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Introduction: Premenstrual dysphoric disorder (PMDD) is a cyclical mood disorder that severely affects the daily life of women of reproductive age. Most of the medications being used clinically have limitations such as low efficacy, side effects, and high cost, so there is an urgent need to discover safer and more effective medications. Rutin is a natural flavonol glycoside with various pharmacological properties including antidepressant. The study of the efficacy and mechanism of action of rutin in PMDD-depressed subtype model rats plays an important role in the discovery of new drugs for the treatment of PMDD.Methods: Binding of rutin to gamma-aminobutyric acid type A receptors (GABAA receptors) was probed using molecular docking, microscale thermophoresis, radioactive receptor ligand binding assay and cell membrane clamp experiment. Behavioral tests in mice were performed to screen the optimal dose of rutin. Behavioral tests were performed to evaluate the effects of rutin on depressed mood, memory impairment, and social impairment in PMDD-depressed subtype model rats. HE staining and Golgi staining were performed to observe the neuronal damage in rat hippocampus. UHPLC-MS/MS targeted metabolomics was performed to detect the changes of neurotransmitter content in rat hippocampus. PCR array to detect the effect of rutin on mRNA expression of GABAA receptor partial subunits in rat hippocampus.Results: The docking score of rutin with the GABAA receptor benzodiazepine site was −11.442 and the gliding score was −11.470. The Kd of rutin with the GABAA receptor (α1β2γ2) was 1.17 ± 0.89 μM. Rutin competed with [H3]-flunitrazepam for the GABAA receptor benzodiazepine site and inhibited the inward flow of chloride ions (P < 0.05). In PMDD-depressed subtype rats, rutin alleviated depressed mood, memory impairment and social impairment, ameliorated hippocampal neuronal damage and reduces gamma-aminobutyric acid (GABA) and acetylcholine (ACh) levels (P < 0.05). Moreover, we found that rutin did not affect the relative mRNA expression of GABAA receptor subunits in rat hippocampus.Discussion: Overall, rutin alleviated depressed mood, memory impairment and social impairment in PMDD-depressed subtype rats, which may be related to binding to GABAA receptor benzodiazepine sites, inhibiting chloride ions inward flow, ameliorating hippocampal neuronal damage and reducing GABA and ACh levels. The results of this study provide an experimental basis and scientific evidence for the development of new drugs for the treatment of PMDD.Keywords: rutin, premenstrual dysphoric disorder, depression, GABAA receptors, neuronal damage, PMDD-depressed subtype model rats
1 INTRODUCTION
Premenstrual dysphoric disorder (PMDD) is a cyclical mood disorder, with typical symptoms including anxiety and depression. Symptoms often appear in the late luteal phase 1 ∼ 2 weeks prior to menstruation, with symptoms resolving or disappearing after menstruation (Hantsoo and Payne, 2023). The U.S. Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition, categorizes it as a severe type of PMS, and about 5% of women of childbearing age are affected by PMDD (Lanza Di Scalea and Pearlstein, 2019). Chinese epidemiological surveys have shown that 27.5% of women with PMDD exhibit a “depressive” type (Qiao et al., 2017; Xue et al., 2021), which severely affects their socialization, work, and quality of life. FDA-approved agents for PMDD include selective serotonin reuptake inhibitors (fluoxetine and sertraline) and oral contraceptives (drospirenone/ethinyl estradiol), but 40% of women are still resistant to this drugs, and some patients experience adverse effects such as insomnia and loss of appetite after taking them (Naguy et al., 2022). Finding new strategies for the safe and effective treatment of PMDD is a pressing research challenge.
The pathogenesis of PMDD is unclear, but studies have shown that its pathogenesis is closely related to neurotransmitters, ovarian hormone fluctuations, and the GABAergic system, among others (Re Nappi and Nappi, 2022). Among these, gamma-aminobutyric acid type A receptor (GABAA receptor) expression and function are important factors in the etiology of mood disorders (Barki and Xue, 2022). In the late luteal phase, patients with PMDD have increased sensitivity of GABAA receptors to the neurosteroid allopregnanolone content (Geng et al., 2024; Stiernman et al., 2023), and the concentration of gamma-aminobutyric acid (GABA) is altered (Bäckström et al., 2011). GABAA receptors are a class of pentameric gated ion channels consisting of 19 subunits: α (1–6), β (1–3), γ (1–3), δ, ε, π, ρ (1–3), and θ. The combination of α1, β2, and γ2 is one of the most ubiquitously present forms of GABAA receptors in the brain, with the benzodiazepine site is located right at the interface of the α and γ subunits (α+/γ-) (Thompson, 2024; Wen et al., 2022). GABAA receptors can mediate CNS inhibitory synaptic transmission by regulating the flow of chloride ions after binding to GABA or benzodiazepines, among others (Study and Barker, 1981). New PMDD therapies targeting the GABAA receptor, such as the use of the 5α-reductase inhibitor dutasteride to block the conversion of progesterone to allopregnanolone to alleviate PMDD symptoms, are also a potential option for patients with PMDD (Martinez et al., 2016). However, the cost of such drugs is high and dutasteride is mainly used for the treatment of benign prostatic hyperplasia, with fewer studies on its safety and efficacy in the treatment of mood disorders in women. Therefore, it is crucial to develop safe, effective, and low-cost novel GABAA receptor-selective modulators for the treatment of PMDD. In addition, the hippocampus is an important part of the limbic system of the brain, which is involved in the body’s emotional regulation, learning and memory and other physiological functions (Wei et al., 2018). It has been found that resting-state functional connectivity is increased between L-hippocampus and R-frontal cortex and decreased between R-hippocampus and R-premotor cortex in women with comorbid bipolar disorder and PMDD (Syan et al., 2018). Gray matter density was significantly increased in the hippocampal cortex and decreased in the parahippocampal cortex in women with PMDD compared to healthy women (Jeong et al., 2012). The α1β2γ2 receptor is present in most brain areas and it is localized to interneurones in hippocampus and cortex, and cerebral Purkinje cells (Mckernan and Whiting, 1996). This suggests that the hippocampus is a potential neuroimaging target for PMDD.
Rutin is a flavonol glycoside widely found in natural drugs like Ruta graveolens and Flos Sophorae Immaturus, consisting of quercetin and rutinose (Budzynska et al., 2019), and it has various pharmacological actions like antioxidant and anti-inflammation (Ferreira et al., 2021). The specificity of their structures (different arrangements of hydroxyl, methoxy, and other substituents on the parent nucleus) makes many flavonoids, including rutin, have antidepressant and anxiolytic effects (Ko et al., 2020). An increasing number of researchers have found the benefits of rutin in neurological illnesses. For example, rutin exerted neuroprotective effects in chronic stress animal model (Parashar et al., 2017), modulated basolateral amygdala GABAA receptors chloride channel to exert anxiolytic effects (Hernandez-Leon et al., 2017), exhibited antidepressant effects and inhibited acetylcholinesterase activity in a reserpine induced depression model (Foudah et al., 2022), and may exert anticonvulsant effects by binding to a GABAA–benzodiazepine receptor complex (Nassiri-Asl et al., 2008). Although rutin has been widely examined in psychiatric diseases, investigations on the mechanism of rutin’s deeper intervention and its involvement in the treatment of PMDD have not yet been published. We reviewed the literature and found that rutin has antidepressant effects and binds to the GABAA receptor, which is a key target in the pathogenesis of PMDD. Therefore, we hypothesized that rutin may play a key role in the treatment of the depressed subtype of PMDD by affecting the GABAA receptor.
