs. the SAMR1 control; ## p < 0.01 vs. the SAMR1 control; Δ p < 0.05, ΔΔ p < 0.001 vs. the SAMP8 control. 
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Figure 4. Effects of WOPs on hippocampus AChE, ChAT, TNF-α and IL-1β. Data are presented as the means ± SD (n = 12). * p < 0.05 vs. the young control; ** p < 0.01 vs. the young control; # p < 0.05, ## p < 0.001 vs. the SAMR1 control; Δ p < 0.05 vs. the SAMP8 control. 






Figure 4. Effects of WOPs on hippocampus AChE, ChAT, TNF-α and IL-1β. Data are presented as the means ± SD (n = 12). * p < 0.05 vs. the young control; ** p < 0.01 vs. the young control; # p < 0.05, ## p < 0.001 vs. the SAMR1 control; Δ p < 0.05 vs. the SAMP8 control.



[image: Nutrients 14 05059 g004]







[image: Nutrients 14 05059 g005 550] 





Figure 5. Effects of WOPs on the expression of APP, Aβ1-42, BDNF, and PSD95 in the hippocampus by Western blot; data were analyzed using a non-parametric test. Data are presented as the mean ± SD (n = 3 per group). * p < 0.05 vs. the young control; Δ p < 0.05 vs. the SAMP8 control. 
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Figure 6. Effects of WOPs on mitochondrial function factors and relative mtDNA content in the hippocampus by real-time PCR analysis; data were analyzed using a non-parametric test. Data are presented as the mean ± SD (n = 5–6 per group). * p < 0.05 vs. the young control; Δ p < 0.05, ΔΔ p < 0.001 vs. the SAMP8 control. 
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Table 1. Effects of WOPs on the space exploration capability.
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	Groups
	No. of Rearing
	No. of Squares Crossed
	No. Fecal Boli
	No. of Inner Squares Entered
	Time Spent in Inner Squares (s)





	young control
	5.1 ± 8.4
	61.9 ± 38.8
	1.8 ± 1.7
	3.1 ± 3.1
	12.82 ± 15.00



	SAMR1 control
	4.1 ± 2.0
	92.9 ± 25.9
	1.8 ± 1.4
	1.1 ± 1.0
	2.35 ± 3.50



	SAMP8 control
	4.3 ± 5.6
	71.8 ± 49.8
	1.0 ± 1.3
	1.2 ± 1.5
	6.59 ± 8.50



	WOPs-LG
	1.8 ± 2.1
	46.3 ± 36.9 #
	1.4 ± 1.2
	1.1 ± 1.0
	8.16 ± 9.09



	WOPs-MG
	2.3 ± 4.1
	36.9 ± 33.2 ##
	2.1 ± 1.8
	0.8 ± 1.0
	5.77 ± 9.99



	WOPs-HG
	1.2 ± 1.5 *
	26.8 ± 18.3 *##
	2.3 ± 2.1
	1.1 ± 1.2
	5.50 ± 8.65







Data are presented as the means ± SD (n = 12). * p < 0.05 vs. the young control; # p < 0.05, ## p < 0.001 vs. the SAMR1 control.
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Table 2. Effects of WOPs on the learning and memory capability of the place navigation test.






Table 2. Effects of WOPs on the learning and memory capability of the place navigation test.





	Groups
	Time Spent in the Target Quadrant (s)
	Times of Platform Crossed





	young control
	18.30 ± 4.14
	3.4 ± 1.5



	SAMR1 control
	16.23 ± 6.30
	1.8 ± 1.5 *



	SAMP8 control
	6.61 ± 6.54 *#
	0.9 ± 1.6 **



	WOPs-LG
	13.69 ± 8.20 Δ
	0.3 ± 0.7 **#



	WOPs-MG
	20.12 ± 9.28 ΔΔ
	0.8 ± 1.4 **



	WOPs-HG
	15.30 ± 7.93 Δ
	2.3 ± 1.9 Δ







Data are presented as the means ± SD (n = 12). * p < 0.05, ** p < 0.001 vs. the young control; # p < 0.05l; Δ p < 0.05, ΔΔ p < 0.001 vs. the SAMP8 control.
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Table 3. Effects of WOPs on the number of errors and latency.
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	Groups
	the Number of Errors (No.)
	Latency (s)





	young control
	1.2 ± 0.4
	206.08 ± 63.98



	SAMR1 control
	1.4 ± 0.5
	171.63 ± 54.35



	SAMP8 control
	3.1 ± 1.2 *#
	71.49 ± 55.60 *##



	WOPs-LG
	1.8 ± 1.0
	147.46 ± 55.50 *Δ



	WOPs-MG
	1.5 ± 0.7 Δ
	165.85 ± 45.54 ΔΔ



	WOPs-HG
	1.6 ± 0.7 Δ
	163.34 ± 45.69 ΔΔ







Data are presented as the means ± SD (n = 12). * p < 0.05 vs. the young control; # p < 0.05, ## p < 0.001 vs. the SAMR1 control; Δ p < 0.05, ΔΔ p < 0.001 vs. the SAMP8 control.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 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
Times of AAR

