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Abstract

:

The seeds of ginkgo biloba L (GB) have been widely used worldwide. This study investigated the bioefficacies of whole GB seed powder (WGP) retaining the full nutrients of ginkgo against aging, atherosclerosis, and fatigue. The experimental results indicated that WGP lowered brain monoamine oxidase and serum malondialdehyde levels, enhanced thymus/spleen indexes, and improved learning ability, and delayed aging in senescent mice. WGP regulated lipid levels and prevented atherosclerosis by reducing triglycerides, lowering low-density lipoprotein cholesterol, increasing high-density lipoprotein cholesterol, and decreasing the atherosclerosis index. WGP improved exercise performance by reducing blood lactate accumulation and extending exhaustive swimming and climbing times, improved energy storage by increasing muscle/liver glycogen levels, and relieved physical fatigue. Network pharmacology analysis revealed 270 potential targets of WGP that play roles in cellular pathways related to inflammation inhibition, metabolism regulation, and anti-cellular senescence, etc. Protein-protein interaction analysis identified 10 hub genes, including FOS, ESR1, MAPK8, and SP1 targets. Molecular docking and molecular dynamics simulations showed that the bioactive compounds of WGP bound well to the targets. This study suggests that WGP exerts prominent health-promoting effects through multiple components, targets, and pathways.
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1. Introduction


Aging is a process characterized by degenerative damage to organs and their functions [1,2]. Aging is the single greatest risk factor for many age-related diseases, such as atherosclerosis, neurodegeneration, and dementia, and it is an important risk factor for many age-related diseases, such as chronic fatigue syndrome, hypertension, and osteoporosis [3,4]. Atherosclerosis is a chronic inflammatory disease characterized by the formation of arterial wall plaques containing inflammatory cells and lipids [5]. Advanced age is an independent risk factor for atherosclerosis [6,7]. Atherosclerosis is also a major cause of cardiovascular diseases (CVDs), such as myocardial infarction, cerebral infarction, and stroke [8]. Age-related cardiovascular disease risk factors and cognitive disorders influence each other. Fatigue is a symptom or comorbidity of aging or age-related disorders [9]. Fatigue is responsible for the deterioration of the quality of life and prognosis of diseases [10,11]. Considering safety and effectiveness, the potential efficacy of natural products in the prevention of aging, atherosclerosis, and fatigue has attracted wide attention.



Ginkgo biloba L (GB) has existed for 200 million years, and it is regarded as a “living fossil” [12]. GB possesses many bioactive constituents, including flavonoids, alkylphenols, and polysaccharides, and it exerts various pharmacological effects [13,14]. The leaf extract of GB has been widely used to solve different diseases, such as Alzheimer’s disease, CVDs, and cerebral insufficiency [15,16,17]. The leaf extract also has gained increasing attention as an anti-aging therapy to slow aging and aging-associated disorders [18,19]. In comparison with a host of studies about the leaf extract, there have been few studies about ginkgo seed or seed exocarp [20,21], which possesses the same bioactive constituents as that found in the leaf (such as flavonoids, terpene trilactones, and alkylphenols) and may exhibit similar treatment efficacy. However, the toxic ingredients in the raw seed of GB, such as ginkgotoxin and ginkgolic acid, have hindered its application [22].



Network pharmacology provides a useful approach to systematically unveiling the underlying mechanisms of a natural product containing multiple components through overcoming the “one disease-one target-one drug” problem [23]. This approach explores the overall relationship between an active multi-ingredient and a disease by discovering multiple potential targets and pathways [24]. Molecular docking and dynamics simulations predict the binding mode, the affinity of receptor–ligand complexes, and the structural stability [25].



This study investigated the effects of whole GB seed powder (WGP) prepared using an authorized national patented technology without the addition of any chemical additives on delaying aging, preventing atherosclerosis, and relieving physiological fatigue. We measured the biochemical parameters of aging or fatigued mice treated with WGP, and we determined the lipid levels and atherosclerosis index (AI) of high-fat-fed rats treated with WGP. Furthermore, we applied network pharmacology to analyze the target genes of active ingredients in WGP. Protein–protein interaction (PPI) analysis identified the top 10 target genes of WGP, while gene ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) cellular pathway systems provided the biological pathways of WGP and diseases. The molecular docking technique further indicated the binding mode of important active components of WGP with major core targets at the molecular level. This study aimed to evaluate the multi-functions of WGP and understand their underlying mechanisms (Figure 1).




2. Materials and Methods


2.1. Materials


D-galactose (D-gal) (purity ≥ 98%) was provided by Dingguo Changsheng Biotechnology Co., Ltd. (Beijing, China). Vitamin E (VE) soft capsules (batch No. 10874004) were obtained from Sinopharm Xingsha Pharmaceutical Co., Ltd. (Xiamen, China). Vitamin D3 (300,000 U/mL) was obtained from Harbin Zhuohongda Animal Medicine Factory (Harbin, China). Simvastatin (Sim) tablet (1 mg/tablet) was obtained from Harbin Pharmaceutical Group Sanjing Mingshui Pharmaceutical Co., Ltd. (Suihua, China). A high-fat diet (HFD, 3% cholesterol, 0.2% pig bile salt, 15% granulated sugar, 20% lard, and 61.8% high protein pellet diet) was bought from Shengmin Experimental Animal Farm (Nanjing, China). Detection kits for blood urea nitrogen (BUN), blood lactic acid (BLA), superoxide dismutase (SOD), malondialdehyde (MDA), monoamine oxidase (MAO), muscle glycogen (MG), and liver glycogen (LG) were purchased from Nanjing Jiancheng Biology Engineering Institute (Nanjing, China). Detection kits for total cholesterol (TC), triglyceride (TG), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) were purchased from Mindray Medical International Ltd. (Shenzhen, China). The other reagents used in this study were of analytical grade.




