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Zanthoxylum bungeanum Maxim (Rutaceae), a popular condiment and dietetic herbal medicine, has been used traditionally in the treatment of forgetfulness, as recorded in Shen Nong's Herbal Medicine, an old Chinese medicine book. To explore effects and potential mechanisms of it, extracts of Z. bungeanum through water (WEZ), volatile oil (VOZ), petroleum ether (PEZ), and methylene chloride (MCZ) were used to treat the memory loss induced in D-galactose-induced aging mice. The impaired memory was significantly alleviated after WEZ and VOZ extract treatment. WEZ and VOZ extracts also prevented D-galactose-induced hippocampal neuron damage. In addition, WEZ and VOZ extracts upregulated nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1), which suggests that the effects of WEZ and VOZ extracts on oxidative stress and apoptosis might be involved in the cognitive dysfunctions. Furthermore, WEZ and VOZ extracts enhanced the activation of phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt), which suggests that Z. bungeanum has an appreciable therapeutic effect on learning and memory disabilities, and its mechanism may be related to activate PI3K/Akt signaling pathway. Collectively, our study suggested that Z. bungeanum extracts are promising agents for prevention of aging-related cognitive dysfunction and neurological deficits.
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Introduction

Aging is a major cause for inducing cognitive impairment in humans, and it is a major risk factor for neurodegenerative diseases that are associated with neurological deficits (Liang et al., 2019). Many prevalent neurological disorders are closely related to aging (Juan and Adlard, 2019). The mitochondrial free-radical theory suggests that aging is caused by oxidative damage to macromolecules caused by mitochondrial reactive oxygen species (ROS) (Barja, 2019). Thus, preventing oxidative stress-induced neuronal degeneration might be crucial to prevent the aging process and its associated neurodegenerative diseases such as Alzheimer's disease (AD). D-galactose is a physiological nutrient that is involved in glucose metabolism, but its excessive accumulation produces redundant ROS formation and decreases endogenous antioxidant enzyme activity, cognitive dysfunction, and neurological deficits in rodents (Hao et al., 2014; Sadigheteghad et al., 2017). Consequently, D-galactose-induced aging mice were used to mimic aging brain pathology in this present study.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a master regulator for regulating oxidative stress via the activation of transcription, which in turn increases the secretion of antioxidant enzyme and regulates antioxidant gene expressions, such as heme oxygenase 1 (HO-1) (Gong et al., 2019). When oxidative stress or damage increased in aging mammals, Nrf2 knockout mice exhibited severe susceptibility to oxidative damage and decreased expression of Nrf2 (Zhang et al., 2017), indicating that Nrf2 has neuroprotective effects. In addition, the activation of phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway promotes the translocation of Nrf2 from the cytoplasm to the nucleus to facilitate the transcription of detoxification enzyme and antioxidant enzyme protein gene (Zhuang et al., 2019). Some drugs were reported to activate PI3K/Akt signaling pathway and promote the transcription of Nrf2 to relieve cognitive impairment and neurological deficits (Liang et al., 2019). Thus, the Nrf2 has been regarded as a potential therapeutic target for the treatment of neurodegenerative diseases.

Zanthoxylum bungeanum Maxim. (Z. bungeanum), an exceedingly popular spice with pleasant pungent sensation, is widely used in East and Southeast Asia (Menozzi-Smarrito et al., 2009). Z. bungeanum is also involved in more than 30 traditional medical prescriptions in the treatment of various diseases, including forgetfulness, poor appetite, toothache, abdominal pain, vomiting, diarrhea, ascariasis, and trauma (Zhang et al., 2017; Deng et al., 2019). Many compositions in Z. bungeanum are reported to have anti-inflammatory, antitumor, antibacterial, antioxidant, and neuroprotective properties (Zhang et al., 2017; Chen et al., 2018). Especially, the antioxidant activity of Z. bungeanum contained a variety of bioactive polyphenols, which might activate the immune system and prevent neuronal impairment in neurophysiology (Deng et al., 2019). However, the mechanisms are still unclear. In this study, we investigated the neuroprotective mechanisms underlying Z. bungeanum against D-galactose-induced cognitive dysfunctions. Our results show that Z. bungeanum treatment attenuates D-galactose-induced cognitive impairment, oxidative stress, and apoptosis possibly through PI3K/Akt/Nrf2 signaling pathway. A detailed illustration of the study is shown in Figure 1.




Figure 1 | A detailed illustration of the experiment.





Materials and Methods


Animals

A total of 70 male adult Kunming mice (18–22 g; Dashuo Experimental Animal Co., Ltd., Chengdu, China) were used in this work. All mice were housed in a standard 12-hour light/dark cycle with free access to water and food. The mice were acclimated to the animal facility for 3 days before conducting the experiments. All experiments were approved by the Ethics Committee for Animal Experiments of the Institute of Material Medica Integration and Transformation for Brain Disorders in Chengdu University of Chinese Medicine and accorded with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



Materials and Reagents

Z. bungeanum Maxim. (batch number 20180802) was purchased from Hehuachi tradition herbal medicine market, Chengdu, China. Mesylate dihydroergotoxine tablets (batch number 7K893T) were purchased from Tianjin Huajin Pharmaceutical Co., Ltd., Tianjin, China. D-galactose (batch number 2017060101) was purchased from Chengdu Cologne Chemical Co., Ltd., Chengdu, China. Superoxide dismutase (SOD) kit, malondialdehyde (MDA) kit, glutathione (GSH) kit, catalase (CAT) kit, and nuclear protein extraction kit were obtained from Nanjing Jiancheng Bioengineering Institute, Nanjing, China (batch number 20180605, 20180611, 20190718, 20190719, and 20190722, respectively). Primary antibodies, including PI3K (Cat no.: 4257S), AKT (Catno.: 4685S), p-PI3K (Cat no.: 4685S), p-AKT (Cat no.: 4060S), and Lamin A/C (Cat no.: 4777T) were provided by Cell Signaling Technology, MA, USA; HO-1 (Cat no.: 10701-1-AP), Bcl2 (Cat no.: 26593-1-AP), and Bax(Cat no.: 50599-2-1g) were provided by Wuhan Sanying Biotechnology Co., Ltd., Wuhan, China. Nrf2 (Cat no.: ab34436-050) was provided by Hangzhou Lianke Biotechnology Co., Ltd., Hangzhou, China.



