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Abstract

:

Depression is a neuropsychiatric disorder characterized by altered emotion and cognition. Alpha lipoic acid (ALA) is a potent natural antioxidant and exhibits neuroprotective effects. However, its antidepressant activity and its mechanism of action in rats exposed to chronic unpredictable mild stress (CUMS) need to be evaluated. The rats were divided into six groups. Group, I vehicle control (without stress), II- CUMS, III- fluoxetine (FLX) (50 mg/kg p.o.), IV, V, and VI were treated with ALA (50, 100, 200 mg/kg, p.o.), respectively. All the groups, except I, were subjected to CUMS + treatments from day 1 to day 42. Body weight and behavioral parameters like sucrose preference test (SPT), Morris water maze (MWM), resident intruder test (RIT), and marble-burying test (MBT) were performed on day 0, day 21, and day 42, and forced swim test (FST) on last day 42 and 43 only. The rats were further sacrificed for biochemical and histopathological evaluation. ALA significantly improved behavioral function, increased antioxidant strength, reduced lipid peroxidation, restored monoamines, and protected CA3 neurons. Further, docking studies revealed strong binding of ALA on the 5HT3 receptor. The study demonstrates that ALA might be exhibiting antidepressant effects in part by restoring monoamines and modulating the 5HT3 receptor.
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1. Introduction


Depression is a neuropsychological disorder exhibiting physiological and behavioral distress characterized by persistent sad and empty moods, loss of interest and motivation, melancholy, and anhedonia [1]. It is a primary health concern and globally contributes to significant socioeconomic losses along with disability, morbidity, and mortality. In the last twenty years, depression has evolved from an acute and self-limiting illness to a chronic, lifelong condition. It profoundly affects the elderly with comorbidities like memory, cognitive deficit, and cardiovascular complications [2,3]. It is well established that reduced sensitivity of the dopaminergic system results in cognitive impairment, insomnia, and feelings of guilt [4,5]. Clinical symptoms characteristics include anhedonia, low self-esteem, fatigue, feelings of worthlessness, suicidal thoughts, disturbances in sleep and appetite, as well as anxiety and aggressive behavior [6,7,8].



Chronic stress is the major contributory factor to depression. Chronic or repeated provocative stress alters the autonomic nervous system, the hypothalamic-pituitary-adrenal axis (HPA), and the immune system. Moreover, it affects physical integrity as well as one’s psychological well-being. Chronic unpredictable mild stress (CUMS) is a classical and well-validated animal model to induce a broad spectrum of behavioral deficits, including anhedonia, anxiety, aggression, depression-like behavior, reduced cognition, and altered the level of antioxidants and neurotransmitters like NE, DA, 5HT [9,10].



Multiple pathophysiological mechanisms exist for depression, including impaired HPA axis, glucocorticoid receptor (GR), cortisol resistance, reduced BDNF expression, mitochondrial damage, reduced antioxidant activity, and neuroinflammation [11,12,13]. Traditional antidepressants alleviate the level of monoamines but are also associated with many disadvantages, such as suicidal thoughts, the late onset of action, and cardiac side effects [14,15,16]. Nevertheless, 1/3 of patients still do not respond to it and have a high relapse rate. Notably, the most prescribed SSRI has a black box warning [17,18,19]. The 5HT3 receptors are thus emerging as newer targets for antidepressant compounds. Their antagonists are found reverse depression at a low dose and with a short duration of treatment. Alpha-lipoic acid (ALA) is also known as thioctic acid (TA) and 1,2 dithiolane -3-pentanoic acid [20,21]. It is naturally present in spinach, broccoli, tomato, and various microorganisms and animal tissues. The ALA contains cysteine, a promising precursor of GSH (Glutathione). GSH, an intracellular non-enzymatic thiol antioxidant system, neutralizes free radicals/ROS. The finding of this investigation is in line with others, showing that stressed mice have lower brain GSH levels indicating an alteration in antioxidant brain defenses in CUMS model of depression [22]. ALA boosts tissue GSH levels and inhibits Ca2+ channel sulfhydryl group modifications [23,24]. It acts as a biological antioxidant and a metal chelator, reducing the oxidized forms of other antioxidant agents, such as vitamins A, C, and E, GSH, and Coenzyme Q10. It improves endothelial dysfunction through its antioxidant and anti-inflammatory function [25]. Previously, ALA demonstrated increased BDNF, exhibits neuroprotective effect in traumatic brain injury by inhibiting neural apoptosis [26,27], and improved memory in the senescence-accelerated prone mouse strain 8 (SAMP8) model of Alzheimer’s disease due to its potent antioxidant effect [28]. Given its neuroprotective and potent antioxidant properties, ALA can perhaps prove to be an effective antidepressant in its own right for CUMS-induced depression. An attempt has been made to evaluate the antidepressant effect of ALA on CUMS-induced depression and understand its mechanism of action through brain monoamine estimations and molecular docking study.