Therefore, the aim of this study was to explore the efficacy and mechanism of action of rutin on PMDD based on GABAA receptors through in vivo and in vitro studies. Through molecular docking, microscale thermophoresis, radioactive receptor ligand binding assay and cell membrane clamp experiment, it was demonstrated that rutin could bind to GABAA receptor and inhibit chloride ion inward flow. Behavioral tests in mice were performed to screen the optimal dose of rutin. Through behavioral tests, we also found that rutin alleviated depressed mood, memory impairment and social impairment in PMDD-depressed subtype model rats. Rutin was found to ameliorate hippocampal neuronal damage in rats by HE staining and Golgi staining. Using UHPLC-MS/MS targeted metabolomics to detect changes of neurotransmitter content in rat hippocampus revealed that rutin affected the levels of GABA and ACh contents in rat hippocampus. PCR array found that rutin did not affect mRNA expression of GABAA receptor partial subunits in rat hippocampus. This study provides an experimental basis for the development of new drugs for the treatment of PMDD.
2 MATERIALS AND METHODS
2.1 Molecular docking
The hydrogen bond donor, the hydrogen bond acceptor, the P-gp substrate, and the PAINS alert were calculated by the online server Swiss-ADME (Daina et al., 2017). LigPrep in the Schrodinger 2018 (Schrödinger, 2018-1, NY, United States) suite was used to process target compounds. OPLS_2005 force field was selected, and pH was set to 7 ± 2. The remaining parameters were kept as default. Subsequently, GABAA receptor (PDB ID: 6D6T) was loaded, and the protein preparation wizard was used to perform pretreatments like deleting water, hydrogenating, and charging (Zhou et al., 2020). Next, the amino acids near binding sites (GABA site or Benzodiazepine site) in the processed protein were chosen to build a docking grid with 20 Å, and the remaining parameters were kept as default. The glide module in the Schrodinger 2018 suite was used to dock the processed ligands and the docking grid. The docking accuracy was XP mode, and the remaining options remained the default (Friesner et al., 2006). The conformation with the highest docking score was analyzed in the bonding mode and studied further in subsequent dynamic simulations. The figures were plotted with Pymol (Schrödinger, v.3.0.3, NY, United States) and Ligplot plus (Roman Laskowaski, v2.2.9, Cambridge, UK) (Laskowski and Swindells, 2011).
2.2 Microscale thermophoresis (MST)
pcDNA3.1-GABRA1, pIRES2-EGFP/GABRB2, pcDNA3.1-GABRG2, pcDNA3.1-GABARAP were purchased from Research Cloud Bio (Shandong, China). The above plasmids were amplified using DH5αE. coli receptor cells (Takara, 9057, Beijing, China). After that experimental HEK293 cells were transiently infected according to the instructions of Lipofectamine 3000 kit (Thermo Fisher, L3000008, Shanghai, China) according to the cDNA ratio of α1, β2/EGFP, γ2 and AP as α:β/EGFP: γ2:AP = 1:1:2:1. The green fluorescence intensity was observed under a fluorescence microscope 48 h after transfection, while the protein was extracted for quantification afterwards. Rutin (GUANGRUN biotechnology, GH-136-190429, Jiangsu, China) and betulinic acid (Shanghai yuanye Bio-Technology Co., Ltd, S31419, Shanghai, China) were diluted with DMSO into 16 solutions with different concentration gradients, after which it was added to the protein solution separately. The reacted samples were aspirated by capillary tubes and assayed on the MST machine (NanoTemper Technologies, Monolith, Munich, Germany). The data were analyzed using MO.Affinity Analysis v2.3 software (NanoTemper, v.2.3, Munich, Germany). Where the signal to noise ratio higher than 5 was considered to be significantly different (Huang and Zhang, 2021). Lower Kd values indicated stronger binding of rutin to the GABAA receptor (Liu et al., 2023). The data from the three replicate measurements were combined in the experiment for error point removal and finally a free fit of the affinity curve was performed (Chebib and Schwab, 2021).
2.3 Radioactive receptor ligand binding assay
Rat whole brain was weighed and homogenized in 20 times pre-cooled sucrose solution (0.32 M), centrifuged at 4°C and 1,000 g for 10 min. The supernatant was centrifuged at 4°C and 20,000 g for 20 min, and the precipitate was dissolved in 50 mM Tris-HCl to bring the protein concentration to 0.8–1.6 mg/mL and placed at −80°C for storage (Vogel). For formal experiments, the reaction solution was mixed in the following proportions: (1) Total binding tube: 48 µL membrane receptor + 1 µL DMSO + 1 µL [H3]-flunitrazepam (PerkinElmer, 2461442, MA, United States); (2) Non-specific binding tube: 48 µL membrane receptor + 1 µL diazepam (10−6 M) (Sigma, D-907, MO, United States) + 1 µL [H3]-flunitrazepam; (3) Rutin binding tube: 48 µL membrane receptor + 1 µL rutin (Shanghai yuanye Bio-Technology Co., Ltd., Y16M9S61523, Shanghai, China) + 1 µL [H3]-flunitrazepam. The above tubes were incubated in a shaker at 37°C for 2 h immediately after adding [H3]-flunitrazepam. The solution in the filter plate was withdrawn on glass fiber filter paper, dried for 0.5 h, and measured by adding scintillation solution (PerkinElmer, 6013591, MA, United States) and counted by XH-6925 liquid flash meter (Middendorp et al., 2015; Vogel, 1986). The inhibition rate of each compound on receptor-ligand binding was calculated using the following formula: Inhibition rate = (total binding tube cpm - rutin binding cpm)/(total binding tube cpm - non-specific binding tube) × 100%.
2.4 Cell membrane clamp experiment
The hippocampus of neonatal rats was separated, and 2 mL of 0.25% trypsin-EDTA digestion solution was added and put into a 37°C water bath for 5 min digestion. The digestion was then terminated by adding DMEM + 20% FBS + 1% Penicillin-Streptomycin medium, filtered through a 70 µm sieve into a centrifuge tube, and centrifuged at 800 rpm for 5 min. The supernatant was discarded. Then, 5–10 mL of media was added, and a single-cell suspension was created by gently blowing. The cell density was adjusted at 1 × 106/mL into a culture dish containing slides and incubated in a 37°C/5% CO2 cell culture chamber. After 7 days of incubation, use for electrophysiological experiments.
