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Methamphetamine (METH) abuse exerts severe harmful effects in multiple organs, especially the brain, and can induce cognitive dysfunction and memory deficits in humans. Krill oil is rich in polyunsaturated fatty acids, while its effect on METH-induced cognitive impairment and mental disorders, and the underlying mechanism remain unknown. The aim of the present study was to investigate the protective effect of krill oil on METH-induced memory deficits and to explore the molecular mechanisms by using an integrated strategy of bioinformatics analysis and experimental verification. METH-exposed mice were treated with or without krill oil. Learning and memory functions were evaluated by the Morris water maze. The drug–component–target network was constructed in combination with network pharmacology. The predicted hub genes and pathways were validated by the Western blot technique. With krill oil treatment, memory impairment induced by METH was significantly improved. 210 predicted targets constituted the drug–compound–target network by network pharmacology analysis. 20 hub genes such as DRD2, MAPK3, CREB, BDNF, and caspase-3 were filtered out as the underlying mechanisms of krill oil on improving memory deficits induced by METH. The KEGG pathway and GO enrichment analyses showed that the MAPK signaling pathway, cAMP signaling pathway, and dopaminergic synapse pathway were involved in the neuroprotective effects of krill oil. In the hippocampus, DRD2, cleaved caspase-3, and γ-H2AX expression levels were significantly increased in the METH group but decreased in the krill oil–treated group. Meanwhile, krill oil enhanced the expressions of p-PKA, p-ERK1/2, and p-CREB. Our findings suggested that krill oil improved METH-induced memory deficits, and this effect may occur via the MAPK signaling pathway and dopaminergic synapse pathways. The combination of network pharmacology approaches with experimental validation may offer a useful tool to characterize the molecular mechanism of multicomponent complexes.
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INTRODUCTION
As one of the most commonly abused psychostimulants in the world (Siefried et al., 2020), methamphetamine (METH) abuse results in various severe complications systemically affecting multiple organs, especially the brain (Casaletto et al., 2015; Huang et al., 2019). METH addiction can induce neurodegenerative changes in the hippocampus and frontal cortex, which are all related to long-term cognitive dysfunction and memory deficits in humans (Casaletto et al., 2015; Chen et al., 2015; Wang et al., 2018). Long-term METH addiction reduces the abusers’ awareness of memory impairment, and overestimation of memory further exacerbates their executive dysfunction (Casaletto et al., 2015). It is important to note that neurocognitive deficits did not just occur in people who are currently abusing METH but has also been found in those who have stopped taking METH for an extended period of time (Cherner et al., 2010; Silva et al., 2014). In line with these clinical investigations, several studies in animal models also have documented that repeated METH administration could essentially affect different brain areas including the frontal cortex and hippocampus, which are all associated with cognitive and memory function (Fan et al., 2020; Golsorkhdan et al., 2020; Lwin et al., 2020; Veschsanit et al., 2021). However, the potential mechanism of cognitive dysfunction induced by METH is unclear. A deep understanding of its mechanism may provide more valuable ideas for the treatment of METH addiction and its induced mental disorders.
Krill oil is extracted from the Antarctic microcrustacean Euphausia superba, and is a rich source of astaxanthin, and (n-3)/polyunsaturated fatty acids (PUFAs), including eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Alvarez-Ricartes et al., 2018). Due to the high presence of astaxanthin, EPA, and DHA, krill oil has been reported to have positive effects on cardiovascular disease, insulin resistance, lipid and glucose metabolism, and neurocognitive impairment in various animal experiments (Cheong et al., 2017; Sun et al., 2017; Tome-Carneiro et al., 2018). As a food supplement, krill oil has great bioavailability (Sun et al., 2017) and has become popular with some pilot trials and randomized controlled trials indicating healthy benefits. For instance, krill oil could reduce the plasma triacylglycerol level and improves the related lipoprotein particle concentration, fatty acid composition, and redox status in healthy young adults (Berge et al., 2015). Krill oil could modestly improve cardiovascular risk in patients with type 2 diabetes, and krill oil supplementation may lead to a small but significant increase in the mean omega-3 index (Lobraico et al., 2015; van der Wurff et al., 2019; van der Wurff et al., 2020). Krill oil could also activate cognitive function in the elderly and is more effective than sardine oil in the working memory task (Konagai et al., 2013). However, despite the several studies conducted to show the beneficial effects of krill oil on neurocognitive function, the precise mechanism of krill oil on neurocognitive dysfunction in the central nervous system has rarely been reported.
Our previously published study showed that krill oil alleviated oxidative stress and apoptosis induced by METH in vitro (Xiong et al., 2018). Therefore, the aim of the present study was to evaluate the protective potential of krill oil in mice subjected to chronic METH exposure in vivo. Network pharmacology is an excellent approach for the study of multicomponent compounds through multi-target and multi-pathway therapeutic mechanisms. Therefore, after the behavioral test, network pharmacological tools and resources were used to screen the potential targets and pathways of major active components of krill oil and to reveal their mechanism of action in the treatment of METH-induced memory impairment. In addition, experiments were also conducted to validate the potential underlying mechanism of krill oil on METH-induced memory impairment, as predicted by the network pharmacology approach.
MATERIALS AND METHODS
Reagents
METH (98%) was offered by the Hubei Public Security Bureau. Krill oil was provided by the Aker BioMarine Antarctic Company (Norway). Antibodies against protein kinase A (PKA), phosphorylated protein kinase A (p-PKA), cAMP-response element-binding protein (CREB), phosphorylated CREB (p-CREB), extracellular regulated protein kinase 1/2 (ERK1/2), and phosphorylated ERK1/2 (p-ERK1/2) were bought from Cell Signaling Technology (Danvers, United States). Antibodies against the dopamine D1 receptor (DRD1), dopamine D2 receptor (DRD2), dopamine transporter (DAT), and cleaved caspase-3 were obtained from Absin Bioscience Co., Ltd. (Shanghai, China). Antibodies against GAPDH, horseradish peroxides (HRP)-conjugated goat anti-rabbit antibody and HRP-conjugated goat anti-mouse antibody, protein extraction buffer, protease inhibitors, and phosphatase inhibitors were obtained from Wuhan Boster Biological Technology Co., Ltd. (Wuhan, China). Antibodies against the brain-derived neurotrophic factor (BDNF) were purchased from Santa Cruz Biotechnology (Santa Cruz, United States). All other reagents used were of analytical grade.
Animal Treatment
