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Background: Impairment of memory and cognition is one of the major symptoms in women with postmenopausal disorders due to estrogen deficiency, which accounts for the much higher prevalence of Alzheimer’s disease in females. Biochanin A (BCA), a natural phytoestrogen, has been reported to protect neurons against ischemic brain injury. However, the neuroprotective effects of BCA in the postmenopausal-like model of ovariectomized (OVX) rats remain to be investigated.
Methods: All the rats except for the sham group underwent the resection of bilateral ovaries. Seven days after the OVX surgery, rats were randomly divided into six groups: sham, OVX, OVX + BCA (5 mg/kg), OVX + BCA (20 mg/kg), OVX + BCA (60 mg/kg), and OVX + estradiol (E2; 0.35 mg/kg), which were administrated daily by gavage for 12 weeks. Learning and memory were examined using the Morris water-maze test before the end of the experiment. Morphological changes of the rat hippocampus were observed by HE staining and electron microscopy. Malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) in the hippocampus were measured. The effect of BCA on cell viability was measured in the presence of hydrogen peroxide (H2O2) using CCK8. Flow cytometry was used to measure neuronal apoptosis and reactive oxygen species (ROS) induced by H2O2. Expression of Bcl-2, Bax, and Caspase-3 was determined by Western blotting using hippocampal tissues and primary cultures of hippocampal neurons.
Results: Chronic treatment with BCA mimicked the ability of E2 to reverse the deficit of learning and memory in the Morris water-maze test in OVX rats. BCA normalized OVX-induced morphological changes as revealed by HE staining and electron microscopy. In addition, BCA significantly decreased the levels of MDA, the biomarker of oxidative damage, and increased the activity of the intracellular antioxidant enzymes SOD and GSH-Px in OVX rats. Further, in primary cultures of hippocampal neurons, BCA reversed H2O2-induced decreases in cell viability and accumulation of ROS. Finally, BCA reversed OVX- or H2O2-induced increases in Bax and Caspase-3 and decreases in Bcl-2 in the hippocampus and primary cultures of hippocampal neurons.
Conclusion: These results suggest that BCA improves memory through its neuroprotective properties in the brain under the circumstance of estrogen deficiency and can be used for treatment of memory loss in postmenopausal women.
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INTRODUCTION
Gender is a strong contributor to the vulnerability to Alzheimer’s disease (AD), the most common neurodegenerative disease and the primary cause for dementia. Women have a higher prevalence of AD (Chapman et al., 2011). Approximately two-thirds of AD patients are females, in particular postmenopausal women, contributing to over 60% of all those affected (Brookmeyer et al., 2011). This suggests that deficiency of estrogens is a critical risk factor of AD in women under the postmenopausal condition. It has been shown that, in postmenopausal women, the concentrations of circulating ovarian hormone gradually decrease as age increases (Carroll et al., 2007). Hormone replacement therapy (HRT) has been successfully used for the management of menopausal symptoms. Epidemiological analyses have revealed that women receiving HRT in their perimenopausal period are at a lower risk of AD (Henderson and Brinton, 2010), while those untreated are more likely to suffer from AD (Rocca et al., 2008; Rocca et al., 2010). A growing number of studies suggests that ovarian hormones, including E2 and progesterone, play a neuroprotective role (Pike et al., 2009; Engler-Chiurazzi et al., 2016). However, large clinical trials have indicated that HRT causes serious side effects on the breast and uterus (Beral and Million Women Study Collaborators, 2003). Therefore, it is necessary to develop drugs exerting estrogenic properties with minimum adverse effects, to prevent and treat estrogen deficiency-related diseases.
Biochanin A (BCA), a major isoflavone constituent found in red clover, cabbage, chickpea, and some other herbal dietary supplements, exhibits a variety of pharmacological properties, including antihyperglycemic (Harini et al., 2012), antioxidative and anti-tumor (Mishra et al., 2008), anticholinergic (Biradar et al., 2014), and dopaminergic neuron protective effects (Chen et al., 2007). More importantly, BCA has estrogenic properties and is considered to have fewer side effects (Sklenickova et al., 2010). However, the neuroprotective property of BCA remains largely unknown, especially its contribution to the cognitive deficit developed in the postmenopausal women. Thus, it was of interest to know if BCA produced neuroprotective and memory-enhancing effects in ovariectomized (OVX) rats, a model of postmenopausal syndrome, which is highly related to oxidative stress (Zhou et al., 2016).