Preparation of Extraction Parts of Z. bungeanum

The dried Z. bungeanum (100 g) was decocted two times (0.5 L each) with water, two filtrates were combined and concentrated to 100 ml (WEZ). The dried Z. bungeanum (200 g) was extracted with volatile oil extractor and afforded volatile oil 5.8 ml (VOZ). The dried Z. bungeanum (500 g) was extracted three times (5 L each) with petroleum ether (PEZ) and methylene chloride (MCZ), respectively, at room temperature and afforded a PEZ extract (33.31 g) and an MCZ extract (33.36 g).



Animal Grouping and Administration

Three grams of the raw material per 60 kg human body was used to calculate the dosage following the standard of Chinese Pharmacopoeia 2015 Edition (Commission C.P., 2015). Then according to the ratio of mice to human body surface area of 1:9, the dose of mice was 450 mg/kg (Nair and Jacob, 2016). KM mice were randomly divided into seven groups: control group (distilled 0.5% CMC-Na orally and normal saline subcutaneously), model group (distilled 0.5% CMC-Na orally and 500 mg·kg -1 D-galactose subcutaneously), hydergine group (0.9 mg·kg -1 dihydroergotoxine mesylate tablets orally and 500 mg·kg -1 D-galactose subcutaneously), WEZ group (water extract of 450 mg·kg -1 Z. bungeanum orally and 500 mg·kg -1 D-galactose subcutaneously), VOZ group (volatile oil of 450 mg·kg -1 Z. bungeanum orally and 500 mg·kg -1 D-galactose subcutaneously), PEZ group (petroleum ether extract of 450 mg·kg -1 Z. bungeanum orally and 500 mg·kg -1 D-galactose subcutaneously), and MCZ group (methylene chloride extract of 450 mg·kg -1 Z. bungeanum orally and 500 mg·kg -1 D-galactose subcutaneously) with 10 mice in each group, orally administered once daily. Half an hour after gavage, D-galactose or normal saline was injected subcutaneously once a day, continuously for 48 days. On the 48th day, tissue preparation was carried out after the animals were sacrificed by decapitation. The right hemisphere of five mice in each group was quickly fixed with 4% paraformaldehyde for 48 h before embedding in paraffin. The hippocampus was isolated on ice, then stored in liquid nitrogen.



Passive Avoidance Test

The passive avoidance apparatus consists of an illuminated white compartment and a dark compartment with a movable door connected, and inescapable electrical shocks were delivered to the animals when they enter the dark chamber because the dark compartment was electrified. On the 40th day, mice were placed into the apparatus to familiarize with the surroundings for 5 min (Moosavi et al., 2018). Twenty-four hours after the first trial, the passive avoidance test was performed, the mice were placed into the bright compartment, opened the movable door, the latency time taken to enter the dark compartment was recorded as “escape latency,” and the number of times the mice entered the black box was counted as “the number of errors.” If the mouse did not enter into the dark chamber within 300 s, a latency of 300 s was recorded (Wei et al., 2019).



Morris Water Maze Test

The mice were placed in EthoVision XT Morris water maze video tracking test system, which can automatically record time for mice to find platform. The training time was set as 60 s, if the mice could not reach the terminal point within 60 s was recorded as 60 s. Attentively, it needs to be artificially guided to stay on the platform for 10 s if the mice did not find the platform in the first 4 days. Mice were trained every 24 h, and experimental data were collected on the fifth day (Luo et al., 2014). On the sixth day, the platform was removed to test the spatial searching ability of the mice, following the number of mice passed through where the place was initially placed, and the time stayed in the destination quadrant were recorded (Vorhees and Williams, 2006).



Hematoxylin–Eosin Staining and Nissl Staining

The right hemispheres of mice in each group were embedded in paraffin and cut into 4-µm slices, then stained with hematoxylin–eosin (HE) staining. The embedded wax pieces were cut into thick and dewaxed by xylene and gradient concentrations of ethanol. After rinsing with phosphate-buffered solution (PBS), it was stained with Nissl staining (Liang et al., 2019). The stained slices were observed and photographed under an optical microscope for examining the pathological changes and comparing number of Nissl bodies in the hippocampus. The damage score of neurons was assessed accordance to the scoring criteria by Shi et al. (2017). The Nissl body counts in hippocampus CA1 and the CA3 regions from each animal were calculated using ImageJ software (Liang et al., 2019).



Measurement of the Oxidation State

The activity of SOD and CAT and the content of MDA and GSH were determined strictly according to the kit instructions.



Western Blot

The hippocampal samples were removed from liquid nitrogen. The lysis buffer for ice cracking was added to the samples (1 mg:10 μl), then centrifuged at 12,000 × g to obtain the supernatant. Then, sodium dodecyl sulfate (SDS)-polyacrylamide gels electrophoresis was used to isolate target protein from total proteins. The proteins were transferred onto a polyvinylidene fluoride (PVDF) membrane at low temperature with a cold pack, and the membrane was blocked with the blocking buffer (containing 5% bovine serum albumin). After the blocking at room temperature was completed, the first antibodies were added onto the membrane respectively and which was incubated at 4°C overnight. Then, the membrane was washed with Tris-buffered saline with Tween 20 (TBST). The second antibody (1:5,000) was add onto the membrane and incubated for 90 min, then rinsed with TBST. Finally, the relative expression of target protein was analyzed by the Quantity One software.