2.2. Preparation of WGP


Raw GB material was collected in Bali Village, Jianggang Town, Dongtai, China (32.525229° N 120.462100° E). The whole plant was identified as Ginkgo biloba L by Professor Fuliang Cao from the Co-Innovation Center for Sustainable Forestry in Southern China, Nanjing Forestry University. WGP was obtained from Jiangsu Dongtai Jieer Ginkgo Technology Co., Ltd. (Dongtai, China). WGP was prepared using an authorized national patented technology (CN104432272A, China). In brief terms, fresh GB seeds were removed from their hard outer shell and inner endothelium. And then, they were pulped and filtrated with a 100-mesh sieve. The obtained slurry was gelatinized at 150 °C for 60 s and then subjected to dehydration and drying at 150 °C and under 0.5 mPa vapor pressure. The dried GB seed aggregate was crushed and screened with a 5-mesh sieve to obtain the WGP.




2.3. Animals


Young (28 d old) and adult Kunming mice (300 d old) were obtained from the Laboratory Animal Center of Chongqing Medical University (Chongqing, China). The animals were kept at 20 ± 2 °C with a relative humidity of 55 ± 5% and a 12 h light/12 h dark cycle. All in vitro and in vivo studies were conducted in accordance with the Guidance for Animal Experiments established by Chongqing Medical University. The protocol was approved by the Committee on the Ethics of Animal Experiments of Chongqing Medical University (SCXK (Yu) 2018-0003). All authors read and approved the manuscript.




2.4. Anti-Aging Activity Assay


2.4.1. D-Gal-Induced Aging Mice and Treatments


The young (n = 10, half male and half female, group A) and adult (n = 60, half male and half female) Kunming mice were allowed free access to feed and water during the whole experimental period.



After adapting to the environment for 7 d, the mice in group A (negative control, young and normal) and in group B (negative control, adult and normal, n = 10) were treated with a standard diet and water during the experimental period. The mice in groups C-G (n = 10 per group) were subcutaneously injected with D-gal (1 g/kg mice/d) to induce aging. The mice in group C constituted the negative control (old, the model group). The mice in groups D-G were orally administrated with a therapeutic drug (VE, 0.1 g/kg mice/d) and WGP (2, 4, and 6 g/kg mice/d, corresponding to WGP-L, -M, and -H), respectively. The mice were fed for 28 d and subjected to the Morris water maze test.




2.4.2. Morris Water Maze Test


A water maze (120 cm in diameter and 50 cm in height, ZS-001, Beijing Kedi Zhongchuang Co., Ltd., Beijing, China) filled with water (20 ± 1 °C) was divided into four quadrants. A mobile platform (6.5 cm in diameter and 15 cm in height) submerged 1 cm under the water surface was placed in the first quadrant [26]. Each mouse was trained to find the hidden platform from the entry point of each quadrant in the first five days. If the mouse found the platform within 90 s, it would be allowed to stay there for 15 s, and the escape latency time was recorded as 15 s. If the mouse could not find the platform within 90 s, it would be guided and remained there for 30 s, and the escape latency time was recorded as 90 s. A spatial probe trial was performed by removing the hidden platform on the seventh day. The mouse was released from the same start point in the third quadrant and allowed to freely swim for 120 s. The swimming-motion trail, platform-crossing frequency, swimming distance, and time in the first quadrant for each mouse were recorded and analyzed.




2.4.3. Biochemical Parameters in Serum and Tissue


After a behavioral investigation, blood samples and spleen, thymus, heart, liver, lung, kidney, and brain tissues were collected. The blood samples were centrifuged at 1000× g for 10 min at 4 °C to isolate serum. All the samples were stored at −80 °C for further analyses. The brain was weighed and homogenized with cool saline in an ice bath after cleaning. The tissue homogenate was then centrifuged at 1000× g at 4 °C for 10 min. The supernatant was collected for biochemical analyses. The serum SOD, MDA, and brain MAO activity were measured with corresponding detection kits. The spleen and thymus indexes were calculated using Equations (1) and (2).


Spleen index (%) = Wspleen/Wbody × 100%



(1)






Thymus index (%) = Wthymus/Wbody × 100%



(2)




where Wspleen, Wthymus, and Wbody refer to the spleen, thymus, and body weight, respectively.




2.4.4. Histopathological Analysis


The livers, lungs, and kidneys of the mice were fixed with 4% paraformaldehyde for 24 h and embedded in paraffin. The cut sections (4 μm-thick) using a microtome (Leica, Wetzlar, Germany) were stained with hematoxylin and eosin (H&E). The histopathological changes in liver and lung tissues were observed via optical microscopy (Nikon, Tokyo, Japan).





2.5. Anti-Atherosclerosis Activity Assay


2.5.1. Diet and Treatment


Healthy Sprague Dawley male rats weighting 200 ± 20 g (6~8 months) were obtained from the Chongqing Laboratory Animal Center of Chongqing Medical University (Chongqing, China). The rats were housed under standard conditions. After being fed a normal diet for 7 d, the rats in groups B-F (n = 10 per group) were fed a high-fat diet via oral administration (free access to feed) and vitamin D3 via intraperitoneal injection (vitamin D3 is also called cholecalciferol; 600,000 IU/kg rat was intraperitoneally injected for the first 3 d) for 70 d to establish an early atherosclerosis model. The rats in group A (negative control) were fed a normal diet. The rats in group B (positive control) received no treatment. The rats in group C were given Sim at an oral dose of 1 g/kg rat. The rats in groups D-F were fed WGP at doses of 0.5, 1.0, and 1.5 g/kg rat/d. All rats were weighed every 3 d for 70 d.