Oxidative damage has a critical contribution to cognitive declines in aging and neurodegenerative diseases (Facecchia et al., 2011; Michael et al., 2016), which is mediated by reactive oxygen species (ROS). Hydrogen peroxide (H2O2) has been extensively used as an inducer of oxidative stress models of oxidative damage and neuronal apoptosis (Liu et al., 2011). In the present study, we investigated the neuroprotective effects of BCA in the hippocampus of OVX rats in vivo and in primary cultures of hippocampal neurons treated by H2O2in vitro.
MATERIALS AND METHODS
Animals and Surgery
Sixty adult female Sprague Dawley rats at 6 months old, weighing 270–330 g (Jinan Pengyue Laboratory Animal Breeding Co. Ltd, Jinan, China) were used in the experiments. Animals were housed in plastic cages with controlled temperature (24 ± 2°C) and humidity (40–50%) and a 12-h light/dark cycle. The experimental protocols were conducted in accordance with the National Institute of Health Guide for the Care and Use of Laboratory Animals. Animal use was approved by the Committee of Animal Experimental Ethics of Shandong Frist Medical University, China. After a 7-days adaptation period, bilateral ovariectomy (OVX) or a sham operation was performed under anesthesia with pentobarbital sodium (30 mg/kg, i.p.). A longitudinal incision was made inferior to the rib cage on the dorsolateral body wall. In the OVX rats, the bilateral ovaries were exteriorized, ligated, and excised, whereas rats subjected to the sham surgical procedure had only a piece of fat excised. All the rats were intraperitoneally injected with penicillin (20,000 U/kg) for three days after the surgery to prevent infections.
Drug Treatment and Body Wright Monitoring
Biochanin A (purity >98%) and β-estradiol (E2; purity >98%) were purchased from Sigma-Aldrich (Saint Louis, MO, United States).
Seven days after the surgery, rats were divided into six groups (n = 10 per group): sham, OVX, OVX + BCA (5 mg/kg), OVX + BCA (20 mg/kg), OVX + BCA (60 mg/kg), and OVX + E2 (0.35 mg/kg). BCA and estradiol were dissolved in 10% Tween 80 and 10% ethanol and administered by gavage every morning for 12 weeks. The doses of BCA and E2 and the treatment duration were determined based on previous studies (Aguiar et al., 2006; Biradar et al., 2014; Alauddin et al., 2018) and our preliminary experiment.
The body weights were monitored once a week for 4 weeks during the experiment.
The Morris Water-Maze (MWM) Test
Learning and memory of rats were evaluated using the MWM test following the procedures as described previously (Zhang et al., 2008). In order to exclude the variations caused by the circadian rhythm, animals were trained and tested each day from 10:00 AM to 5:00 PM. In the navigation experiment, rats were trained for two sessions per day for four consecutive days, with the interval of 4 h between sessions. In each trial, the rat was allowed to locate the hidden platform by swimming within 120 s. If it failed to find the platform within 120 s, the rat was guided to the platform by the experimenter and allowed to stay for 10 s. The escape latency, which was defined as the time reaching the platform, was recorded with the cut-off time 120 s. On day 5, the platform was removed starting the probe trial test, during which the time spent in the target quadrant, where the platform had been placed, and the number of times crossing the target quadrant were recorded for 120 s.
Hematoxylin and Eosin Staining (HE Staining)
On the second day after the MWM test, all the rats were anesthetized with pentobarbital sodium (30 mg/kg, i. p.) before removal tissues for further experiments. Two rats from each group were randomly selected for morphological observations. The left brains were stained with HE and the right brains were taken for electron microscopy. HE staining was performed as described previously (Gao et al., 2019). The hippocampus was dissected and immersed in 4% paraformaldehyde. The tissues were embedded in paraffin wax and cut into 5 μm slices. The sections were stained in hematoxylin solution for 5 min and then decolorized in 1% hydrochloric acid ethanol for 10 s. Brain sections were then stained with eosin for 2 min. The slides were observed under the light microscope (Olympus BH-Z, Japan).