C57BL/6 mice (male, 8 weeks) were provided by Beijing Vital River Laboratory Animal Technology Co., Ltd. Mice were housed five per cage in a 12-h light–dark cycle and a temperature-controlled environment. All animal experiment procedures were approved by the Ethics Committee of Jianghan University. Specifically, mice were divided randomly into the control group, METH group, krill oil-L group and krill oil-H group, and the experimental procedure is detailed in Figure 1A. Before administration, krill oil was dissolved in ethanol and then diluted with saline, and METH was dissolved in saline at a concentration of 10 mg/ml. For the first 2 weeks, mice in the krill oil-L group and krill oil-H group were intragastrically administrated with 10 mg/kg and 100 mg/kg krill oil every day, respectively, and mice in the control group and METH group were intragastrically administrated with vehicle. At the third week, 1 hour after intragastric administration, mice in the METH, krill oil-L group, and krill oil-H group were intraperitoneally injected with 10 mg/kg METH, and mice in the control group were intraperitoneally injected with saline. Behavioral experiments, sample collection, and the Western blot test were performed as follows (Figure 1).
[image: Figure 1]FIGURE 1 | Experimental procedure of krill oil–ameliorated memory deficits induced by METH. (A) For the first 3 weeks, mice were administrated with different doses of krill oil with or without METH. After that, the behavioral tests and Western blotting experiments were performed. (B) Drug treatment of the animal experiment. For the first 2 weeks, mice were intragastrically administrated with different doses of krill oil or vehicle. At the third week, 1 h after the intragastric administration, mice were intraperitoneally injected with METH or saline.
Morris Water Maze Task
Memory training on the hidden platform of the Morris water maze was used to measure the associative, spatial memory of mice as a previous report. Briefly, water (23 ± 2°C) was added into a circular pool (21 cm in deep and 120 cm in diameter). A circular hidden platform was placed in the center of the target quadrant and submerged 1.5 cm below the water surface. XR-XM101 software was used to automatically measure the animal escape latency, swimming speed, and the amount of time spent in the target quadrant (Shanghai Xinruan Information Technology Co., Ltd.). Mice underwent four trials each day during the training phase, and the starting position of each trial was different. Mice have a maximum of 60 s in each trial to find the platform, and mice were allowed to stay on the platform for 15 s after boarding the platform. If the mice cannot find the platform within 60 s, it was guided to the platform to rest for 15 s. The time interval between trials was 30 min. Mice were dried with a towel, placed in a cage with a heating lamp, and then returned to their home cage after the last trial. The training phase lasted for 5 days. To test the spatial memory ability of mice, a 60-s free swimming test without a platform was performed on the sixth day.
Network Pharmacology Analysis
The potential protein targets of krill oil, related genes of METH, and related genes of memory deficits were collected from the GeneCards database (https://www.genecards.org/). Then, the protein targets of krill oil were mapped with related genes of METH and related genes of memory impairment on the Bioinformatics and Evolutionary Genomics website (http://bioinformatics.psb.ugent.be/webtools/Venn/). To further characterize the molecular mechanism of krill oil on METH-induced memory deficits, the compound–target networks were generated using Cytoscape 3.8.0. In these graphical networks, the compounds and proteins were expressed as nodes, whereas the compound–target interactions were expressed as edges.
The gene ontology (GO) analyses and KEGG pathway analyses were conducted using the functional annotation tool of DAVID Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov/). Terms with thresholds of counts ≥ 10 and p values ≤ 0.05 were chosen in functional annotation clustering. Related target proteins of krill oil on METH-induced memory deficits were analyzed by online STRING 11.0 (https://string-db.org/) to construct a protein–protein interaction (PPI) network. The network was visualized with Cytoscape (v3.1.2) and CytoHubba, a plug-in in Cytoscape, to filter the modules from the PPI network and to obtain the most important hub genes based on the degree score.
Western Blotting Analysis
Hippocampi were isolated, lysed, and centrifuged for 15 min (4°C) at 12,000 g . After the detection of concentration, the supernatants were mixed with a loading buffer and denatured for 5 min. Protein samples were separated using a gel electrophoresis system and transferred to the polyethylene difluoride membranes. After blocking for 1 h in 5% non-fat milk, the membranes were incubated with the primary antibody and then with the HRP secondary antibody. Enhanced chemiluminescence (Thermo Fisher, United States) was used to observe the bands using a chemiluminescence detector (Gene Corporation, Hong Kong). The intensity of each band was determined quantitatively by ImageJ and calibrated by the corresponding internal reference protein, and the results were shown as normalized for the control group.
Statistical Analysis
Data were expressed as the mean ± standard error (SEM). All results were analyzed using SPSS 23.0 software. Results of the swimming speed and escape latency during the training phase of MWM were analyzed by one-way ANOVA with repeated measures. Other data used one-way ANOVA and Tukey’s HSD post hoc test. A p value less than 0.05 was considered statistically significant.
RESULTS
Krill Oil Ameliorated the Impairment of Spatial Learning and Memory Induced by METH in MWM Task
The Morris water maze test was used to determine whether krill oil alleviated METH-induced spatial learning and memory impairment. As shown in Figure 2, the locomotor activity of mice was not influenced by METH or krill oil treatment since the swimming speed did not differ among the groups (Figure 2A). Mice in the METH group had a higher escape latency than those in the control group on day 4 and day 5 of the training phase (Figure 2B), suggesting that repeated METH exposure triggered a decline in the spatial learning ability of mice (p < 0.05). Moreover, compared with the METH group, 10 mg/kg krill oil treatment greatly reduced the increase of learning latency in mice induced by METH on day 5 (p < 0.01), and mice pretreated with 100 mg/kg of krill oil performed significantly better than those that received METH alone on day 4 and day 5 (p < 0.01), suggesting that learning deficits were improved following krill oil treatment. In the testing section, results revealed significant differences among group effects (Figures 2C,D, p < 0.05). Mice in the METH group had worse performance in the parameter of times of crossing the platform and time in the quadrant of the platform than those of the control group (p < 0.05). Treatment with krill oil (10 or 100 mg/kg), however, remarkably increased the times of crossing the platform and the time in the quadrant of the platform (p < 0.05). The swimming trajectory further confirmed that the krill oil–treated mice stayed in the target quadrant longer than the METH group (Figure 2E). Taken together, these findings demonstrated that krill oil improved METH-induced cognitive deficits of spatial learning and memory.
[image: Figure 2]FIGURE 2 | Krill oil–ameliorated impairment of spatial learning and memory induced by METH in the MWM task. (A) Swimming speed of each group during the training session. The Morris water maze test was conducted to evaluate spatial learning and memory function. (B) Acquisition of spatial memory in mice. The escape latency during the training phase was shown. (C) Retention of spatial memory in mice. Times of crossing the platform of mice were shown. (D) Retention of spatial memory in mice. The time in the target quadrant of mice was shown. (E) Representative swimming trajectories of Morris water maze testing. n = 10 for each group, and data were presented by means ± SEM, *p < 0.05, **p < 0.01 compared to the control group, and #p < 0.05, ##p < 0.01 compared to the METH group.
Target Identification of Krill Oil on METH-Induced Memory Deficits