2.5.2. Serum Chemical Analysis


The blood samples were collected at 70 d and centrifuged at 1000× g for 10 min. The upper serum was stored at −80 °C for further analysis. The TC, TG, HDL-C, and LDL-C levels were determined using an Automatic Biochemical Analyzer BW-200 (Bioway, Yantai, China). The AI value was calculated using the following Formula (3).


AI (%) = (LTC − LHDL-C)/LHDL-C × 100%



(3)




where LTC and LHDL-C referred to the TC and HDL-C levels, respectively.




2.5.3. Histopathological Examination


The fresh aorta and heart were cleaned and fixed with 4% paraformaldehyde. After 24 h, the samples were embedded in paraffin and cut into 5-μm slices using a microtome (Leica, Germany) for further H&E staining. The pathological changes were observed with optical microscopy (Nikon, Japan).





2.6. Anti-Fatigue Activity Assay


2.6.1. Animals and Experimental Design


Forty healthy male Kunming mice (28 d old, 20 ± 2 g) were procured from Chongqing Laboratory Animal Center, Chongqing Medical University (Chongqing, China). The animals were housed at standard animal room temperature (20 ± 2 °C) with 50 ± 10% humidity and a 12 h day-night cycle. The mice were allowed access to experimental chow and water freely. They were acclimatized to the experiment for 7 d prior and then randomly divided into four groups (n = 10). The rats in group A (negative control) were fed a normal diet. The rats in groups B-D were fed WGP at doses of 2, 4, and 6 g/kg mice/d for 28 d. All mice were raised for 28 d and used for the following antifatigue experiments.




2.6.2. Climbing Test


The climbing test was performed based on the previous experiment [27]. Thirty minutes after the final oral administration, the mice were placed on a glass rod (40 cm in height and 8 mm in diameter) to cause their muscles to be in a state of tension. The climbing test was stopped when the mice fell from the glass bar because of muscle fatigue. The total climbing period was calculated as the sum of three records.




2.6.3. Exhaustive Swimming Test


The exhaustive swimming test was performed as described previously [28] on the second day after the climbing test. In brief terms, 60 min after the last treatment, the mice had a load (5% of their body weight) tied onto their tail and were placed in a swimming pool filled with 40-cm-deep water (30 ± 1 °C). The whole time was recorded from the timepoint that the mice were put inside the pool to the endpoint at which the mice were exhausted (the timepoint when the mice could not rise to the surface of the water for more than 10 s).




2.6.4. Measurement of Blood Biochemical Parameters and Tissue Glycogen


The mice were sacrificed after swimming freely for 90 min on the second day for an exhaustive swimming test. Their blood was collected to prepare serum via centrifugation at 1000× g for 10 min. The liver and muscle (the quadriceps femoris of the hind legs) were taken immediately from the mice. Serum and organs were frozen at −80 °C for subsequent tests. The BUN and BLA levels were determined using commercial kits. A certain weight of cleaned organ was mixed with 9 times the volume of saline and milled to obtain tissue homogenate. MG and LG were measured using commercial kits.





2.7. Network Pharmacological Analysis


2.7.1. Active Compound Screening and Potential Targets’ Identification


All the bioactive ingredients of WGP were collected from the TCMSP database (https://www.tcmsp-e.com/#/home, accessed on 11 June 2024) [29,30]. To ensure their metabolic potential in vivo, the obtained components were screened based on parameters such as oral bioavailability (OB) and drug likeness (DL). The screening criteria were OB value ≥ 30%, DL value ≥ 0.18. The potential targets of the active ingredients were then obtained from TCMSP and transformed into the corresponding gene symbols using the UniProt database (https://www.uniprot.org/, accessed on 11 June 2024).




2.7.2. Identification of Target Genes


Disease targets were collected from the GeneCards database (https://www.genecards.org/, accessed on 11 June 2024), the Online Mendelian Inheritance in Man database (OMIM, https://omim.org/, accessed on 11 June 2024), the Therapeutic Target Database (TTD, https://db.idrblab.net/ttd/, accessed on 11 June 2024), and the DisGeNET database (http://www.disgenet.org/, accessed on 11 June 2024) [31]. Subsequently, all search results were compiled, summarized, and deduplicated to create target libraries for age, AS, and fatigue.




2.7.3. Protein-Protein Interaction Network Analysis


The overlapping target genes between potential active compounds and diseases were analyzed using Venn diagrams. After that, a WGP compound-target-disease network diagram was constructed using the Cytoscape 3.9.1 software. The STRING database (https://string-db.org, accessed on 11 June 2024) was used to obtain the protein-interaction relationship of the overlapping targets between ingredient targets and disease targets. The organism was set to “Homo sapiens”, and a confidence level was set to >0.9. The PPI network was established using the Cytoscape 3.9.1 software, and the top 10 core targets were screened with the CytoHubba plugin [32].




2.7.4. GO and KEGG Pathway Analysis


The overlapping genes associated with both WGP active compounds and diseases were imported into the DAVID database (https://david.ncifcrf.gov, accessed on 11 June 2024), and the species “Homo sapiens” was selected for GO and KEGG enrichment analysis [33]. The results were screened according to the criterion of the False Discovery Rate (FDR) < 0.05, the p-values were ranked from smallest to largest, and the top 10 results were selected. Then, advanced bubble plots were drawn for a visual presentation of GO and cellular pathway enrichment results. The GO analysis results were sorted and visualized separately for the biological process (BP), cellular component (CC), and molecular function (M) categories.




