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Abstract

:

Wild ginseng has better pharmacological effects than cultivated ginseng. However, its industrialization is limited by the inability to grow wild ginseng on a large scale. Herein, we demonstrate how to optimize ginseng production through cultivation, and how to enhance the concentrations of specific ginsenosides through fermentation. In the study, we also evaluated the ability of fermented cultured wild ginseng root extract (HLJG0701-β) to inhibit acetylcholinesterase (AChE), as well as its neuroprotective effects and antioxidant activity. In in vitro tests, HLJG0701-β inhibited AChE activity and exerted neuroprotective and antioxidant effects (showing increased catalyst activity but decreased reactive oxygen species concentration). In in vivo tests, after HLJG0701-β was orally administered at doses of 0, 125, 250, and 500 mg/kg in an animal model of memory impairment, behavioral evaluation (Morris water maze test and Y-maze task test) was performed. The levels of AChE, acetylcholine (ACh), blood catalase (CAT), and malondialdehyde (MDA) in brain tissues were measured. The results showed that HLJG0701-β produced the best results at a dose of 250 mg/kg or more. The neuroprotective mechanism of HLJG0701-β was determined to involve the inhibition of AChE activity and a decrease in oxidative stress. In summary, both in vitro and in vivo tests confirmed that HJG0701-β administration can lead to memory improvement.
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1. Introduction


Dementia is a symptom of neurodegenerative diseases including Alzheimer’s disease (AD) [1]. Typical symptoms of AD include memory loss, depression, lapses in judgment, confusion, and cognitive loss [2,3]. Oxidative stress, metal ion homeostasis, mitochondrial dysfunction, neuroinflammation, apoptosis, endoplasmic reticulum dysfunction, and cell cycle imbalance have been implicated in the development of AD [2,4]. There is mounting evidence that damage to neuronal synapses, loss of neuronal function, decreased neuronal metabolic function, and damage to neurotransmitter systems can be caused by excessive deposition of amyloid-β25–35 (Aβ25-35) protein, a representative neuropathological cause of AD, in brain cells [2,5,6]. Aβ25-35 accumulates in cells due to the effects of reactive oxygen species (ROS), such as hydrogen peroxide (H2O2) generated in vivo through metabolic processes, superoxide anions, hydroxyl radicals, etc., which can cause DNA damage, protein oxidation, and lipid peroxidation, resulting in cell dysfunction, the collapse of cell membrane fluidity, and apoptosis, leading to AD [7].



The degradation of ACh, a neurotransmitter, by AChE can lead to declines in cognitive function and memory as AChE plays an important role in learning and memory [8]. Efforts are underway to activate the cholinergic system in the brain using a cholinergic agonist or AChE inhibitor that can inhibit ACh hydrolysis, with the aim of alleviating the deficiency in cholinergic neurons by inhibiting AChE activity [9]. Donepezil, rivastigmine, galantamine, and memantine are typical therapeutic drugs used in AD clinical trials. All these therapeutic drugs, except memantine, an N-methyl-d-aspartate (NMDA) receptor antagonist, are cholinergic inhibitors that act in the brain [10]. Studies have shown that cholinergic action is a key factor in AD [11,12]. However, the AChE inhibitors that are used to improve the cognitive function of patients with AD are associated with numerous side effects, including nausea, diarrhea, anorexia, and abdominal pain [11]. Accordingly, researchers are attempting to develop AChE inhibitors derived from natural products that can replace the existing AChE inhibitors [13].



Panax ginseng C.A. Meyer, which belongs to the family Araliaceae, is naturally distributed in Korea, China, Japan, Europe, and North America [14,15,16]. The roots of these plants are traditionally used as herbal medicines for the treatment of human diseases [17], while certain plant extracts are used to improve immune system and liver function [18,19]. The root extracts of this plant have also been shown to possess anti-stress, anti-diabetic, anti-inflammatory, antioxidative, anti-aging, anti-cancer, and immunomodulatory activity, along with neuroprotective, anti-fatigue, cardio-protective, and hepato-protective physiological and pharmacological effects [20,21,22,23]. Previous studies have reported the presence of numerous phytochemicals in ginseng roots, including ginsenosides, flavonoids, monoterpenes, triterpenes, fatty acids, phenylpropanoids, alkanes, alkynes, sterols, kairomones, and polysaccharides [24,25]. Among these bioactive compounds, ginsenosides are the most important due to their wide range of health benefits, which include cancer prevention and immunomodulatory activity [26]. Previous studies have shown that the consumption of ginseng rich in ginsenoside contributes significantly to preventing health problems, including a reduction in cerebral ischemic injury [27], improved levels of anti-apoptosis mediators in the rat brain [28], and improved the Aβ-induced mitochondrial pathology [29].



The conventional methods of growing ginseng in the cultivation field are time-consuming and labor-intensive, which translates into increased costs [30]. The use of bioreactors for the cultured wild ginseng roots is beneficial and economical for the production of valuable bioactive compounds [31,32]. The technology for producing ginsenosides using the cultured wild ginseng roots, after introducing wild ginseng hair cells, offers the advantages of genetic safety and high productivity compared to using wild ginseng in its natural habitat. Such technology is already being used in the development of functional foods and physiologically active products [33,34]. A number of previous studies have shown that the high-molecule ginsenosides in ginseng (molecular weight of 947.15–1109.29) cannot be absorbed in the human intestine [35]. To decompose the sugars bound to high-molecule ginsenosides, physical and chemical processes such as acid treatment, heat treatment (steaming), and fermentation are used to promote conversion into small-molecule ginsenosides [36]. Decomposed small-molecule ginsenosides can be effectively absorbed by the body and are pharmacologically active [37]. Rg3, Rk1, and Rg5 are three typical small-molecule ginsenosides [38]. Rg3 can reportedly lower blood pressure and exert anti-cancer effects [39,40]. Rg3, Rk1, and Rg5 can prevent dementia [41,42,43] and osteoporosis [44]. Furthermore, Compound K has anti-inflammatory [45] and hepato-protective effects [46]. Tissue culture technology, one of the technologies of plant production, enables the differentiation of cells into tissues or organs by the totipotency of plants, therefore it is at the center of researches into plant systems capable of producing specific metabolic products. Through cells and callus suspension culture, it has the advantages of genetic and biochemical stability, hormone autotrophy, and multienzyme biosynthetic capacity, etc., as a biocatalyst [47,48]. The synthesis of metabolites and biotransformation by an “elicitor” can bring about changes in subjects for research in substances originating from plants, which are realistically unavailable. Unprecedented plant molecules belonging to a completely new group, available for commercial utilization including therapeutic purposes, were discovered in the process of biotransformation, by which the use of hazardous chemical substances can be avoided, and accordingly, it is spotlighted as an initial step in the field of green chemistry [49].



The objective of the present study is to optimize ginseng production through in vitro culturing and to enhance the contents of specific ginsenosides in fermented cultured wild ginseng roots using HPLC analysis. We also evaluated the ability of a fermented cultured wild ginseng roots extract, HLJG0701-β, to inhibit AChE activity and assessed its neuroprotective and antioxidant effects using a scopolamine and ovariectomized (OVX) + d-galactose-induced animal model of aging and memory impairment.




2. Results


2.1. Ginsenoside Content


Quantitative analysis was performed on eight types of ginsenosides, divided into high-molecule and small-molecule ginsenosides. The total concentration of ginsenosides in cultured wild ginseng root treated with jasmonate was 188.06 ± 4.98 mg/g. Five high-molecule ginsenosides (Rb1, Rc, Rb2, Rb3 and Rd) were detected, but no small-molecule ginsenosides (Rg3, Rk1, and Rg5) were detected. The total concentration of ginsenosides in fermented HLJG0701-β was 117.96 ± 3.38 mg/g. The levels of high-molecule ginsenosides (Rb1, Rc, Rb2, Rb3, and Rd) were decreased in this specimen compared to the unfermented specimen, while the levels of small-molecule ginsenosides were detectable (Rg3, 44.26 ± 1.02 mg/g; Rk1, 15.93 ± 0.32 mg/g; Rg5, 23.10 ± 0.59 mg/g) in the fermented sample (Table 1, Figure 1). Overall, the high-molecule ginsenoside concentrations were altered by fermentation, such that the contents of Rg1 (51.53 ± 1.34 mg/g→9.26 ± 0.28 mg/g), Rc (38.16 ± 1.10 mg/g→4.93 ± 0.41 mg/g), Rb2 (34.36 ± 1.26 mg/g→6.36 ± 0.40 mg/g), Rb3 (8.10 ± 0.52 mg/g→2.83 ± 0.35 mg/g), and Rd (55.90 ± 0.85 mg/g→11.26 ± 0.56 mg/g) tended to decrease. In addition, the small-molecule ginsenosides (Rg3, Rk1, and Rg5), which were not present in the cultured wild ginseng root treated with methyl jasmonate, accounted for 83.29 mg/g of all ginsenosides after fermentation. Table 1 and Figure 1 illustrate the changes in ginsenoside content that occurred during fermentation. These increases in the concentrations of ginsenosides Rg3, Rk1, and Rg5 are thought to be due to the fermentation-induced conversion of high-molecule ginsenosides to small-molecule ginsenosides.




2.2. In Vitro Experiment


2.2.1. Neuroprotective Effect


AChE Activity


To determine the potential utility of HLJG0701-β, its inhibitory potency was evaluated according to a modified Ellman procedure. Initially, all obtained HLJG0701-β specimens were tested at concentrations of 5 mg/mL and 40 mg/mL. HLJG0701-β showed more than 60% activity at concentrations of 20 mg/mL (68.56 ± 2.12%) and 40 mg/mL (87.65 ± 0.16%) (p < 0.01). Since HLJG0701-β exhibited AChE inhibitory effects, it may be able to enhance memory and prevent dementia, suggesting the possibility of its application as a therapeutic AChE inhibitor (Figure 2).




Nerve Cell Damage-Induced Protective Effect


Aβ25-35 and H2O2 were separately added to SH-SY5Y cells (5 × 104cells/96-well), which were then incubated at 37 °C for 24 h, to investigate the potential neuroprotective effects of the ginsenosides. In the Aβ25-35 test, the treatment of SH-SY5Y cells with 5 µM Aβ25-35 alone led to a significant decrease in cell viability, to 77.31 ± 2.74%, versus treatment with 0.31 µg/mL ginsenoside Rk1 positive control (89.29 ± 5.62%) (p < 0.01). The treatment group showed more than 80% activity at concentrations of 0.04 µg/mL (82.48 ± 0.51%), 0.16 µg/mL (80.52 ± 2.45%), 0.63 µg/mL (96.01 ± 4.04%), 2.5 µg/mL (84.23 ± 1.51%), and 10 µg/mL (86.05 ± 4.96%) (p < 0.01) (Figure 3A).