Statistical Analysis

Behavioral data are presented as mean ± standard error of the mean (SEM). Other data are presented as the mean ± standard deviation (SD). The results of escape latency in Morris water maze test were analyzed using two-way analysis of variance (ANOVA). Other data were analyzed by one-way ANOVA. Bonferroni post hoc analysis was conducted, and the statistical significance was tested at P < 0.05.




Results


Effects of the Different Extractions of Z. bungeanum on D-Galactose-Induced Cognitive Impairment

To evaluate whether different extractions of Z. bungeanum could ameliorate the memory dysfunction of D-galactose-induced aging mice, we conducted the passive avoidance test (Figures 2A, B). The escape latency of the model group was significantly shortened (P < 0.01), and change to the number of errors was increased (P < 0.01) in comparison with the control group, which indicated that the D-galactose-induced impaired retention of the passive avoidance test. Nevertheless, compared with the model group, the escape latencies of WEZ group and VOZ group were prolonged; moreover, the numbers of errors of the WEZ group and VOZ group were significantly decreased. While those of PEZ group and MCZ group did not show a significant difference from the model group (P > 0.05). These results showed that WEZ and VOZ extracts ameliorated the D-galactose-induced fear memory impairment.




Figure 2 | D-galactose induced cognitive impairment. Effects of Z. bungeanum extracts by water (WEZ), volatile oil (VOZ), petroleum ether (PEZ), methylene chloride (MCZ) on the escape latency (A) and the number of errors (B) within 5 min on the passive avoidance test of mice. Escape latency (C), swimming time in the target quadrant (D), and the number of passing the platform (E) in the Morris water maze during the five consecutive training trial days (mean ± SME, n = 10). *P < 0.05 or **P < 0.01 versus the model group, ##P < 0.01, or ###P < 0.001versus the control group. Comparison of escape latency was performed with two-way analysis of variance (ANOVA) in the Morris water maze during the five consecutive days training trial days, others were performed by one-way analysis of variance (ANOVA).



Effects of different extractions of Z. bungeanum on the spatial and long-term memory of the D-galactose-induced mice were tested via Morris water maze. In the orientation navigation test, the latency of all groups to find the platform gradually was shortened [F (4, 20) = 30.59, P < 0.001] as training time progressed (Figure 2C). Moreover, the model group exhibited longer latency to reach the platform than the control group [F (4, 20) = 12.05, P < 0.001]; administration of WEZ [F (4, 50) = 2.923,  P < 0.05] and VOZ [F (4, 20) = 2.582, P < 0.05] significantly attenuated the increased latency to reach the platform, while the mice treated with PEZ and MCZ extracts did not show significant reduction. The results of spatial search test are shown in Figures 2D, E, which manifested D-galactose could significantly decrease the swimming time spent in the target quadrant (P < 0.001) and the number of passing the platforms of model group (P < 0.001) in comparison to control group. The mice treated with WEZ and VOZ extracts lengthened the residence time in the target quadrant and enhanced the number of passing the platform zone compared with the model group (P < 0.05). Whereas the mice treated with PEZ and MCZ extracts could not lengthen the swimming time in the target quadrant and could not enhance the number of passing the platform zone compared with the model group. These results showed that in the mice treated with WEZ and VOZ extracts, the D-galactose-induced spatial and long-term memory dysfunction had been reduced.



WEZ and VOZ Extracts Ameliorated D-Galactose-Induced Hippocampal Neuron Damage

The ability of cognitive function is closely related to the structure of hippocampus. To further investigate the role of WEZ or VOZ extracts on cognitive dysfunction, we tested the effects of WEZ and VOZ extracts on the hippocampus pathology of the D-galactose-induced aging mice. The results of HE staining showed the hippocampus of control group had no remarkable abnormalities; hippocampal neurons were arranged neatly with no noticeable cell loss (Figure 3A). In contrast, atrophy and loss of neurons in the hippocampus were observed in the model group; meanwhile, the scores of neuron damage grade were markedly increased as compared with the control group (Figures 3B, C). While nerve cell damage and the scores of neuron damage grade were reduced in the CA1 and CA3 regions of mice after treatment with hydergine, WEZ, and VOZ extracts.




Figure 3 | Effects of water (WEZ) and volatile oil (VOZ) on the D-galactose-induced pathological damage and Nissl bodies of hippocampus. (A) Representative pictures of hematoxylin–eosin (HE) staining showed WEZ and VOZ extracts attenuated the damage to the hippocampus in the D-galactose model, magnification: 200×. (B) The grade of neuronal damage in the CA1 region of D-galactose model mice (mean ± SD, n = 5). (C) The grade of neuronal damage in the CA3 region of D-galactose model mice (mean ± SD, n = 5). (D) Representative pictures of Nissl staining showed WEZ and VOZ extracts increased the number of hippocampal Nissl bodies in the D-galactose model, magnification: 200×. (E) The Nissl body counts in the CA1 region of D-galactose model mice (mean ± SD, n = 5). (F) The Nissl body counts in the CA3 region of D-galactose model mice (mean ± SD, n = 5). Red arrows indicate atrophy or loss of neurons. * P < 0.05 or **P < 0.01 compared with the model group, ##P < 0.01 or ###P < 0.001 compared with the control group. Comparisons were performed by one-way analysis of variance (ANOVA).