Electron Microscopy
The specimen preparation was performed as described previously (Gao et al., 2019) with minor modifications. The hippocampal tissues were immediately fixed in 2.5% glutaraldehyde and stored in the same solution at 4°C overnight. After fixation, samples were post-fixed in 1% osmium tetroxide for 2 h at room temperature. Fixed, dissected tissues were dehydrated in a graded alcohol series and embedded in Eponate 12 medium. After rinsing, fixation, dehydration, and epoxy resin embedding, ultrathin slices were loaded into a copper-loaded grid with ead-uranium double dye. After thorough cleaning and concentration, samples were placed under the perspective electron microscope (FEI-TECNAI-G20) for examining and capturing the ultrastructure changes of neurons.
Measurement of Serum 17β-Estradiol Levels
All rats were deprived of food overnight before anesthesia. Blood samples were collected from the abdominal aorta, and serum was separated by centrifugation at 1,500 × g, 4°C for 10 min. Serum estradiol was assayed using enzyme-linked immunosorbent assay (ELISA) kits (Wuhan Elabscience Biotechnology Co., Ltd, Wuhan, China) according to the manufacturer’s instructions.
Preparation of Hippocampal Tissues
This was performed as described previously (Guo et al., 2019). In brief, the hippocampi of eight rats of each group were collected and homogenized individually with external ice-cold saline bath. Then, the homogenates were centrifuged at 1,500 × g for 20 min at 4°C, and the supernatants were collected and stored at −80°C before assays.
Detection of SOD, GSH-Px, and MDA
The protein content was determined using bicinchoninic acid protein assay kits (Beijing Solarbio Science andTechnology Co. Ltd, Beijing, China). The levels of SOD, GSH-Px, and MDA were detected following the manufacturer’s instructions (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The results were shown as nmol/mg protein.
Primary Cultures of Hippocampal Neurons
Rat primary hippocampal neurons were obtained from newborn rat pups within 24 h and the procedures described previously (Banker and Cowan, 1977), with minor modifications. The hippocampus was dissected and washed with HBSS to remove the mixed blood vessels, and then cut into 1 mm3 pieces before digesting with 0.125% trypsin at 37°C for 15 min. Cells were resuspended in the DMEM medium supplemented with 10% horse serum (FBS, Sijiqing, Hangzhou, China) and left alone for 15 min, after which the upper layer of single-cell suspension was collected. Dissociated hippocampal cells were plated on polylysine-coated plates and 1 h later, DMEM was replaced by Neurobasal media (Gibco, Carlsbad, California, United States) supplemented with B27 (Gibco). Cultures were incubated for 7–10 days in vitro at 37°C in 5% CO2. A half of the media was replaced every 3 days. The cultured neurons were identified by MAP-2.
Neuronal Viability
The viability of neurons was evaluated using the CCK8 assay (Beijing Tongren Institute of Chemistry, Beijing, China). Cells were seeded into 96-well plates at a concentration of 6 × 103 cells/well. The CCK8 solution was added to the cells, which were then incubated for 1–4 h. The optical density values were detected using a spectrophotometer (Tecan, Swiss) at 450 nm.
Different concentrations of BCA (10−7–10−3 mol/L) or H2O2 (100, 200, 400, and 800 μmol/L) were added to primary hippocampal neurons of PLL-coated 96-well plates, each with eight multiple wells. After 24 h or 12 h cultures, 10 µL CCK8 reagent was added and the optical density values were determined at the wavelength of 450 nm using the automatic microplate analyzer.