9

—@— young control —@— young control

—&— SAMRI1 control 10 A —&— SAMRI1 control
- % - SAMPS control - =% - SAMPS control
..... B \\"OPS_LG %‘ 8 7 oo} \\’OPS_LG

¥
—O0— WOPs-MG =t & 4 —O0— WOPs-MG
—A— WOPs-HG 2 —A— WOPs-HG

= 4

2 =
L L] L 1 J O L L L L J
1 2 3 4 5 1 2 3 4 5

Training day Training day





nav.xhtml


  nutrients-14-05059


  
    		
      nutrients-14-05059
    


  




  





media/file2.png
escape latency (s)

L

—@— young control
—a&— SAMRI control
- =% - SAMPS control
..... & WOPs-LLG
—0— WOPs-MG
—&— WOPs-HG

traning day





media/file5.jpg





media/file3.jpg





media/file1.jpg
70

—e— young control
—a—SAMRI control
= =%~ SAMPS control
= WOPSLG
—0— WOPs-MG
—&— WOPs-HG

3 4
traning day

6





media/file7.jpg





media/file10.png
young SAMP8 WOPs-
control control LG

WOPs- WOPs-
MG HG

ApB1-42

BDNF

PSD95

B-Actin

—]

APP/B-actin

BDNEF/B-actin

= e o =
'S o ) — [¥]

e
N

0

e L e e e @
N W & U & 3

e
=

0

!

young
control

young
control

*
*
I i i A
SAMPS WOPs-LG WOPs-MG WOPs-HG
control

A
* I i
SAMPS WOPs-LG WOPs-MG WOPs-HG
control

=

AP1-42/B-actin
e
o

e
—

D

0.5
0.45

N
+

0.35

PSD95/B-actin
o5 o
o D@

=
© =
=

0.05
0

e
s

e
w

o
N

0

young
control

young
control

*

I * A * A *A
SAMPS WOPs-LG WOPs-MG WOPs-HG
control

1111

SAMP8 WOPs-LG WOPs-MG WOPs-HG
control





media/file12.png
§00

6.00

300

0.00

® young control

* *u I II |l

SIRT1

SAMPS control

» WOPs-LG

I( l(l

| WOPs-MG

mtDNA content

WOPs-HG





media/file9.jpg
b =






media/file0.png





media/file8.png
0.60

AChE (U/mgprot)

TNF-a (pg/mg)

0.10

0.00

50.00
45.00
40.00
35.00
30.00
5.00
20.00
15.00

J

)

10.00

0.00

young
control

young
control

SAMRI
control

' ‘ '
I
|

SAMRI

control

SAMPS
control

%% 55

SAMPS
control

WOPs-LG WOPs-MG WOPs-HG

A

WOPs-LG WOPs-MG WOPs-HG

100.00
90.00
80.00

g 2882

ChAT (U/g)
o 8 B 8 g 3
88333838 38 38 8

IL-1B (pg/mg)
8
3

8
3

§

% =

young SAMR1 SAMPS
control control control

*% 22

young SAMRI1 SAMPS
control control control

A :
I |

WOPs-LG WOPs-MG WOPs-HG

A
A
i |

WOPs-LG WOPs-MG WOPs-HG





media/file11.jpg
AMIK s Poca MDNA cosent

®young control % SAMPS control % WOPSLG @WOPs. WOPSHG





media/file6.png
Serum GSH-Px (U/ml) Serum SOD (U/ml)

Serum MDA (nmol/gpot)

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

900.00
800.00
700.00
600.00
500.00
400.00
300.00
200.00
100.00

0.00

80.00

70.00

60.00

50.00

40.00

30.00

20.00

10.00

0.00

++ p=0.001
:2 p=0.000

' I | ' i

young SAMRI1 SAMPS8 WOPs-LG WOPs-MG WOPs-HG
control control control
A p=0.004 A p=0.013
*% }7=0.001
.+ p=0.001 I I
young SAMRI1 SAMPS WOPs-LG WOPs-MG WOPs-HG
control control control
++ p=0.000
¢ p=0.002
) _ «  p=0.002
* p=0.002 + p=0.005 A p=0.036
A p=0.001
I A A p=0.000
young SAMRI1 SAMPS WOPs-LG WOPs-MG WOPs-HG
control control control

Brain MDA (nmol/gpot)

Brain SOD (U/ml)

Brain GSH-Px (U/ml)

160.00

140.00

120.00

100.00

80.00

60.00

40.00

20.00

0.00

500.00
450.00
400.00
350.00
300.00
250.00
200.00
150.00
100.00

50.00

0.00

9.00
8.00
7.00
6.00

5.00

2.00
1.00

0.00

11}

young SAMR1 SAMPS8 WOPs-LG WOPs-MG WOPs-HG
control control control
young SAMRI1 SAMPS WOPs-LG WOPs-MG WOPs-HG
control control control
*% }720000 - P:O 000
i pZOOOO p 0 O'_‘;l
+ p=0.006
+ p=0.018 A A p=0.000
' ' A& p=0.000
young SAMRI1 SAMPS WOPs-LG WOPs-MG WOPs-HG
control control control