The results of Nissl staining showed that the Nissl bodies counts in hippocampal CA1 and CA3 of model group were prominently lower compared with the control group (Figure 3D). Whereas, the counts were higher compared with the model group after administration of hydergine, WEZ and VOZ extracts (Figures 3E, F). The results of HE staining and Nissl staining demonstrated that hippocampal histopathological alterations and neuronal loss induced by the D-galactose were alleviated after treatment with WEZ and VOZ extracts.



Effects of WEZ and VOZ Extracts on Oxidative Status of Mouse Brain Induced by the D-Galactose

Tons of studies have proved that oxidative status may underlie premature aging in these animals, the activity of some crucial antioxidant enzymes including SOD and CAT, the levels of oxidation product MDA and non-enzymatic antioxidant GSH in the mouse brain were detected. As illustrated in Figures 4A, B, D, the activities of SOD and CAT and the level of GSH in the brain tissue were remarkably suppressed after exposure to D-galactose compared with the control group (P < 0.01 or P < 0.001). Nevertheless, the decrease in these antioxidant enzymes and biomolecule was noticeably ameliorated by WEZ and VOZ extract treatment (P < 0.05 or P < 0.01). As shown in Figure 4C, MDA in the brain tissue of mice in the model group was increased compared with the control group (P < 0.01). But WEZ and VOZ supplementation decreased the MDA levels in the brain compared with the model group (P < 0.05). This experiment showed that oral administration of WEZ and VOZ extracts could improve the redox balance of mouse brain tissue and then prevent the oxidant status induced by the D-galactose.




Figure 4 | Effects of water (WEZ) and volatile oil (VOZ) extracts on oxidative status in the brain tissue of mice. Effects of WEZ and VOZ on superoxide dismutase (SOD) activities (A), malondialdehyde (MDA) levels (B), glutathione (GSH) levels (C), catalase (CAT) activities (D) of D-galactose-induced mice (mean ± SD, n = 5). * P < 0.05 or **P < 0.01 compared with the model group, ##P < 0.01 or ###P < 0.001 compared with the control group. Comparisons were performed by one-way analysis of variance (ANOVA).





WEZ and VOZ Extracts Activated PI3K/Akt/Nrf2 Axis in D-Galactose-Induced Aging Mice

Nrf2 plays an important role in participating in cellular antioxygen stress. And we have demonstrated WEZ and VOZ extracts could improve oxidation state of mouse brain tissue induced by the D-galactose. Hence, the expression of Nrf2 in the nucleus and cytoplasmic fraction were examined, respectively. The results (Figures 5A, B) displayed that the expression of Nrf2 in the D- galactose-induced aging mice was restrained in the nucleus and cytoplasmic fraction compared with the control group (P < 0.01 or P < 0.05). After treatment with WEZ and VOZ, the expression of Nrf2 was improved in the nucleus compared with the model group but WEZ and VOZ could not apparently change the expression of Nrf2 in the cytoplasm. In addition, the downstream protein HO-1 of Nrf2 was detected by Western blot. As shown in Figure 5C, the expression of HO-1 protein was reduced in aging mice compared with that in control mice (P < 0.01). But the expression level of HO-1 was increased after WEZ and VOZ treatment (P < 0.05). The results indicated that Nrf2 nuclear translocation is facilitated after treatment with WEZ and VOZ in D-galactose-induced mice.




Figure 5 | Water (WEZ) and volatile oil (VOZ) extracts activated nuclear factor erythroid 2-related factor 2 (Nrf2)/heme oxygenase 1 (HO-1) signaling pathway in D-galactose-induced aging mice. Effects of WEZ and VOZ extracts on the expression of Nrf2 in the cytoplasm (A), expression of Nrf2 in the nucleus (B), and the expression of HO-1 (C) (mean ± SD, n = 5). *P < 0.05 or **P < 0.01 compared with the model group, ## P < 0.01 compared with the control group. Comparisons were performed by one-way analysis of variance (ANOVA).



According to research reports, activation of PI3K/AKT signaling pathway can promote Nrf2 transport from cytoplasm to nucleus (Nguyen et al., 2004). Therefore, PI3K/AKT signaling pathway was tested (Figure 6). Compared with the control group, the protein levels of PI3K phosphorylation and Akt phosphorylation were significantly reduced in model group (P < 0.01 or P < 0.001). However, phosphorylation levels of PI3K and Akt were significantly upregulated after WEZ and VOZ treatment. The findings imply that WEZ and VOZ could activate Nrf2 to prevent the D-galactose-induced oxidative stress that may be regulated by the PI3K/AKT signaling pathway. Given the findings mentioned above, we speculated that the protective effect of WEZ and VOZ extracts might be mediated through the activation of PI3K/Akt/Nrf2 signaling pathway.




Figure 6 | Water (WEZ) and volatile oil (VOZ) extracts activated phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling pathway. The effects of WEZ and VOZ extracts on the expression ratio of p-PI3K/PI3K (A), p-Akt/Akt (B) (mean ± SD, n = 5). *P < 0.05 or **P < 0.01 compared with the model group, ##P < 0.01 or ###P < 0.001 compared with the control group. Comparisons were performed by one-way analysis of variance (ANOVA).





WEZ and VOZ Extracts Suppressed Apoptosis Induced by D-Galactose

In order to investigate effects of WEZ and VOZ extracts on cell apoptosis in hippocampus next, we had evaluated another hallmark of neuronal cell loss—apoptosis. According to our findings, there was enhanced expression of B-cell lymphoma 2 (Bcl2)-associated X, apoptosis regulator (Bax) and reduced expression of (Bcl2) in the D-galactose-induced mice. Interestingly these markers were markedly reversed in the WEZ and VOZ groups (Figure 7). And WEZ and VOZ significantly elevated the expression ratio of Bcl2/Bax in D-galactose-induced mice (P < 0.01 or P < 0.05).