Rutin was dissolved in DMSO (300 mM), and diluted with extracellular solution (NaCl 125 mM; MgCl2 2 mM; KCl 2 mM; NaHCO3 26 mM; KH2PO4 1.25 mM; CaCl2 2 mM; Glucose 10 mM, pH adjusted to 7.4 with NaOH) in gradients of 100 μM, 300 μM, 1,000 µM. Bicuculline (Selleck, S7071, TX, United States), a positive control drug, was diluted to 30 µM with an extracellular solution. GABAA-type receptor channel currents were recorded using a whole-cell aspiration breakthrough membrane clamp technique. The borosilicate glass microelectrode tip resistance was 2–6 MΩ. The membrane potential was clamped at −60 mV in Gap-free mode and noted in extracellular fluid for 1 min. When the GABAA current amplitude shrank and desensitized after paracellular perfusion administration, drug action was considered to reach a steady state (Bian et al., 2019). In the experiment, the membrane resistance was greater than 1,000 MΩ, and the leakage current was less than 10% of the ion channel current to meet the detection criteria. The inhibition rate of GABAA receptor current by the compound to be tested was calculated based on the following equation: inhibition rate = (1-A2/A1) × 100%, where A1 represents the average of the peak current before the compound was added, and A2 represents the average of the peak current following the compound’s addition.
2.5 Animals
100 SPF-grade CD-1 male mice (18–20 g) and 100 SPF-grade Wistar female rats (170–200 g) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd [SCXK (Beijing) 2016–0006]. The laboratory settings were reversed day and night, with lights on at 20:00 and off at 8:00 daily, temperature 23°C ± 1°C, and humidity 50% ± 10% RH. Five animals per cage were housed in IVC cages and fed SPF-grade rat-mouse maintenance chow (Beijing Keao Xieli Feed Co., Ltd). The animals were kept for 7 days before participating in the formal test. All experiments were approved by the Experimental Animal Welfare Ethics Review Committee of the Laboratory Animal Center of the Central Hospital Affiliated to Shandong First Medical University (JNCHIACUC2021-81, approval date: 18 October 2021) and were conducted following the ARRIVE guidelines.
2.6 Animal experimental design
2.6.1 Rutin dose screening experiment
The test was conducted in two batches, and 100 mice were randomly distributed into two parts (I and II), each of which was randomly divided into the following five groups: control group, fluoxetine group (Lilly Suzhou Pharmaceutical, J20160029, Jiangsu, China) (4.05 mg/kg), rutin high dose group (GUANGRUN biotechnology, GH-136-190429, Jiangsu, China) (Rutin H, 50 mg/kg), rutin medium dose group (Rutin M, 25 mg/kg), rutin low dose group (Rutin L, 12.5 mg/kg) (n = 10). Mice were gavaged daily at 10 mL/kg and behavioral tests were performed on days 1, 3, and 7 (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic diagram of the experimental schedule for screening the optimal dose of rutin. 100 mice were randomly distributed into two parts (I and II), each of which was randomly divided into the following five groups: control group, fluoxetine group (4.05 mg/kg), rutin high dose group (50 mg/kg), rutin medium dose group (25 mg/kg), rutin low dose group (12.5 mg/kg), n = 10. The open field test (OFT), elevated plus maze (EPM), tail suspension test (TST), light/dark box (LDB) and forced swimming test (FST) were performed after single, consecutive 3 days and consecutive 7 days administrations.
2.6.2 Preparation and administration of PMDD-depressed subtype model rats
The estrous cycle in rats includes proestrus, estrus, metestrus, and diestrus 1 and 2 (Hubscher et al., 2009; Wei et al., 2020). The proestrus and estrus are the rats' receptive phases (R). The metestrus, diestrus 1 and 2 are the non-receptive phases (NR) of the rats (Li et al., 2023) (Figure 2B). The rats' electrical resistance values were measured daily from 13:00 to 14:00 using an electronic monitor of the vaginal estrous cycle (Muromachi, MK-11, Tokyo, Japan) for 16 days. Rats with at least two consecutive regular estrous cycles (4 days per cycle) (Gao et al., 2022a) were selected for FST experiments during their NR and R phases. The difference is sorted from largest to smallest by the NR phase immobility time minus the R phase immobility time. Ten rats with a difference near zero were screened out and assigned to the control group, while the remaining rats were exposed to chronically bound stress at specific times to generate PMDD-depressed subtype rats. The model rats were restrained for 6 h daily (14:00–20:00) during the NR phases, and the rest of the time was free. After binding for two estrous cycles, rats were submitted to behavioral tests during the NR and R phases of the third estrous cycle. The difference is sorted from largest to smallest by the NR phase immobility time minus the R phase immobility time (Wei et al., 2020). The top 30 rats of the sort were included in the experimental group, and they were randomly divided into the following three groups: model group, fluoxetine group (2.7 mg/kg), and rutin group (8.65 mg/kg) (n = 10). After 8 days of continuous gavage, behavioral tests were performed during the NR and R phases of the 3rd estrous cycle (Figure 2A).
[image: Figure 2]FIGURE 2 | Preparation and administration of PMDD-depressed subtype model rats. (A) Experimental schedule of rutin intervention in PMDD-depressed subtype rats, and (B) corresponding table of the time and vaginal resistance values of each estrous cycle stage in rats. This study was designed with 4 groups including control group, model group, fluoxetine group (2.7 mg/kg) and rutin group (8.65 mg/kg), n = 10. The forced swimming test (FST), Y-maze and social interaction testing (SIT) were performed before and after the administration in rats.
2.7 Behavioral testing
All tests were performed during the dark part of the inverted cycle under dim red light (30 lux) (14:00–17:00 daily) (Hernandez-Leon et al., 2017).
Open field test (OFT): The mice were placed in the central area of a 50 × 50 cm open field box (Shanghai Xinsoft, XR-XZ301, Shanghai, China), total distance during 6 min was collected using animal behavior analysis software (Shanghai Xinsoft, SuperMaze+, Shanghai, China) (Wang et al., 2021; Seibenhener and Wooten, 2015).
Elevated plus maze (EPM): The mice elevated plus maze (Shanghai Xinsoft, XR-XG201, Shanghai, China) consists of two opposing 35 × 5 × 10 cm closed arms and two opposing 35 × 5 cm open arms with a 5 × 5 cm open sections in the center. The mice were placed in the central area, and open arm entry times (OE), closed arm entry times (CE), time in the open arm (OT), and time in the closed arm (CT) were recorded within 5 min using SuperMaze+. The OE% and OT% were calculated from the above data: OE% = OE/(OE + CE) × 100%, OT% = OT/(OT + CT) × 100% (Green et al., 2021; Lin et al., 2021).
Tail suspension test (TST): Mice were inverted at the top of the TST box (30 × 30 × 50 cm, Shanghai Xinsoft, XR-XQ202, Shanghai, China). After mice were acclimatized for 2 min, the immobility time within 4 min was recorded using SuperMaze+ (Liu et al., 2022; Liu H. et al., 2018).