In the H2O2 test, the treatment of SH-SY5Y cells with 100 µM H2O2 alone led to a significant decrease in cell viability, to 72.61 ± 2.38%, versus treatment with 0.31 µg/mL ginsenoside Rk1 positive control (99.58 ± 3.63%) (p < 0.01). In the test in which oxidative stress was induced by treatment with H2O2, when a low concentration of HLJG0701-β was treated, it was confirmed that SH-SY5Y cells were statistically significantly protected by the test substance when compared to the control group (Figure 3B). Even at low concentrations, HLJG0701-β showed significant protective effects against the nerve cell damage caused by toxic Aβ25-35 and H2O2. Therefore, HLJG0701-β has a protective effect against neuronal damage.





2.2.2. Antioxidant Effect


ROS and CAT Activity


HLJG0701-β was then pretreated, followed by incubation at 37 °C for 24 h. ROS production was induced in SH-SY5Y cells (2 × 106 cells/6-well) by treatment with H2O2 for 4 h. After staining with DCFDA, fluorescence expression was measured to compare ROS activity between samples.



As expected, H2O2 induced oxidative stress, as ROS activity was significantly increased following treatment with 300 µM H2O2 compared to the control (p < 0.01). The test group treated with positive control (300 µM H2O2 + 50 µM ascorbic acid) showed a ROS activity level of 62.51 ± 0.31% versus the H2O2 treatment group (100%). All treatment groups showed a reduction in H2O2-induced ROS activity (300 µM H2O2 + 75, 150, 300 µg/mL HLJG0701-β) = (58.85 ± 0.85%, 43.77 ± 0.52%, 26.9 ± 1.37%) (Figure 4A) (p < 0.01).



CAT activity was significantly decreased in the 300 µM H2O2 treatment group compared to the control (p < 0.01). The test group treated with positive control (300 µM H2O2 + 50 µM ascorbic acid) showed 163.04 ± 4.82% of CAT activity versus the H2O2treatment group (p < 0.01). All treatment groups showed changes in H2O2-induced CAT activity (300 µM H2O2 + 75, 150, 300 µg/mL HLJG0701-β) = (94.9 ± 16.03, 98.43 ± 9.92, 115.69 ± 8.16%) (Figure 4B) (p < 0.01).






2.3. In Vivo Experiment


2.3.1. Scopolamine-Induced Animal Model


Morris Water Maze Task


The underwater maze test is widely used to measure hippocampal-dependent spatial perception and learning ability. When memory and learning ability are preserved, the time to reach the stable platform (escape latency) is reduced.



The performance of all groups in the MWM training task is shown in Figure 5. The behavior of mice in all groups improved during successive training days, as evidenced by shortened escape latencies. The scopolamine group took longer to find the platform than the control group, from the second day to the fifth day of the training period, showing that scopolamine treatment resulted in significant cognitive dysfunction in mice (p < 0.01, p < 0.05). Meanwhile, 250 and 500 mg/kg HLJG0701-β and 5mg/kg donepezil treatment significantly increased the escape latency on the fourth (51.6 ± 5.7 s, 52.4 ± 2.9 s, 44.0 ± 4.9 s, respectively) and fifth (39.0 ± 1.9 s, 32.4 ± 3.8 s, 36.1±5.6s, respectively) (p < 0.01) days of the training period, compared to the scopolamine group (54.3 ± 3.1 s, 52.1 ± 3.4 s, respectively) (p < 0.01, p < 0.05). The swimming time in the target quadrant of the scopolamine group (7.7±0.9 s) was significantly less than that of the control group (19.8 ± 4.7 s) (p < 0.05). On the other hand, the swimming time in the target quadrant was extended in the positive control treatment groups (16.5 ± 3.3 s, 13.6 ± 3.0 s, 13.9 ± 2.6 s, 19.9 ± 1.4 s, respectively). Although the differences were not significant, an increased swimming time was observed in mice exposed to 125 and 250 mg/kg HLJG0701-β (Figure 5B,C). As shown in Figure 5D, the total swimming distance of each group decreased. The distance traveled by mice in the positive control group decreased throughout the training period (758.1 ± 98.0 cm) (p < 0.05). In addition, the swimming distance of the treatment groups (925.1 ± 52.9 cm, 886.6± 81.9 cm, 821.5 ± 72.6 cm, respectively) was clearly less than that of the scopolamine group (1184.6 ± 42.0 cm).




Y-Maze Task


Scopolamine was used to produce AD-like memory deficits in mice, and donepezil (5 mg/kg, positive control), an approved AChE inhibitor, was employed as a positive reference drug. Figure 6A shows the effects of scopolamine and HLJG0701-β (125, 250, 500 mg/kg) treatment on spontaneous alternation behavior and locomotor activity (total arm entry) in the Y-maze test. Scopolamine injection significantly decreased short-term memory performance, as evidenced by the decrease in spontaneous alternation percentage compared with the control group (p < 0.05). Spontaneous alternation significantly decreased to 37.1 ± 7.1% in the scopolamine group, from 59.8 ± 3.1% in the control group. However, the scopolamine-induced decrease in the spontaneous alternation rate was significantly increased in the positive control group (60.8 ± 3.9%) (p < 0.05), 125 and 250 mg/kg HLJG0701-β treatment groups (43.1 ± 5.6%, 47.4 ± 4.5%, respectively), and 500 mg/kg HLJG0701-β treatment group (54.7 ± 4.1%) (p < 0.05).



The total number of entrances and exits for each arm of the maze was measured for all test animals; no statistically significant difference was observed among all test groups (Figure 6B).





2.3.2. Ovariectomized (OVX) + d-Galactose-Induced Animal Model


Morris Water Maze Task


The performance of all groups in the MWM training task is shown in Figure 7. The behavior of mice in all groups improved during successive training days, as evidenced by shortened escape latency. The ovariectomized (OVX)+ d-galactose group took more time to find the platform than did the control group from the fourth to the fifth day of the training period, showing that OVX + d-galactose-induced changes could cause significant cognitive dysfunction in mice (p < 0.01, p < 0.05). Meanwhile, the positive control treatment groups exhibited significant amelioration of the OVX + d-galactose treatment increase in escape latency on the third, fourth (36.1 ± 5.5 s, 27.8 ± 5.3 s, 22.3 ± 3.1 s, 24.6 ± 4.8 s, respectively) and fifth (30.8 ± 5.8 s, 22.4 ± 4.7 s, 18.0 ± 3.6 s, 20.9 ± 5.9 s, respectively) days of the training period compared to the OVX + d-galactose group (48.4 ± 4.5 s, 38.3 ± 3.3 s, respectively).



The swimming time in the target quadrant of the OVX + d-galactose group (9.8 ± 2.4 s) was significantly less than that of the control group (20.7 ± 2.5 s) (p < 0.05). On the other hand, the swimming time was extended in the positive control treatment groups (20.3 ± 3.4 s, 18.4 ± 1.2 s, 19.3 ± 1.7 s, 20.1 ± 3.6 s, respectively) (p < 0.05). Swimming time was significantly increased in mice exposed to the treatment group (Figure 7B,C).



As shown in Figure 7D, the total swimming distance of each group was decreased. The swimming distance in the positive control group decreased throughout the training period (819.4 ± 109.1cm) (p < 0.05). In addition, the swimming distance of the treatment groups (897.8 ± 75.0 cm, 872.6 ± 115.5 cm, 908.1 ± 86.5 cm, respectively) were clearly reduced in comparison with that of the OVX + d-galactose group (1234.9 ± 123.6 cm) (p < 0.05).




Y-Maze Task


Figure 8A shows the effects of OVX + d-galactose and HLJG0701-β (125, 250, 500 mg/kg) treatment on spontaneous alternation behavior and locomotor activity (total arm entry) in the Y-maze test. OVX + d-galactose-induced mice showed a significant decrease in short-term memory performance, as evidenced by a decreased spontaneous alternation percentage compared with the control group (p < 0.01). Spontaneous alternation significantly decreased to 46.5 ± 3.9% in the OVX + d-galactose group, from 63.3 ± 3.3% in the control group. However, the OVX + d-galactose-induced decrease in the spontaneous alternation rate was significantly increased in the positive control group (57.4 ± 2.5%) (p < 0.05), treatment (HLJG0701-β 125, 250 mg/kg) groups (48.7 ± 3.5%, 49.3 ± 1.9%, respectively), and HLJG0701-β 500 mg/kg group (59.5 ± 4.6%) (p < 0.05). When the total number of entrances and exits for each arm was measured for each test animal, no statistically significant differences were observed among all test groups (Figure 8B).




Acetylcholinesterase (AChE) and Acetylcholine (ACh) Contents


The effects of HLJG0701-β on brain AChE and ACh contents are shown in Figure 9A, B. AChE activity was significantly up-regulated in the OVX + d-galactose group (210.09 ± 8.06 mU/mL) (p < 0.01) compared to the control group (181.18 ± 4.73 mU/mL). When the OVX + d-galactose-induced mice were treated with HLJG0701-β (250, 500 mg/kg), a marked inhibition of AChE activity (187.44 ± 4.19 mU/mL, 187.11 ± 9.02 mU/mL) in the brain tissue was observed in comparison with the OVX + d-galactose group (p < 0.01). Furthermore, donepezil treatment (positive control group) significantly suppressed the increase in AChE activity (177.84 ± 9.20) (p < 0.05).



Meanwhile, ACh activity was found to be lower in the OVX + d-galactose group (0.769 ± 0.025 nmol) than in the control group (0.921 ± 0.028 nmol) (p < 0.01). In addition, the treatment (HLJG0701-β 125, 250 mg/kg) groups (0.906 ± 0.025, 0.942 ± 0.054 nmol) showed a clear reversal of the decrease in the OVX + d-galactose group (p < 0.05). These results indicate that administration of HLJG0701-β suppressed the increase in AChE activity and the reduction of ACh levels induced by OVX + d-galactose.




Malondialdehyde (MDA) and Catalase (CAT) Contents


Figure 10A shows the MDA concentration in blood. In the OVX + d-galactose group, OVX + d-galactose-induced changes significantly increased the MDA contents (24.40 ± 0.77 nmol/mL) compared to that in the positive control treatment (HLJG0701-β 125, 250, 500 mg/kg) groups (20.00 ± 0.80, 22.43 ± 0.59, 21.90 ± 0.37, 21.70 ± 0.66 nmol/mL, respectively) (p < 0.05). The changes in CAT activity in the blood tissues are shown in Figure 10B. CAT activity significantly decreased to 471.60 ± 42.87 mU/mL in the OVX + d-galactose group, from 684.00 ± 14.00 mU/mL in the control group (p < 0.01). However, the decrease in CAT contents induced by OVX + d-galactose was significantly ameliorated in the positive group (680.18 ± 35.66 mU/mL) and treatment (HLJG0701-β 125, 250, 500 mg/kg) groups (617.40 ± 75.87, 643.00 ± 40.66, 670.00 ± 14.28 mU/mL) (p < 0.05).







3. Discussion


The natural growth rate of wild ginseng is very low, making it difficult to commercialize. Luckily, cultured wild ginseng roots produced by in vitro culture are known to have a similar genetic DNA to wild ginseng, with high saponin contents [50,51]. In this study, we optimized an adventitious root culture of ginseng using a bioreactor [52]. In the present study, HPLC analysis of the fermented cultured wild ginseng roots extract of ginseng (HLJG0701-β) revealed the presence of increased concentrations of small molecular weight ginsenosides such as Rb1, Rc, Rb2, Rb3, and Rd, which may be attributable to the bacterial conversion of high molecular weight ginsenosides. Small-molecule ginsenosides are known to influence neurotransmission by a variety of mechanisms, including the regulation of synthase and signaling pathways of specific neurotransmitter systems as well as the release of neurotransmitters [53]. Among different ginsenosides, Rg3, Rk1, and Rg5 are known to improve Aβ25-35 levels, memory, and cognitive function [54].