Figure 7 | Water (WEZ) and volatile oil (VOZ) extracts suppressed the apoptosis of hippocampal neurons induced by D-galactose in mice. Effects of WEZ and VOZ extracts on the expression ratio of Bcl2/Bax (mean ± SD, n = 5). *P < 0.05 or **P < 0.01 compared with the model group, ##P < 0.01 compared with the control group. Comparisons were performed by one-way analysis of variance (ANOVA).






Discussion

The present study provides support for investigation of Nrf2 pathway activation by Z. bungeanum as a novel strategy to ameliorate behavioral dysfunction and neurological deficits in a D-galactose-induced aging mouse model. We found that WEZ and VOZ extracts protected against cognitive dysfunction and hippocampal neuronal cell damage induced by D-galactose. In addition, our results also indicated that WEZ and VOZ extracts could activate PI3K/Akt/Nrf2 pathway to exert antioxidant, antiapoptosis, and anti-neurodegenerative effects. Therefore, Z. bungeanum might have potential effects for further development as an effective natural herbal product in antiaging and its associated diseases. Interestingly, this is the first time to demonstrate the effect and mechanism underlying of Z. bungeanum on the learning and memory impairment in the D-galactose-induced mouse model.

Z. bungeanum is often used as a flavor condiment and traditional herbal medicine, which has shown benefit effects on neuronal impairment. For example, compound Daikenchuto, which is a component of Z. bungeanum fruit, could improve cognitive deficits of mice on the scopolamine-induced dementia (Nakamura et al., 2006). Isobutyl hydroxyamides from Sichuan pepper showed protective activity on PC12 cells damaged by corticosterone (Chen et al., 2018). Another example, Gx-50, isolated from Z. bungeanum could reduce neuronal calcium toxicity and enhance cognitive function of Aβ protein precursor transgenic (Tang et al., 2013). It has been reported that the water and ethanol extract of Z. bungeanum contains polyphenols, which can remove MDA, 1,1-diphenyl-2-picryhydrazyl (DPPH), hydroxyl radical (·OH), and nitrite, and the volatile oil of Z. bungeanum, and also has certain scavenging ability to DPPH free radicals (Mi et al., 2004; Li et al., 2015). Oxidative stress has been considered a key mediator to induce neuronal degeneration in various age-associated neurodegenerative diseases such as AD (Ali et al., 2015). We speculated that Z. bungeanum with antioxidant properties may be able to protect against neurodegenerative diseases.

D-galactose-induced mammalian aging model is commonly used in cognitive and neurological dysfunction because a series of neurobehavioral and neurochemical studies in rodents showed D-galactose injection induced cognitive disorder, increased free radical production, decreased antioxidant enzyme activity, and reduced immune response (Sadigheteghad et al., 2017). But the effect of Z. bungeanum on cognitive impairment and neurological dysfunction induced by D-galactose has not been reported before. Here, we investigated effects of Z. bungeanum extractions on cognition impairment of D-galactose-induced aging mice. The results showed that WEZ and VOZ extracts can prevent the D-galactose-induced cognitive impairment and neurodegeneration. And our study illuminated that WEZ and VOZ extracts could significantly reduce the level of MDA, increase the content of GSH, and improve SOD and CAT activity in the brain tissue of mice induced by D-galactose. Therefore, it is reasonable to suspect that oxidation regulator plays an important role in the neuroprotective effect of WEZ and VOZ extracts.

It is reported that Nrf2 pathway is an important target in the treatment of neurodegenerative diseases (Wu et al., 2015). Under normal physiological conditions, Nrf2 binds to Keap1, a cysteine-rich protein, located in the cytoplasm. However, when exposed to oxidative conditions, Keap1 denatures, and Nrf2 translocates into the nucleus, binds to the antioxidant elements (AREs), and then upregulates expression of antioxidant enzyme genes, such as SOD and CAT (Nguyen et al., 2003). Studies have reported that the decreased of Nrf2 nuclear translocation in natural aging animals (Tomobe et al., 2012). Consistent with previous studies, the study also showed that the Nrf2 translocation to the nucleus was inhibited by the D-galactose treatment (Zhang et al., 2017), and treatment with WEZ and VOZ extracts had shown effective promotion. HO-1 is an important antioxidant enzyme, which can exert neuroprotective effect by antioxidant (Zhao et al., 2018). Meanwhile, after treated with WEZ and VOZ, Nrf2 nuclear accumulation gave rise to promoting the expression of HO-1, a downstream protein of Nrf2, which is not only confirmed the involvement of Nrf2, but indicated the central role of HO-1 protein in the antioxidant protection of WEZ and VOZ extracts. Therefore, WEZ and VOZ extracts, which can activate Nrf2 activator, could be promising for brain injury prevention during the aging process.

PI3K/Akt signaling pathway is involved in the regulation of cell proliferation, metabolism, growth, differentiation, apoptosis, and other life phenomena (Abeyrathna and Su, 2015). PI3K/Akt signaling is an important upstream pathway of Nrf2 (Nguyen et al., 2004). The activation of PI3K/Akt signaling pathway promotes the dissociation of Nrf2 and Keap1, thereby regulating the expression of Nrf2 in nucleus (Zhang et al., 2019). Numerous studies hinted that the PI3K/Akt signaling pathway protects against hyperoxia-induced acute lung injury by modulating Nrf2 (Reddy et al., 2015). Additionally, naringenin improved behavioral dysfunction and neurological deficits in D-galactose-induced aging mouse model via activation of PI3K/Akt/Nrf2 pathway (Zhang et al., 2017). Results of our work demonstrated that phosphorylation levels of PI3K and Akt were significantly upregulated after WEZ and VOZ treatment, which revealed that WEZ and VOZ extracts can activate PI3K/Akt signaling pathway to promote Nrf2 nuclear translocation preventing D-galactose-induced oxidative stress.