Light/dark box (LDB): The light/dark box (Shanghai Xinsoft, XR-XB110, Shanghai, China) consists of two 13 × 16 × 20 cm compartments with a door between the two boxes that allow the mice to pass freely. Above the light box, an incandescent bulb was on, and above the dark box, a red lamp was on. The mice were placed in the center of the light box, and SuperMaze + recorded the number of cases through the box and the time spent in a light box within 5 min (Borbély et al., 2017; Li et al., 2021).
Forced swimming test (FST): The day before the experiment, mice were placed in a transparent cylinder (25 cm in height, 15 cm in diameter, 20 cm depth of water with temperature of 23–25°C) for 6 min of pre-swimming. The size of the transparent cylinder in the rat FST is 40 cm in height, 20 cm in diameter, and 30 cm in water depth. During the formal experiment, the cylinder was placed in the FST chamber (Shanghai Xinsoft, XR-XQ202, Shanghai, China), and mice/rats were slowly put into the water. After mice/rats were acclimatized for 2 min, the immobility time within 4 min was recorded using SuperMaze+ (Borbély et al., 2017).
Y-maze: The Y-maze chamber (Shanghai Xinsoft, XR-XY103, Shanghai, China) consisted of three rectangular bodies of 40 × 10 × 25 cm with an angle of 120° to each other. The rats were placed at the end of either arm of the Y-maze, and SuperMaze+ was used to collect the following within 8 min: (1) the total number of arm entries: the number of times the rat entered all four feet into the arm; (2) the maximum number of rotations: total number of arm entries-2; (3) number of rotations: the number of consecutive entries into the three arms and finally the spontaneous behavior score was estimated (spontaneous rotation score) = number of rotations/maximum number of rotations × 100% (Lamtai et al., 2021; Okojie and Oyekunle, 2014).
Social interaction testing (SIT): the social box (Shanghai Xinsoft, XR-XJ117, Shanghai, China) consisted of three 54.6 × 26 cm compartments with a door between each compartment allowing the rat to pass freely, and a wire cage (20 cm in diameter and 18 cm in height) in each corner of the left and right compartments. A day prior, rats were exposed to the social box for 5 min to acclimatize. For the formal test, a female rat of the same age that was unfamiliar to the experimental rat was placed into the iron cage of the left box. A toy was put into the iron cage of the right box, and the experimental rat was placed into the middle box again to test for 5 min. The time and times of contact with the unfamiliar rat were recorded with SuperMaze+ (Li et al., 2023).
2.8 Hematoxylin-eosin staining
After rats were anesthetized with 2% sodium pentobarbital, the heart was perfused with 4% paraformaldehyde. When the liver of the rats turned white, the whole brain was isolated. The isolated brain tissue was fixed in 4% paraformaldehyde at 4°C for 24 h. Afterwards, the tissue was rinsed slowly using running water for 3 h to remove paraformaldehyde. The tissue was dehydrated using gradient ethanol (75% ethanol for 2 h, 85% ethanol for 2 h, 90% ethanol for 1.5 h, 95% ethanol for 1.5 h, 100% ethanol for 30 min, and 100% ethanol for 30 min) and then immersed in clearing agent (Tianxing Linhua, TX2192500, Guangxi, China) for 3 times for 15 min each time. The tissue was soaked in the wax solution for 3 h and then embedded using an embedding machine (Yaguang pathology, YB-6LF, Hubei, China). The pre-cooled wax blocks were sliced using a slicer (Leica microsystems, RM2255, Shanghai, China) with the thickness set to 5 μm. The slices were placed in water at 42°C for spreading, and then placed on a dryer (Leica microsystems, HI1220, Shanghai, China) at 65°C for 2 h. Sections were processed using an HE staining kit (Bioss, C02-04004, Beijing, China). The sections were deparaffinized in clearing agent for 5 min, repeated twice, 100% ethanol for 5 min, 90% ethanol for 2 min, 70% ethanol for 2 min, and distilled water for 2 min. After hematoxylin staining for 5 min, the sections were rinsed with running water and then stained with 70% ethanol solution containing 0.5% hydrochloric acid. After rinsing with running water, the sections were immersed in 1% eosin aqueous solution for 5 min. After the sections were washed with distilled water to remove the staining solution attached to the slides, they were subjected to 70%, 80%, 90%, and 95% ethanol and twice 100% ethanol for dehydration, and twice clearing agent for 2 min each. The sections were sealed in sealer (Jiangyuan, JY2182050, Jiangsu, China) and photographed under a Zeiss microscope (Axio Imager.A2, Oberkochen, German). Three rats were in each group, and 3 sections of each rat tissue were taken, and 1 image was obtained from each tissue section. And they were analyzed using SlideViewer software (3DHISTECH, v.2.5.0.143918, Budapest, Hungary) (Liang et al., 2023).
2.9 Golgi staining
Whole brains were isolated after rats were deeply anesthetized with 2% sodium pentobarbital. The tissues were stained according to the instructions of the FD rapid golgistintm kit (FD NeuroTechnologies, PK401, MD, Columbia). The tissues were immersed in an equal volume mixture of solutions A and B configured 24 h in advance, replaced with a new staining solution the following day, and stored in the dark environment for 2 weeks before transferring the brain tissues to solution C. The solution was replaced 24 h later and stored in the dark at room temperature for 72 h. After draining the surface liquid, the tissue was cut into 100 μm slices using a vibrating microtome (Campden instruments, 7000smz-2, Loughborough, UK). Sections were rinsed twice with Milli-Q water for 4 min each, placed in a mixture of solution D:E:Milli-Q water = 1:1:2 for 10 min, rinsed twice with Milli-Q water for 4 min each, dehydrated in 50%, 75%, and 95% ethanol for 4 min each, and dehydrated in anhydrous ethanol for 4 times for 4 min each time. Slices were cut in clearing agent for 3 times for 4 min each and were sealed with a sealer. Pyramidal neurons in the hippocampus were photographed using an Olympus BX530 (Tokyo, Japan) light microscope with a field of view of 1,000×. Neuronal dendritic spine density was estimated using ImageJ (Version 1.52a, Wayne Rasband National Institutes of Health, United States) (Du, 2019). Three rats were in each group, and 2 sections of each rat tissue were taken, and 1 image was obtained from each tissue section.