Krill oil from Euphausia superba (Antarctic krill), an Antarctic marine species, is rich in EPA, DHA, and astaxanthin. Among the three main bioactive components of krill oil, 1,846 protein targets were retrieved from the GeneCards database. The detailed information is shown in Supplementary Table S1. After eliminating the overlaps, 1,445 protein targets were obtained for further analyses. 8400 memory deficit–related genes and 422 METH-related genes were collected from the GeneCards database. The detailed information is shown in Supplementary Tables S2, and S3. Then, these protein targets of krill oil were mapped with related genes of METH and memory impairment on the Bioinformatics and Evolutionary Genomics website. As a result, 210 targets of krill oil were associated with METH-induced memory impairment, and the detailed information of the 210 targets is shown in Supplementary Table S4 and Figure 3A. Among the 210 target genes, 116 were target genes for DHA, 174 were target genes for EPA, and 16 were target genes for astaxanthin. The detailed information is shown in Supplementary Table S5 and Supplementary Figure S1.
[image: Figure 3]FIGURE 3 | Compound–target network for krill oil on METH-induced memory deficits. (A) Venn plot for the possible targets of main compounds of krill oil and related genes of METH and memory deficits. (B) Network of active compounds and the possible targets for krill oil on METH-induced memory deficits. The orange polygon represented krill oil. The pink squares represented active compounds of krill oil and the blue circle represented potential protein targets. The edges represent the interactions between them.
As krill oil may exhibit multiple pharmacological activities via multiple targets, it was constructive to investigate the underlying mechanisms of krill oil on complex diseases by network analysis. In the current study, the compound–target network of krill oil on METH-induced memory deficits was constructed with Cytoscape 3.8.1 software (Figure 3B). Among these potential protein targets, there were 12 high-degree targets associated with multiple compounds (Supplementary Figure S1), namely, NFKBIA, COX5A, MAPK14, HMOX1, NOS2, MAPK8, JUN, CAT, MMP1, CYP3A4, CXCL8, and SOD1. These high-degree protein targets in the network may account for the essential protective effects of krill oil on METH-induced memory impairment.
GO and Pathway Enrichment Analyses
To identify the biological characteristics of putative targets of krill oil on METH-induced memory impairment in detail, the GO and KEGG pathway enrichment analyses of involved targets were conducted via the functional annotation tool of DAVID Bioinformatics Resources 6.8. There were 78 biological processes (BP), 46 cellular components (CC), and 23 molecular function (MF) terms in total, which met the requirements of counts ≥ 10 and p values ≤ 0.05. The detailed GO information is shown in Supplementary Table S6. The top 15 significantly enriched terms in BP, CC, and MF categories are shown in Figure 4A, which indicated that krill oil may improve METH-induced memory impairment via regulation of the neuron apoptotic process, response to oxidative stress, response to hypoxia, dopamine binding, NMDA glutamate receptor activity, and oxidoreductase activity. To explore the underlying involved pathways of krill oil on METH-induced memory impairment, a KEGG pathway analysis of involved targets was conducted. The detailed pathway information of krill oil on METH-induced memory impairment is shown in Supplementary Table S7. There were 94 pathways that met the requirements of counts ≥ 10 and p values ≤ 0.05. The top 15 significantly enriched pathways are shown in Figure 4B. The pathways in neuroactive ligand–receptor interaction exhibited the largest number of involved targets (38 counts).
[image: Figure 4]FIGURE 4 | Top 15 significantly enriched terms gene ontology (A) and pathway enrichment (B) analyses of potential target genes of krill oil on METH-induced memory deficits.
Screen of Hub Genes
The PPI network of possible target genes involved in the protective effect of krill oil on METH-induced memory impairment was constructed using STRING (Figure 5A).
[image: Figure 5]FIGURE 5 | PPI network of the potential target genes and hub genes screen. (A) The PPI network of the potential target genes was constructed using STRING. (B) The most significant hub genes were obtained from the PPI network using Cytoscape and CytoHubba.
There were 205 nodes and 3,388 edges, and the average node degree was 33.1. The average local clustering coefficient was 0.565, and the p value of PPI enrichment was less than 1.0e-16. To obtain the hub genes in the PPI network, these node pairs were entered into Cytoscape software. The scores of nodes were calculated by CytoHubba, and the top 20 hub genes are shown in Figure 5B, and the hub gene symbols, full names, and functions are shown in Table 1. The pathway enrichment analyses of hub genes were conducted via DAVID Bioinformatics Resources 6.8. There were 54 pathways that met the requirements of count ≥ 5 and p values ≤ 0.05. The detailed pathway information of hub genes is shown in Supplementary Table S8. The top 25 significantly enriched pathways are shown in Figure 6A and Table 2. The compound–hub gene–pathway network of krill oil on METH-induced memory deficits was constructed with Cytoscape 3.8.1 software (Figure 6B).
TABLE 1 | Detail information of hub genes involved in the neuroprotective effect of krill oil on METH-induced memory impairment.
[image: Table 1][image: Figure 6]FIGURE 6 | Pathway enrichment and network analyses of hub genes. (A) The top 25 significantly enriched pathways of hub genes. (B) The compound–target–pathway network for krill oil on METH-induced memory deficits. The orange polygon represented krill oil. The pink squares represented active compounds of krill oil and the blue circle represented potential hub genes. The mauve squares represented pathways. The edges represent the interactions between them.
TABLE 2 | Top 25 significantly enriched pathways of hub genes.
[image: Table 2]The pathways in the MAPK signaling pathway exhibited the largest number of involved targets (13 counts). Among the 20 hub genes, 17 were target genes for DHA, 17 were target genes for EPA, and 4 were target genes for astaxanthin. The detailed information is shown in Supplementary Table S9 and Supplementary Figure S2.
Expression Levels of Hub Genes in the Hippocampus of Mice
Network pharmacology analysis predicted that the molecular targets highly associated with the common signaling pathways including the MAPK signaling pathway, dopaminergic synapse, and cAMP signaling pathway may be related to the neuroprotective effect of krill oil on METH-induced memory impairment in regulating neuron functions and apoptosis. We further validated the expressions of the potential hub genes identified via network pharmacology. As shown in Figures 7A and B, compared with the control group, the expression of DRD2 in the hippocampus of mice in the METH group was greatly increased and the expression of DAT was decreased, and 100 mg/kg krill oil treatment significantly decreased the expression of DRD2 and increased the expression of DAT, while 10 mg/kg krill oil treatment significantly decreased the expression of DRD2. There was no significant difference of the expression of DRD1 among different groups. Likewise, METH treatment led to apparent repression of p-PKA, p-ERK1/2, p-CREB, and BDNF (Figures 7A,C–F), and 10 and 100 mg/kg krill oil treatment significantly increased the expression of p-PKA, p-ERK1/2, p-CREB, and BDNF. There were no significant differences of the expression of PKA, ERK1/2, and CREB among different groups. Moreover, METH treatment led to apparent enrichment of cleaved caspase-3 (Figures 7A,F), and 10 and 100 mg/kg krill oil treatment significantly reduced the expression of cleaved caspase-3. These results validated that krill oil may regulate the neuron functions and apoptosis mainly through the MAPK signaling pathway, cAMP signaling pathway, and dopaminergic synapse pathway.