Apoptosis is a main player in neuronal cell loss, so here we examined Bax and Bcl2. According to our Western blot studies, there were enhanced expression of Bax and reduced expression of Bcl2 in the D-galactose model group. Interestingly, Bax was significantly reduced, while the level of Bcl2 was significantly upregulated with the administration of WEZ and VOZ extracts. Z. bungeanum modulatory effects against apoptosis have already been reported (Pang et al., 2019). As reported previously, suppression of apoptotic cell death may be partly due to the inhibition of oxidative stress (Deng et al., 2019).

AD is associated with aging, which is a progressive neurodegenerative disorder characterized by increasing deterioration of memory and cognition (Wu et al., 2019). Markers of oxidative damage are increased, for example, Nrf2 expression is decreased in the brains of AD, as well as in amyloid precursor protein (APP)/presenilin 1 (PS1) mutant mouse models of AD (Ramsey et al., 2007). Conversely, Nrf2 overexpression protects against toxicity induced by the Aβ42 peptide in mammalian cells and prevents neuronal pathology in mouse models of AD (Kanninen et al., 2009). Activation of Nrf2 is, therefore, increasingly regarded as an attractive target for the prevention of AD (Kerr et al., 2017). Consequently, it is possible that Z. bungeanum might work well in the treatment of AD patients, which is what we will study next.



Conclusion

In summary, this study is the first to demonstrate that WEZ and VOZ extracts, not the PEZ or MCZ extracts, of Z. bungeanum could enhance the capacity of the inhibition of apoptosis and oxidative stress through activation of PI3K/Akt/Nrf2 axis, thereby easing cognitive dysfunction and neurological deficits in the D-galactose-induced aging mouse model. However, participation substances and whether other pathways in the process deserve further study.



Data Availability Statement

The datasets analyzed in this article are not publicly available. Requests to access the datasets should be directed to xushijun@cdutcm.edu.cn.



Ethics Statement

The animal study was reviewed and approved by The Ethics Committee for Animal Experiments of the Institute of Material Medical Integration and Transformation for Brain Disorders in Chengdu University of Chinese Medicine.



Author Contributions

SX contributed to the conception and design of the study. MZ and PX performed the methodology and the practical work. XT did the data curation. DG completed hematoxylin–eosin (HE) staining and Nissl body staining. MZ also did the writing of the original draft. FW and SX modified the manuscript.



Funding

This research was supported by the Key Research and Development Plan of Sichuan Province (No. 19ZDYF0600) and the Science and Technology Program of Sichuan Province (No. 18ZDYF1175).



Acknowledgments

The authors are grateful for the assistance of all staff of the Institute of Material Medica Integration and Transformation for Brain Disorders.



References

 Abeyrathna, P., and Su, Y. (2015). The critical role of Akt in cardiovascular function. Vascul. Pharmacol. 74, 38–48. doi: 10.1016/j.vph.2015.05.008

 Ali, T., Badshah, H., Kim, T. H., and Kim, M. O. (2015). Melatonin attenuates D-galactose-induced memory impairment, neuroinflammation and neurodegeneration via RAGE/NF-K B/JNK signaling pathway in aging mouse model. J. Pineal. Res. 58 (1), 71–85. doi: 10.1111/jpi.12194

 Barja, G. (2019). Towards a unified mechanistic theory of aging. Exp. Gerontol. 124, 110627. doi: 10.1016/j.exger.2019.05.016

 Chen, J., Zhang, T., Zhang, Q., Liu, Y., Li, L., Si, J., et al. (2018). Isobutylhydroxyamides from sichuan pepper and their protective activity on PC12 cells damaged by corticosterone. J. Agric. Food Chem. 66 (13), 3408–3416. doi: 10.1021/acs.jafc.7b06057

 Commission, C. P. (2015). Chinese Pharmacopoeia (Shanghai, Commission, China: Science and Technology Press of Shanghai;), 159–160.

 Deng, S., Rong, H., Tu, H., Zheng, B., Mu, X., Zhu, L., et al. (2019). Molecular basis of neurophysiological and antioxidant roles of Szechuan pepper. BioMed. Pharmacother. 112, 108696. doi: 10.1016/j.biopha.2019.108696

 Gong, W., Li, J., Zhu, G., Wang, Y., Zheng, G., and Kan, Q. (2019). Chlorogenic acid relieved oxidative stress injury in retinal ganglion cells through IncRNA-TUG1/Nrf2. Cell Cycle 18 (14), 1549–1559. doi: 10.1080/15384101.2019.1612697

 Hao, L., Huang, H., Gao, J., Marshall, C., Chen, Y., and Xiao, M. J. N. L. (2014). The influence of gender, age and treatment time on brain oxidative stress and memory impairment induced by d -galactose in mice. Neurosci. Lett. 571, 45–49. doi: 10.1016/j.neulet.2014.04.038

 Juan, S. M. A., and Adlard, P. A. (2019). Ageing and cognition. Subcell Biochem. 91, 107–122. doi: 10.1007/978-981-13-3681-2_5

 Kanninen, K., Heikkinen, R., Malm, T., Rolova, T., Kuhmonen, S., Leinonen, H., et al. (2009). Intrahippocampal injection of a lentiviral vector expressing Nrf2 improves spatial learning in a mouse model of Alzheimer's disease. Proc. Natl. Acad. Sci. U.S.A. 106 (38), 16505–16510. doi: 10.1073/pnas.0908397106

 Kerr, F., Sofola-Adesakin, O., Ivanov, D. K., Gatliff, J., Gomez Perez-Nievas, B., Bertrand, H. C., et al. (2017). Direct Keap1-Nrf2 disruption as a potential therapeutic target for Alzheimer's disease. PLoS Genet. 13 (3), e1006593. doi: 10.1371/journal.pgen.1006593