2.10 Ultra-high performance liquid chromatography-MS/MS (UHPLC-MS/MS) targeted metabolomics
The hippocampus was isolated after anesthetizing rats with 2% pentobarbital sodium and the following neurotransmitter levels were determined: serotonin (5-HT, Sigma, 14,927, MO, United States), acetylcholine (Ach, Sigma, A6625, MO, United States), epinephrine (E, Sigma, E-143, MO, United States), norepinephrine (NE, Solarbio, SN8550, Beijing, China), dopamine (DA, Sigma, H8502, MO, United States), glutamate (Glu, Sigma, G1251, MO, United States), gamma-aminobutyric acid (GABA, Sigma, A2129, MO, United States). The standard solution was obtained by diluting 20 µL of 1 mmol/L of each neurotransmitter standard with 140 µL of 80% acetonitrile (0.1% formic acid). 80 μL of standard solution was added to 40 µL of 100 mmol/L sodium carbonate solution and 40 µL of 2% benzoyl chloride acetonitrile solution and derivatized for 30 min at room temperature to obtain the external standard. 80 μL of standard solution was added to 40 µL of 100 mmol/L sodium carbonate solution and 40 µL of 2% benzoyl chloride-D5 acetonitrile solution and derivatized for 30 min at room temperature to obtain the internal standard. Stabilize 320 µL of the internal standard with 1,680 µL of 65% acetonitrile (0.1% formic acid). The first point of the calibration curve was prepared by mixing 160 µL of the external standard with 10 µL of the internal standard, and then diluting the standard mixture by 50% up to 20 points. The standard mixture was centrifuged at 12,000 rpm for 5 min at 4°C, and 40 µL of the supernatant and 20 µL of water were removed for testing. Take 10 ± 0.5 mg of the hippocampal sample to be tested in 80 µL of extraction solution (acetonitrile containing 0.1% formic acid, pre-cooled at −20°C), add 20 µL of water, add the steel beads, and vortex for 30 s to mix. 40 Hz homogenization was done for 240 s, and sonication was performed in an ice-water bath for 5 min. Repeat homogenization and sonication steps three times. The samples were precipitated at −40°C overnight. After centrifugation at 4°C and 12,000 rpm for 15 min, 80 µL of the supernatant was taken and incubated with 40 µL of 100 mmol/L sodium carbonate and 40 µL of 2% benzoyl chloride for 30 min at room temperature, 10 µL of the internal standard was added, and then centrifuged at 4°C and 12,000 rpm for 15 min, 40 µL of the supernatant and 20 µL of the supernatant were taken and assayed on the water machine. In this project, the target compounds were separated by liquid chromatography on a Waters ACQUITY UPLC HSS T3 (100 × 2.1 mm, 1.8 µm) column using a SCIEX ExionLC ultra-performance liquid chromatography(SCIEX, SCIEX ExionLC, MA, United States). The A phase of the liquid chromatography was 0.1% formic acid and 1 mM ammonium formate aqueous solution, and the B phase was acetonitrile. The column chamber temperature was 40°C, the sample tray was set at 6°C, and the injection volume was 2 µL. For data acquisition, mass spectrometry (SCIEX, AB Sciex QTrap 6500+, MA, United States) was performed in multiple reaction monitoring (MRM) modes. Ion source parameters were as follows: IonSpray Voltage: +5000 V, Curtain Gas: 35 psi, Temperature: 400°C, Ion Source Gas 1:60 psi, Ion Source Gas 2:60 psi (Wong et al., 2016; Liu R. et al., 2018).
2.11 PCR array
Samples were homogenized for 1 ∼ 2 min after adding 1 mL Trizol and grinding beads until no obvious tissue mass was observed by the naked eye. Centrifuge at 12000 g for 5 min at 4°C and retain the supernatant. Add chloroform according to 1:5 (chloroform:Trizol), up and down for 30 s, leave at room temperature for 5 min. 4°C, centrifuge at 12000 g for 15 min. Pipette the upper layer of aqueous phase in a new centrifuge tube, add an equal volume of isopropanol, up and down, precipitate at room temperature for 10 min. 4°C, centrifugation at 12,000 g for 10 min, discard the supernatant, add 1 mL of 75% ethanol to wash the precipitate. 7,500 g, centrifugation at 4°C for 5 min. Discard the supernatant and retain the precipitate. Dry the sample at room temperature for 5 min, and dissolve the RNA sample with appropriate amount of DEPC-treated water. Rat hippocampal RNA was reverse transcribed to cDNA using the WCGENE mRNA cDNA Synthesis Kit (WCGENE, WC-SJH0001, Shanghai, China). cDNA was mixed with Wcgene® mRNA qPCR mix (WCGENE, WC-SJH0002, Shanghai, China) and added to a customized PCR array 96-well plate for qRT-PCR (Table 1). The raw Ct values of all genes were analyzed, and the fold change was calculated using the 2^-ΔΔCt method for comparison. Firstly, we used the Ct value of the target gene minus the Ct value of the internal reference gene of each group of samples to get ΔCt. Then, we used the ΔCt of each target gene of each group of samples minus the ΔCt of the control group samples and take the opposite number of all the results at the same time to get −ΔΔCt. Finally, carry out a power of 2 operation on the −ΔΔCt, i.e., 2∧−ΔΔCt, and then arrive at the Fold Change. Genes with fold-changes more than or less than 2.0 were considered to be of biological significance (Yue et al., 2019; Livak and Schmittgen, 2001).
TABLE 1 | PCR array target gene list.
[image: Table 1]2.12 Statistical analysis
Statistics were performed using GraphPad Prism 8 analysis software (GraphPad, v.8.3.0, MA, United States), and data were expressed as Mean ± SD. When comparing the two groups of samples, normality of the data distribution was tested using the Shapiro-Wilk test, and homogeneity of variance was compared using the F test. Parametric tests and unpaired t-tests are used when the data were normally distributed and satisfied homogeneity of variance. Nonparametric tests and Mann-Whitney tests are used when the data are not normally distributed. When comparing more than four samples, the Shapiro-Wilk test was used to test the normality of the data distribution, and the Brown-Forsythe test was used to compare the homogeneity of variance. Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used when the data were normally distributed and satisfied homogeneity of variance. Brown-Forsythe and Welch ANOVA tests and Dunnett’s T3 multiple comparisons test were used when the data were normally distributed but did not satisfy homogeneity of variance. Kruskal-Wallis test and Dunn’s multiple comparisons test were used when the data were not normally distributed. P < 0.05 was statistically significant.
3 RESULTS
3.1 Rutin binds to GABAA receptors and inhibits channel currents
First, Glide-based molecular docking was done to investigate if rutin can bind to the GABAA receptor. The rutin’s docking score with the GABA site was −9.105, and the glide score was −9.133; the docking score with the benzodiazepine site was −11.442, and the glide score was −11.470. As shown in Figure 3A, rutin interacts with Arg173, Asn55, Asp162, Ser201, Ser204, and Thr160 residues. The conformational analysis of the molecular docking structure showed that rutin was in the docking pocket formed by the GABAA receptor (Figure 3B). This results indicated that rutin had a strong binding ability to the benzodiazepine site of the GABAA receptor. To further verify the binding of rutin to GABAA receptors, we constructed recombinant GABAA receptors (α1β2γ2) for MST analysis. The increase of rutin concentration significantly affected the thermophilic movement of GABAA receptor and the Kd was 1.17 ± 0.89 μM, and combined with Figures 3C, D, we found that rutin binds better to GABAA receptors (α1β2γ2) compared to betulinic acid. The rutin’s binding to the GABAA receptor was later verified using a receptor-ligand binding assay. The results are shown in Figure 3E. The radio fluorescence intensity of all concentrations of rutin (2 × 10−8–20 µM) binding tubes was significantly lower than the control group, consistent with the results of non-specific binding tubes of diazepam. Rutin’s impact on GABAA receptor channel currents was investigated using primary hippocampal neuronal cells grown in a cell membrane clamp. Sequential perfusion of 1/3/10/30/100 µM GABA could activate the GABAA-type receptor current in a gradient (Figure 3F), and the fitted curve showed that the EC50 was 23.95 ± 10.63 µM (Figure 3G). Thus, the current induced by 30 µM GABA was chosen as the control group in this experiment. Different doses of rutin (100/300/1,000 µM) were simultaneously perfused into neuronal cells with GABA. Moreover, the current evoked by GABA was significantly reduced (Figures 3H, I), indicating that rutin can bind to GABAA receptors and inhibit Cl− inward flow.