[image: Figure 7]FIGURE 7 | Relative expressions of related proteins in the hippocampus of mice treated with METH and/or krill oil. (A) Representative images of DRD1, DRD2, DAT, p-PKA, PKA, p-ERK1/2, ERK1/2, p-CREB, CREB, BDNF, and cleaved caspase-3. (B) Statistical results of DRD1, DRD2, and the DAT protein. (C) Statistical results of the p-PKA and PKA protein. (D) Statistical results of the p-CREB and CREB protein. (E) Statistical results of the p-ERK1/2 and ERK1/2 protein. (F) Statistical results of the mature BDNF protein and cleaved caspase-3. Data were presented as means ± SEM. *p < 0.05, **p < 0.01 compared to the control group, #p < 0.05, ##p < 0.01 compared to the METH group.
DISCUSSION
Krill oil, extracted from small Antarctic krill, has been reported to have health benefits, including improved memory impairment, systemic inflammation, glucose metabolism, and hepatic steatosis (Kwantes and Grundmann 2015; Sistilli et al., 2021; Zhou et al., 2021). This study aimed to assess the ability of krill oil supplementation to affect memory dysfunction induced by METH in mice and figure out the possible mechanism. In the present study, we found that krill oil enhanced the neurocognitive functions of METH-treated mice, and targets like DRD2, MAPK, CREB, CASP3, and BDNF, and some signaling pathways such as the MAPK signaling pathway, PI3K-Akt signaling pathway, AMPK signaling pathway, neurotrophin signaling pathway, and cAMP signaling pathway were filtered out as the underlying mechanisms of krill on improving memory deficits induced by METH. To our best knowledge, it is the first time that integrating system pharmacology and bioinformatics analysis have been used to predict mechanisms of krill oil in the treatment of central nervous system injury.
Multiple METH exposures can result in neurodegenerative changes, including long-term cognitive dysfunction, memory deficits, and depression in humans and animal models (Ru et al., 2019; Zeng et al., 2021). The data from the literature revealed that krill oil supplementation in the diet could suppress neuroinflammation, oxidative stress, and improve the lipopolysaccharide-induced cognitive impairment (Polotow et al., 2015; Choi et al., 2017). In this study, we investigated the effect of krill oil on METH-induced memory impairment and discovered the possible molecular mechanism. The MWM task was used to investigate the ability of mice to learn locations and perform spatial memory recall through escape latency and measuring times to cross the platform in the water maze. The results of the MWM task showed that METH-treated mice learned more slowly than mice in the control group during the training period, and 10 mg/kg krill oil pretreatment significantly reduced escape latency on day 5 of the training phase, while 100 mg/kg krill oil pretreatment significantly reduced escape latency on days 4 and 5. For testing the maintenance of memory, the times of crossing the platform and the time spent in the target quadrant in the METH group were significantly decreased, and 10 mg/kg krill oil–treated mice spent much more time in the target quadrant zone than METH-treated mice, while mice in the 100 mg/kg krill oil group had more probability of crossing the platform and target quadrant time. Thus, pretreatment with krill oil could improve neurocognitive functions and alleviate the impairment of learning and memory caused by METH, and the protective effect of krill oil may be improved by increasing the dose within the dose range of 10–100 mg/kg.
Krill oil consists of multiple components, so it is difficult to determine the molecular mechanisms with traditional technology. Network pharmacology methods provide an effective tool for investigating multicomponents and exploring the mechanisms (Zhou et al., 2021). To determine the molecular mechanisms of krill oil on METH-induced memory impairment, network pharmacology approaches were used in this study. We selected DHA, EPA, and astaxanthin, which were present in high contents in krill oil, as the main active compounds, and the GeneCards database was used to identify the potential targets of krill oil, memory deficits, or METH. After the evaluation of the primary network nodes and potential targets, 210 targets were identified in the drug–compound–target network, which indicated that krill oil had multi-targets that were involved in the regulation of multiple signaling pathways. With the use of the CytoHubba and MCODE analysis, 20 genes were identified as hub genes. From the integrated hub target prediction and pathway analysis, krill oil may exert its neuroprotective effects on METH-induced memory deficits via the regulation of neuron functions and apoptosis, which was characterized as the important mechanism of memory impairment (Muhammad et al., 2019; Skelly et al., 2019).
As predicted by network pharmacology methods, CASP3, BDNF, MAPK3, CREB1, and DRD2 were the hub genes in krill oil to alleviate METH-induced memory impairment. KEGG signaling pathway enrichment analyses showed that krill oil may exert therapeutic effects on memory deficits primarily by regulating neuron and cell apoptosis via the MAPK signaling pathway, dopaminergic synapse, and cAMP signaling pathway. To further validate the postulation, we investigated the expression levels of main hub genes. Dopamine neurotransmission is critical for the physiological activity of the brain, including spatial learning and psychiatric disorders (Kempadoo et al., 2016). Because of its structural similarity to dopamine, METH could act on the dopamine transporter (DAT) in the presynaptic membrane, which inhibits dopamine reuptake and increases the dopamine level in the synaptic cleft, thereby causing overactivation of dopamine receptors in the postsynaptic membrane and excitatory oxidative damage to postsynaptic neurons (Ares-Santos et al., 2013; Yu et al., 2015). There are five types of dopamine receptors grouped into two major subclasses: DRD1-like, including DRD1 and D1RD5, and DRD2-like, including DRD2, DRD3, and DRD4, which often interact to regulate neurotransmission (Sun et al., 2017). Repeated METH exposure could increase the protein expression of DRD2 in the hippocampus area and reduce the protein expression of DAT (Zhou et al., 2019), and pretreatment with DRD2 antagonist sulpiride attenuated the effects of METH on egocentric and spatial learning and memory (Gutierrez et al., 2019). DAT-KO rats demonstrated deficits in sensorimotor gating and working memory tests (Leo et al., 2018). In line with the literature, our results showed that the expressions of DRD2 receptors in the hippocampus were greatly increased, while the levels of DAT were reduced after repeated METH exposure. Meanwhile, 100 mg/kg krill oil pretreatment significantly decreased the expressions of DRD2 and increased the expressions of DAT. The expression levels of DRD1, which was not a hub gene, did not change among groups. These results confirmed the results predicted by network pharmacology and validated the role of the dopaminergic synapse pathway in the improvement of METH-induced memory impairment by krill oil.