 Li, P., Zhou, L., Mou, Y., and Mao, Z. (2015). Extraction optimization of polysaccharide from Zanthoxylum bungeanum using RSM and its antioxidant activity. Int. J. Biol. Macromol. 72 (73), 19–27. doi: 10.1016/j.ijbiomac.2014.07.057

 Liang, J., Wu, Y., Yuan, H., Yang, Y., Xiong, Q., Liang, C., et al. (2019). Dendrobium officinale polysaccharides attenuate learning and memory disabilities via anti-oxidant and anti-inflammatory actions. Int. J. Biol. Macromol. 126, 414–426. doi: 10.1016/j.ijbiomac.2018.12.230

 Luo, C., Ren, H., Wan, J. B., Yao, X., Zhang, X., He, C., et al. (2014). Enriched endogenous omega-3 fatty acids in mice protect against global ischemia injury. J. Lipid Res. 55 (7), 1288–1297. doi: 10.1194/jlr.M046466

 Menozzi-Smarrito, C., Riera, C. E., Munari, C., Le Coutre, J., and Robert, F. (2009). Synthesis and evaluation of new alkylamides derived from alpha-hydroxysanshool, the pungent molecule in szechuan pepper. J. Agric. Food Chem. 57 (5), 1982–1989. doi: 10.1021/jf803067r

 Mi, X., Gong, Z., Zhang, W., and Zhang, X. (2004). Study on the extraction, separation and antimicrobial effect of volatile oil from Zanthoxylum bungeanum maxim. J. Nanjing Normal Univ. 27 (4), 63–66. doi: 10.1088/1009-0630/6/5/011

 Moosavi, M., SoukhakLari, R., Moezi, L., and Pirsalami, F. (2018). Scopolamine-induced passive avoidance memory retrieval deficit is accompanied with hippocampal MMP2, MMP-9 and MAPKs alteration. Eur. J. Pharmacol. 819, 248–253. doi: 10.1016/j.ejphar.2017.12.007

 Nair, A. B., and Jacob, S. (2016). A simple practice guide for dose conversion between animals and human. J. Basic Clin. Pharm. 7 (2), 27–31. doi: 10.4103/0976-0105.177703

 Nakamura, T., Komai, N., Isogami, I., Ueno, K., Ikegami, F., Ono, K., et al. (2006). Memory and learning-enhancing effect of Daikenchuto, a traditional Japanese herbal medicine, in mice. J. Nat. Med. 60 (1), 64–67. doi: 10.1007/s11418-005-0012-4

 Nguyen, T., Sherratt, P. J., and Pickett, C. B. (2003). Regulatory mechanisms controlling gene expression mediated by the antioxidant response element. Annu. Rev. Pharmacol. Toxicol. 43, 233–260. doi: 10.1146/annurev.pharmtox.43.100901.140229

 Nguyen, T., Yang, C. S., and Pickett, C. B. (2004). The pathways and molecular mechanisms regulating Nrf2 activation in response to chemical stress. Free Radic. Biol. Med. 37 (4), 433–441. doi: 10.1016/j.freeradbiomed.2004.04.033

 Pang, W., Liu, S., He, F., Li, X., Saira, B., Zheng, T., et al. (2019). Anticancer activities of Zanthoxylum bungeanum seed oil on malignant melanoma. J. Ethnopharmacol. 229, 180–189. doi: 10.1016/j.jep.2018.10.012

 Ramsey, C. P., Glass, C. A., Montgomery, M. B., Lindl, K. A., Ritson, G. P., Chia, L. A., et al. (2007). Expression of Nrf2 in neurodegenerative diseases. J. Neuropathol. Exp. Neurol. 66 (1), 75–85. doi: 10.1097/nen.0b013e31802d6da9

 Reddy, N. M., Potteti, H. R., Vegiraju, S., Chen, H. J., Tamatam, C. M., and Reddy, S. P. (2015). PI3K-AKT signaling via Nrf2 protects against hyperoxia-induced acute lung injury, but promotes inflammation post-injury independent of Nrf2 in mice. PLoS One 10 (6), e0129676. doi: 10.1371/journal.pone.0129676

 Sadigheteghad, S., Majdi, A., Mccann, S. K., Mahmoudi, J., Vafaee, M. S., and Macleod, M. R. J. P. O. (2017). Correction: D-galactose-induced brain ageing model: a systematic review and meta-analysis on cognitive outcomes and oxidative stress indices. PLoS One 12 (12), e0184122. doi: 10.1371/journal.pone.0184122

 Shi, Z., Zhu, L., Li, T., Tang, X., Xiang, Y., Han, X., et al. (2017). Neuroprotective mechanisms of lycium barbarum polysaccharides against ischemic insults by regulating NR2B and NR2A containing NMDA receptor signaling pathways. Front. Cell Neurosci. 11, 288. doi: 10.3389/fncel.2017.00288

 Tang, M., Wang, Z., Zhou, Y., Xu, W., Li, S., Wang, L., et al. (2013). A novel drug candidate for Alzheimer's disease treatment: gx-50 derived from Zanthoxylum bungeanum. J. Alzheimers Dis. 34 (1), 203–213. doi: 10.1016/j.archger.2011.06.006

 Tomobe, K., Shinozuka, T., Kuroiwa, M., and Nomura, Y. (2012). Age-related changes of Nrf2 and phosphorylated GSK-3β in a mouse model of accelerated aging (SAMP8). Arch. Gerontol. Geriatr. 54 (2), e1–e7. doi: 10.1016/j.archger.2011.06.006