2.7.5. Molecular Docking Analysis


According to the network of WGP compound-target-disease, the top 3 key active ingredients were screened, and the 3D structure files of the compounds were downloaded from the PubChem database (https://pubchem.ncbi.nlm.nih.gov, accessed on 15 June 2024). Three-dimensional protein crystal structures were downloaded from the RCSB-PDB database (FOS-PDB ID: 1FOS, ESR1-PDB ID: 1A52, MAPK8-PDB ID: 3ELJ, SP1-PDB ID: 1VA1, https://www.rcsb.org, accessed on 15 June 2024). Molecular docking was performed using the Discovery Studio software (Version 2019) to validate compound-target interactions.





2.8. Statistical Analysis


Statistical analysis was performed with the SPSS 20.0 software, and all data were expressed as means ± standard deviations (SDs). Multiple comparisons among different groups were analyzed with a one-way analysis of variance, followed by Duncan’s test. Data were considered to indicate a significant difference at the level of p < 0.05.





3. Results


3.1. Anti-Aging Activity


3.1.1. Assessment of Learning and Memory


D-Gal-induced aging mice pursued a complex and untargeted moving route, and they had difficulty finding the platform (Figure 2A–G). Compared to the model-group mice, WGP increased the ability of aging mice to find the platform and enhanced their moving time and distance in the quadrant where the platform was located (Figure 2H–J). WGP improved the learning and memory ability of the aging mice. WGP-H at a high dose seemed to have the best efficacy.




3.1.2. Effects of WGP on the Spleen, Thymus, and Other Organ Indexes


Compared to the old control, D-gal-induced aging mice had lower spleen and thymus indexes (Figure 3). However, the mice treated with different doses of WGP had increased spleen and thymus indexes. WGP-M at a middle dose obtained the best efficacy in increasing the spleen index, while the thymus index was enhanced most in the mice treated with WGP-L at a low dose and WGP-H. However, there were no differences in the spleen index and thymus indexes among the three treatment groups. In addition, there were no statistically significant differences among the heart, liver, lung, kidney, or brain indexes of the controls and/or the WGP-treated groups (Figure S1).




3.1.3. Effects of WGP on Biochemical Parameters in Serum and Brain


Compared to the adult control, serum MDA and brain MAO were enhanced in the D-gal-induced aging mice (i.e., old control) (Figure 4). After treatment with different doses of WGP, compared to the old control, the serum SOD levels of the aging mice increased, while the serum MDA and brain MAO levels decreased. In addition, a significant reduction in brain MAO was observed in the mice treated with WGP-L. Among the three WGP-treated groups, reductions in MDA were mostly observed in the mice treated with WGP-M.




3.1.4. Histopathological Changes


Compared to the young control, the D-gal-induced aging mice exhibited obvious changes: the liver cells had vacuoles and fat droplets and became disordered; the lung alveolar walls were markedly thickened, and their structures were destroyed; and the renal capsular space was enlarged. Encouragingly, the pathological changes were ameliorated after treatment with WGP at different doses (Figure 5).





3.2. Anti-Atherosclerosis Activity


3.2.1. Effect of WGP on the Biochemical Parameters of HFD Rats


Compared to the negative control, the TC, TG, and LDL-C of HFD rats were significantly improved, while the HDL-C level was significantly reduced (Figure 6). When treated with WGP at different doses, the mice had reduced TC, TG, and LDL-C levels and increased HDL-C. There was a slight improvement in LDH levels (Figure S2). As shown in Figure 6E, the AI index of HFD mice was significantly increased compared to the negative control (p < 0.01), but the index was significantly reduced in mice treated with WGP at different doses (p < 0.01). However, there was no significant difference among all the treatment groups.




3.2.2. Histopathological Analysis


H&E staining revealed the effect of treatment on the histopathological changes in the coronary aortas and abdominal aorta (Figure 7). Compared to rats in the negative control group, aortic thickening and structural disorder, lipid plaque, and endothelial injury were found in HFD rats. Pathological changes in arteries were improved in the WGP-treated groups.





3.3. Anti-Fatigue Activity


3.3.1. Effects of WGP on Climbing Time and Exhaustive Swimming Time


Compared to the negative control, the climbing time and exhaustive swimming time of mice were prolonged after treatment with WGP (Figure 8). The climbing time and exhaustive swimming time in mice in the WGP-H group were approximately 4 times and 1.46 times those in the negative control, respectively.




3.3.2. Histopathological Changes


Compared to the negative control, the BLA level of mice treated with WGP-H significantly decreased (Figure 9), while the BUN level slightly changed, and the LG and MG contents significantly increased by 2.10-fold and 1.98-fold, respectively.





3.4. Network Pharmacology


3.4.1. Screening of Active Compounds and Potential Targets


The active components of WGP were collected through the TCMSP database. There were 15 bioactive compounds that met the set parameters, which were OB ≥ 30% and DL ≥ 0.18 (Table S1). After duplicate targets were removed, 270 targets of WGP bioactive components were obtained from TCMSP and converted into the corresponding genes using the UniProt database (Table S2). We constructed a WGP compound-target-disease network (Figure 10) and analyzed the topological properties of the network using CytoNCA, a plugin in Cytoscape. Three parameters (degree, betweenness centrality, and closeness centrality) were set to distinguish the key active ingredients of the WGP. The top three key active ingredients were identified as quercetin, (-)-epigallocatechin-3-gallate (EGCG), and kaempferol, based on the scores ranked from largest to smallest.