2. Materials and Methods


2.1. Experimental Animals


Male Wistar rats (36) (weight 240–250 g) were procured from Global Bioresearch Solutions Private Limited, Pune. Animals were maintained under standard laboratory conditions at 23 ± 2 °C with a relative humidity of 55 ± 10% on a 12 h/12 h light/dark cycle. Animals had free access to food and water ad libitum. A laboratory diet was provided by VRK Nutrition Pune, India. The animals were moved to the experimental area 1 h before the experiment. All the experiments were performed according to the Committee for the Purpose of Control and Supervision of Experiments on Animals (CPCSEA) and were approved by the Institutional Animal Ethical Committee. The IAEC approval No is PCP/IAEC/PCL 31/2019–2020.




2.2. Drugs and Chemicals


ALA and fluoxetine (FLX) were obtained as a gift sample from Inlife Pharmaceuticals private limited Hyderabad, India and Sun Pharmaceuticals Limited Vadodara, India, respectively. Carboxymethylcellulose (CMC) was purchased from Loba Chemie Private Limited (Mumbai, India). The standard biomarkers for HPLC DA, NE, and 5-HT were purchased from Sigma Aldrich (Bangalore, India). The other HPLC-grade chemicals and solvents used in the study were procured from local suppliers.




2.3. Experimental design


Thirty-six male Wistar rats aged about (9–10 weeks old) were divided into 6 groups. Group I was vehicle control (VC; 0.2% (w/v) CMC) and was kept under normal conditions with feed and water, Group II was CUMS subjected to stress and vehicle (0.2% (w/v) CMC) (1 mL once a day p.o.), Group III was standard subjected to CUMS treated with FLX (10 mg/kg p.o., for 42 days). Group IV, V, and VI were subjected to CUMS with ALA treatment (50, 100, 200 mg/kg p.o for 42 days). ALA was dissolved in 0.2% (w/v) CMC, and FLX was dissolved in distilled water and administered using oral gavage (gauge size 18) daily at a constant volume according to body weight. The dosages and route of administration for ALA were selected based on the methods used in previous studies [29,30] (Figure 1).




2.4. CUM-Induced Depression-Like Behaviour in Rats


CUMS method was carried out with minimal modifications, as previously reported with minor modifications [31,32]. The VC group rats were left undisturbed in their cages in a separate room for the next six weeks (42 days), while the other five groups of rats were housed and exposed to various minor stressors from 0 days to 42 days. The stress was given from 0 day to 42 days; however, no stressors were applied during testing of pharmacological behavior on various days, such as days 0, 1, 21, 22, 42, and 43. The stressors were clamped tail (1 h), wet cage (24 h), tilt cage 45° (14 h), novel odor (17 h), overnight illumination, food and water deprivation (24 h), restricted access to food (2 h), limited access to water (2 h), crowding (24 h), clamp tail (1 h), forced running (4 h), white noise 10 m (60 dBA). These stressors were randomly scheduled over one week and repeated throughout the 6-week experiment to maintain the aspect of unpredictability. Each week stressors sequence took place on different days and at other times. All the parameters were recorded by the blind observer, who had no information about the treatment. The sequence of behavior testing was SPT, MWM on the same day, whereas MBT and RIT on the next day. FST was done only once on day 42 before SPT. Care was taken to perform the testing in such a way that one parameter should not interfere with the other.




2.5. Body Weight


Throughout the CUMS phase, the body weights were recorded weekly for 42 days.