Flow Cytometric Analysis of Apoptosis
Cell death was evaluated using an Annexin V-FITC apoptosis detection kit (KeyGEN, Nanjing, China). Briefly, neurons were transferred to 5 ml tubes containing Annexin V-FITC and incubated in the dark for 10 min. The neurons were then stained with Annexin V-FITC binding buffer and propidium iodide (PI) before incubating in the dark for 15 min. Apoptosis was quantified using flow cytometry (BD Biosciences, Franklin Lakes, NJ, United States). FACSDiva software version 5.0.2 (BD Biosciences, San Jose, CA, United States) was used for data acquisition and analysis.
Measurement of ROS Levels
ROS levels were estimated following the procedures published previously (Best et al., 1999). The assay was based on deacetylation of 2′,7′-dichlorofuoresceine diacetate (DCFH-DA) following ROS-mediated oxidation, which further elicits a fluorescent product, i.e., DCF. Cells were cultured with 10 µM DCFH-DA (Beyotime, Shanghai, China) for 1 h before analyzing via flow cytometry by measuring DCF fluorescence at an excitation/emission wavelength of 488/525 nm, respectively. FACSDiva software version 5.0.2 was used to analyze fluorescence intensities and determine ROS production.
Western Blotting
The stocked supernatants of hippocampal tissues of three rats in each group were used for Western blotting. Cells were washed by PBS and lyzed (Beyotime, Shanghai, China), followed by oscillating for 30 s and incubating on ice for 30 min. After determination of concentrations using BCA kits (Solarbio, Beijing, China), the proteins were separated on SDS-PAGE and transferred onto polyvinylidene difluoride membranes (GE Healthcare, Little Chalfont, United Kingdom). The membranes were incubated at 4°C with primary antibodies, including caspase-3 (1:1,000, Cell Signaling Technology), Bcl-2 (1:1,000, Santa Cruz Biotechnology), Bax (1:1,000, Santa Cruz Biotechnology), and β-actin (1:10,000, Cell Signaling Technology), and then probed by horseradish peroxidase-conjugated second antibodies (Zhongshan Golden Bridge, Beijing, China). The immunoreactivity was visualized using Enhanced Chemiluminescence (ECL) reagents (Amersham) and images acquired on AI-600 System (GE, United States).
Data Analysis and Statistics
Statistical analyses were performed using GraphPad Prism 8.0 statistical software (GraphPad software, Inc.). Data were expressed as means ± standard error (SE). Data were analyzed using one-way analysis of variance (ANOVA) followed by post hoc Dunnett's tests to compare differences among multiple groups, with p < 0.05 considered statistically significant.
RESULTS
BCA Prevented OVX-Induced Body Weight Gain and Increased Serum Estradiol Levels
The body weight of OVX rats was significantly greater than the sham controls (F(5,54) = 5.38, p < 0.05). The OVX-induced body weight gain was suppressed by estradiol at 0.35 mg/kg (p < 0.01) and BCA at doses of 5–60 mg/kg (p < 0.05) in dose-dependent manner (Figure 1A). Compared to the sham controls, OVX rats showed significant decreases estradiol in serum (F(5,54) = 4.89, p < 0.05; Figure 1B), suggesting a successful model of OVX. This was blocked by estradiol (p < 0.01); BCA mimicked the ability of estradiol to increase estrogen contents in OVX rats (p < 0.05; Figure 1B).
[image: Figure 1]FIGURE 1 | The effects of BCA on body weights and serum estradiol levels in the ovariectomized (OVX) rats. (A) Changes in body weights of sham and OVX rats treated with or without estradiol (E2) or BCA (5–60 mg/kg). (B) Changes in serum estradiol levels. Values shown are means ± S.E. #p < 0.05 vs. Sham; *p < 0.05, **p < 0.01 vs. OVX alone; n = 10.
BCA Improved Learning and Memory of OVX Rats
In the MWM test, the rats displayed decreased escape latency during the acquisition training over time, indicating improved learning after repeated training. Compared to the sham, the OVX rats had longer escape latency (F (5,54) = 3.95, p < 0.05), indicating spatial learning impairment induced by OVX (Figure 2A,B); this was attenuated by treatment with BCA and estradiol (p < 0.05). In the probe trial test, both the number of crossings and the time spent in the target quadrant were decreased in the OVX rats relative to the sham (F (5,54) = 4.63, both p < 0.05; Figure 1C,D); these were blocked by BCA and estradiol (F (5,54) = 5.54, p < 0.05 or p < 0.01), although it was noted that the significances varied in the time spent in the target quadrant.