3.4.2. Target Genes of Aging, Atherosclerosis, and Fatigue


The targets related to aging, atherosclerosis, and fatigue were obtained from four databases. They were 8163, 5716, and 8301, respectively. Venn diagram analysis identified 124, 116, and 125 intersection targets, which represent the overlapping targets between ones from WGP active ingredients and aging, atherosclerosis, or fatigue, respectively (Figure 11A–C).




3.4.3. PPI Network and Screening of Key Targets


To further investigate the molecular mechanisms and functions of specific proteins, the STRING database was utilized to construct three PPI network graphs, namely WGP-aging, WGP-atherosclerosis, and WGP-fatigue (Figure S3). The results retrieved from STRING were imported into Cytoscape 3.9.1 for further analysis, and the top 10 core genes were filtered using the CytoHubba plugin (Figure 11D–F). Notably, the top 10 hub genes were the same for WGP-aging and WGP-fatigue. The top 10 hub genes of WGP-atherosclerosis were ranked from high to low according to their scores, which were FOS, ESR1, MAPK8, JUND, JUNB, FOSL1, FOSB, SP1, CTNNB1, and ESR2.




3.4.4. GO Function and KEGG Pathway Enrichment Analysis


To explore the potential anti-atherosclerosis mechanism of WGP, GO function and KEGG pathway enrichment analyses were performed. There were 237 GO entries according to FDR < 0.05, including 156 BP terms, 30 CC terms, and 51 MF terms. An analysis of these data was performed using a bubble chart, which represented the ten most enhanced GO functions (Figure 12A–C) and each KEGG pathway (Figure 12D). In terms of BP, the target genes were mostly related to the positive regulation of transcription from RNA polymerase II promoter, the positive regulation of gene expression, and the response to exogenous stimuli, etc. In terms of CC, the nucleus was the biggest proportion base in the percentage of genes. MF was dominated by enzyme binding, identical-protein binding, transcription-factor activity, sequence-specific DNA binding, etc. In addition, a KEGG analysis revealed that the active ingredients of WGP might affect multiple pathways, including inflammatory pathways, lipids and atherosclerosis, and cancer-related pathways. We also performed GO and KEGG pathway-enrichment analyses for anti-aging (Figure 12E–H) and anti-fatigue (Figure S4), respectively. For anti-aging, the GO analysis yielded a total of 251 items (p < 0.05), with 153 items for BP, 36 for CC, and 62 for MF. The number of GO items for anti-fatigue was the same as that for anti-aging. We generated bubble plots for the top 10 GO entries. We performed KEGG pathway-enrichment analysis of WGP with targets of anti-aging and anti-fatigue effects, respectively (p < 0.05), with the same number of cellular pathways producing effects for anti-aging and anti-fatigue, both with a total of 119 identified pathways. They were mainly focused on inflammatory pathways, lipid-metabolism pathways, hormone-regulation pathways, cellular-senescence pathways, and cancer-related pathways.




3.4.5. Molecular Docking


Based on the WGP compound-target-disease network, the top three major active ingredients were screened as quercetin, EGCG, and kaempferol. According to the topology analysis, the top three core genes of WGP-aging and WGP-fatigue were the same as ESR1, FOS, and SP1. The top three core genes of WGP-atherosclerosis were FOS, ESR1, and MAPK8. Therefore, the main active ingredients were molecularly docked with FOS, ESR1, MAPK8, and SP1, respectively. Binding energy values of less than −5 kcal/mol indicated strong binding between the ligand and the receptor [34]. The top three WGP ingredients (quercetin, EGCG, and kaempferol) could bind stably to the top four core genes of aging, atherosclerosis, and fatigue (FOS, ESR1, MAPK8, and SP1), except that EGCG could not dock successfully with SP1 (Figure 13A–I and Figures S5–S7). The molecular-binding energies of the top three WGP ingredients to MAPK8 were more stable than those of the other target genes (Table S3). In addition, the molecular-binding energies of the top three WGP ingredients to FOS were ranked from low to high as −57.10 kcal/mol (EGCG), −46.73 kcal/mol (kaempferol), and −46.16 kcal/mol (quercetin). It was suggested that QUR, EGCG, and kaempferol are more likely to exert their therapeutic effects through the above targets.






4. Discussion


WGP was prepared using patent technology with a slurry/gelatinization-dehydration/dryness–crush/screen process. The preparation process is energy-efficient, friendly to humans and the environment, without the addition of any chemical additives, and easy to scale up. The obtained WGP has good rehydration and fast dispersion in water. All the nutrients are preserved in the final products. Toxic ingredients such as 4′-O-methylpyridoxine can be removed by heating [22,35]. Active ingredients in ginkgo, such as flavonoids, terpene lactones, sugar, protein, and unsaturated fatty acids, may contribute to curative effects [36].