[image: Figure 3]FIGURE 3 | Rutin binds to GABAA receptors and inhibits channel currents. (A) Schematic representation of the 2D interaction of the compound rutin with the active site residues of the target protein GABAA receptor. (B) Schematic representation of the docking pocket of the GABAA receptor with the 3D structure of rutin. (C) Thermophoresis curves obtained using rutin as ligand by microscale thermophoresis (MST). (D) MST analysis of the binding affinity of rutin for the GABAA receptor. (E) Radioactivity intensity in rutin binding tubes at different concentrations (P = 0.0001), n = 2/group. (F, G) EC50 values and fitted curves of GABA on chloride channel currents. (H, I) Effect of simultaneous perfusion of rutin and GABA on chloride channel currents (P = 0.0006), n = 3 ∼ 4/group. Results are shown as Mean ± SD. One-way ANOVA analysis followed by Tukey’s multiple comparison test. **P < 0.01, ***P < 0.001.
3.2 Rutin low dose improves depression in mice
The behavioral results of 1 day administration showed that all three dose groups of rutin had no significant effect on total distance and immobility time in mice (Figures 4A, D, E). However, Rutin M significantly increased OT% and OE% (Figure 4B) in EPM and increased the time spent in the light box in LDB (Figure 4C). Rutin administration for 3 consecutive days had no effect on the results of OFT, EPM and TST (Figures 4F, G, I). However, Rutin M increased the time spent in the light box in LDB than the control group (Figure 4H); Rutin L significantly decreased the immobility time in FST (Figure 4J). Rutin M and Rutin L produced significant results in anxiolytic-like and antidepressant-like behavioral tests after 1 and 3 days of continuous administration. Then the 7 days administration behavioral experiments were continued for both doses. Compared to the control group, Rutin L could significantly increase OT% and OE% (Figure 4L) in EPM, reduced immobility time in TST (Figure 4N); Rutin M could increase the number of cases through the box in LDB (Figure 4M). There were no significant differences in the results of both OFT and FST, but the fluoxetine and Rutin L could reduce the immobility time of mice (Figures 4K, O). We found that 12.5 mg/kg of rutin reduced the immobility time of mice at TST and FST, so we chose this dose for our study in PMDD-depressed subtype model rats.
[image: Figure 4]FIGURE 4 | The behavioral experimental results of rutin administration in mice. (A–E) The behavioral experimental results of a single administration of rutin. (A) Total distance for open field test (OFT) (P = 0.0743); (B) OT% (P = 0.0291) and OE% (P = 0.0427) for elevated plus maze (EPM); (C) Time spent in the light box (P = 0.0085) and number cases through the box (P = 0.6388) of light/dark box (LDB); (D) Immobility time of tail suspension test (TST) (P = 0.3973); (E) Immobility time of forced swimming test (FST) (P = 0.5834). (F–J) The behavioral experimental results of rutin were administered for 3 consecutive days. (F) Total distance for OFT (P = 0.5083); (G) OT% (P = 0.1738) and OE% (P = 0.0690) for EPM; (H) Time spent in the light box (P = 0.0366) and number cases through the box (P = 0.0927) of LDB; (I) Immobility time of TST (P = 0.1685); (J) Immobility time of FST (P = 0.0025). (K–O) The behavioral experimental results of rutin were administered for 7 consecutive days. (K) Total distance for OFT (P = 0.5821); (L) OT% (P = 0.0240) and OE% (P = 0.0202) for EPM; (M) Time spent in the light box (P = 0.1102) and number cases through the box (P = 0.0479) of LDB; (N) Immobility time of TST (P = 0.0387); (O) Immobility time of FST (P = 0.3970). The results are shown as Mean ± SD. n = 10/group. Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used when the data were normally distributed and satisfied homogeneity of variance. Kruskal-Wallis test and Dunn’s multiple comparisons test were used when the data were not normally distributed. *P < 0.05.
3.3 Rutin alleviates depressed mood, memory impairment and social impairment in PMDD-depressed subtype rats
According to the studies, Rutin L (12.5 mg/kg) considerably reduced depressive-like behavior in mice. According to the body surface area drug equivalent conversion method, the amount of rutin given to the rat group was 8.65 mg/kg. To investigate the pharmacological effects of rutin on PMDD-depressed subtype rats, behavioral experiments were performed before and after administration, and the results are shown in Figures 5, 6. Prior to the administration of the drug, the model rats demonstrated an increase in immobility time (Figure 5A), a decrease in spontaneous rotation score (Figure 5D), and a significant decrease in the contact time and number of contacts with unfamiliar rats (Figures 5G, H) during the NR phase as compared to the control group. However, there were no significant difference in the behavioral data of the two groups of rats in the R phase (Figures 5B, E, I, J). And the results were confirmed by the different locomotion trajectories of the two groups of rats in the NR and R phases (Figures 5C, F, K), which is consistent with the characteristics of PMDD: “appearing before menstruation and disappearing after menstruation.” Therefore, the model was successfully prepared. The model rats were randomly divided into the model, fluoxetine, and rutin group, and behavioral experiments were conducted after two estrous cycles of drug administration. The results revealed that, compared to the control group, rats in the model group had increased immobility time (Figure 6A), decreased spontaneous rotation score (Figure 6D), and significantly decreased contact time and number of contacts with unfamiliar rats (Figures 6G, H) during the NR phase. Compared to the model group, rutin group rats showed a significant increase in spontaneous rotation score (Figure 6D), and an increase in the number of contacts with unfamiliar rats (Figure 6H); fluoxetine group showed an increase in spontaneous rotation score and contact time with unfamiliar rat (Figures 6D, G) during the NR phase. Compared with the model group, there was no significant difference in the immobility time of the rutin group, however it can be seen that there was a decreasing trend (Figure 6A). The results were also illustrated by the different locomotion trajectories of the four groups of rats during the NR phase (Figures 6C, F, K). And there was no difference between groups in R phase (Figures 6B, E, I, J). In conclusion, rutin alleviated depressed mood, memory impairment and social impairment in PMDD-depressed subtype rats.