MAP kinases (MAPK), also known as extracellular signal-regulated kinases (ERK), are involved in a variety of biochemical processes such as cell proliferation and differentiation. MAPK3/ERK1 is one of the important members of the MAP kinase family. The cAMP-response element binding protein (CREB), which has been reported to be involved in the learning and memory deficits, is the target of ERK1/2, and protein kinase A (PKA) also can mediate the increase in ERK1/2 phosphorylation (Lyu et al., 2020; Mu et al., 2020). Therefore, after METH exposure, the expressions of p-PKA, p-ERK1/2, and p-CREB were significantly reduced. When mice were pretreated with 10 and 100 mg/kg krill oil, the increased expression of p-PKA, p-ERK1/2, and p-CREB may partially contribute to its improved effects of memory impairment. The brain-derived neurotrophic factor (BDNF) is a key factor of synaptic transmission and plays an important role in supporting neuronal survival, regulating synaptogenesis and contributing to the formation of memory (Leal et al., 2014). As a transcription factor, CREB regulates the transcription of BDNF, especially the activation of BDNF promoters I and IV (Esvald et al., 2020). From the experimental validation, our results showed that METH may decrease BDNF mostly by lowering the phosphorylated CREB protein. Krill oil may raise the levels of BDNF by activating the ERK1/2/CREB signaling pathway. Taken together, our findings suggested that krill oil may improve METH-induced memory deficits mainly via the regulation of neuron functions and apoptosis through the MAPK, dopaminergic synapse, and cAMP signaling pathway.
Hub gene caspase-3 is a key cysteine protease protein and acts as one of the executioner caspases (caspase-3, -6, and -7) that carry out the demolition phase of apoptosis (Boice and Bouchier-Hayes 2020). Cleaved caspase-3 can cleave structural and functional proteins in cells and induce cell apoptosis (Jiang et al., 2020). METH induced increase in the expression of cleaved caspase-3 in the hippocampus, which was involved in METH-induced neurotoxicity as well as spatial learning and memory impairments (Wen et al., 2019). Our previous data showed that krill oil could inhibit the METH-induced increase of cleaved caspase-3 in vitro (Xiong et al., 2018). Caspase-3 was one of the predicted hub gene; herein, we investigated the expression of cleaved caspase-3. Results showed that the expressions of cleaved caspase-3 were significantly increased after METH exposure, and pretreatment with both 10 and 100 mg/kg krill oil reduced the increasing expression of cleaved caspase-3, which may partially contribute to its improved effects of memory impairment.
CONCLUSION
In summary, the neuroprotective effect of krill oil on METH-induced memory impairment and the underlying pharmacological mechanism were investigated with the combination of network pharmacology prediction analysis and experimental validation. These results of the behavioral test showed that krill oil can improve memory deficits caused by METH exposure. Network pharmacology analysis demonstrated that krill oil may modulate function and apoptosis of neurons mainly via the regulation of the MAPK, cAMP, and dopaminergic synapse signaling pathway, which was verified by further experiment. Further experimental and clinical research trials of krill oil supplementation in METH abusers may help and support the identification of the potential therapeutic effects of krill oil on METH-induced cognitive and psychiatric disorders.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Ethics Committee of Jianghan University.
AUTHOR CONTRIBUTIONS
QR, LC, XT, and YW designed the study. QR, XT, and QX performed the experiments. QR, LC, and YW analyzed the data and prepared the manuscript together. All the authors have read and approved the final version of the manuscript.
FUNDING
This study was supported by the National Natural Science Foundation of China (Grant Nos. 81971775 to LC and 82071970 to YW), the Wuhan Municipal Science and Technology Bureau (Grant No. 2019020701011499), and Science and Technology Innovation Project of Jianghan University (Grant No. 2021kjzx008).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.756822/full#supplementary-material
REFERENCES
 Alvarez-Ricartes, N., Oliveros-Matus, P., Mendoza, C., Perez-Urrutia, N., Echeverria, F., Iarkov, A., et al. (2018). Intranasal Cotinine Plus Krill Oil Facilitates Fear Extinction, Decreases Depressive-Like Behavior, and Increases Hippocampal Calcineurin A Levels in Mice. Mol. Neurobiol. 55, 7949–7960. doi:10.1007/s12035-018-0916-0
 Ares-Santos, S., Granado, N., and Moratalla, R. (2013). The role of dopamine receptors in the neurotoxicity of methamphetamine. J. Intern. Med. 273, 437–453. doi:10.1111/joim.12049
 Berge, R. K., Ramsvik, M. S., Bohov, P., Svardal, A., Nordrehaug, J. E., Rostrup, E., et al. (2015). Krill oil reduces plasma triacylglycerol level and improves related lipoprotein particle concentration, fatty acid composition and redox status in healthy young adults - a pilot study. Lipids Health Dis. 14, 163. doi:10.1186/s12944-015-0162-7
 Boice, A., and Bouchier-Hayes, L. (2020). Targeting apoptotic caspases in cancer. Biochim. Biophys. Acta Mol. Cel Res 1867, 118688. doi:10.1016/j.bbamcr.2020.118688
 Casaletto, K. B., Obermeit, L., Morgan, E. E., Weber, E., Franklin, D. R., Grant, I., et al. (2015). Depression and executive dysfunction contribute to a metamemory deficit among individuals with methamphetamine use disorders. Addict. Behav. 40, 45–50. doi:10.1016/j.addbeh.2014.08.007
 Chen, C. K., Lin, S. K., Chen, Y. C., Huang, M. C., Chen, T. T., Ree, S. C., et al. (2015). Persistence of psychotic symptoms as an indicator of cognitive impairment in methamphetamine users. Drug Alcohol Depend 148, 158–164. doi:10.1016/j.drugalcdep.2014.12.035
 Cheong, L. Z., Sun, T., Li, Y., Zhou, J., Lu, C., Li, Y., et al. (2017). Dietary krill oil enhances neurocognitive functions and modulates proteomic changes in brain tissues of d-galactose induced aging mice. Food Funct. 8, 2038–2045. doi:10.1039/c6fo01848c
 Cherner, M., Suarez, P., Casey, C., Deiss, R., Letendre, S., Marcotte, T., et al. (2010). Methamphetamine use parameters do not predict neuropsychological impairment in currently abstinent dependent adults. Drug Alcohol Depend 106, 154–163. doi:10.1016/j.drugalcdep.2009.08.010
 Choi, J. Y., Jang, J. S., Son, D. J., Im, H. S., Kim, J. Y., Park, J. E., et al. (2017). Antarctic Krill Oil Diet Protects against Lipopolysaccharide-Induced Oxidative Stress, Neuroinflammation and Cognitive Impairment. Int. J. Mol. Sci. 18. doi:10.3390/ijms18122554
 Esvald, E. E., Tuvikene, J., Sirp, A., Patil, S., Bramham, C. R., and Timmusk, T. (2020). CREB Family Transcription Factors Are Major Mediators of BDNF Transcriptional Autoregulation in Cortical Neurons. J. Neurosci. 40, 1405–1426. doi:10.1523/JNEUROSCI.0367-19.2019
 Fan, X. Y., Yang, J. Y., Dong, Y. X., Hou, Y., Liu, S., and Wu, C. F. (2020). Oxytocin inhibits methamphetamine-associated learning and memory alterations by regulating DNA methylation at the Synaptophysin promoter. Addict. Biol. 25, e12697. doi:10.1111/adb.12697
 Golsorkhdan, S. A., Boroujeni, M. E., Aliaghaei, A., Abdollahifar, M. A., Ramezanpour, A., Nejatbakhsh, R., et al. (2020). Methamphetamine administration impairs behavior, memory and underlying signaling pathways in the hippocampus. Behav. Brain Res. 379, 112300. doi:10.1016/j.bbr.2019.112300
 Gutierrez, A., Regan, S. L., Hoover, C. S., Williams, M. T., and Vorhees, C. V. (2019). Effects of intrastriatal dopamine D1 or D2 antagonists on methamphetamine-induced egocentric and allocentric learning and memory deficits in Sprague-Dawley rats. Psychopharmacology (Berl) 236, 2243–2258. doi:10.1007/s00213-019-05221-3
 Huang, J., Zheng, Y., Gao, D., Hu, M., and Yuan, T. (2019). Effects of Exercise on Depression, Anxiety, Cognitive Control, Craving, Physical Fitness and Quality of Life in Methamphetamine-dependent Patients. Front. Psychiatry 10, 999. doi:10.3389/fpsyt.2019.00999
 Jiang, M., Qi, L., Li, L., and Li, Y. (2020). The caspase-3/GSDME signal pathway as a switch between apoptosis and pyroptosis in cancer. Cell Death Discov 6, 112. doi:10.1038/s41420-020-00349-0
 Kempadoo, K. A., Mosharov, E. V., Choi, S. J., Sulzer, D., and Kandel, E. R. (2016). Dopamine release from the locus coeruleus to the dorsal hippocampus promotes spatial learning and memory. Proc. Natl. Acad. Sci. U S A. 113, 14835–14840. doi:10.1073/pnas.1616515114