[image: Figure 2]FIGURE 2 | The effects of BCA on learning and memory of OVX rats in the Morris water-maze (MWM) test. (A) Representative swimming trajectory of rats during the acquisition training (left: day 1, right: day 4). (B) The escape latency of navigation during the 4-days acquisition training. (C) The number of crossings into the target quadrant in the probe trail test. (D) The time spent in the target quadrant in the probe trial test. Values shown are means ± S.E. #p < 0.05 vs. Sham; *p < 0.05, **p < 0.01 vs. OVX alone; n = 10.
BCA Improved Morphology of Hippocampal Neurons in OVX Rats
In the sham rats, the hippocampal neurons were well arranged with complete cell structure and big and regular nuclei. In the OVX rats, the CA1 neurons were extensively damaged, which was characterized by karyopycnosis and nuclear chromatin condensation (Figure 3A). These abnormalities were markedly attenuated by BCA and estradiol.
[image: Figure 3]FIGURE 3 | The effects of BCA on morphology and structure of hippocampal neurons in the OVX rats. (A) HE staining of hippocampal CA1 subregions. Pyramidal cells in CA1 were extensively damaged, as indicated by reduced cell volume and nuclear chromatin condensation (indicated by yellow arrows) in the OVX rats. (B) Ultrastructure changes in hippocampal CA1 via electron microscopy. The disappearance of cell membranes, multiple vacuoles around nuclei and nuclear chromatin inside the nuclear membrane were observed in the hippocampus of OVX rats. These abnormal changes in neurons were improved following treatment with E2 or BCA.
To further examine the morphological changes, we observed the hippocampal neurons using electron microscopy. As shown in Figure 3B, neurons in the hippocampus of sham rats showed normal endoplasmic reticulum, mitochondria, and nuclear chromatin. In contrast in the OVX rats, ultrastructural analysis revealed the disappearance of cell membranes, multiple vacuoles around nuclei and nuclear chromatin inside the nuclear membranes of neurons in hippocampus. Administration of BCA or estradiol attenuated the deteriorative vacuolization and aggregation of nuclear chromatin caused by OVX.
BCA Increased Antioxidant Activity and Reduced Lipid Peroxidation in OVX Rats
To investigate the mechanisms of neuroprotective effect of BCA, we measured the levels of MDA, SOD, and GSH-Px in the hippocampus. In the OVX rats, MDA was markedly increased (F (5,42) = 5.47, p < 0.05; Figure 4A), while SOD and GSH-Px were decreased (F (5,42) = 12.35, p < 0.01 and F (5,42) = 17.26, p < 0.05, respectively; Figure 4B,C). These were reversed by estradiol (p < 0.01 for MDA and p < 0.001 for SOD, but p > 0.05 for GSH-Px) and BCA (5–60 mg/kg) in a dose-dependent manner (p < 0.01 or p < 0.001), suggesting that BCA suppressed brain oxidative stress after estrogen deficiency in OVX rats.
[image: Figure 4]FIGURE 4 | The effects of BCA on MDA (A), SOD (B), and GSH-Px (C) in hippocampal tissues of the OVX rats. The contents of MDA and activity of SOD and GSH-Px were measured in hippocampal tissues using ultraviolet spectrophotometry. BCA attenuated oxidative stress in OVX rats. Values shown are means ± S.E. #p < 0.05, ##p < 0.01 vs. Sham; **p < 0.01, ***p < 0.001 vs. OVX alone; n = 8.