Many previous studies have shown that ACh is required for learning and memory [55,56,57]. Impairments in memory, behavior, thinking, and judgment are closely related to diseases such as AD [58,59,60]. Clinically, AChE inhibitors such as donepezil are commonly used for the treatment of AD [60,61]. Several recent studies reported on the phytochemical-induced inhibition of AChE [62]. In the present study, in vitro AChE inhibitory activity was observed using increasing concentrations of HLJG0701-β. Donepezil, the positive control, inhibited AChE activity in a dose-dependent manner. The improvement in memory following treatment with HLJG0701-β was comparable to that produced by donepezil treatment. Interestingly, the AChE inhibition rate of HLJG0701-β at a concentration of 40 mg/mL was greater than that of donepezil, indicating that HLJG0701-β may enhance the production of ACh. Moreover, the ginseol K-g3, a constituent of ginseng roots, has been reported to reverse scopolamine-induced amnesia in treated mice [63]. A number of previous studies observed an increase in the uptake of choline in the cerebral nerve endings [64] and of enhanced acetylcholine (ACh) synthesis and uptake [65], which help to increase the memory and learning process. The ginsenosides such as Rg3, Rg5, Rg1, Rb1 and Rg1 are known for improving the level of choline acetyltransferase (ChAT) in mice brains [66,67] and decreased memory loss [67,68,69]. In other studies, Rg3 ginsenosides have shown neuroprotective activity against excitotoxicity [40,43,70]. It has been argued that ginseng extracts containing Rg3 enhanced long-term memory in mice through the cholinergic nervous system [71]. Moreover, it is possible that treatment of the mice with ginseng extracts may have reversed scopolamine-induced amnesia, due to actions on neurons in the basal region of the forebrain. Our results corroborate a previous report, which found a protective effect of wild ginseng extracts on scopolamine-induced amnesia [70,72]. In the present study, the higher concentration of Rg3 in HLJG0701-β than in wild ginseng may have been directly associated with the observed improvements in memory. Moreover, a number of previous studies suggested that the ginsenosides, including Rb1, Rg1, Rg5 and Rd, are associated with the reduction of cerebral Aβ in the mice brain and an increased memory and learning process [43,73,74,75,76,77,78]. The possible mechanism of attenuating Aβ aggregation in the brain takes place by enhancing the activity of α-secretase in the suppression of β-secretase [51,79]. Moreover, ginsenosides such as Rb1 and Rg1 are associated with protection against neurotoxic damage and the inhibition of α-synuclein aggregation in the brain [80,81,82,83,84]. Thus, HLJG0701-β containing ginsenoside compounds may be associated with improving the level of choline acetyltransferase in the brain and may protect against neuroprotective damage.



Neurodegenerative diseases such as AD and Parkinson’s Disease are caused by oxidative stress-induced cell damage [9,10,56]. Certain types of ROS, such as superoxide (O2•−) and hydroxyl (•OH), play a crucial role in inducing these disorders in the human body [56]. In the present study, the increased ROS levels were markedly reduced by HLJG0701-β at a concentration of 300 µg/mL, indicating that HLJG0701-β is a potent radical scavenger. OVX + d-galactose-induced changes significantly increased the MDA levels in the treated mouse brain. In the present study, HLJG0701-β significantly inhibited MDA levels at all concentrations, suggesting that HLJG0701-β has superior protective abilities, possibly because of its antioxidant properties.



Antioxidant enzymes such as CAT, GPx, and SOD, as well as non-enzymes such as glutathione and vitamins, are known to play important roles in intracellular ROS scavenging [85]. CAT is responsible for the decomposition of H2O2, which is essential for cellular signaling [86,87]. In the in vitro test, an effective decrease in ROS concentration was observed following treatment with low concentrations of HLJG0701-β, whereas CAT remained inactivated at low concentrations. However, activation of CAT may have occurred following treatment with 300 µg/mL HLJG0701-β, which was the highest concentration used in the test. Though CAT activation was not observed at lower concentrations, CAT tended to be activated as the concentration of the test substance increased, which suggests the emergence of an antioxidative effect at higher concentrations. Taken together, these results suggest that the neuroprotective effects of HLJG0701-β against H2O2-induced oxidative damage may involve the inhibition of ROS production.



The accumulation of Aβ25-35 plays an important role in the development of AD, by causing neuronal cell death [56,88]. In the present study, HLJG0701-β treatment significantly reduced Aβ25-35-induced neuronal damage in a concentration-dependent manner. Moreover, HLJG0701-β treatment inhibited H2O2-induced oxidative damage of the treated neuronal cells in a concentration-dependent manner. It is possible that HLJG0701-β treatment may reverse H2O2-induced oxidative damage by scavenging ROS, which is supported by the finding of increased ROS inhibition. Moreover, ginsenosides such as Rk1, a smaller molecular compound, exhibited higher antioxidant effects [42]. Therefore, it is likely that Rk1-enriched HLJG0701-β contributed to the higher ROS inhibition. In a previous study, the molecular mechanisms of the neuroprotective effects of ginsenosides were shown to include effects on both neuronal cells and neurotransmission. Ginsenosides such as Rg3 reduced the Aβ25-35-induced neuronal damage by up-regulating neprilysin (NEP) gene expression [41]. In another report, ginsenosides increased glutamate transporter-1 (GLT-1) expression and protein kinase B (PKB/Akt) levels in astrocytes [89]. Moreover, it has been argued that the total saponins present in ginseng extracts reduce H2O2-induced cell death in primary rat cortical astrocytes through the up-regulation of antioxidant systems, including glutathione S-transferase (GST) and heme oxygenase-1 (HO-1) [90].



Scopolamine, a non-selective muscarinic ACh receptor antagonist, is known to interfere with learning and short-term memory [91]. Animal models of scopolamine-induced memory impairment are quite useful to determine the effects of drugs on memory [92]. The animal behavior test conducted in this study is known to be the most effective test for evaluating short-term memory and reference memory, as it assesses the ability to learn about new spaces [92,93,94]. The Morris water maze test was used to show the effect of a substance in terms of delayed escape, time to reach the platform, and swimming time in the quadrant. The Y-maze test was used to determine whether a substance could increase the rate of spontaneous behavioral changes. C57BL/6 mice with scopolamine-induced short-term memory loss were divided into test groups to measure hippocampal-dependent spatial perception and learning ability in an underwater maze test, and instantaneous spatial cognition, an aspect of short-term memory, in a Y-maze test. HLJG0701-β administration in positive control-treated mice produced a significant increase in spontaneous alternation behaviors in a dose-dependent manner and a decrease in the total number of arm entries, thus indicating that HLJG0701-β may improve short-term and working memory. A similar result was also observed in the OVX + d-galactose-treated female mice. In the Morris water maze test, the mice treated with donepezil showed a rapid reduction in daily escape latency. HLJG0701-β administration at 250 and 500 mg/kg (treatment groups) and donepezil administration (positive control group) produced significant reductions in escape latency on day 5 compared to negative control treatment (p < 0.01). A similar result was observed in the OVX + d-galactose-treated female mice. Furthermore, HLJG0701-β treatment dramatically improved the swimming speed and time taken to cover the target quadrant compared to the negative control in both male and female mice. The transformation of ginsenosides in the cultured wild ginseng roots by the fermentation process may be a reason, as HLJG0701-β contains a higher concentration of small molecular compounds such as Rg3, Rk1 and Rg5. According to Kim et al. [61], ginsenosides such as Rg5 and Rh3 are capable of shortening escape latencies in the scopolamine-induced mice. Moreover, they found that ginsenosides including Rg5 and Rh3 significantly reversed the hippocampal brain-derived factor expression reduced by scopolamine. The results suggest that the HLJG0701-β extracts ameliorated the long-term memory impairments induced by scopolamine treatment in mice.




4. Materials and Methods


4.1. Fermentation Process


4.1.1. Plant and Microbial Materials


Plant cell tissues were obtained from wild ginseng collected from Yanggu-gun, Gangwon-do, Korea. A plant tissue method was used to culture wild ginseng roots [95]. Prior to carrying out the present study, the different parameters of adventitious root regeneration, including types of culture media, concentration of basal salts, temperature, pH, inoculum density, elicitors, and carbon sources were optimized [52].



Briefly, adventitious roots (0.5–2.0 cm slices) were inoculated into a plant culture medium (67.1 g of Schenk and Hildebrandt (SH) medium mixed with 450 g sucrose and 15 L of purified water, with pH adjusted to 5.75 ± 0.10). The medium was placed into a bioreactor and sterilized at 121.0 °C for 60 min. The adventitious roots were inoculated in the medium under aseptic conditions and cultured for 8 weeks. The cultures were maintained at 15 °C and 30 °C during the day and night, respectively, with a 16:8 (L:D) photoperiod. Records of root growth began 5 weeks after initiation. The roots were treated with methyl jasmonate (250 μM) during the 3 week of cultivation. The roots were then harvested and used as materials for fermentation.



Pediococcuspentosaceus HLJG0702 (P. pentosaceus, KACC 81017BP) was used as the microorganism in this study. It was obtained from kimchi after separating, identifying, and sub culturing lactic acid bacteria [96]. A batch culture method was used to cultivate P. pentosaceus in microbial culture medium (55.25 g of de Man, Rogosa, and Sharpe, MRS) medium, mixed with 1 L of purified water with pH adjusted to 6.50 ± 0.05). The medium was placed into a fermenter and sterilized at 121.0 °C for 30 min. After cooling to room temperature, P. pentosaceus HLJG0702 was inoculated into the medium under aseptic conditions and cultured (30°C, 120–150 rpm) for more than 48 h. Thereafter, bacterial cells were recovered by centrifugation (2236R, Labogene, Seoul, Korea). The cells were then mixed with an anti-freezing agent (95% glycerol) and stored at −80 °C before use as the microbial material for fermentation.




4.1.2. Fermentation of Cultured Wild Ginseng Roots


HLJG0701-β was prepared by mixing cultured wild ginseng root extract with P. pentosaceus, followed by fermentation with some modification [96]. To prepare the cultured wild ginseng root extract, the roots were extracted with 70% alcohol, filtered, and concentrated (60 Brix or more). The concentrate was then mixed with purified water at a ratio of 0.83% to 99.17% to prepare cultured wild ginseng root extract. The microbial material and MRS culture medium were mixed at a ratio of 0.02% to 99.98% and used for seed culture at 30 °C for 48 h or more. The seed culture solution and MRS culture medium were mixed at a ratio of 10% to 90% and used for the main culture at 30 °C for 48 h or more. P. pentosaceus was prepared by mixing cells harvested from centrifugation and purified water at a ratio of 0.31% to 99.69%. Then, the above-prepared cultured wild ginseng root extract and P. pentosaceus were mixed at a ratio of 80% to 20%, followed by fermentation at 120 ± 5 °C for 210 ± 10 min, filtration, and concentration (60 Brix or more) to prepare the final raw material, HLJG0701-β.