Aging is a serious situation that lowers one’s quality of life by impairing sensory and motor function and leading to irreversible organ injuries [37]. Decreased memory and cognitive function are common in aging and aging-related nervous system diseases [38]. The water maze test focused on evaluating the ability for spatial learning, non-spatial discrimination learning, and memory. It has been used as a powerful method to measure the cognition of mice [39]. Our results showed that the mice administered WGP increased exercise, as well as a higher time and distance in the targeted quadrant (Figure 1). They suggested that aging mice had poor learning and memory abilities, but an improvement was obtained after treatment with WGP and VE (a positive drug). Ginkgo biloba extract showed good efficacy in promoting episodic memory function in patients with mild cognitive impairment and impaired cognitive and memory abilities in Alzheimer’s disease [40]. The continuous administration of excess D-gal induced excessive ROS production and advanced glycation end products’ expression, finally leading to oxidative damage to the body [41]. The D-gal-induced aging model is suitable to imitate the aging process, during which oxidative stress and free radicals may be involved [42]. Our study showed that the effect of WGP on delaying aging and abated memory might be attributed to antioxidant and immune function (Figure 4). SOD is one of the important components of antioxidant enzyme systems for scavenging excessive free radicals [43]. The increase in MDA is a natural product of lipid oxidation and one of the obvious oxidative stress characteristics [44,45]. MAO is responsible for the oxidative deamination of various biogenic and xenobiotic amines. MAO increases with age [46]. WGP played a key role in improving SOD and reducing MDA and MAO, which led to regulated oxidative stress. The spleen and thymus are important immune organs [47,48]. Their structures and functions are related to immunity and degeneration (Figure 3). They decrease with age. The deterioration of the immune function is the main cause of aging. The increase in the spleen and thymus indexes contributes to the prevention of aging. There were no statistically significant differences among the heart, liver, lung, kidney, or brain indexes of the controls and/or WGP-treated groups (Figure S1), suggesting that no obvious organ damage occurred in aging mice or was induced via WGP [49]. Similarly, the improvement in pathological changes in organs is conducive to maintaining body function (Figure 5) [50,51].



Atherosclerosis is the underlying cause of CVDs, and hyperlipidemia is one of the major risk factors for increasing the occurrence of atherosclerosis and CVDs [52]. Hyperlipidemia is characterized by enhanced serum levels of TG, TC, and LDL-C and a reduced positive indicator of a high serum HDL-C level [53]. Therefore, functional materials are useful for preventing atherosclerosis and CVDs by regulating lipid metabolism and disturbances of hyperlipidemia [54]. Ginkgo biloba leaves and their extracts have been widely applied to treat CVDs and atherosclerosis, and the mechanism may involve decreased inflammatory factor levels in serum, improved coronary artery circulation, and decreased membrane damage caused by free radicals [55,56,57]. Flavonoids and terpene trilactones are active ingredients in ginkgo. They are potential compounds for preventing atherosclerosis and related diseases [36,58]. Here, our study concluded that WGP had a hypolipidemic effect by adjusting the increase in LDL-C and TG, as well as promoting the level of HDL-C, similar to other anti-atherosclerosis ingredients (Figure 5 and Figure 6) [59]. We further confirmed that WGP prevented atherosclerosis and related CVDs by inhibiting the occurrence of endothelial damage and atheromatous plaque in the initial step of atherosclerosis [60].



Exercise performance and energy metabolism are indicators reflecting the body’s ability to relieve fatigue. Forced swimming and climbing tests are suitable for evaluating exercise performance [61]. WGP significantly increased the forced swimming time and climbing time of mice (Figure 7), demonstrating the obvious antifatigue effect by improving exercise performance. We further determined the metabolic product content to determine whether WGP had an anti-fatigue effect (Figure 8). Aerobic metabolism cannot meet energy requirements and anaerobic glycolysis is conducted during high-intensity exercise [62]. BLA and BUN are considered two parameters to evaluate fatigue. BLA is the glycolysis product of carbohydrates under anaerobic conditions, and its accumulation may cause metabolic dysfunction and fatigue [63,64]. Prolonged strenuous exercise caused the body to accelerate glycolysis, reduce glycogen storage, and produce lactic acid. The increased BLA level brought about a reduction in pH in muscle tissue and blood and caused acidosis, finally leading to the production of fatigue. The reduced BLA showed an anti-fatigue effect. Treatment with WGP, especially at a high dose, markedly reduced the overproduction and accumulation of BLA. BUN is the metabolic product of protein and an amino acid when energy from sugar or fat metabolism cannot meet needs. The accumulation of BUN leads to a decrease in muscle contraction strength and induces fatigue [65]. WGP had a small impact on BUN. The body’s energy supply and its hepatic and muscle glycogen stores maintain homeostasis to achieve exercise sustainability and body recovery [66]. We confirmed that the LG and MG content in mice treated with WGP-H significantly increased, suggesting that WGP provided the mice with sufficient energy storage for exercise.