BCA Inhibited Apoptosis in OVX Rats
To investigate the influence of apoptosis on neuroprotection of BCA, we examined the expression of Bcl-2, Bax, and caspase-3 in the hippocampus of OVX rats. As shown in Figure 5, the expression of Bcl-2 was reduced (F (5,12) = 28.3, p < 0.01; Figure 5A,B), whereas the expression of Bax and caspase-3 was increased (F (5,12) = 7.64, p < 0.05 and F (5,12) = 8.78, p < 0.05, respectively; Figure 5A,C,D) in OVX rats compared to the control. These were reversed by estradiol (p < 0.05) and, similarly, by BCA (5–60 mg/kg; p < 0.05 or p < 0.01), suggesting that BCA inhibited apoptosis in the hippocampus of OVX rats.
[image: Figure 5]FIGURE 5 | The effects of BCA on apoptosis in the hippocampus of OVX rats. Representative Western blotting and densitometry of Bcl-2, Bax, capase-3, and β-actin. Values shown are means ± S.E. #p < 0.05, ##p < 0.01 vs. control; *p < 0.05, **p < 0.01 vs. OVX; n = 3.
BCA Increased Cell Viability in Primary Cultures of Hippocampal Neurons Treated With H2O2
To test the effect of BCA on cell viability, we first verified the purification of rat hippocampal neurons by examining the expression of MAP2, a specific marker for neurons. As shown in Figure 6A, most of cells were MAP2 positive, indicating high purity of neurons. Neurons were incubated with different concentrations of BCA for 24 h with or without H2O2 for additional 12 h before determination of cell viability. As shown in Figure 6B, treatment with BCA at concentrations from 0.1 to 100 µM increased cell viability (F (5,31) = 23.18, p < 0.05, p < 0.001, p < 0.01), indicating neuroprotective properties. At the highest dose of 1,000 μM, BCA produced 40% cell death (p < 0.01), indicating neurotoxicity of BCA at high doses. In contrast, H2O2 at 100–800 µM decreased cell viability in a concentration-dependent manner (F (4,19) = 11.97, p < 0.01, p < 0.001), with significant cytotoxicity starting at 400 µM (Figure 6C). Therefore, the concentration of 400 µM H2O2 was used in the following experiments. To further test the protective effects of BCA, neurons were pretreated with BCA for 24 h before exposure to H2O2 for another 12 h. As shown in Figure 6D, BCA at concentrations of 2, 4, and 8 µM reversed H2O2-induced decreases in cell viability (F (4,19) = 5.235, p < 0.05, p < 0.01).
[image: Figure 6]FIGURE 6 | Identification of neurons and determination of cell viability in primary cultures of rat hippocampal neurons. (A) Staining of antibodies against MAP-2, a neuron-specific marker, and/or DAPI, a nuclear marker, in hippocampal neurons. A purity of >90% were identified. (B) Cell viability in response to 24-h incubation with increasing concentrations (10−7 - 10−3 mol/L) of BCA. (C) Cell vitality in response to 12-h incubation with increasing concentrations of (100–800 µM) of H2O2. (D) Effects of BCA on cell viability in hippocampal neurons treated with H2O2 (400 µM) for 12 h. BCA was added 24 h before H2O2. Values shown are means ± S.E. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. control; *p < 0.05, **p < 0.01 vs. H2O2 alone; n = 4–6.
BCA Mitigated H2O2-Induced Increases in ROS Levels in Primary Cultures of Hippocampal Neurons
To determine whether BCA affected H2O2-mediated ROS, the production of ROS was examined using flow cytometry in primary cultures of hippocampal neurons. As shown in Figure 7, the ROS production was increased by H2O2 at 400 µM (p < 0.001) compared to the control. This was blocked by BCA (2–8 µM) in a dose-dependent manner (F (5,12) = 53.78, p < 0.05, p < 0.001), which was similar to E2 (p < 0.001), suggesting that BCA alleviated oxidative stress injury.
[image: Figure 7]FIGURE 7 | Determination of intracellular ROS levels in primary hippocampal neurons treated with BCA (2–8 µM) or E2 (0.1 µM) in the presence of H2O2 (400 µM). BCA reduced H2O2-induced production of ROS, as indicated by DCF fluorescence intensity. Values shown are means ± S.E. ###p < 0.001 vs. control; *p < 0.05, ***p < 0.001 vs. H2O2 alone; n = 3.