4.2. Analysis of Ginsenosides


4.2.1. Reference Standard, Chemicals and Regents


Eight ginsenoside reference standards, Rb1, Rb2, Rb3, Rc, Rd, Rg3, Rg5, and Rk1, were purchased from Sigma Aldrich, Inc. (St. Louis, MO, USA). The purities of all reference standards were above 98%. High-performance liquid chromatography (HPLC)-grade acetonitrile (AcN), water, and methanol (MeOH) were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All other reagents used in this study were of analytical grade. Ginsenosides were extracted three times from ginseng samples using a sonicator from Daihan Scientific Co., Ltd. (WUC-N47H, Wonju, Kangwon, Korea) and analyzed using a Thermo Fisher Scientific Ultimate 3000 Series (Waltham, MA, USA) liquid chromatography coupled with an ultraviolet detector, according to previous methods [50,97]. The ginsenoside standards Rb1 (1 mg/mL), Rb2 (1 mg/mL), Rb3 (1 mg/mL), Rc (1 mg/mL), Rd (1 mg/mL), Rk3 (1 mg/mL), Rg5 (1 mg/mL), and Rk1 (1 mg/mL) were dissolved in 70% MeOH and then diluted with 70% MeOH to obtain a series of mixture reference standard solutions of different concentrations. The solutions were filtered through a 0.2 µm syringe filter (Minisart SRP25, Sartorius Stedim Biotech, Göttingen, Germany) before HPLC analysis. Table 2 shows the function of the ginsenoside calibration curve and the correlation coefficient R.




4.2.2. Sample Preparation and HPLC Analysis


Each test sample (2 g) was precisely weighed, added to a 50 mL flask, and completely dissolved after filling to 50 mL with 100% MeOH. The solution was filtered through a 0.2 μm syringe filter and used after diluting. The separation was based on a Capcell Pak C18 (250 × 4.6 mm, 5 μm) column (Osaka Soda Co., Ltd., Nishi, Osaka, Japan) at a temperature of 30 °C, analyzed with an injection volume of 10 μL at a flow rate of 1.0 mL/min, and detected at a wavelength of 203 nm. The binary gradient elution solvent consisted of water (A) and acetonitrile (B). The gradient elution program was as follows: 0–5 min, 80% A; 5–20 min, 80%–77% A; 20–25 min, 77%–70% A; 25–30 min, 70%–60%; 30–35 min, 60%–50% A; 35–65 min, 50%–15% A; 65–75 min, 15%–80% A. The peak areas corresponding to ginsenosides from the samples, with the same retention time as authentic ginsenosides (Rb1, Rc, Rb2, Rb3, Rd, Rg3, Rk1, Rg5), were integrated by comparison with an external standard calibration curve.





4.3. In Vitro Experiment


4.3.1. Neuroprotective Effect


AChE Activity


The AChE activity of HLJG0701-β obtained from cultured wild ginseng roots was assessed using a colorimetric method [98]. Initially, the reaction mixture and 0.2 U/mL of AChE (ab138871, Abcam, Cambridge, UK) were added to each well of a microplate containing the test sample, followed by exposure to blocking light for 30 min at room temperature. Absorbance was scanned at 410 nm using a microplate reader (SpectramaxPLUS384, Molecular Device, San Jose, CA, USA). The measured values were corrected based on the absorbance (Abs) of the reaction mixture and test samples only, and the percentage AChE inhibition rate was calculated according to the following equation:


AChE inhibition rate (%) = (1 − ODA/ODB) × 100



(1)




where ODA: enzyme + substrate + absorbance after reaction of sample—control group absorbance; ODB: enzyme + absorbance after reaction of substrate—control group absorbance.




Cytotoxicity Assay


SH-SY5Y human neuroblastoma cells were used in this study to determine the effects of the test samples on cell viability. The cells were cultured with Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM l-glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin and incubated at 37 °C with 5% CO2. Cell Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, Inc., Rockville, MD, USA) reagent was added to each well of a 96-well plate. After reacting for 2 h at room temperature, the absorbance was measured at 450 nm using a microplate reader. All samples were checked three times. The concentration of each material was set based on the concentration that did not affect cell survival. The methods were performed as previously described [99].




Nerve Cell Damage Assay


Aβ25-35 (Sigma Aldrich Inc., St. Louis, MO, USA) and H2O2 (Samchun Chemicals, Seoul, Korea) were used to induce nerve cell damage [100,101]. The neuroprotective effects of HLJG0701-β were then determined. Briefly, cells were seeded into a 96-well plate at a density of 5 × 104 cells/well. After incubation at 37 °C in a CO2 incubator for 24 h, 5 µM Aβ25-35 or 100 µM H2O2 was applied to the cells along with HLJG0701-β for 24 h. The CCK-8 assay was then performed as described above. Cell survival (as assessed by the OD value) was taken to reflect the cell-protective effects of the test materials against nerve cell damage.





4.3.2. Antioxidant Effect


ROS and CAT Activity


After plating 2 × 106 cells into each well of a 6-well plate and incubating for 24 h, then treated with HLJG0701-β diluted in serum-free media at different concentrations for 24 h. As a positive control, 50 µM ascorbic acid (Vitamin C) was used. Oxidative stress was induced by adding 300 µM H2O2 and then incubating at 37 °C in a CO2 incubator for 4 h. The activity of ROS and CAT were measured according to the manufacturer’s instructions using a ROS detection assay kit (ab113851, Abcam, Cambridge, UK) and CAT assay kit (707002, Cayman Chemical, Ann Arbor, MI, USA).






4.4. In Vivo Experiment


4.4.1. Experimental Animals


Male mice were used for the scopolamine-induced animal model and female mice were used for the d-galactose-induced aging animal model [70,102]. C57BL mice were purchased from Orient Bio (Seongnam, Gyeonggi, Korea). All animals were reared under controlled conditions (temperature of 22.1 ± 0.6 °C, relative humidity of 49.6 ± 4.6%, light intensity of 265 Lux, noise of 50.9 dB, and 12/12 h of light/dark cycle). Two animals were housed per polycarbonate cage. The animals had free access to experimental rodent feed (Envigo, Indianapolis, IN, USA) and reverse osmosis water. The test animals were acclimatized for 6 days before administration of the test substance. Only animals that were healthy during the acclimatization period were used for the test. To prepare the scopolamine-induced animal model, the test substance and positive control substance were administered once daily, 7 days/week for 7 weeks. During the period of the behavioral experiment, following 7 weeks of administration, the test substance or positive control was administered about 1 h before the start of the experiment. During the behavioral experiment, 1 mg/kg of scopolamine was injected intraperitoneally 30 min after administration of the test substance in all groups except the control group to induce memory loss.



To prepare the animal model of d-galactose-induced aging, the skin around the lumbar spine was disinfected following inhalation anesthesia with isoflurane, and a 2 cm cut was made around the lumbar spine. Both ovaries were removed. After extraction, the skin was sutured and disinfected. In the normal control group, all procedures except for ovarian extraction were performed in the same manner. To induce aging, d-galactose was administered subcutaneously at a dose of 100 mg/kg to animals whose ovaries were removed. The test substance and positive control substance were administered once daily, 7 days/week for 8 weeks. During the period of the behavioral experiment, after 8 weeks of administration, the test substance or positive control was administered about 1 h before the start of the experiment. The aging-inducing substance, test substance or positive control substance was administered once daily, 3 days/week for 6 weeks followed by 7 days/week for 2 weeks, for a total of 8 weeks. Scopolamine hydrobromide and d-galactose were purchased from Sigma Aldrich Inc. (St. Louis, MO, USA). Donepezil was obtained from Aurobindo Pharma Ltd. (Telangana, Karnataka, India).




4.4.2. Treatments


A total of 60 animals were divided into six groups (10 animals per group): a control group, a scopolamine- or OVX + d-galactose-induced control group, a positive control (donepezil) group, and three HLJG0701-β groups. The control and scopolamine or OVX + d-galactose groups were administered sterile distilled water. The test groups were administered the test substances orally by gastric gavage. The test substance was HLJG0701-β. It was administered at doses of 125, 250, and 500 mg/kg. Donepezil, the positive control, was injected intraperitoneally at a dose of 5 mg/kg (Table 3).




4.4.3. Morris Water Maze Task


The maze consisted of a stainless-steel circular pool with a diameter of 120 cm and a height of 50 cm. The pool was equally divided into four imaginary quadrants (NW, NE, SE, and SW); a visual cue of four unique shapes (square, triangle, circle, and star) was attached to the wall in each of the four quadrants. A transparent escape platform (6 cm in diameter and 29 cm in height) was located in the center of one quadrant (NE) and the pool was filled with water until the platform was submerged 1 cm below the surface. The water was made opaque with titanium oxide and maintained at a temperature of 22 ± 2 °C. All experimental conditions were maintained for the duration of the experimental period. During the two days before trial initiation, all animals were allowed to swim in the pool without a platform daily for 60 s in order to evaluate their locomotor activity and acclimation to the surrounding environmental conditions. Training sessions were conducted with two trials per day at an interval of 120 s for five consecutive days. Mice were semi-randomly released in one quadrant (without the platform) and the escape latency, the time it took the mouse to reach the hidden platform, was measured. The mice were allowed 60 s for exploration of the platform. It was acceptable for them to stay on the platform for 15 s once they found it. If the mice failed to locate the platform on their own, they were gently guided to it and allowed to remain on it for 15 s [92].




4.4.4. Y-Maze Task


The Y-maze consisted of three white arms connected at 120° angles (A, B, and C arms; 35 cm long × 6 cm wide × 13 cm high). After placing a mouse on one arm and allowing it to move freely for 8 min, the order in which the mouse entered and exited each arm was recorded. If the tail of the animal fully entered an arm, it was considered to have entered that arm. The total number of times that a mouse accessed each arm was measured. The number of cases of successive entries to each arm (actual alternation, ABC, BCA, CAB, etc.) was measured and 1 point was given. Using this result, the alternation behavior was calculated as follows:


Alternation (%) = actual alternation/(total arm entries − 2) × 100



(2)







The total number of arm entries was an indicator of the locomotor activity of the animals.




4.4.5. AChE and ACh Contents in Brain Tissue


Immediately after the last behavioral experiment, the mice were euthanized and their brains, excluding the cerebellum, were extracted. These tissues were homogenized in 1 mL of phosphate-buffered saline (pH 7.4, Gibco) and centrifuged at 5000 rpm for 10 min at 4 °C. The supernatant was used to determine AChE and ACh levels. Protein concentration was analyzed using a Pierce™ Rapid Gold BCA Protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). The same amount of protein for all samples was then used to measure AChE and ACh content using commercial kits (Abcam, Cambridge, UK) according to the manufacturer’s instructions [103].




4.4.6. MDA and CAT Contents in Blood


Blood samples collected from the abdominal aorta were incubated for 30 min at room temperature in a serum separating tube (BD Vacutainer, Plymouth, UK). Serum was obtained by centrifugation at 1500 rpm for 10 min [104].