 Konagai, C., Yanagimoto, K., Hayamizu, K., Han, L., Tsuji, T., and Koga, Y. (2013). Effects of krill oil containing n-3 polyunsaturated fatty acids in phospholipid form on human brain function: a randomized controlled trial in healthy elderly volunteers. Clin. Interv. Aging 8, 1247–1257. doi:10.2147/CIA.S50349
 Kwantes, J. M., and Grundmann, O. (2015). A brief review of krill oil history, research, and the commercial market. J. Diet. Suppl. 12, 23–35. doi:10.3109/19390211.2014.902000
 Leal, G., Comprido, D., and Duarte, C. B. (2014). BDNF-induced local protein synthesis and synaptic plasticity. Neuropharmacology 76 Pt C, 639–656. doi:10.1016/j.neuropharm.2013.04.005
 Leo, D., Sukhanov, I., Zoratto, F., Illiano, P., Caffino, L., Sanna, F., et al. (2018). Pronounced Hyperactivity, Cognitive Dysfunctions, and BDNF Dysregulation in Dopamine Transporter Knock-out Rats. J. Neurosci. 38, 1959–1972. doi:10.1523/JNEUROSCI.1931-17.2018
 Lobraico, J. M., DiLello, L. C., Butler, A. D., Cordisco, M. E., Petrini, J. R., and Ahmadi, R. (2015). Effects of krill oil on endothelial function and other cardiovascular risk factors in participants with type 2 diabetes, a randomized controlled trial. BMJ Open Diabetes Res. Care 3, e000107. doi:10.1136/bmjdrc-2015-000107
 Lwin, T., Yang, J. L., Ngampramuan, S., Viwatpinyo, K., Chancharoen, P., Veschsanit, N., et al. (2020). Melatonin ameliorates methamphetamine-induced cognitive impairments by inhibiting neuroinflammation via suppression of the TLR4/MyD88/NFκB signaling pathway in the mouse hippocampus. Prog. Neuropsychopharmacol. Biol. Psychiatry 110109, 110109. doi:10.1016/j.pnpbp.2020.110109
 Lyu, Y., Ren, X. K., Zhang, H. F., Tian, F. J., Mu, J. B., and Zheng, J. P. (2020). Sub-chronic administration of benzo[a]pyrene disrupts hippocampal long-term potentiation via inhibiting CaMK II/PKC/PKA-ERK-CREB signaling in rats. Environ. Toxicol. 35, 961–970. doi:10.1002/tox.22932
 Mu, J., Wang, R., Li, G., Li, B., and Wang, Z. (2020). Midazolam accelerates memory deterioration and neuron apoptosis of Alzheimer's disease model rats via PKA-ERK-CREB signaling pathway. Panminerva Med. , 4. doi:10.23736/S0031-0808.20.03994-4
 Muhammad, T., Ikram, M., Ullah, R., Rehman, S. U., and Kim, M. O. (2019). Hesperetin, a Citrus Flavonoid, Attenuates LPS-Induced Neuroinflammation, Apoptosis and Memory Impairments by Modulating TLR4/NF-κB Signaling. Nutrients , 11. doi:10.3390/nu11030648
 Polotow, T. G., Poppe, S. C., Vardaris, C. V., Ganini, D., Guariroba, M., Mattei, R., et al. (2015). Redox Status and Neuro Inflammation Indexes in Cerebellum and Motor Cortex of Wistar Rats Supplemented with Natural Sources of Omega-3 Fatty Acids and Astaxanthin: Fish Oil, Krill Oil, and Algal Biomass. Mar. Drugs 13, 6117–6137. doi:10.3390/md13106117
 Ru, Q., Xiong, Q., Zhou, M., Chen, L., Tian, X., Xiao, H., et al. (2019). Withdrawal from chronic treatment with methamphetamine induces anxiety and depression-like behavior in mice. Psychiatry Res. 271, 476–483. doi:10.1016/j.psychres.2018.11.072
 Siefried, K. J., Acheson, L. S., Lintzeris, N., and Ezard, N. (2020). Pharmacological Treatment of Methamphetamine/Amphetamine Dependence: A Systematic Review. CNS drugs 34, 337–365. doi:10.1007/s40263-020-00711-x
 Silva, C. D., Neves, A. F., Dias, A. I., Freitas, H. J., Mendes, S. M., Pita, I., et al. (2014). A single neurotoxic dose of methamphetamine induces a long-lasting depressive-like behaviour in mice. Neurotox Res. 25, 295–304. doi:10.1007/s12640-013-9423-2
 Sistilli, G., Kalendova, V., Cajka, T., Irodenko, I., Bardova, K., Oseeva, M., et al. (2021). Krill Oil Supplementation Reduces Exacerbated Hepatic Steatosis Induced by Thermoneutral Housing in Mice with Diet-Induced Obesity. Nutrients 13. doi:10.3390/nu13020437
 Skelly, D. T., Griffin, É. W., Murray, C. L., Harney, S., O'Boyle, C., Hennessy, E., et al. (2019). Acute transient cognitive dysfunction and acute brain injury induced by systemic inflammation occur by dissociable IL-1-dependent mechanisms. Mol. Psychiatry 24, 1533–1548. doi:10.1038/s41380-018-0075-8
 Sun, D., Zhang, L., Chen, H., Feng, R., Cao, P., and Liu, Y. (2017). Effects of Antarctic krill oil on lipid and glucose metabolism in C57BL/6J mice fed with high fat diet. Lipids Health Dis. 16, 218. doi:10.1186/s12944-017-0601-8
 Sun, X., Luquet, S., and Small, D. M. (2017). DRD2: Bridging the Genome and Ingestive Behavior. Trends Cogn. Sci. 21, 372–384. doi:10.1016/j.tics.2017.03.004
 Tomé-Carneiro, J., Carmen Crespo, M., Burgos-Ramos, E., Tomas-Zapico, C., García-Serrano, A., Castro-Gómez, P., et al. (2018). Buttermilk and Krill Oil Phospholipids Improve Hippocampal Insulin Resistance and Synaptic Signaling in Aged Rats. Mol. Neurobiol. 55, 7285–7296. doi:10.1007/s12035-018-0934-y
 van der Wurff, I. S. M., von Schacky, C., Bergeland, T., Leontjevas, R., Zeegers, M. P., Jolles, J., et al. (2019). Effect of 1 Year Krill Oil Supplementation on Cognitive Achievement of Dutch Adolescents: A Double-Blind Randomized Controlled Trial. Nutrients 11. doi:10.3390/nu11061230
 van der Wurff, I. S. M., von Schacky, C., Bergeland, T., Leontjevas, R., Zeegers, M. P., Kirschner, P. A., et al. (2020). Effect of one year krill oil supplementation on depressive symptoms and self-esteem of Dutch adolescents: A randomized controlled trial. Prostaglandins Leukot. Essent. Fatty Acids 163, 102208. doi:10.1016/j.plefa.2020.102208
 Veschsanit, N., Yang, J. L., Ngampramuan, S., Viwatpinyo, K., Pinyomahakul, J., Lwin, T., et al. (2021). Melatonin reverts methamphetamine-induced learning and memory impairments and hippocampal alterations in mice. Life Sci. 265, 118844. doi:10.1016/j.lfs.2020.118844
 Wang, L. J., Chen, C. K., Lin, S. K., Chen, Y. C., Xu, K., and Huang, M. C. (2018). Cognitive profile of ketamine-dependent patients compared with methamphetamine-dependent patients and healthy controls. Psychopharmacology (Berl) 235, 2113–2121. doi:10.1007/s00213-018-4910-z
 Wen, D., Hui, R., Wang, J., Shen, X., Xie, B., Gong, M., et al. (2019). Effects of Molecular Hydrogen on Methamphetamine-Induced Neurotoxicity and Spatial Memory Impairment. Front. Pharmacol. 10, 823. doi:10.3389/fphar.2019.00823
 Xiong, Q., Ru, Q., Tian, X., Zhou, M., Chen, L., Li, Y., et al. (2018). Krill oil protects PC12 cells against methamphetamine-induced neurotoxicity by inhibiting apoptotic response and oxidative stress. Nutr. Res. 58, 84–94. doi:10.1016/j.nutres.2018.07.006
 Yu, S., Zhu, L., Shen, Q., Bai, X., and Di, X. (2015). Recent advances in methamphetamine neurotoxicity mechanisms and its molecular pathophysiology. Behav. Neurol. 2015, 103969. doi:10.1155/2015/103969
 Zeng, Q., Xiong, Q., Zhou, M., Tian, X., Yue, K., Li, Y., et al. (2021). Resveratrol attenuates methamphetamine-induced memory impairment via inhibition of oxidative stress and apoptosis in mice. J. Food Biochem. 45, e13622. doi:10.1111/jfbc.13622
 Zhou, L., Wu, X., Yang, F., Zhang, M., Huang, R., and Liu, J. (2021). Characterization of Molecular Species and Anti-inflammatory Activity of Purified Phospholipids from Antarctic Krill Oil. Mar. Drugs 19, 124. doi:10.3390/md19030124
 Zhou, M., Gong, X., Ru, Q., Xiong, Q., Chen, L., Si, Y., et al. (2019). The Neuroprotective Effect of L-Stepholidine on Methamphetamine-Induced Memory Deficits in Mice. Neurotox Res. 36, 376–386. doi:10.1007/s12640-019-00069-z
 Zhou, Y., Wu, R., Cai, F. F., Zhou, W. J., Lu, Y. Y., Zhang, H., et al. (2021). Xiaoyaosan decoction alleviated rat liver fibrosis via the TGFβ/Smad and Akt/FoxO3 signaling pathways based on network pharmacology analysis. J. Ethnopharmacol 264, 113021. doi:10.1016/j.jep.2020.113021
Conflict of Interest: The authors declare that the research study was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Ru, Tian, Xiong, Xu, Chen and Wu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-756822-g005.gif