We identified 270 common effect targets of the 15 bioactive compounds in WGP that are associated with aging, atherosclerosis, or fatigue. These targets may be crucial for the treatment of aging, atherosclerosis, or fatigue (Table S2). The intersection targets of WGP with aging, atherosclerosis, or fatigue were analyzed using Venn diagrams and found to be 124, 116, and 125 targets, respectively (Figure 9A–C). Biological functions cannot occur autonomously from individual proteins, but they are generated via complex networks of proteins [67]. Ten hub genes were identified through the protein-interaction network analysis of active ingredients with three common disease targets, respectively. FOS, ESR1, MAPK8, and SP1 are important targets for anti-aging, anti-atherosclerosis, and anti-fatigue. FOS can regulate the production of vascular endothelial growth factor and be involved in the biosynthesis of cholesterol (a key regulator of lipid metabolism) [68]. The FOS/MAPK signaling pathway inhibits M1 macrophage polarization and promotes M2 polarization, inhibiting and stabilizing the progression of atherosclerosis plaques [69]. Matrix metalloproteinase-1 (MMP-1) is the major protease responsible for collagen breakage, and it accelerates aging production. The phosphorylation of c-FOS (a gene product of FOS) can reduce ROS production, downregulating MMP-1 mRNA protein expression and delaying aging [70]. ESR1 activates specific target genes in vascular smooth muscle, inhibits smooth-muscle-cell migration, and it accelerates endothelial cell growth to produce atherosclerosis-protective effects [71]. The downregulation of the expression of MAPK8 can provide therapeutic atherosclerosis effects by promoting endothelial cell proliferation, inhibiting apoptosis, and suppressing the inflammatory response [72]. SP1 is an upstream transcription factor of proline/serine-rich coiled-coil protein 1 (PSRC1), and it represses PSRC1 transcription. The overexpression of PSRC1 reduces the macrophage inflammatory response and delays the development of atherosclerosis [73]. Sp1 is an anti-aging transcription factor in telomere uncapping-induced senescence. The downregulation of Sp1 leads to senescence through downregulating nuclear translocation [74]. Meanwhile, we molecularly docked the main active components of WGP with FOS, ESR1, MAPK8, and SP1. The molecular-binding energy results indicated that the bond between active components and target genes was stable. The molecular mechanism analysis revealed that the active components of WGP have a positive influence on the four potentially important therapeutic targets of aging, atherosclerosis, or fatigue (i.e., FOS, ESR1, MAPK8, and SP1). The GO and KEGG pathway enrichment analyses were performed to analyze the common targets of WGP with anti-aging, anti-atherosclerosis, and anti-fatigue. Among the major hub genes FOS, ESR1, MAPK8, and SP1 were 44, 8, 64, and 10 enriched KEGG cellular pathways, respectively. In the anti-atherosclerosis KEGG cell pathway analysis, we identified important signaling pathways mostly related to anti-inflammation. The common anti-inflammatory signaling pathways mainly focused on the TNF signaling pathway, IL-17 signaling pathway, MAPK signaling pathway, NF-kappa B signaling pathway, Toll-like receptor signaling pathway, and JAK-STAT signaling pathway. Previous studies have reported that the above anti-inflammatory pathways slow down the progression of atherosclerosis by inhibiting the production of inflammatory factors [75,76]. Among the anti-aging KEGG cell pathway molecules, WGP mainly exerts anti-aging effects through anti-inflammatory (such as the NF-kappa B signaling pathway) and metabolic (such as the AMPK signaling pathway) pathways. The molecular mechanism of anti-aging is related to the regulation of the SIRT1/NF-κB pathway [77]. The activation of the AMPK signaling pathway can improve the quality and function of skeletal muscle and achieve anti-aging effects [78]. Among the anti-fatigue KEGG cell pathway molecules, WGP mainly exerts anti-fatigue effects through cellular senescence, apoptosis, and other pathways.



Our findings confirmed the health benefits of WGP and discovered multiple potential targets and pathways. However, more research, such as a pharmacokinetic study and component distribution, is needed to fully elucidate the in vivo process and mechanisms of action.




5. Conclusions


WGP has the multifunctional efficacy of anti-aging, anti-atherosclerosis, and anti-fatigue. The underlying mechanisms can be illustrated from the multi-component, multi-target, and multi-pathway perspectives through an experimental evaluation and a network pharmacology analysis. WGP exhibited an anti-aging effect on D-Gal-induced mice. This effect was ascribed to memory improvement, an antioxidant capacity increase, and organ function maintenance. WGP reduced atherosclerosis progression in HFD-fed rats by adjusting lipid disorders and inhibiting endothelial damage in arteries. WGP exhibited the ability to enhance exercise performance, regulate the production or accumulation of metabolic products, and increase the glycogen content to relieve fatigue. In summary, WGP has multifunctional efficacies against aging, atherosclerosis, and fatigue. Here, we identified 15 potential compounds and 124, 116, and 125 targets related to anti-aging, anti-atherosclerosis, and anti-fatigue, respectively. Quercetin, EGCG and kaempferol were found to be the main active components of WGP. Moreover, FOS, ESR1, MAPK8, and SP1 were distinguished as hub gene targets via a PPI network analysis. The above three active components of WGP can stably bind to the four hub gene targets via a molecular-docking simulation analysis.
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Abbreviations




	Abbreviation
	Fullname



	AI
	atherosclerosis index



	BLA
	blood lactic acid



	CVDs
	cardiovascular diseases



	D-gal
	D-galactose



	GB
	Ginkgo biloba L



	HDL-C
	high-density lipoprotein cholesterol



	LDL-C
	low-density lipoprotein cholesterol



	LG
	liver glycogen



	MAO
	monoamine oxidase



	MDA
	malondialdehyde



	MG
	muscle glycogen



	TC
	total cholesterol



	TG
	triglyceride



	WGP
	whole ginkgo biloba L powder



	TCMSP
	traditional Chinese medicine systems pharmacology database and analysis platform