MDA has frequently been used to measure lipid peroxidation. MDA assay was performed by determining the reaction of malonaldehyde with two molecules of 1-methyl-2-phenylindole at 45 °C. The reaction mixture consisted of 0.64 mL of 10.3 mmol/L 1-methyl-2-phenylindole, 0.2 mL of sample and 10 μL of 2 μg/mL butylated hydroxyltoluene. After mixing by vortex, 0.15 mL of 37% HCl was added. The mixture was incubated at 45 °C for 60 min and centrifuged at 15,000 rpm/min for 20 min. The cleared supernatant absorbance was determined at 586 nm. An MDA assay kit (ab118970, Cayman Chemical, Ann Arbor, MI, USA) was used for the analysis. For CAT activity, a CAT assay kit (707002, Cayman Chemical, Ann Arbor, MI, USA) was used for the analysis.





4.5. Statistics


In the in vitro tests used to measure the degree of AChE inhibition by the test substance, a test case in which the added substrate did not react with AChE was set as having an inhibition rate of 100%. The absorbance value of the group treated with sterile distilled water was taken to represent 0% AChE inhibition, assuming that both the enzyme and the substrate reacted. If the value was negative, it was set at 0. To measure the neuroprotective effect of the treatment based on ROS level and CAT activity, the results of the control, Aβ25-35, and H2O2 control groups were subjected to Student’s t-test. Differences among the Aβ25-35, H2O2 control, and test substance-administered groups were analyzed by one-way analysis of variance (ANOVA) to determine the significance of the findings and test for equal variance. If the significance and equal variance were recognized, Duncan’s test was performed. If the equal variance was not recognized, Dunnett’s T3-test was used. p-values of <0.05 indicated statistical significance. All statistical analyses were performed in accordance with the standard operating guidelines for statistical processing of this laboratory. All analyses were performed using SPSS 12.0 K (SPSS, Chicago, IL, USA), a widely used commercial statistical package. All in vivo test data are presented as the average ± SEM. Differences between the control and negative control groups were compared with an independent samples t-test. Differences between the negative control group and the HLJG0701-β administered group were analyzed for significance through a one-way ANOVA and tested for equal variance. In the one-way ANOVA, if significance and equal variance were recognized, Duncan’s test was performed. However, if the equal variance was not recognized, Dunnett’s T3-test was used. All statistical analyses were performed using IBM SPSS software (Armonk, NY, USA), with a p-value of less than 0.05 indicating statistical significance.





5. Conclusions


We established a culture technology that could artificially produce wild ginseng root through in vitro culture. Small-molecule ginsenosides in the test substance, HLJG0701-β, were produced by bioconversion through steaming and fermentation. The total ginsenoside content of cultured wild ginseng root was increased after methyl jasmonate treatment (elicitor), and HLJG0701-β was developed by improving the manufacturing process. To verify the functionality of the new raw material, HLJG0701-β, we determined its AChE inhibitory effect and neuroprotective effects against Aβ25-35 and H2O2. Based on the results of in vitro and in vivo evaluations, HLJG0701-β may be considered as a potent candidate for the inhibition of AChE activity and oxidative stress, and thus may be involved in improving memory deficit in mice. It also improved memory by increasing the activity of cholinergic nerves. The efficacious and safe dose of HLJG0701-β needs to be determined through future clinical trials. The results of this study suggest that HLJG0701-β can be developed as a raw material for healthy functional foods.







Author Contributions


Conceptualization, J.-G.L., C.-J.K. and H.-Y.R.; methodology, J.-G.L., C.-J.K., H.-Y.R. and S.L.; formal analysis, C.-J.K., S.L.; investigation J.-G.L.; resources, J.-G.L., C.-J.K.; data curation, C.-J.K., B.K.G. and H.-Y.R.; writing—original draft preparation, C.-J.K., B.K.G., S.L.; writing—review and editing, C.-J.K., B.K.G., H.-Y.R. and S.L.; supervision C.-Y.Y., H.-J.L., Y.-S.C. and J.-K.K.; project administration, J.-G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Ministry of SMEs and Startups (the project of Support for Joint Utilization of Research Facilities and Equipment).




Institutional Review Board Statement


All experiments were performed according to our institution’s guidelines for the use of experimental animals and approved by the Institutional Animal Care and Use Committee (IACUC) of Korea Conformity Laboratories (approval numbers: IA19-02381 and IA19-02389, October 2019).




Data Availability Statement


The data presented in this study are available on request from the corresponding author.




Acknowledgments


We are thankful to Kyu-Sup An, Sang-Chul Kim, Kyung-Cheol Kwon, Han-Sang Jung, Yeong-Seon Oh, for their valuable contribution to this research work.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



Reitz, C.; Brayne, C.; Mayeux, R. Epidemiology of Alzheimer disease. Nat. Rev. Neurol. 2011, 7, 137–152. [Google Scholar] [CrossRef] [PubMed]

	



Lee, V.M.-Y.; Trojanowski, J.Q. Mechanisms of Parkinson’s Disease linked to pathological α-Synuclein: New targets for drug discovery. Neuron 2006, 52, 33–38. [Google Scholar] [CrossRef] [PubMed]

	



Butler, C.; Zeman, A.Z.J. Neurological syndromes which can be mistaken for psychiatric conditions. J. Neuro. Neurol. Psychiatry 2005, 76, 31–38. [Google Scholar] [CrossRef] [PubMed]

	



Tönniesa, E.; Trushina, E. Oxidative stress, synaptic dysfunction, and Alzheimer’s Disease. J. Alzheimers Dis. 2017, 57, 1105–1121. [Google Scholar] [CrossRef] [PubMed]

	



DeTure, M.A.; Dickson, D.W. The neuropathological diagnosis of Alzheimer’s disease. Mol. Neurodegener. 2019, 14, 32. [Google Scholar] [CrossRef]

	



Revett, T.J.; Baker, G.B.; Jhamandas, J.; Kar, S. Glutamate system, amyloid beta peptides and tau protein: Functional interrelationships and relevance to Alzheimer disease pathology. J. Psychiatry Neurosci. 2013, 38, 6–23. [Google Scholar] [CrossRef]

	



Fiers, W.; Beyaert, R.; Declercq, W.; Vandenabeele, P. More than one way to die: Apoptosis, necrosis and reactive oxygen damage. Oncogene 1999, 18, 7719–7730. [Google Scholar] [CrossRef]

	



Hasselmo, M.E. The role of acetylcholine in learning and memory. Curr. Opin. Neurobiol. 2006, 16, 710–715. [Google Scholar] [CrossRef]

	



Musial, A.; Bajda, M.; Malawska, B.; Wieckowska, A. Recent developments in cholinesterases inhibitors for Alzheimer’s disease treatment. Curr. Med. Chem. 2007, 14, 2654–2679. [Google Scholar] [CrossRef]

	



Parsons, C.G.; Danysz, W.; Dekundy, A.; Pulte, I. Memantine and cholinesterase inhibitors: Complementary mechanisms in the treatment of Alzheimer’s Disease. Neurotox. Res. 2013, 24, 358–369. [Google Scholar] [CrossRef]

	



Čolović, M.B.; Krstić, D.Z.; Lazarević-Pašti, T.D.; Bondžić, A.M.; Vasić, V.M. Acetylcholinesterase inhibitors: Pharmacology and toxicology. Curr. Neurol. 2013, 11, 315–335. [Google Scholar]

	



Ferreira-Vieira, T.H.; Gumaraes, I.M.; Silve, F.R.; Ribeiro, F.M. Alzheimer’s Disease: Targeting the cholinergic system. Curr. Neurophamacol. 2016, 14, 101–115. [Google Scholar] [CrossRef] [PubMed]

	



Hansen, R.; Gartlehner, G.; Webb, A.P.; Morgan, L.C.; Moore, C.G.; Jonas, D.E. Efficacy and safety of donepezil, galantamine, and rivastigmine for the treatment of Alzheimer’s disease: A systematic review and meta-analysis. Clin. Interv. Aging 2008, 3, 211–225. [Google Scholar] [PubMed]

	



Mabberley, D.J. The Plant-Book: A Portable Dictionary of the Higher Plants; Cambridge University Press: Cambridge, UK, 1987; p. 706. [Google Scholar]

	



Choi, H.K.; Wen, J. A phylogenetic analysis of Panax (Araliaceae): Integrating cpDNA restriction site and nuclear rDNA ITS sequence data. Plant Syst. Evol. 2000, 224, 109–120. [Google Scholar] [CrossRef]

	



Nam, K.Y. Clinical applications and efficacy of Korean ginseng (Panax ginseng C.A. Meyer). J. Ginseng Res. 2002, 26, 111–131. [Google Scholar]

	



Chang, Y.S.; Chang, Y.H.; Sung, J.H. The effect of ginseng and caffeine products on the antioxidative activities of mouse kidney. J. Ginseng Res. 2006, 30, 15–21. [Google Scholar]

	



Kim, M.J.; Jung, N.P. Effect of ginseng saponin on the mouse immune system. J. Ginseng Res. 1987, 20, 130–235. [Google Scholar]

	



Shim, M.; Lee, Y. Ginseng as a complementary and alternative medicine for postmenopausal symptoms. J. Ginseng Res. 2009, 33, 89–92. [Google Scholar]

	



Tang, W.; Eisenbrand, G. Chinese Drugs of Plant. Origin. In 91 Panax Ginseng C. A. May; Springer: Berlin/Heidelberg, Germany, 1992; pp. 711–737. [Google Scholar]

	



Shao, Z.H.; Xie, J.T.; Hoek, T.L.V.; Mehendale, S.; Aung, H.; Li, C.Q.; Qin, Y.; Schumacker, P.T.; Becker, L.B.; Yuan, C.S. Antioxidant effects of American ginseng berry extract in cardiomyocytes exposed to acute oxidant stress. Biochim. Biophys. Acta 2004, 1670, 165–171. [Google Scholar] [CrossRef]

	



Xie, J.T.; Shao, Z.H.; Hoek, T.L.V.; Chang, W.T.; Li, J.; Mehendale, S.; Wang, C.Z.; Hsu, C.W.; Becker, L.B.; Yin, J.J.; et al. Antioxidant effects of ginsenoside Re in cardiomyocytes. Eur. J. Pharmacol. 2006, 532, 201–207. [Google Scholar] [CrossRef]

	



Kim, C.K.; Cho, D.H.; Lee, K.S.; Lee, D.K.; Park, C.W.; Kim, W.G.; Lee, S.J.; Ha, K.S.; Goo, T.O.; Kwon, Y.G.; et al. Ginseng berry extract prevents atherogenesis via anti-inflammatory action by upregulating phase II gene expression. Evid. Based Complementary Altern. Med. 2012, 2012, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Chang, Y.S.; Seo, E.K.; Gyllenhaal, C.; Block, K.I. Panax ginseng: A role in cancer therapy? Integr. Cancer Sci. Ther. 2003, 2, 13–33. [Google Scholar] [CrossRef] [PubMed]

	