2.6. Forced Swim Test (FST)


The FST was performed on 42 and 43 days of study. Rats were individually placed in a water tank made of glass (height, 80 cm; diameter, 30 cm) at 23–25 °C. Experiments were performed in two sessions. In the first session (42 days), animals were trained to swim for 15 m. The second (test) session was conducted 24 h after the training (43 days) and 1 h post-treatment. In this test session, rats were studied for an immobility time of 10 m. Immobility was recorded as floating, with small movements or the head above the water’s surface [33,34].




2.7. Sucrose Preference Test


In depression, anhedonia is a significant symptom observed, characterized by a loss of pleasure. In rats, the sucrose preference test (SPT) measures the anhedonia behavior where they lose interest in sucrose solution. We performed SPT on 0, 21, and 42 days for 1 h in the morning with minimal modification procedures as described [35]. Training phase, seventy-two hours before the test, rats were adapted for 1% (w/v) sucrose solution (100 mL). The two-sucrose solution 1% (w/v) bottles were placed per cage for 24 h. In the next 24 h, one bottle of sucrose solution was replaced with tap water (100 mL). In the test phase, these rats were deprived of food and water for 24 h. The next day morning, rats were housed in individual cages kept in 2 bottles in each cage, one with 1% (w/v) sucrose solution (100 mL) and another with tap water (100 mL). The positions of bottles were interchanged post 30 min to avoid side preference. After 1 h, the sucrose solution and tap water consumed were measured. Sucrose preference (%) was calculated by


  S u c r o s e   p r e f e r e n c e   ( % ) =   S u c r o s e   i n t a k e   ( m L )   S u c r o s e   i n t a k e   ( m L ) + W a t e r   i n t a k e   ( m L )   × 100  












2.8. Morris Water Maze


Loss of memory and cognitive decline result from CUMS. Morris water maze (MWM) test was carried out to test spatial memory and long-term memory on 0, 21, and 42 days following SPT [36,37]. The MWM consisted of a black circular tank with a diameter of 150 cm and height of 45 cm filled with clean water up to 35 cm in depth and maintained a temperature of 20–22 °C. The training period was conducted one week before the induction of stress. All the rats were trained to identify the platform. During the 5 days of the training phase, rats were released into the water tank in search of a platform. Four prominent visual clues were colored red, blue, green, and yellow as path indicators for rats. After the training phase, water was made opaque by adding a non-toxic white color dye (food-grade titanium dioxide). A water level above 2 cm was maintained from the platform. Individual rats were placed into the maze and allowed to search the platform for 60 s. The moment when the rat was found and climbed onto the platform, the trial was stopped, and escape latency, distance traveled, and time spent in zones were recorded by a video tracking system (VJ Instruments Maharashtra, India). If a rat could not locate the platform within the 60 s, the experimenter guided the rat to the platform and kept it there for 10 s before removal from the maze. If still during training, the rat could not find the platform, it was not included in further study. Zero days were the baseline reading for all the rats.




2.9. Marble Burying Test (MBT)


The anxiogenic behavior of rats was analyzed by marble-burying test on 1, 22, and 43 days [38]. The rat cage was filled with bedding up to 5 cm. The marbles (20 in number) were put on the surface of the bedding. The individual rat was placed in a cage for 20 m under observation. The deeply buried marbles were counted (3.3 cm).




2.10. Resident Intruder Test (RIT)


RIT occurred after the MBT trial on 1, 22, and 43 days. Resident male rats were tested in their home cages for aggression against 150 s g male Wistar rats aged about (6–7 weeks old) intruders. After placing the intruder rat in the territorial cage, the behavior of the male rat was observed. The time of the first attack latency was noted, and the cut-off time was 5 min [39].




2.11. Brain Tissue Homogenate Preparation for Antioxidant Parameters


At the end of 42 days of the behavioral study protocol, the forebrain region of the rats’ brains was isolated and rinsed with ice-cold saline solution and weighed. The individual 0.15 g of the brain was fragmented and diluted with PBS 10× of brain weight. The diluted brain sections were homogenized in a homogenizer at 1000 rpm for 5 min (Remi motors, Mumbai). Ice-cold conditions were maintained to avoid tissue degradation and were stored in a deep freezer at −80 °C for further analysis.