	OB
	oral bioavailability



	DL
	drug likeness



	OMIM
	online mendelian inheritance in man



	TTD database
	therapeutic target database



	PPI
	protein–protein interaction



	GO
	gene ontology



	KEGG
	Kyoto encyclopedia of genes and genomes



	FDR
	false discovery rate



	BP
	biological process



	CC
	cellular component



	MF
	molecular function



	EGCG
	(-)-epigallocatechin-3-gallate
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Figure 1. Schematic diagram depicting the experimental studies and network pharmacological analysis to assess the multifunction efficacy of whole ginkgo biloba L powder. 
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Figure 2. Effects of whole ginkgo powder (WGP) on (A–G) motion map and (H) numbers to cross the virtual platform, (I) time in the first quadrant, (J) distance in the first quadrant in the water maze test for D-galactose (D-gal)-induced aging mice. Data are expressed means ± standard deviations (SDs) (n = 10). * and #, p < 0.05 compared with the adult control (Group B) and old control (Group C), respectively; ##, p < 0.01 compared with e old control (Group C). Motion map of different groups A–G: Group A, young control; Group B, adult control, non-aging; Group C, old control, non-treated; Group D, vitamin E (VE) (0.1 g/kg)-treated, aging; Group E, WGP (2 g/kg)-treated, aging; Group F, WGP (4 g/kg)-treated, aging; Group G, WGP (6 g/kg)-treated, aging. 
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Figure 3. Effects of WGP on (A) spleen index and (B) thymus index in different treatment groups. Data are expressed means ± SDs (n = 10). 
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Figure 4. Effects of WGP of (A) superoxide dismutase (SOD) levels, (B) serum malondialdehyde (MDA), and (C) brain monoamine oxidase (MAO). Data are expressed means ± SDs (n = 10). * and #, p < 0.05 compared with the adult control (Group B) and the old control (Group C), respectively; **, p < 0.01 compared with the adult control (Group B) and the old control (Group C). 
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Figure 5. Effects of WGP on the liver, lung, and kidney of D-gal-induced aging mice. The histological changes are revealed via hematoxylin and eosin (H&E) staining (400×). Scale bar = 50 µm. Control 1, 60-d mice; Control 2, 300-d mice. 
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Figure 6. Effects of WGP on (A–D) serum biochemical lipid parameters and (E) atherosclerosis index (AI) in rats. Data are expressed means ± standard deviations (SDs) (n = 10). * and #, p < 0.05 compared with the negative control (Group A) and high-fat diet (HFD)-fed mice (Group B), respectively; ** and ##, p < 0.01 compared with the negative control (Group A) and high-fat diet (HFD)-fed mice (Group B). Group A: negative control, old; Group B: model control, HFD-fed; Group C: treatment, treated with 1 g of simvastatin (Sim); Group D: treatment, treated with 0.5 g of WGP; Group E: treatment, treated with 1 g of WGP; Group F: treatment, treated with 1.5 g of WGP. 
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Figure 7. Effects of WGP on coronary artery and abdominal aorta. The histological examinations were performed via H&E staining. The lipid plaque (LP) and endothelial injury (EI) were marked in different groups (400×). Scale bar = 50 μm. 
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Figure 8. Effects of WGP on the (A) climbing time and (B) exhaustive swimming time of mice. Data are expressed as means ± standard deviations (SDs) (n = 10). * p < 0.05 and ** p < 0.01 compared with the negative control (Group A). Group B: treatment, treated with 2 g of WGP; Group C: treatment, treated with 4 g of WGP; Group D: treatment, treated with 6 g of WGP. 
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Figure 9. Effects of WGP on blood and tissue parameters. (A) Blood lactic acid (BLA); (B) blood urea nitrogen (BUN); (C) muscle glycogen (MG); (D) liver glycogen (LG) in mice. Data are expressed as means ± standard deviations (SD) (n = 10). * p < 0.05 and ** p < 0.01 compared with the negative control (Group A). Group B: treatment, treated with 2 g of WGP; Group C: treatment, treated with 4 g of WGP; Group D: treatment, treated with 6 g of WGP. 
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Figure 10. Relationships of active components and disease targets. The WGP compounds-targets-aging networks include the WGP compounds-targets-aging network (A), WGP compounds-targets-atherosclerosis network (B), and WGP compounds-targets-fatigue network (C). The green hexagon represents the disease, the round blue rectangle represents the target of the WGP compound, the red circle represents the WGP active ingredient compound, the edges represent the interactions between the nodes, and the dark pink diamond represents the WGP formula. 
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Figure 11. Network pharmacological analysis of WGP. (A–C) Venn diagram of the action targets of WGP and the targets of aging (A), atherosclerosis (B), and fatigue (C). (D–F) Protein-protein interaction network reflected in cytohubba-MCC identified hub genes in the gene lists for WGP-aging (D), WGP-atherosclerosis (E), and WGP-fatigue (F). Node size and color in the network graph are positively correlated with the degree value. Redder colors and larger nodes represent larger degree value. 






Figure 11. Network pharmacological analysis of WGP. (A–C) Venn diagram of the action targets of WGP and the targets of aging (A), atherosclerosis (B), and fatigue (C). (D–F) Protein-protein interaction network reflected in cytohubba-MCC identified hub genes in the gene lists for WGP-aging (D), WGP-atherosclerosis (E), and WGP-fatigue (F). Node size and color in the network graph are positively correlated with the degree value. Redder colors and larger nodes represent larger degree value.



[image: Antioxidants 13 01104 g011]







[image: Antioxidants 13 01104 g012] 





Figure 12. GO enrichment analysis and KEGG pathway analysis. (A–D) GO enrichment analysis and KEGG pathway of intersection target of WGP and atherosclerosis (FDR ≤ 0.05). The biological processes (top 10, (A)), the cellular components (top 10, (B)), the molecular functions (top 10, (C)), and the KEGG pathways (top 10, (D)). (E–H) GO enrichment analysis and KEGG pathway analysis for WGP-Aging (FDR ≤ 0.05). The biological processes (top 10, (E)), the cellular components (top 10, (F)), the molecular functions (top 10, (G)), and the KEGG pathways (top 10, (H)) analysis for WGP-aging. The bubble size represents the number of targets in the pathway. The bubble color indicates the magnitude of the −log10(p) values. 
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Figure 13. Molecular docking to model the interaction between FOS and three active ingredients of WGP (quercetin, EGCG, or kaempferol). (A–C) Interaction of FOS and quercetin. (A) Binding conformation of FOS-quercetin complex. (B,C) Electrical interactions of residue of FOS with quercetin. (D–F) Interaction of FOS and EGCG. (D) Binding conformation of FOS-EGCG complex. (E,F) Electrical interactions of residue on FOS with EGCG. (G–I) Interaction of FOS and kaempferol. (G) Binding conformation of FOS-kaempferol complex. (H,I) Electrical interactions of residue on FOS with kaempferol. 
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