Ganesan, P.; Ko, H.M.; Kim, I.S.; Choi, D.K. Recent trends of nano bioactive compounds from ginseng for its possible preventive role in chronic disease models. RSC Adv. 2015, 5, 98634–98642. [Google Scholar] [CrossRef]

	



Chiou, W.F.; Zhang, J.T. Comparison of the pharmacological effects of Panax ginseng and Panax quinquefolium. Acta Pharmacol. Sin. 2008, 29, 1103–1108. [Google Scholar]

	



Cheng, Z.K.; Zhang, M.; Ling, C.G.; Zhu, Y.; Ren, H.W.; Hong, C.; Qin, J.; Liu, T.X.; Wang, J.X. Neuroprotective effects of ginsenosides against cerebral ischemia. Molecules 2019, 24, 1102. [Google Scholar] [CrossRef]

	



Wang, Y.; Li, Y.; Yang, W.; Gao, S.; Lin, J.; Wang, T.; Zhou, K.; Hu, H. Ginsenoside Rb1 inhibit apoptosis in rat model of Alzheimer’s disease induced by Aβ1-40. Am. J. Transl. Res. 2018, 10, 796–805. [Google Scholar]

	



Shin, S.J.; Jeon, S.G.; Kim, J.; Jeong, Y.; Kim, S.; Park, Y.H.; Lee, S.K.; Park, H.H.; Hong, S.B.; Oh, S.; et al. Red ginseng attenuates Aβ-Induced mitochondrial dysfunction and Aβ-mediated pathology in an animal model of Alzheimer’s Disease. Int. J. Mol. Sci. 2019, 20, 3030. [Google Scholar] [CrossRef] [PubMed]

	



Proctor, J.T.A. Ginseng: Old crop, new directions. In Progress New Crops; Janick, J., Ed.; ASHS Press: Arlington, VA, USA, 1996; pp. 565–577. [Google Scholar]

	



Fowler, M.W. Problems in commercial exploitation of plant tissue cultures. In Primary and Secondary Metabolism of Plant Cell Cultures; Neumann, K.H., Barz, W., Reinhardt, E., Eds.; Springer: Berlin/Heidelberg, Germany, 1985; pp. 362–378. [Google Scholar]

	



Wu, H.C.; Du Toit, E.S.; Reinhardt, C.F.; Rimando, A.M.; Van der Kooy, F.; Meyer, J.J.M. The phenolic, 3,4-dihydroxybenzoic acid, is an endogenous regulator of rooting in Protea cynaroides. Plant Growth Regul. 2007, 52, 207–215. [Google Scholar] [CrossRef]

	



Efferth, T. Biotechnology applications of plant callus cultures. Engineering 2019, 5, 50–59. [Google Scholar] [CrossRef]

	



Song, S.W.; Yang, D.C.; Choung, S.Y. Acute oral toxicity of adventitous roots extract derived from wild ginseng in beagle dogs. Toxicol. Res. 2005, 21, 51–55. [Google Scholar]

	



Zhou, S.S.; Xu, J.; Zhu, H.; Wu, J.; Xu, J.D.; Yan, R.; Li, X.Y.; Liu, H.H.; Duan, S.M.; Wang, Z.; et al. Gut microbiota-involved mechanisms in enhancing systemic exposure of ginsenosides by coexisting polysaccharides in ginseng decoction. Sci. Rep. 2016, 6, 22474. [Google Scholar] [CrossRef] [PubMed]

	



Xu, X.F.; Gao, Y.; Xu, S.Y.; Liu, H.; Xue, X.; Zhang, Y.; Zhang, H.; Liu, M.N.; Xiong, H.; Lin, R.C.; et al. Remarkable impact of steam temperature on ginsenosides transformation from fresh ginseng to red ginseng. J. Ginseng Res. 2018, 42, 277–287. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.J.; Kim, Y.; Kim, M.G. Changes in the ginsenoside content during the fermentation process using microbial strains. J. Ginseng Res. 2015, 39, 392–397. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.H. Gut microbiota-mediated pharmacokinetics of ginseng saponins. J. Ginseng Res. 2018, 42, 255–263. [Google Scholar] [CrossRef]

	



Lee, K.H.; Bae, I.Y.; Park, S.I.; Park, J.-D.; Lee, H.G. Antihypertensive effect of Korean Red Ginseng by enrichment of ginsenoside Rg3 and arginine–fructose. J. Ginseng Res. 2016, 40, 237–244. [Google Scholar] [CrossRef]

	



Park, E.H.; Kim, Y.J.; Yamabe, N.; Park, S.H.; Kim, H.K.; Jang, H.J.; Kim, J.H.; Cheon, G.J.; Ham, J.; Kang, K.S. Stereo specific anticancer effects of ginsenoside Rg3 epimers isolated from heat-processed American ginseng on human gastric cancer cell. J. Ginseng Res. 2014, 38, 22–27. [Google Scholar] [CrossRef] [PubMed]

	



Yang, L.; Hao, J.; Zhang, J.; Xia, W.; Dong, X.; Hu, X.; Kong, F.; Cui, X. Ginsenoside Rg3 promotes beta-amyloid peptide degradation by enhancing gene expression of neprilysin. J. Med. Food 2009, 61, 375–380. [Google Scholar] [CrossRef]

	



Elshafay, A.; Tinh, N.X.; Salman, S.; Shahee, Y.S.; Othman, E.B. Ginsenoside Rk1 bioactivity: A systematic review. PeerJ 2017, 5, e3993. [Google Scholar] [CrossRef]

	



Shenghui, C.; Junfei, G.; Liang, F.; Jiping, L.; Minghua, Z.; Xiaobin, J.; Min, L.; Danian, Y. Ginsenoside Rg5 improves cognitive dysfunction and beta-amyloid deposition in STZ-induced memory impaired rats via attenuating neuroinflammatory responses. Int. Immunopharmacol. 2014, 19, 317–326. [Google Scholar]

	



Siddiqi, M.H.; Siddiqi, M.Z.; Ahn, S.; Kang, S.; Kim, Y.J.; Veerappan, K.; Yang, D.U.; Yang, D.C. Stimulative effect of ginsenosides Rg5:Rk1 on murine osteoblastic MC3T3-E1 Cells. Phytother. Res. 2014, 28, 1447–1455. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Si, M.; Wang, Y.; Liu, L.; Zhang, Y.; Zhou, A.; Wei, W. Ginsenoside metabolite compound K exerts anti-inflammatory and analgesic effects via down regulating COX2. Inflammopharmacology 2018, 27, 157–166. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.J.; Liu, W.J.; Wen, M.L.; Liang, H.; Wu, S.M.; Zhu, Y.Z.; Zhao, J.Y.; Dong, X.Q.; Li, M.G.; Bian, L.; et al. Ameliorative effects of Compound K and ginsenoside Rh1 on non-alcoholic fatty liver disease in rats. Sci. Rep. 2017, 7, 41144. [Google Scholar] [CrossRef] [PubMed]

	



Bednarek, P.T.; Orłowska, R.; Koebner, R.M.D.; Zimny, J. Quantification of the tissue-culture induced variation in barley (Hordeum vulgare L.). BMC Plant Biol. 2007, 7, 10. [Google Scholar] [CrossRef] [PubMed]

	



Cheng, J.; Yu, K.; Zhang, M.; Shi, Y.; Duan, C.; Wang, J. The effect of light intensity on the expression of Leucoanthocyanidin reductase in grapevine calluses and analysis of its promoter activity. Gene 2020, 11, 1156. [Google Scholar] [CrossRef] [PubMed]

	



Atanasov, A.G.; Waltenberger, B.; Pferschy-Wenzig, E.-M.; Linder, T.; Wawrosch, C.; Uhrin, P.; Temml, V.; Wang, L.; Schwaiger, S.; Heiss, E.H.; et al. Discovery and resupply of pharmacologically active plant-derived natural products: A review. Biotechnol. Adv. 2015, 33, 1582–1614. [Google Scholar] [CrossRef] [PubMed]

	



An, K.S.; Choi, Y.O.; Lee, S.M.; Ryu, H.Y.; Kang, S.J.; Yeon, Y.; Kim, Y.R.; Lee, J.G.; Kim, C.J.; Lee, Y.J.; et al. Ginsenosides Rg5 and Rk1 enriched cultured wild ginseng root extract bioconversion of Pediococcus pentosaceus HLJG0702: Effect on scopolamine-induced memory dysfunction in mice. Nutrients 2019, 11, 1120. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.D. Recent studies on the chemicals of Korean ginseng (Panax ginseng C. A. Meyer). J. Ginseng Res. 1996, 20, 389–415. [Google Scholar]

	



Lee, J.G.; Seong, E.S.; Goh, E.J.; Kim, N.Y.; Yu, C.Y. Factors involved in mass propagation of ginseng (Panax ginseng C. A. Meyer) using bioreactor system. Appl. Biol. Chem. 2009, 52, 466–471. [Google Scholar]

	



Mohanan, P.; Subramaniyam, S.; Mathiyalagan, R.; Yang, D.C. Molecular signaling of ginsenosides Rb1, Rg1, and Rg3 and their mode of actions. J. Ginseng Res. 2018, 42, 123–132. [Google Scholar] [CrossRef]

	



Radad, K.; Moldzio, R.; Rausch, W.D. Ginsenosides and Their CNS Targets. CNS Neurosci. Ther. 2010, 17, 761–768. [Google Scholar] [CrossRef]

	



Drachman, D.A. Human memory and the cholinergic system. Arch. Neurol. 1974, 30, 113. [Google Scholar] [CrossRef] [PubMed]

	



Lee, Y.M.; Kim, S.Y.; Oh, Y.S.; Kim, Y.M.; Chin, Y.W.; Cho, J.G. Inhibition of oxidative neurotoxicity and scopolamine-induced memory impairment by γ-mangostin: In vitro and in vivo evidence. Oxidative Med. Cell. Longev. 2019, 2019, 1–14. [Google Scholar] [CrossRef]

	



Ibach, B.; Haen, E. Acetylcholinesterase inhibition in Alzheimers Disease. Curr. Pharm. Des. 2004, 10, 231–251. [Google Scholar] [CrossRef]

	



De La Garza, V.W. Pharmacologic treatment of Alzheimer’s disease: An update. Am. Fam. Physician 2003, 68, 1365–1372. [Google Scholar] [PubMed]

	



Coyle, J.T.; Price, D.L.; DeLong, M.R. Alzheimer’s disease: A disorder of cortical cholinergic innervation. Science 1983, 219, 1184–1190. [Google Scholar] [CrossRef]

	



Hampel, H.; Mesulam, M.M.; Cuello, A.C.; Farlow, M.R.; Giacobini, E.; Grossberg, G.T.; Khachaturian, A.S.; Vergallo, A.; Cavedo, E.; Snyder, P.J.; et al. The cholinergic system in the pathophysiology and treatment of Alzheimer’s disease. Brain 2018, 141, 1917–1933. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.J.; Jung, I.H.; Kim, V.L.T.; Jeong, J.J.; Kim, N.J.; Kim, D.H. Ginsenosides Rg5 and Rh3 protect scopolamine-induced memory deficits in mice. J. Ethnopharmacol. 2013, 146, 294–299. [Google Scholar] [CrossRef] [PubMed]