[image: Figure 5]FIGURE 5 | Behavioral results of rats in each group before administration. (A) Forced swimming test (FST) immobility time in non-receptive phase (NR) (P < 0.0001); (B) FST immobility time in receptive phase (R) (P = 0.3913); (C) representative time distribution of animals in FST; (D) Y-maze spontaneous rotation score in NR phase (P = 0.0212); (E) Y-maze spontaneous rotation score in R phase (P = 0.6613); (F) representative trajectory diagram of animals in Y-maze; social interaction testing (SIT) in NR phase (G) contact time (P = 0.0080), (H) number of contacts (P < 0.0001); SIT in R phase (I) contact time (P = 0.9632), (J) number of contacts (P = 0.2989); (K) representative trajectory diagram of animals in SIT. The results are shown as Mean ± SD. Control group: n = 10; Model group: n = 30. Parametric tests and unpaired t-tests are used when the data were normally distributed and satisfied homogeneity of variance. Nonparametric tests and Mann-Whitney tests are used when the data are not normally distributed. *P < 0.05, **P < 0.01, ****P < 0.0001.
[image: Figure 6]FIGURE 6 | Behavioral results of each group of rats after drug administration. (A) Forced swimming test (FST) immobility time in non-receptive phase (NR) (P = 0.0013); (B) FST immobility time in receptive phase (R) (P = 0.1837); (C) representative time distribution of animals in FST; (D) Y-maze spontaneous rotation score in NR phase (P = 0.0046); (E) Y-maze spontaneous rotation score in R phase (P = 0.1420); (F) representative trajectory diagram of animals in Y-maze; social interaction testing (SIT) in NR phase (G) contact time (P = 0.0012), (H) number of contacts (P = 0.0029); SIT in R phase (I) contact time (P = 0.4381), (J) number of contacts (P = 0.4103); (K) representative trajectory diagram of animals in SIT. The results are shown as Mean ± SD. n = 10/group. Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used when the data were normally distributed and satisfied homogeneity of variance. Brown-Forsythe and Welch ANOVA tests and Dunnett’s T3 multiple comparisons test were used when the data were normally distributed but did not satisfy homogeneity of variance. Kruskal–Wallis test and Dunn’s multiple comparisons test were used when the data were not normally distributed. *P < 0.05, **P < 0.01.
3.4 Rutin alleviates hippocampal neuronal damage and neurotransmitter content changes in PMDD-depressed subtype rats
HE staining results showed that the hippocampal neuron cells in the control group were regular in morphology, neatly arranged, with clear cell membranes and nuclei. In the model group, the number of hippocampal neuron cells was relatively reduced, the arrangement was disorganized, the cell morphology was irregular, and the cell membrane and nucleus were unclear. Administration of fluoxetine and rutin significantly improved hippocampal neuronal damage (Figure 7A). Golgi staining revealed that the dendritic spine densities in the hippocampus of rats in the model group were significantly decreased compared to the control group. At the same time, the rutin and fluoxetine administration significantly increased the dendritic spine densities (Figure 7B). Except for the model group, each group’s dendritic morphology analysis revealed that most of the dendritic spines in the other three groups were mature spines (mushroom and short thick type). It was speculated that the injury of hippocampal dendrites in model rats manifested as reduced spine density, and rutin treatment could increase dendritic spine density.
[image: Figure 7]FIGURE 7 | Rutin alleviates hippocampal neuronal damage and neurotransmitter content changes in PMDD-depressed subtype rats. (A) Comparison of hippocampal neuron cell morphology in each group of rats (HE, ×400, scale bar = 500 µm). (B) Comparison of dendritic spine densities in the NR phase of rats in each group (n = 6/group) (P = 0.0003). The scale bar represents 10 µm. (C) comparison of serotonin (5-HT) content (P = 0.6153); (D) comparison of acetylcholine (Ach) content (P = 0.0002); (E) comparison of epinephrine (E) content (P < 0.0001); (F) comparison of norepinephrine (NE) content (P = 0.0177); (G) comparison of dopamine (DA) content (P = 0.2696); (H) comparison of glutamate (Glu) content (P = 0.1848); (I) comparison of gamma-aminobutyric acid (GABA) content (P < 0.0001); (J) Glu/GABA ratio (P = 0.0033); (K) sample extraction ion chromatogram. The results are shown as Mean ± SD. n = 5/group. Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used when the data were normally distributed and satisfied homogeneity of variance. Kruskal–Wallis test and Dunn’s multiple comparisons test were used when the data were not normally distributed. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
To investigate the effect of rutin on neurotransmitter content in rat hippocampus, UHPLC-MS/MS target metabolomics was performed (Figure 7K). Acetylcholine and GABA contents in the hippocampus were significantly higher in the model group than in the control group (Figures 7D, I), and the Glu/GABA ratio was lower (Figure 7J). Acetylcholine, norepinephrine and GABA contents were decreased in the fluoxetine group compared with the model group (Figures 7D, F, I), and epinephrine contents were increased (Figure 7E). Compared to the model group, acetylcholine and GABA contents were reduced and significantly different in the rutin group (Figures 7D, I), and epinephrine content and Glu/GABA ratio were significantly higher (Figures 7E, J). There were no significant differences in 5-HT, DA and Glu contents in the hippocampus of all four groups of rats (Figures 7C, G, H).
3.5 Rutin does not affect the relative mRNA expression of GABAA receptor subunits in rat hippocampus
Finally, we examined the relative mRNA expression of some subunits of the GABAA receptor (Figure 8A). The results showed that the hippocampus of rats in the rutin group encoded GABAA receptors α1 (GABRA1), α2 (GABRA2), α3 (GABRA3), α4 (GABRA4), α5 (GABRA5), β1 (GABRB1), β2 (GABRB2), β3 (GABRB3), δ(GABRD), γ1 (GABRG1), γ2 (GABRG2), and γ3 (GABRG3) genes were expressed with no significant changes (Figure 8B). Rutin may alleviate the depressive-like behavior of PMDD-depressed subtype rats by binding to GABAA receptors rather than altering their relative mRNA expression.
[image: Figure 8]FIGURE 8 | Rutin does not affect the relative mRNA expression of GABAA receptor subunits in rat hippocampus. (A) Heatmap of PMDD-related genes. (B) Relative mRNA expression of GABAA receptor subunits: GABAA receptors α1 (GABRA1, P = 0.0779), α2 (GABRA2, P = 0.9006), α3 (GABRA3, P = 0.9006), α4 (GABRA4, P = 0.9749), α5 (GABRA5, P = 0.8395), β1 (GABRB1, P = 0.7700), β2 (GABRB2, P = 0.6694), β3 (GABRB3, P = 0.7989), δ(GABRD, P = 0.8738), γ1 (GABRG1, P = 0.2916), γ2 (GABRG2, P = 0.7577), and γ3 (GABRG3, P = 0.4139). The results are shown as Mean ± SD. n = 3/group. Ordinary one-way ANOVA and Tukey’s multiple comparisons test were used when the data were normally distributed and satisfied homogeneity of variance. Kruskal-Wallis test and Dunn’s multiple comparisons test were used when the data were not normally distributed.