BCA Inhibited H2O2-Induced Apoptosis of Rat Hippocampal Neurons
To examine the effect of BCA on apoptosis induced by H2O2, we examined the apoptotic rate and the expression of Bcl-2, Bax, and caspase-3 in primary cultures of hippocampal neurons treated with BCA in the presence of H2O2. As shown in Figure 8A, H2O2-induced increase (p < 0.001 vs. control) in apoptotic rate was suppressed by BCA (2–8 μM; F (5,12) = 16.37, p < 0.001) in a dose-dependent manner, similar to E2 (0.1 µM). The expression of Bcl-2 was reduced (F (5,12) = 6.86, p < 0.05), whereas the expression of Bax and caspase-3 was increased (Bax, F (5,12) = 5.33, p = 0.01; caspase-3, F (5,12) = 4.32, p < 0.05) by H2O2 compared to the control. These were reversed by estradiol (p < 0.01 for Bcl-2 and p < 0.05 for caspase-3) and, similarly, by BCA (2–8 μM; p < 0.05, p < 0.01) in a dose-dependent manner (Figure 8B), suggesting that BCA inhibited H2O2-induced apoptosis in hippocampal neurons.
[image: Figure 8]FIGURE 8 | The effects of BCA on apoptosis induced by H2O2 in primary hippocampal neurons. (A) Effects of BCA on the apoptotic rate in the presence of H2O2 (400 µM) evaluated by flow cytometry. (B) Representative Western blotting and densitometry of Bcl-2, Bax, capase-3, and β-actin. Values shown are means ± S.E. #p < 0.05, ###p < 0.001 vs. control; *p < 0.05, **p < 0.01, ***p < 0.001 vs. H2O2 alone; n = 3.
DISCUSSION
Recent translational brain imaging studies have demonstrated that women at 40–60 years old exhibit an AD-endophenotype characterized by decreased metabolic activity, including reduced glucose metabolism and mitochondrial function, and increased brain deposition of amyloid-β (Aβ), a hallmark of AD pathology, as compared to age-matched men (Mosconi et al., 2017). Gender difference may arise from the fact that women are characterized by a relatively abrupt estradiol drop and men by a steady decrease of testosterone (Barron and Pike, 2012). Thus, sex hormones are likely modulators of AD susceptibility (Keyvani et al., 2018). Nonetheless, of all gonadal hormones, estrogen appears to be particularly involved in the pathophysiology of AD-dementia in women. Estrogen plays a protective role in AD and dementia; estrogen dysfunction seems to exacerbate or perhaps precipitate the AD process in women (Rahman et al., 2019). Here in the present study, we provided additional demonstration that estrogen deficiency impaired learning and memory and disrupted the morphological function of neurons in female rats. These were attenuated by treatment with BCA, a natural O-methylated isoflavonoid phytoestrogen derived from red clover or chickpea.
Ovariectomized animal models have been widely used to study diseases associated with decreased estradiol secretion. Indeed, the use of OVX rats or mice to mimic the postmenopausal conditions in women is well established and represents a reliable and reproducible model (Chalvon-Demersay et al., 2017). OVX produced increases in body weights, which is considered to be related to increases in the visceral and subcutaneous fat mass and reduction of the metabolic rate, as observed in OVX mice (Guillerminet et al., 2012). However, in mice lacking estrogen receptor (ER) α in the central nervous system, hyperphagia and decreased energy expenditure have also been reported (Xu et al., 2019). This is consistent with the results in our study that BCA and E2 prevented increases in body weights and fat mass induced by OVX in female rats.
Estrogen affects various brain regions, leading to influences on cognitive function, affect, and behavior (Fink et al., 1996; Brinton et al., 2015). Estrogen produces neuroprotective properties through its effects on spinogenesis, protecting the brain from age-related, toxic insults (Gould et al., 1990; Woolley and McEwen, 1992). It also protects DNA against damage induced by H2O2 and arachidonic acid (Rettberg et al., 2014). Further, estrogen is fundamental in the metabolic regulation of the brain and body (Brinton et al., 2015). It regulates glucose transport, aerobic glycolysis, and mitochondrial function to generate ATP in the brain (Woolley and McEwen, 1992).