2.12. Evaluation of Antioxidant Parameters


2.12.1. Assay of GSH


20% TCA, 0.6 M DTNB 5,5′-Dithio-Bis (2-Nitrobenzoic acid) dissolved in 50 mL of phosphate buffer (pH 8) were prepared as per the method described by [40] with slight modification. 200 µL brain tissue homogenate was mixed with 200 µL trichloroacetic acid (TCA) 20% and centrifuged for 15 min, 2500 rpm, at 0 °C. 50 µL of supernatant was separated in an Eppendorf tube and was mixed with 400 µL of DTNB. The final volume comprised 600 µL of PBS (pH 8). Absorbance was recorded at 412 nm. The amount was expressed as a nanogram per gram of tissue weight.




2.12.2. TBARS Assay


200 µL of the sample was mixed with freshly prepared TCA (20%) and was kept in an ice bath for 15 min. The mixture was further centrifuged at 2500 rpm for 15 min, 0 °C, and 200 µL of supernatant was separated. To this supernatant, TBA (20%) was added, and the solution was heated in a water bath for 10 min (95 °C), allowed to cool at room temperature, and placed in an ice-cold bath for 5 min. Absorbance was read at 532 nm, and the amount was expressed as nanomoles/g of tissue weight [41].




2.12.3. Assay of SOD


The previously reported method with slight modifications was used [42]. Carbonate buffer (pH 10.2), EDTA solution (0.4 M), and epinephrine bitartrate (3 mM) solutions were prepared separately. 200 µL of brain tissue homogenate was mixed with 200 µL of cold distilled water, 100 µL of ice-cold ethanol, and 60 µL of ice-cold chloroform. The above solution was mixed well by using a cyclomixer for 5 m and centrifuged at 250 rpm, 15 min, at 0 °C. 200 µL of supernatant was separated out and then mixed with 600 µL carbonate buffer, 200 µL of EDTA solution, and 160 µL of epinephrine bitartrate. Changes in the absorbance were recorded at 480 nm for 1 min at room temperature. The amount was expressed as U/g of tissue weight.




2.12.4. Assay of NO


The Griess reagent determined NO levels per the method described by [43], 2.3 mL of phosphoric acid (85%), 1 g of sulphanilamide, 0.1 g N-1-Naphthylethylenediamine was dissolved in 97.7 mL of distilled water. It was mixed well on the vortex and protected from light. 50 µL of the sample was added in an Eppendorf tube, followed by 50 µL of Griess reagent, and vortexed for 10 min. Absorbance was recorded at 540 nm. Dark conditions were maintained strictly during all steps of the above procedures. The amount was expressed as µg/g of tissue weight.




2.12.5. Assay of Catalase


We prepared 0.01 M phosphate buffer (pH 7) and 2 M hydrogen peroxide separately. Dichromate acetic acid reagent was mixed with 5% potassium dichromate with glacial acetic in a 1:3 ratio. Separately 400 µL of 0.01 M phosphate buffer (pH 7) was mixed with 40 µL of sample and 160 µL H2O2 (2 M). Further, 800 µL of dichromate acetic acid reagent was added, and green and purple coloration was observed. The above mixture was heated in a water bath at 72–90 °C for 10 min, and 160 µL of distilled water was added to the solution. Absorbance was taken at 583 nm, and the amount was expressed as µg/g of tissue weight [44].





2.13. Histopathological Study of Brain Tissues


The part of the brain comprising the dorsal part of the hippocampus of the animals is carefully fixed in the appropriate fixative and processed for histopathology. It was then embedded in formalin (10% v/v) and sliced into 5 μm using the microtome. Sections were stained with hematoxylin and eosin (H&E) for the routine assessment of the histological structure of the hippocampus. CA1 and CA3 regions of the hippocampus were examined [45].




2.14. Monoamine’s Estimations


2.14.1. Tissue Preparation


The ventral hippocampal part of the brain was dissected under ice-cold conditions to avoid tissue degradation and weighed. Perchloric acid (0.2 M) was prepared by adding 3.35 mL of perchloric acid and 36.6 mg of cysteine (3 mM) in 100 mL of distilled water [46]. A hippocampal portion of brain tissue was homogenized in 200 µL of perchloric acid and centrifuged at 1200 rpm, −4 °C for 15 min. The supernatant was used to estimate the monoamines.