4 DISCUSSION
In this study we found that rutin binds to GABAA receptor benzodiazepine sites and inhibits chloride ion inward flow. Rutin alleviated depressed mood, memory impairment, and social impairment in PMDD-depressed subtype rats, improved hippocampal neuronal damage, and reduced GABA and ACh levels. Thus rutin may exert therapeutic effects in PMDD-depressed subtype rats through the above pathways. The results of this study provide experimental and scientific basis for the development of new drugs for PMDD.
The aim of our study was to find novel drugs targeting GABAA receptor to treat PMDD. Benzodiazepines, a commonly used anxiolytic, bind to GABAA receptor benzodiazepine sites to increase the opening of chloride ion passage, leading to hyperpolarization of neuronal cell membranes. Subsequently, benzodiazepines enhance GABA-mediated neuronal inhibition, resulting in sedative, hypnotic and anxiolytic effects (Orzelska-Górka et al., 2020). In this experiment we found that rutin competitively binds GABAA receptor with [H3]-flunitrazepam (Chhatwal et al., 2005). In other studies, the anxiolytic-like effects induced by intraperitoneal administration of rutin (Hernandez-Leon et al., 2017) and the anticonvulsant effects induced by ventricular injection of rutin (Nassiri-Asl et al., 2008) were eliminated by flumazenil (benzodiazepine site antagonist). This suggested that rutin does bind to the benzodiazepine site of the GABAA receptor. But it was found by whole-cell membrane clamp that rutin exerts the same inhibitory effect on chloride inward flow as the GABAA receptor antagonist bicuculline (Masiulis et al., 2019). Whereas the anxiolytic effect induced by rutin injection into the amygdala was abolished by picrotoxin (chloride channel GABAA antagonist) (Hernandez-Leon et al., 2017), Nassiri-Asl also mentioned that rutin may positively metabolize and modulate GABAA receptors (Nassiri-Asl et al., 2008). This is not consistent with our results. We hypothesize that rutin exerts both actions may be dose dependent, which requires further study. Although some studies have found altered protein and mRNA expression of partial subunits of GABAA receptors in brain tissues such as the hippocampus of PMDD rats (Zhang et al., 2023; Gao et al., 2022a; Wei et al., 2020), which is not consistent with the present study. A review of the literature also did not reveal any studies related to rutin and GABAA receptor subunit expression. Thus, we hypothesized that rutin may exert therapeutic effects in PMDD-depressed subtype model rats by binding to GABAA receptor benzodiazepine sites and inhibiting chloride inward flow, rather than affecting the relative expression of GABAA receptor subunit mRNA.
Hippocampal neurons are important structures in the brain responsible for memory and spatial navigation. Dendritic spines are synaptic contact points between neuronal dendrites and the axon terminals of neighboring neurons and are important for neuronal signaling. Recent studies have found apoptosis and damage to hippocampal neurons in PMDD rats (Wei et al., 2023; Li et al., 2023), and chronic restraint stress leads to a decrease in dendritic spine density (Shen et al., 2021). We found that rutin ameliorated hippocampal neuronal damage and increased dendritic spine density in PMDD-depressed subtype rats. This is consistent with the results that rutin exerts a protective effect against chronic stress-induced hippocampal neuronal loss (Parashar et al., 2017). It has also been found that rutin protects against copper-induced neuronal degeneration and cortical perforation in rats through antioxidant and anti-inflammatory properties (Arowoogun et al., 2021). In addition, abnormally phosphorylated forms of tau aggregate and accumulate into neurofibrillary tangles, leading to synapse loss, neuroinflammation, and neurodegeneration. Rutin reduced pathological tau levels, suppressed gliosis and neuroinflammation by downregulating NF-κB pathway, prevented microglial synapse engulfment, and rescued synapse loss in mouse brains, resulting in a significant improvement of cognition (Sun et al., 2021). Rutin also attenuates neuronal loss in cerebral ischemia/reperfusion injury rats through estrogen receptor-mediated BDNF-TrκB and NGF-TrκA signaling pathways (Liu S. et al., 2018). The above shows the pathway of rutin in treating hippocampal neuronal damage, which provides potential targets for subsequent studies of rutin to improve the morphology of hippocampal neurons in PMDD-depressed subtype rats.
Normally, glutamate decarboxylase can decarboxylate the excitatory neurotransmitter glutamate (Glu) to GABA (Scotti-Muzzi et al., 2021), and their levels in vivo remain in dynamic balance. When GABA binds to the GABAA receptor on the postsynaptic membrane, Ca2+ inward flow is restricted, Cl− inward flow, resulting in reduced neuronal excitability (Li and Xu, 2008). When the central nervous system is affected, the Glu/GABA ratio is commonly used to assess its excitatory or inhibitory state (Wang et al., 2020). Sun (2020) found elevated GABA levels in the rats' hippocampus with the PMDD anxiety subtype. Gao et al. (2014) found a significant decrease in the Glu/GABA ratio in the hippocampal extracellular fluid of rats with the PMS depression subtype. Elevated GABA levels and decreased Glu levels, Glu/GABA ratio were also found in rats with electroshock-induced depressive learning memory disorder (Luo et al., 2011). The above findings are consistent with our findings, suggesting that rutin may also be able to treat the PMDD-depressed subtype model rats by decreasing GABA content and increasing the Glu/GABA ratio in the hippocampus. In addition, we found elevated levels of acetylcholine in the hippocampal brain region of model rats, and rutin intervention reduced acetylcholine levels, which is also an innovative finding. There are fewer studies related to PMDD and acetylcholine. However, the research on depression has shown that depressed people have higher acetylcholine levels and an overactive cholinergic system. The antidepressant effect can be produced by antagonizing nicotinic or muscarinic acetylcholine receptors to reduce cholinergic signaling (Mineur et al., 2022). Therefore, we hypothesized that rutin might treat PMDD-depressed subtype model rats by decreasing acetylcholine levels in the hippocampus and inhibiting overactivation of the cholinergic system.
This research offers a scientific rationale for the clinical use of rutin in treating PMDD and an experimental foundation for creating innovative drugs. However, this study lacks long-term effects and dependence testing of rutin, and is shallow in terms of mechanism. The mechanism of action of rutin in treating PMDD-depressed subtype model rats can be explored in depth around the findings in this study. In addition, the poor solubility and bioavailability of rutin limit its application. Therefore, developing new dosage forms of rutin is also a hot topic of current research. It has been found that rutin solid lipid nanoparticles can effectively cross the blood-brain barrier and target tumors to act (Pandian et al., 2021). Pan et al. (2019) found that rutin sodium significantly improved its water solubility and bioavailability and treated Alzheimer’s disease by acting on microglia. Follow-up studies will be centered on the present findings to deeply explore the interrelationships of the mechanism of action of rutin in the treatment of PMDD, and to integrate the multidisciplinary fields to create a new drug delivery system, which will provide an optimal choice for the development of new drugs and the clinical treatment of PMDD.
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