	



Murray, A.P.; Faraoni, M.B.; Castro, M.J.; Alza, N.P.; Cavallaroa, V. Natural AChE inhibitors from plants and their contribution to Alzheimer’s Disease therapy. Curr. Neuropharmacol. 2013, 11, 388–413. [Google Scholar] [CrossRef] [PubMed]

	



Pena, I.D.; Yoon, S.Y.; Kim, H.J.; Park, S.; Hong, E.Y.; Ryu, J.H.; Park, I.H.; Cheong, J.H. Effects of ginseol k-g3, an Rg3-enriched fraction, on scopolamine-induced memory impairment and learning deficit in mice. J. Ginseng Res. 2014, 38, 1–7. [Google Scholar] [CrossRef]

	



Benishin, C.G. Actions of ginsenoside Rb1 on choline uptake in central cholinergic nerve endings. Neurochem. Int. 1992, 21, 1–5. [Google Scholar] [CrossRef]

	



Benishin, C.G.; Lee, R.L.; Wang, C.; Liu, H.J. Effects of ginsenoside Rb1 on central cholinergic metabolism. Parmacology 1991, 42, 223–229. [Google Scholar]

	



Zhang, J.T.; Qu, Z.W.; Liu, Y.; Deng, H.L. Preliminary study on antiamnestic mechanism of ginsenoside Rg1 and Rb1. Chin. Med. J. 1990, 183, 1460–1461. [Google Scholar] [CrossRef]

	



Salim, K.N.; McEwen, B.S.; Chao, H.M. Ginsenoside Rb1regulates ChAT, NGF and trkA mRNA expression in the rat brain. Mol. Brain Res. 1997, 47, 177–182. [Google Scholar] [CrossRef]

	



Zhao, H.; Li, Q.; Pei, X. Long-term ginsenoside administration prevents memory impairment in aged C57BL/6J mice by up-regulating the synaptic plasticity-related proteins in hippocampus. Behav. Brain Res. 2009, 201, 311–317. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, H.; Li, Q.; Zhang, Z.; Pei, X.; Wang, J.; Li, Y. Long-term ginsenoside consumption prevents memory loss in agedSAMP8 mice by decreasing oxidative stress and up-regulating the plasticity-related proteins in hippocampus. Brain Res. 2009, 1256, 111–122. [Google Scholar] [CrossRef]

	



Kim, J.; Shim, J.; Lee, S.; Cho, W.-H.; Hong, E.; Lee, J.H.; Han, J.-S.; Lee, H.J.; Lee, K.W. Rg3-enriched ginseng extract ameliorates scopolamine-induced learning deficits in mice. BMC Complementary Altern. Med. 2016, 16, 66. [Google Scholar] [CrossRef]

	



Bao, H.Y.; Zhang, J.; Yeo, S.J. Memory enhancing and neuroprotective effects of selected ginsenosides. Arch. Pharmacal Res. 2005, 28, 335–342. [Google Scholar] [CrossRef]

	



Lee, M.R.; Yun, B.S.; Liu, L.; Zhang, D.L.; Wang, Z.; Wang, C.L.; Gu, L.J.; Wang, C.Y.; Mo, E.K.; Sung, C.K. Effect of black ginseng on memory improvement in the amnesic mice induced by scopolamine. J. Ginseng Res. 2010, 34, 51–58. [Google Scholar] [CrossRef]

	



Fang, F.; Chen, X.; Huang, T.; Lue, L.F.; Luddy, J.S.; Yan, S.S. Multi-faced neuroprotective effects of Ginsenoside Rg1in an Alzheimer mouse model. Biochim. Biophys. Acta 2012, 1822, 286–292. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, S.H.; Shin, E.J.; Shin, T.J. Gintonin, a ginseng derived lysophosphatidic acid receptor ligand, attenuates Alzheimer’s disease-related neuropathies: Involvement of non-amyloidogenic processing. J. Alzheimer’s Dis. 2012, 31, 207–223. [Google Scholar] [CrossRef]

	



Karpagam, V.; Sathishkumar, N.; Sathiyamoorthy, S. Identification of BACE1 inhibitors from Panax ginseng saponins-An Insilco approach. Comput. Biol. Med. 2013, 43, 1037–1044. [Google Scholar] [CrossRef] [PubMed]

	



Tu, L.H.; Ma, J.; Liu, H.P.; Wang, R.R.; Luo, J. The neuroprotective effects of ginsenosides on calcineurin activity and tau phosphorylation in SY5Y cells. Cell. Mol. Neurobiol. 2009, 29, 1257–1264. [Google Scholar] [CrossRef] [PubMed]

	



Li, L.; Liu, J.; Yan, X.; Qin, K.; Shi, M.; Lin, T.; Zhu, Y.; Kang, T.; Zhao, G. Protective effects of ginsenoside Rd against okadaic acid-induced neurotoxicity in vivo and in vitro. J. Ethnopharmacol. 2011, 138, 135–141. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.S.; Yu, J.M.; Kim, H.J.; Kim, H.B.; Kim, S.T.; Choi, Y.W.; Lee, D.I.; Joo, S.S. Ginsenoside Re and Rd enhance the expression of cholinergic markers and neuronal differentiation in Neuro-2a cells. Biol. Pharm. Bull. 2014, 37, 826–833. [Google Scholar] [CrossRef]

	



Shi, C.; Zheng, D.D.; Fang, L.; Wu, F.; Kwong, W.H.; Xu, J. Ginsenoside Rg1 promotes nonamyloidgenic cleavage of APP via estrogen receptor signaling to MAPK/ERK and PI3K/Akt. Biochim. Biophys. Acta 2012, 1820, 453–460. [Google Scholar] [CrossRef]

	



Chen, X.C.; Zhou, Y.C.; Chen, Y.; Zhu, Y.G.; Fang, F.; Chen, L.M. Ginsenoside Rg1 reduces MPTP-induced substantia nigra neuron loss by suppressing oxidative stress. Acta Pharmacol. Sin. 2005, 26, 56–62. [Google Scholar] [CrossRef]

	



Radad, K.; Gille, G.; Moldzio, R.; Saito, H.; Ishige, K.; Rausch, W.D. Ginsenosides Rb1 and Rg1 effects on survival and neurite growth of MPP +-affected mesencephalic dopaminergic cells. J. Neural Transm. 2004, 111, 37–45. [Google Scholar] [CrossRef]

	



Chen, X.C.; Chen, Y.; Zhu, Y.G.; Fang, F.; Chen, L.M. Protective effect of ginsenoside Rg1 against MPTP-induced apoptosis in mouse substantia nigra neurons. Acta Pharmacol. Sin. 2002, 23, 829–834. [Google Scholar]

	



VanKampen, J.M.; Robertson, H.; Hagg, T.; Drobitch, R. Neuroprotective actions of the ginseng extract G115 in two rodent models of Parkinson’s disease. Exp. Neurol. 2003, 184, 521–529. [Google Scholar] [CrossRef]

	



VanKampen, J.M.; Baranowski, D.B.; Shaw, C.A.; Kay, D.G. Panax ginseng is neuroprotective in a novel progressive model of Parkinson’s disease. Exp. Gerontol. 2014, 50, 95–105. [Google Scholar] [CrossRef]

	



Finkel, T.; Holbrook, N.J. Oxidants, oxidative stress and the biology of ageing. Nature 2000, 408, 239–247. [Google Scholar] [CrossRef] [PubMed]

	



Podgórska, A.; Burian, M.; Szal, B. Extra-cellular but extra-ordinarily important for cells: Apoplastic reactive oxygen species metabolism. Front. Plant Sci. 2017, 8, 1353. [Google Scholar] [CrossRef] [PubMed]

	



Nandi, A.; Yan, L.J.; Jana, C.K.; Das, N. Role of catalase in oxidative stress- and age-associated degenerative diseases. Oxidative Med. Cell. Longev. 2019, 2019, 1–19. [Google Scholar] [CrossRef] [PubMed]

	



Dong, Y.; Li, X.; Cheng, J.; Hou, L. Drug development for Alzheimer’s Disease: Microglia induced neuroinflammation as a target? Int. J. Mol. Sci. 2019, 20, 588. [Google Scholar] [CrossRef]

	



Ong, W.Y.; Farooqui, T.; Koh, H.L.; Farooqui, A.A.; Ling, E.A. Protective effects of ginseng on neurological disorders. Front. Aging Neurosci. 2015, 7, 129. [Google Scholar] [CrossRef]

	



Zhang, X.; Shi, M.; Bjørås, M.; Wang, W.; Zhang, G.; Han, J.; Liu, Z.; Zhang, Y.; Wang, B.; Chen, J.; et al. Ginsenoside Rd promotes glutamate clearance by up-regulating glial glutamate transporter GLT-1 via PI3K/AKT and ERK1/2 pathways. Front. Pharmacol. 2013, 4, 152. [Google Scholar] [CrossRef]

	



Jeong, E.J.; Lee, K.Y.; Kim, S.H.; Sung, S.H.; Kim, Y.C. Cognitive-enhancing and antioxidant activities of iridoid glycosides from Scrophularia buergeriana in scopolamine-treated mice. Eur. J. Pharm. 2008, 588, 78–84. [Google Scholar] [CrossRef]

	



Vorhees, C.V.; Williams, M.T. Morris water maze: Procedures for assessing spatial and related forms of learning and memory. Nat. Protoc. 2006, 1, 848–858. [Google Scholar] [CrossRef]

	



Lorenzini, C.A.; Baldi, E.; Bucherelli, C.; Sacchetti, B.; Tassoni, G. Role of dorsal hippocampus in acquisition, consolidation and retrieval of rat’s passive avoidance response: A tetrodotoxin functional inactivation study. Brain Res. 1996, 730, 32–39. [Google Scholar] [CrossRef]

	



Sunita, S.; Sharlene, R.; Holly, B.B. Assessment of spatial memory in mice. Life Sci. 2010, 87, 521–536. [Google Scholar]

	



Kim, C.J.; Choi, J.H.; Oh, Y.S.; Seong, E.S.; Lim, J.D.; Yu, C.Y.; Lee, J.G. Enhancement and conversion of ginsenoside contents in cultured wild ginseng adventitious root. Korean J. Med. Crop. Sci. 2020, 28, 445–454. [Google Scholar] [CrossRef]

	



Kim, C.J.; Choi, J.H.; Seong, E.S.; Lim, J.D.; Choi, S.K.; Yu, C.Y.; Lee, J.G. The Isoflavonoid constituents and biological active of astragalus radix by fermentation of β-glucosidase strains. Korean J. Med. Crop. 2020, 25, 371–378. [Google Scholar] [CrossRef]

	



Lee, Y.J.; Kim, H.K.; Go, E.J.; Choi, J.H.; Jo, A.R.; Kim, C.J.; Lee, J.G.; Lim, J.D.; Choi, S.K.; Yu, C.Y. Extraction of Low Molecular Weight Ginsenosides from Adventitious Roots Culture of Wild Mountain Ginseng by Steam Processing. Korean J. Med. Crop. 2018, 26, 1–9. [Google Scholar]