2.14.2. High-Performance Liquid Chromatography (HPLC) Conditions


The monoamines were estimated by an HPLC-FD (JASCO-BORWIN version 1.50, Tokyo, Japan). The mobile phase composition consisted of acetate buffer (12 mM acetic acid, 0.26 mM Na2EDTA) at pH 3.5. Methanol was added in the ratio 86:14 v/v. Before use, the mobile phase was passed through a 0.45 mm membrane filter and degassed under a sonicator. A 0.22 µm syringe filter filtered the supernatant of tissue homogenate. 20 µL of the filtrate was injected onto HPLC with autosampler AS-1555, JASCO, Japan. The flow rate was maintained at 1 mL/m. The C18 column (250 × 4.6 mm, 5 µm) was deployed, and the temperature was kept at 35 °C run time of 30 min, at an excitation wavelength of 280 nm and an emission wavelength of 315 nm. A standard curve was obtained with different concentrations and used to estimate the levels of noradrenaline (NE), dopamine (DA), and 5-hydroxy tryptamine (5-HT) after separation. Peaks were identified by comparing their retention time in the sample (tissue extracts) solution with that of the standard solution [47].





2.15. Molecular Docking Study


The molecular docking studies were performed by using docking software (Autodock). This study completed the molecular docking using Molegro virtual docker software 2013 version 6.0.0 (MVD), following all standard procedures. MVD is the most widely used and effective tool for determining various ligand-protein interactions and has greater accuracy (87%) than similar docking tools. The 3-D structure of the serotonin receptor in complex with cofactors was gained from the Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (www.rcsb.org/pdb, accessed on 21 December 2021), having PDB id 6Y1Z. The structure was downloaded from the database in .pdb format. The possible orientations and conformations were analyzed by the clustering method implanted in MVD. Docking was completed between the ligands and the receptor’s active site, with Grid resolution of 0.30 Å, MolDock scoring function, and including amino acids within a radius of 20 Å around X: 125.90, Y: 110.83, Z: 168.25 as the active site residues. A docking score (−52.8461) was obtained, the best pose for the Rerank score (−41.6617) for ALA was retained, and the binding geometry or conformation was assessed.




2.16. Statistical Analysis


The data are presented as mean ± SEM and were analyzed statistically using Graph Pad Prism version 8.0 software (GraphPad Software; La Jolla, CA, USA). Statistical comparison was carried out using one-way ANOVA followed by Dunnett post-test for GSH, MDA, SOD, NO, CAT, NE, DA, 5-HT and repeated measures of two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons test were used for body weight, SPT, MWM, RIT, MBT. p < 0.05 was considered significant.





3. Results


3.1. Effect of ALA (50, 100, 200) and FLX (10 mg/kg) on Body Weight


The animals in CUMS group showed a reduction in body weight from day 14 only. Application of two-way ANOVA showed a significant effect of drug treatment on body weight {F (30, 210) = 6.63, p < 0.001}. Significance was obtained after the application of Bonferroni’s multiple comparisons tests. Values were on day 14, day 21 (## p < 0.01), day 28, day 35, and day 42 (### p < 0.001) when compared to the VC group. The animals treated with ALA (200 mg/kg) showed a significant (*** p < 0.001) increase in body weight from day 14 onwards as compared to CUMS group. Treatment with FLX (10) and ALA (200) showed a significant (*** p < 0.001) increase in body weight as compared to CUMS group from day 28 onwards. However, ALA (50) was found to increase in body weight on day 42 (* p < 0.05) (Figure 2). The effects of ALA, thus, were found to be dose-dependent.




3.2. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on Sucrose Preference


The application of two-way ANOVA showed a significant effect of the drug on the interaction between variables, drug treatment × days {F (10, 60) = 11.47, p < 0.001}. The use of Bonferroni’s multiple comparisons test to obtain significance. CUMS group showed a significant reduction in % sucrose preference by rats on day 21 as well as on day 42 (### p < 0.001) when compared to the VC group. The animals treated with ALA (200) (*** p < 0.001) and FLX (10) and ALA (100) improved % sucrose preference significantly and (** p < 0.01) from day 21 onwards. The ALA (50) exhibited an improved % sucrose preference significantly (* p < 0.05) on day 42 (Figure 3). The CUMS animals had 55. 5% reduction in sucrose consumption, as compared to vehicles. FLX treatment had 59.4%, ALA (50, 100, 200) had 40.6%, 59.4%, and 75% improvement in sucrose preference as compared to CUMS group. Therefore, the results for ALA were found to be dose-dependent.