OPS/images/fphar-12-756822-g006.gif





OPS/images/fphar-12-756822-g003.gif
3





OPS/images/fphar-12-756822-g004.gif





OPS/images/fphar-12-756822-t002.jpg
Pathway

MAPK signaling pathway
Hepatitis B

TNF signaling pathway
Colorectal cancer

Neurotrophin signaling pathway
Pertussis

FoxO signaling pathway

Tollike receptor signaling pathway
Chagas disease (American trypanosomiasis)
Pathways in cancer

Osteocast differentiation
Prolactin signaling pathway
Hepatitis C

Prostate cancer

Choline metabolism in cancer
T-cell receptor signaling pathway
Tuberculosis

CAMP signaling pathway
Proteoglycans in cancer
Sphingolipid signaiing pathway
Pancreatic cancer

Glioma

Rap1 signaling pathway

Fc epsilon RI signaling pathway
Doparinergic synapse

Genes

JUN, BDNF, EGF, FOS, NGF, MAPK14, TNF, MAPK8, TRP53, CASP3, AKT1, KRAS, and MAPK3

IL6, MAPK8, JUN, CREB1, TRP53, CASP3, AKT1, KRAS, FOS, TNF, and MAPK3
IL6, MAPK8, JUN, CREB1, CASP3, AKT1, FOS, MAPK14, TNF, and MAPK3
MAPKS, JUN, TRP53, CASP3, AKT1, KRAS, FOS, and MAPK3