Since HRT is used to treat common symptoms of menopause, it may also reduce the risk of AD. However, the use of HRT for treating AD has been challenged by its side effects such as blood clots, heart attacks, strokes, breast cancer, and gall bladder disease, especially at high doses and for a long-term use (Menopause and Hormones, 2004). It is important to develop novel, effective treatments with minimum side effects. Many recent studies have shown that phytoestrogens produce neuroprotective effects in animal models of AD (Soni et al., 2014; Hussain et al., 2018). Phytoestrogens have a structural similarity to 17β-estradiol and selectively binds to ERs, leading to the regulation of expression of related genes and producing estrogenic or antiestrogenic effects (Lecomte et al., 2017). It has been shown that BCA exhibits broad pharmacological functions such as anti-tumor (Youssef et al., 2016), anti-oxidation (Mishra et al., 2008), and antihyperglycemic activity (Harini et al., 2012) with less side effects (Schrepfer et al., 2006; Reiter et al., 2011). In the present study, we demonstrated that, similar to estradiol, BCA markedly enhanced learning and memory in OVX rats and improved the structure and degenerative changes in the hippocampal neurons. These are supported by studies elsewhere showing that BCA alleviates vascular dysfunction and dementia in dyslipidemic ovariectomized rats (Verma and Sharma, 2015) and reverses memory deficits induced by scopolamine or aging in mice (Biradar et al., 2014).
It has been well documented that estrogen depletion produces oxidative stress (Désiré et al., 2015). Consistent with this, female rats with ovariectomy displayed increased MDA and decreased GSH and GSH-Px in the hippocampus of the brain, indicating increased oxidative stress. BCA mimicked the ability of E2 to attenuate OVX-induced oxidative stress in rats. This was supported by the in vitro experiment in primary cultures of hippocampal neurons, in which BCA reversed H2O2-induced increases in ROS, a critical factor causing oxidative stress and cell damage (Yürüker et al., 2015; Selli et al., 2016). More specifically for the latter, H2O2-induced cell viability was reversed by BCA treatment, which produced anti-apoptotic activity, as demonstrated both in the hippocampus in vivo and in primary cultures of hippocampal neurons in vitro. This is in agreement with the finding that BCA attenuates Aβ25–35-induced PC12 cell injury and apoptosis (Tan and Kim, 2016). In addition, it has been confirmed that BCA reduces inflammatory injury and neuronal apoptosis following subarachnoid hemorrhage and cerebral ischemia/reperfusion injury (Wu et al., 2018; Guo et al., 2019). Together, these results suggest that BCA produces neuroprotection likely via its anti-oxidative and anti-apoptotic properties.
It was noted that E2 did not produce statistically significant blocking effects on OVX- or H2O2-induced changes in some measures, including the time spent in the target quadrant in the MWM and levels of GSH-Px in the brain of OVX rats, and expression of Bax in H2O2-treated neurons. These variations might be due to the dose or concentration of E2 selected in the study. A higher dose/concentration of E2 may be needed in future studies. Regardless of this, the observations did not alter the conclusion because E2 was effective in other related measures at the dose/concentration tested and, more importantly, BCA was significantly effective in all the tests or assays either in vivo or in vitro.
CONCLUSION
Ovariectomy produces deleterious effects on neurons in the brain. It impairs cognitive ability and produces oxidative stress and neuron apoptosis. The present study provides promising demonstration that BCA reverses OVX-induced cognition impairment and neuron damage in the hippocampus of the brain. It also attenuates H2O2-induced oxidation and apoptosis in the hippocampus and/or hippocampal neurons. Overall, the results suggest that BCA enhances learning and memory via neuroprotection mediated by its antioxidant and anti-apoptotic properties under the circumstance of estrogen deficiency. BCA can be used for treatment of brain dysfunctions such as dementia in postmenopausal women.
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