3.3. Effect of ALA (50,100,200 mg/kg) and FLX (10 mg/kg) on Escape Latency, Path Length, and Time Spent away from the Target Zone Using MWM


Figure 4 and Table 1 show the effect of various treatments on rats on MWM parameters. According to two-way ANOVA, there was a significant difference in escape latency due to treatment {F (10, 60) = 5.26, p < 0.001} and for path length {F (10, 90) = 3.84, p < 0.001} and for time spent away from target zone {F (10, 90) = 5.392, p < 0.001}. Bonferroni’s multiple comparisons test for significance demonstrated that animals in CUMS group showed an increase in escape latency (### p < 0.001) on day 21 as well as on day 42, while treatment with FLX (10) and ALA (100 and 200) reduced it (* p < 0.05, ** p < 0.01, *** p < 0.001). There was an increase in path length and time spent away from the target zone significantly (## p < 0.01 and ### p < 0.001) on day 21 and day 42 as compared to the VC group. The animals treated with FLX (10), ALA (50), ALA (100), and ALA (200) decreased the escape latency, path length, and time spent away from the target zone. (** p < 0.01, ns, *** p < 0.001, ** p < 0.01 for path length), (*** p < 0.001, ns, *** p < 0.001, ** p < 0.01 for time spent away from target zone) also on day 42 (*** p < 0.001, ns, *** p < 0.001, *** p < 0.001 for escape latency), (*** p < 0.001, * p < 0.05, *** p < 0.001, *** p < 0.001 for path length), (*** p < 0.001, ** p < 0.01, *** p < 0.001, *** p < 0.001 for time spent away from target zone) as compared to CUMS group.




3.4. Effect of ALA (50,100,200 mg/kg) and FLX (10 mg/kg) on the Number of Marbles Buried Using MBT


Table 1 shows the effect of various treatments on the number of marbles buried by rats. The two-way ANOVA represents the effect of treatment on the number of marbles buried {F (10, 90) = 3.65, p < 0.001}. Bonferroni’s multiple comparisons test was applied to obtain significance. It showed that animals under CUMS group buried a significantly greater number of marbles (### p < 0.001) on day 21 and day 42, respectively, as compared to the VC group. The treatment groups, FLX (10) (*** p < 0.001) and ALA (100 and 200) (* p < 0.05), exhibited a significantly lower number of marbles buried on day 21. All the groups (FLX and ALA) buried marbles significantly on day 42 (*** p < 0.001, ** p < 0.01, ** p < 0.01, *** p < 0.001) compared to CUMS group. The effects of ALA were dose-dependent.




3.5. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on Attack Latency Using RIT


The RIT paradigm was demonstrated on day 21 and day 42. The two-way ANOVA showed the effect of treatment on attack latency was found to be {F (10, 60) = 17.98, p < 0.001}. The significance was given by Bonferroni’s multiple comparisons test CUMS group rats’ animals exhibited reduced attack latency significantly (## p < 0.001, ### p < 0.001) as compared to the VC group. The treatment groups FLX (10) and ALA (100 and 200) significantly (** p < 0.01, * p < 0.05, * p < 0.05) increased the time for an attack on day 21 as well as on day 42 (** p < 0.01, *** p < 0.001) as compared to CUMS group (Table 1).




3.6. Effect of ALA (50,100,200 mg/kg) and FLX (10 mg/kg) on Immobility Using FST


The graph showed the effect of various treatments on immobility using FST on day 42 (Figure 5). One-way ANOVA showed the effect of CUMS and treatments on the immobility of rats {F (5, 30) = 16.04, p < 0.001}. The applied Dunnett’s test showed CUMS group exhibited high immobility, which was significant (### p < 0.001) as compared to the VC group. The immobility time in ALA (50, 100, 200) (* p < 0.05, ** p < 0.01, *** p < 0.001) and FLX (10) (*** p < 0.001) was significantly reduced as compared to CUMS group.