MAPKS, JUN, BDNF, TRP53, AKT1, KRAS, MAPK14, NGF, and MAPK3
IL6, MAPK8, JUN, CASP3, FOS, MAPK14, TNF, and MAPK3

IL6, MAPK8, EGF, CAT, AKT1, KRAS, IGF1, MAPK14, and MAPK3

IL6, MAPKS, JUN, AKT1, FOS, MAPK14, TNF, and MAPK3

IL6, MAPK8, JUN, AKT1, FOS, MAPK14, TNF, and MAPK3

IL6, MAPKS, JUN, EGF, TRP53, CASP3, AKT1, KRAS, IGF1, FOS, and MAPK3
MAPKS, JUN, CREB1, AKT1, FOS, MAPK14, TNF, and MAPK3

MAPKS, TH, AKT1, KRAS, FOS, MAPK14, and MAPK3

MAPKS, EGF, TRP53, AKT1, KRAS, MAPK14, TNF, and MAPK3

CREB1, EGF, TRP53, AKT1, KRAS, IGF1, and MAPK3

MAPKS, JUN, EGF, AKT1, KRAS, FOS, and MAPK3

JUN, AKT1, KRAS, FOS, MAPK14, TNF, and MAPK3

IL6, MAPK8, CREB1, CASP3, AKT1, MAPK14, TNF, and MAPK3

MAPKS, JUN, CREB1, BDNF, AKT1, FOS, DRD2, and MAPK3

TRP53, CASP3, AKT1, KRAS, IGF1, MAPK14, TNF, and MAPK3

MAPKS, TRP53, AKT1, KRAS, MAPK14, TNF, and MAPK3

MAPKS, EGF, TRP53, AKT1, KRAS, and MAPK3

EGF, TRP53, AKT1, KRAS, IGF1, and MAPK3

EGF, AKT1, KRAS, IGF1, MAPK14, NGF, DRD2, and MAPK3

MAPKS, AKT1, KRAS, MAPK14, TNF, and MAPK3

MAPKS8, CREB1, TH, AKT1, FOS, MAPK14, and DRD2





OPS/images/fphar-12-756822-g007.gif
ki

ez

perss

o

P

axo

ax

o

o






OPS/images/fphar-12-756822-t001.jpg
Hub gene
symbol

APP
L6

CASP3
MAPK8

TNF
BDNF
MAPK3
TRP53
FOS
CREB1
CAT

MAPK14

KRAS

DRD2
JUN

EGF
IGF1

TH
NGF

Full names

RAG-alpha serine/threonine-protein
kinase

Amyloid-beta precursor protein
Interleukin-6

Caspase-3
Mitogen-activated protein kinase 8

Tumor necrosis factor

Brain-derived neurotrophic factor
Mitogen-activated protein kinase 3
Celuiar tumor antigen p53
Proto-oncogene ¢-Fos

Cyclic AMP-responsive element-binding
protein 1

Catalase

Mitogen-activated protein kinase 14

GTPase KRas

D(2) dopamine receptor
Transcription factor AP-1

Pro-epidermal growth factor
Insulin-ike growth factor |

Tyrosine 3-monooxygenase
Beta-nerve growth factor

Functions

Regulates many processes including metabolism, proliferation, cell survival, growth, and
angiogenesis

Acel surface receptor and performs physiological functions on the surface of neurons relevant to
neurite growth, neuronal adhesion, and axonogenesis

A cytokine with a wide variety of biological functions in immunity, tissue regeneration, and
metabolism

Involved in the activation cascade of caspases responsible for apoptosis execution
Serine/threonine-protein kinase involved in various processes such as cel proiferation,
diferentiation, migration, transformation, and programmed cel death

Itis a cytokine and mainly secreted by macrophages. It can induce cell death of certain tumor cel
lines and bind to TNFRSF1A/TNFR1 and TNFRSF1B/TNFBR

Promotes the survival and differentiation of selected neuronal populations of the peripheral and
central nervous systems during development

MAPK1/ERK2 and MAPK3/ERK1 are the 2 MAPKs which play an important role in the MAPK/
ERK cascade and act as essential components of the MAP kinase signal transduction pathway
Acts as atumor suppressor in many tumor types, induces growth arrest, or apoptosis depending
on the physiological circumstances and the cell type

A nuclear phosphoprotein which forms a tight but non-covalently finked complex with the JUN/
AP-1 transcription factor

Phosphoryiation-dependent transcription factor that stimulates transcription upon binding to the
DNA CAMP response element (CRE), a sequence present in many viral and cellular promoters
Oceurs in almost all aerobicaly respiring organisms and serves to protect cells from the toxic
effects of hydrogen peroxide

MAPK14is one of the four p38 MAPKs which piay an important role in the cascades of celluar
responses evoked by extracelular stimuii such as pro-inflammatory cytokines or physical stress
leading to direct activation of transcription factors

Ras proteins bind GDP/GTP and possess intrinsic GTPase activity and play an important role in
the reguiation of cell proliferation

Dopamine receptor whose activity is mediated by G proteins which inhibit adenylyl cyciase

A transcription factor that recognizes and binds to the enhancer heptamer motif 5'-TGAICG]
TCA®'

EGF stimulates the growth of various epidermal and epithelial issues i vivo and in vitro and of
some fibroblasts in the cell culture

The insulin-iike growth factor is structurally and functionally related to insulin but have a much
higher growth-promoting activity

Plays an important role in the physiology of adrenergic neurons

Nerve growth factor is important for the development and maintenance of the sympathetic and
sensory nervous systems.

Degree

17
95
92

92
91

91
920
920
87
83
80
79

7

74

72
T2

7
70

69
67





OPS/xhtml/nav.xhtml
Contents

		Cover

		Krill Oil Alleviated Methamphetamine-Induced Memory Impairment via the MAPK Signaling Pathway and Dopaminergic Synapse Pathway		Introduction

		Materials and Methods		Reagents

		Animal Treatment

		Morris Water Maze Task

		Network Pharmacology Analysis

		Western Blotting Analysis

		Statistical Analysis





		Results		Krill Oil Ameliorated the Impairment of Spatial Learning and Memory Induced by METH in MWM Task

		Target Identification of Krill Oil on METH-Induced Memory Deficits

		GO and Pathway Enrichment Analyses

		Screen of Hub Genes

		Expression Levels of Hub Genes in the Hippocampus of Mice





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Krill Oil Alleviated
Methamphetamine-Induced
Memory Impairment via the
MAPK Signaling Pathway and
Dopaminergic Synapse Pathway





OPS/images/fphar-12-756822-g001.gif
e mmu Lo






OPS/images/fphar-12-756822-g002.gif
il il
FE FES










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