 Vorhees, C. V., and Williams, M. T. (2006). Morris water maze: procedures for assessing spatial and related forms of learning and memory. Nat. Protoc. 1 (2), 848–858. doi: 10.1038/nprot.2006.116

 Wei, J., Qin, L., Fu, Y., Dai, Y., Wen, Y., and Xu, S. (2019). Long-term consumption of alcohol exacerbates neural lesions by destroying the functional integrity of the blood-brain barrier. Drug Chem. Toxicol. 11, 1–8. doi: 10.1080/01480545.2019.1681444

 Wu, S., Yue, Y., Li, J., Li, Z., Li, X., Niu, Y., et al. (2015). Procyanidin B2 attenuates neurological deficits and blood-brain barrier disruption in a rat model of cerebral ischemia. Mol. Nutr. Food Res. 59 (10), 1930–1941. doi: 10.1002/mnfr.201500181

 Wu, G. D., Li, Z. H., Li, X., Zheng, T., and Zhang, D. K. (2019). microRNA-592 blockade inhibits oxidative stress injury in Alzheimer's disease astrocytes via the KIAA0319-mediated Keap1/Nrf2/ARE signaling pathway. Exp. Neurol. 324, 113128. doi: 10.1016/j.expneurol.2019.113128

 Zhang, M., Wang, J., Zhu, L., Li, T., Jiang, W., Zhou, J., et al. (2017). Zanthoxylum bungeanum Maxim. (Rutaceae): a systematic review of its traditional uses, botany, phytochemistry, pharmacology, pharmacokinetics, and toxicology. Int. J. Mol. Sci. 18 (10), 2172. doi: 10.3390/ijms18102172

 Zhang, Y., Liu, B., Chen, X., Zhang, N., Li, G., Zhang, L. H., et al. (2017). Naringenin ameliorates behavioral dysfunction and neurological deficits in a d-galactose-induced aging mouse model through activation of PI3K/Akt/Nrf2 pathway. Rejuvenation Res. 20 (6), 462–472. doi: 10.1089/rej.2017.1960

 Zhang, J., Shi, C., Wang, H., Gao, C., Chang, P., Chen, X., et al. (2019). Hydrogen sulfide protects against cell damage through modulation of PI3K/Akt/Nrf2 signaling. Int. J. Biochem. Cell Biol. 117, 105636. doi: 10.1016/j.biocel.2019.105636

 Zhao, H., Li, J., Zhao, J., Chen, Y., Ren, C., and Chen, Y. (2018). Antioxidant effects of compound walnut oil capsule in mice aging model induced by D-galactose. Food Nutr. Res. 62, 1371. doi: 10.29219/fnr.v62.1371

 Zhuang, Y., Wu, H., Wang, X., He, J., He, S., and Yin, Y. (2019). Resveratrol attenuates oxidative stress-induced intestinal barrier injury through PI3K/Akt-mediated Nrf2 signaling pathway. Oxid. Med. Cell Longev. 2019, 7591840. doi: 10.1155/2019/7591840



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhao, Tang, Gong, Xia, Wang and Xu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar-11-00071-g002.jpg
R

% 5 B
A SEiumpy
T % mEnonnn

M (uw g) si0u3 Jo JoquinN

FESLE

;f}

§ & 8 °

@ D s





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar-11-00071-g001.jpg
Adaplation  Treatment
I | Il |
I T I 1

3 0 41 48 days

e Different extraction parts mesp  Behavioral test

] 1
WEZ and VOZ HE staining
1 Niss! staining






OEBPS/Images/fphar-11-00071-g007.jpg
S —— ——

21KDa
26 KDa

36 KDa






OEBPS/Images/fphar-11-00071-g005.jpg
—— . ———

sskpa  NR[EZ T oo = ——eskoa

R = —

33KDa

36KDa






OEBPS/Images/fphar-11-00071-g003.jpg





OEBPS/Images/fphar.2020.00071_cover.jpg
’ frontiers
in Pharmacology

Bungeanum Improves Cognitive
Dysfunction and Neurological
Deficits in D-Galactose-Induced
Aging Mice via Activating PI3K/Akt/
Nrf2 Signaling Pathway





OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        Bungeanum Improves Cognitive Dysfunction and Neurological Deficits in D-Galactose-Induced Aging Mice via Activating PI3K/Akt/Nrf2 Signaling Pathway

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Materials and Reagents

          



          		

            Preparation of Extraction Parts of Z. bungeanum

          



          		

            Animal Grouping and Administration

          



          		

            Passive Avoidance Test

          



          		

            Morris Water Maze Test

          



          		

            Hematoxylin–Eosin Staining and Nissl Staining

          



          		

            Measurement of the Oxidation State

          



          		

            Western Blot

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Effects of the Different Extractions of Z. bungeanum on D-Galactose-Induced Cognitive Impairment

          



          		

            WEZ and VOZ Extracts Ameliorated D-Galactose-Induced Hippocampal Neuron Damage

          



          		

            Effects of WEZ and VOZ Extracts on Oxidative Status of Mouse Brain Induced by the D-Galactose

          



          		

            WEZ and VOZ Extracts Activated PI3K/Akt/Nrf2 Axis in D-Galactose-Induced Aging Mice

          



          		

            WEZ and VOZ Extracts Suppressed Apoptosis Induced by D-Galactose

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fphar-11-00071-g004.jpg
g’ =2 =

D7 (o) vaw jo ore1 9 outbun ) 1vo jo sy

@
& &






OEBPS/Images/fphar-11-00071-g006.jpg
A B

PPIK [ W B | 55KDa pAKt [ e e e e | 60KD2
PIK [ e e 85K0a AK [ —— a —— — ] 60 KD
GAPDH [ — — |36 KDa GAPDH [ —— = —— ——| 36 kDa

15 1s.

R RV R A N R ]