3.7. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on Antioxidant Parameters


Treatment with FLX (10), ALA (100 and 200) showed by one-way ANOVA showed GSH {F (5, 30) = 15.15, p < 0.001}, CAT {F (5, 30) = 21.35, p < 0.001}, SOD {F (5, 30) = 29.47, p < 0.001}. Dunnett’s test showed CUMS group had significantly reduced GSH, CAT levels, and SOD (### p < 0.001) in the brain as compared to the VC group. There was significant amelioration of GSH as well CAT levels (*** p < 0.001) as compared to CUMS group. However, SOD levels were restored significantly by FLX and a higher dose of ALA (*** p < 0.001 and * p < 0.05) compared to CUMS group. Similarly, the lipid peroxidation MDA level, NO was higher in animals under CUMS group (## p < 0.01, ### p < 0.001) than in the VC group. Treatment with FLX (10) ALA (100 and 200) indicated significant interaction on MDA {F (5, 30) = 8.18, p < 0.001} and NO {F (5, 30) = 101.5, p < 0.001}. The Dunnett’s test demonstrated significant attenuation of MDA level as well as NO by FLX, ALA (100 and 200) (** p < 0.01, *** p < 0.001 and ** p < 0.01) as compared to CUMS group (Table 1).




3.8. Effect of ALA (50,100,200 mg/kg) and FLX (10 mg/kg) on the Brain Monoamines (DA, NE, 5HT)


The brain hippocampal monoamines were evaluated, as shown in (Figure 6). The one way showed that the effect of treatment and CUMS on monoamines of animal DA levels {F (5, 18) = 109.6, p < 0.0001}, NE levels {F (5, 18) = 68.76, p < 0.001} and on 5HT level {F (5, 18) = 89.34, p < 0.001} was significant. Dunnett post hoc test showed that the concentration of DA, NE, and 5HT in CUMS group reduced significantly (## p < 0.001, # p < 0.05, ## p < 0.001) as compared to the VC group. The animals treated with FLX (10), ALA (50, 100 and 200) showed significant (* p < 0.01, *** p < 0.001, * p < 0.01, *** p < 0.001) elevation in the DA level as compared to CUMS group. The FLX (10) and ALA treatment groups elevated the level of NE significantly (*** p < 0.001, * p < 0.05, ** p < 0.01, *** p < 0.001) as compared to CUMS group. Similarly, the animals treated with ALA (all doses) and FLX (10) showed a significant (** p < 0.01 * p < 0.05, ** p < 0.01, ** p < 0.01) rise in 5-HT levels as compared to CUMS group.




3.9. Histopathology


Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on CUMS-induced depressed rats. There were no remarkable neuronal abnormalities in the hippocampus CA3 in the VC group. However, CUMS-treated animals showed degeneration, as observed by eosinophilic pyknotic neurons. The treatment with FLX (10) showed a hippocampus with small dark cells. The ALA (50) exhibited minor neuronal abnormalities, while treatment with ALA higher doses prevented neuronal damage and maintained the neurons in the CA3 region of the hippocampus (Figure 7).




3.10. Molecular Docking Study


Depression has a strong connection with the catecholaminergic neuronal system. The primary neurotransmitter related to depression is serotonin. Seven superfamilies of serotonin receptors have been identified. When it comes to the 5-HT receptor family, the 5-HT3 receptors are the only ionotropic or ligand-regulated ion channel. Serotonin type 3 (5-HT3) are pentameric ligand-gated ion channels belonging to a cys-loop superfamily. Antidepressants, such as SSRIs and TCA, block 5-HT3 receptors. This pharmacological characteristic is also present in antidepressants of the new generation molecule, such as Vortioxetine. Vortioxetine antagonism of the 5-HT3 receptor has been shown to remove GABAergic inhibition. GABAergic neurotransmission’s role in depression is a relatively novel area of study. Variations in GABAergic function have been observed in an animal model of depression, and GABA receptor agonists appear to have antidepressant-like properties. In addition, serotonergic neurons are primarily connected to GABAergic interneurons, indicating an effective connection between the two mechanisms. Standard antidepressants like mirtazapine and mianserin antagonize serotonin type 3 receptors, indicating the possibility that the 5-HT3 receptor blocker has a significant role in managing depression [48].