	



Ellman, G.L.; Courtney, K.D.; Andres, V.; Feather-Stone, R.M. A new and rapid colormetric determination of cholinesterase activity. Biochem. Pharmacol. 1961, 7, 88–95. [Google Scholar] [CrossRef]

	



Jia, G.; Yang, H.; Diao, Z.; Liu, Y.; Sun, C. Neural stem cell conditioned medium alleviates Aβ25-35 damage to SH-SY5Y cells through the PCMT1/MST1 pathway. Eur. J. Histochem. 2020, 64, 3190. [Google Scholar] [CrossRef]

	



Tan, J.W.; Kim, M.K. Neuroprotective Effects of biochanin a against β-amyloid-induced neurotoxicity in PC12 cells via a mitochondrial-dependent apoptosis pathway. Molecules 2016, 21, 548. [Google Scholar] [CrossRef]

	



Park, H.R.; Lee, H.; Park, H.; Jeon, J.W.; Cho, W.K.; Ma, J.Y. Neuroprotective effects of liriope platyphylla extract against hydrogen peroxide-induced cytotoxicity in human neuroblastoma SH-SY5Y cells. BMC Complementary Altern. Med. 2015, 15, 171. [Google Scholar] [CrossRef]

	



Bo-Htay, C.; Palee, S.; Apaijai, N.; Chattipakorn, S.C.; Chattipakorn, N. Effects of D-galactose-induced ageing on the heart and its potential interventions. J. Cell. Mol. Med. 2018, 22, 1392–1410. [Google Scholar] [CrossRef]

	



Haider, A.; Inam, W.; Khan, S.A.; Mahmood, W.; Abbas, G. β-glucan attenuated scopolamine induced cognitive impairment via hippocampal acetylcholinesterase inhibition in rats. Brain Res. 2016, 1644, 141–148. [Google Scholar] [CrossRef]

	



Jo, Y.H.; Lee, H.; Oh, M.H.; Lee, G.H.; Lee, Y.J.; Lee, J.S.; Kim, M.J.; Kim, W.Y.; Kim, J.S.; Yoo, D.S.; et al. Antioxidant and hepatoprotective effects of Korean ginseng extract GS-KG9 in a D-galactosamine-induced liver damage animal model. Nutr. Res. Pract. 2020, 14, 334. [Google Scholar] [CrossRef]








[image: Molecules 26 03001 g001 550] 





Figure 1. Representative HPLC chromatograms of ginsenosides detected incultured wild ginseng root and HLJG0701-β. (A) Ginsenosides Rb1, Rc, Rb2, Rb3, and Rd reference standards; (B) ginsenosides Rg3, Rk1, and Rg5 reference standards; (C) cultured wild ginseng root; (D) HLJG0701-β. 
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Figure 2. AChE inhibition rates of HLJG0701-β. Data are presented as mean ± standard deviation. Error bar: standard deviation; **, significant difference compared with control by one-way ANOVA, p < 0.01. 
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Figure 3. Neuroprotective effects against (A) amyloid-β25-35 and (B) H2O2 induced damage. Data are presented as mean ± standard deviation. Error bar: standard deviation; ##, significant difference compared with control by Student’s t-test, p < 0.01; $$, significant difference compared with negative control by Student’s t-test, p < 0.01; **, significant difference compared with negative control by one-way ANOVA, p < 0.01. 
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Figure 4. Effect of HLJG0701-β on antioxidant (A) ROS (B) CAT activity. Data are presented as mean ± standard deviation. Error bar: standard deviation; ##, significant difference compared with control by Student’s t-test, p < 0.01; $$, significant difference compared with negative control by Student’s t-test, p < 0.01; **, significant difference compared with negative control by one-way ANOVA, p < 0.01. 
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Figure 5. The Morris Water Maze task in scopolamine-induced male mice. (A) escape latency; (B) heatmap images; (C) swimming time in target quadrant; (D) swimming distance. Data are presented as mean ± standard deviation. Error bar: standard deviation. ##, significant difference compared with control by Student’s t-test, p < 0.01; #,significant difference compared with control by Student’s t-test, p < 0.05; $$,significant difference compared with scopolamine group by Student’s t-test, p < 0.01; $, significant difference compared with scopolamine group by Student’s t-test, p < 0.01; **,significant difference compared with scopolamine group by one-way ANOVA, p < 0.01; *,significant difference compared with scopolamine group by one-way ANOVA, p < 0.05. 
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Figure 6. The Y-maze task in scopolamine-induced male mice. (A) Spontaneous alternation; (B) Total arm entry. Data are presented as mean ± standard deviation, Error bar: standard deviation. #, significant difference compared with control by Student’s t-test, p < 0.05; $, significant difference compared with scopolamine group by Student’s t-test, p < 0.01; *, significant difference compared with scopolamine group by one-way ANOVA, p < 0.05. 
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Figure 7. The Morris Water Maze task in OVX + d-galactose-induced female mice. (A) Escape latency; (B) heatmap images; (C) swimming time in target quadrant; (D) swimming distance. Data are presented as mean ± standard deviation. Error bar: standard deviation. ##, significant difference compared with control by Student’s t-test, p < 0.01; #, significant difference compared with control by Student’s t-test, p < 0.05; $$, significant difference compared with OVX + d-galactose group by Student’s t-test, p < 0.01; $, significant difference compared with OVX + d-galactose group by Student’s t-test, p < 0.05; **, significant difference compared with OVX + d-galactose group by one-way ANOVA, p < 0.01; *, significant difference compared with OVX + d-galactose group by one-way ANOVA, p < 0.05. 
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Figure 8. The Y-maze task in OVX + d-galactose-induced female mice. (A) Spontaneous alternation; (B) total arm entry. Data are presented as mean ± standard deviation. Error bar: standard deviation. ##, significant difference compared with control by Student’s t-test, p < 0.01; $, significant difference compared with OVX + d-galactose group by Student’s t-test, p < 0.05; *, significant difference compared with OVX + d-galactose group by one-way ANOVA, p < 0.05. 
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Figure 9. Effect of HLJG0701-β on the contents AChE (A) and ACh (B) in mice brain tissue. Data are presented as mean ± standard deviation. Error bar: standard deviation. ##, significant difference compared with control by Student’s t-test, p < 0.01; $, significant difference compared with OVX + d-galactose group by Student’s t-test, p < 0.05; *, significant difference compared with OVX + d-galactose group by one-way ANOVA, p < 0.05. 
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Figure 10. Effect of HLJG0701-β on the contents MDA (A) and CAT (B) in the blood of mice. Data are presented as mean ± standard deviation. Error bar: standard deviation. ##, significant difference compared with control by Student’s t-test, p < 0.01; $, significant difference compared with OVX + d-galactose group by Student’s t-test, p < 0.05; *, significant difference compared with OVX + d-galactose group by one-way ANOVA, p < 0.05. 
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Table 1. Ginsenoside contents in cultured wild ginseng root and HLJG0701-β (mean ± SD).
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Treatment

	
Ginsenoside Contents (mg/g)




	
High Molecular Compounds

	
Small Molecular Compounds

	
Total




	
Rb1

	
Rc

	
Rb2

	
Rb3

	
Rd

	
Rg3

	
Rk1

	
Rg5

	






	
Cultured wild

ginseng root

	
51.53 ± 1.34

	
38.16 ± 1.10

	
34.36 ± 1.26

	
8.10 ± 0.52

	
55.90 ± 0.85

	
N.D.1

	
N.D.

	
N.D.

	
188.06 ± 4.98




	
HLJG0701-β

	
9.26 ± 0.28

	
4.93 ± 0.41

	
6.36 ± 0.40

	
2.83 ± 0.35

	
11.26 ± 0.56

	
44.26 ± 1.02

	
15.93 ± 0.32

	
23.10 ± 0.59

	
117.96 ± 3.38








1 N.D.: not detected.













[image: Table] 





Table 2. Chemical structures and molecular of reference ginsenoside standards in this study. M.W., molecular weight.; glc,β-d-glucopyranosyl; arap,α-l-arabinopyranosyl; xyl, β-d-xylopyranosyl; araf, α-l-arabinofuranosyl.
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Analyte

	
Formula

	
Side Chain

	
R1

	
R2

	
R3

	
R4

	
M.W.

	
Function

	
R-Squared






	
Rb1

	
C54H92O23

	
A1

	
glc(2-1)glc

	
H

	
Oglc(6-1)glc

	
CH3

	
1109.29

	
y = 0.0431x + 0.0123

	
R2 = 0.9995




	
Rc

	
C53H90O22

	
A1

	
glc(2-1)glc

	
H

	
Oglc(6-1)araf

	
CH3

	
1079.27

	
y = 0.0427x + 0.0568

	
R2 = 1.000




	
Rb2

	
C53H90O22

	
A1

	
glc(2-1)glc

	
H

	
Oglc(6-1)arap

	
CH3

	
1079.27

	
y = 0.0481x + 0.0197

	
R2 = 0.9988




	
Rb3

	
C53H90O22

	
A1

	
glc(2-1)glc

	
H

	
Oglc(6-1)xyl

	
CH3

	
1079.27

	
y = 0.0396x + 0.0875

	
R2 = 0.9999




	
Rd

	
C48H82O18

	
A1

	
glc(2-1)glc

	
H

	
Oglc(6-1)

	
CH3

	
947.15

	
y = 0.0503x + 0.0605

	
R2 = 1.000




	
Rg3

	
C42H72O13

	
A1

	
glc(2-1)glc

	
H

	
OH

	
CH3

	
785.01

	
y = 0.0626x + 0.0333

	
R2 = 1.000




	
Rk1

	
C42H70O12

	
A2

	
glc(2-1)glc

	
H

	
-

	
-

	
767.00

	
y = 0.1653x + 0.0546

	
R2 = 1.000




	
Rg5

	
C42H70O12

	
A3

	
glc(2-1)glc

	
H

	
-

	
-

	
767.00

	
y = 0.1911x + 0.1765

	
R2 = 0.999
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Table 3. The scopolamine-, OVX+ d-galactose-induced mice model study of the test.
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Model

	
Group

	
Number of Animals

	
Volume

(mg/kg)

	
Dose

(mg/kg)






	
Scopolamine Model

(Male, 9 weeks old,

18.37–23.92 g)

	
Control

	
M1~10

	
5

	
0




	
Scopolamine (1 mg/kg)

	
M11~20

	
5

	
0




	
Scop + Donepezil (5 mg/kg)

	
M21~30

	
5

	
5




	
Scop + HLJG0701-β

	
M31~40

	
5

	
125




	
M41~50

	
5

	
250




	
M51~60

	
5

	
500




	
Ovariectomized (OVX) +d-galactose Model

(Female, 9 weeks old, 18.40–20.97 g)

	
Control

	
F1~10

	
5

	
0




	
OVX + d-galactose (100 mg/kg)

	
F11~20

	
5

	
0




	
OVX + d-galactose + Donepezil (5 mg/kg)

	
F21~30

	
5

	
5




	
OVX + d-galactose + HLJG0701-β

	
F31~40

	
5

	
125




	
F41~50

	
5

	
250




	
F51~60

	
5

	
500
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