The method is a powerful computational modeling technique that explains the affinity of receptor/enzyme binding of any molecule. The energy liberated during the interaction is a negative value that can determine the ligand-receptor complex stability and is stated as the docking score. Any compound having a higher (i.e., more negative) docking score represents a more stable complex and is guessed to be a better ligand. The structure of the enzyme was imported into the Molegro Virtual Docker software with all the cofactors and followed by the preparation of the receptor for docking and the addition of the structure of the ALA into the workspace.



The possible orientations and conformations were analyzed by the clustering method implanted in MVD. Docking was completed between the ligands and the receptor’s active site, with Grid resolution of 0.30 Å, MolDock scoring function, and including amino acids within a radius of 20 Å around X: 125.90, Y: 110.83, Z: 168.25 as the active site residues. Once the docking score (−52.8461) was obtained, the best pose in terms of the Rerank score (−41.6617) for ALA was retained, and the binding geometry or conformation was assessed. Compared with the Effective 5HT3 antagonist palonosetron, an antidepressant drug, it has been observed that it has shown Moldock score (−50.706) and Rerank score (−45.3301), which show very considerable similarity.



ALA docked deeply inside the binding pocket with the 5-HT3 serotonin receptor, an ion channel receptor with a binding energy of −5.4 Kcal/mol. We docked our molecule ALA on an enzyme having (PBDID: 6Y1Z). After docking, it was found that the molecule has an excellent binding pattern with various amino acid interactions, including serine, leucine, and phenylalanine. In a nutshell, it can be concluded that the above structure of molecule ALA has the best fitting inside the binding pocket 5HT3 receptor and made hydrogen bond and electrostatic interaction with LEU234, THR257, LEU260, and SER263 (Figure 8).





4. Discussion


In CUMS, animals were exposed to chronic and continuous stressors that mimic those associated with human depression. The current study demonstrated CUMS-induced animals exhibited depression-like behavior, anxiety, aggression, and cognitive deficit along with altered neurotransmission levels, as reported previously [9,10,49]. Therefore, CUMS-induced depression-like behavior model has good model validity and reliable predictability to evaluate potential antidepressants using classical tests, such as SPT, FST, MBT, RIT, and MWM. The body weight in CUMS animals was significantly reduced, corroborating the earlier findings [50] and which was regulated by ALA and FLX. The role of hypothalamic AMPK (AMP-activated protein kinase), an essential enzyme in the central regulation of food intake and energy expenditure, is known. Previous reports suggest that ALA affects body weight regulation by suppressing hypothalamic AMPK activity [51]. Consequently, it can be hypothesized that ALA inhibits the activity of AMPK and thus regulates body weight and therefore possesses potential nutritional values to prevent weight loss. Furthermore, our results have shown ALA to modulate the 5HT3 receptor, which is consistent with the previously reported study that suggested 5HT3 agonism is responsible for suppressing feeding behavior. As a result, body weight gain in this study may be due to the 5HT3 antagonistic effect. However, other comprehensive studies should be undertaken to understand its mechanism of action for improving body weight and dietary intake [52].



Anhedonia is a hallmark of depressive symptoms and can be assessed in rodents by SPT. CUMS group rats reduced their preference for sucrose and consumed more tap water. In contrast, treatment with FLX or ALA reversed the anhedonia conditions by increasing preference towards sucrose compared to tap water. CUMS alters mesolimbic reward processing in humans and animals, and these changes are linked to anhedonia behavior. Stress also produces dendritic remodeling in mPFC (Prefrontal cortex), and co-occurring functional changes in the mPFC-mesolimbic circuit appear to contribute to anhedonia-like outcomes. Prolonged stress induces ROS that seem to cross the blood-brain barrier to interact with mesolimbic circuitry, increase susceptibility to anhedonia-like behavior, and interfere with dopamine synthesis [53]. The present study indicated that ALA markedly reduces oxidative stress, modulating the mesolimbic reward processing pathway. Further, ALA improves brain dopamine. These factors might be responsible for attenuating anhedonia. Furthermore, FST demonstrated CUMS rats exhibited depression-like behavior alleviated by ALA, which might be attributed to improved neurotransmitter levels.



The hippocampal neurons play a vital role in memory formation. Exposure to chronic stress leads to an imbalanced HPA axis resulting in excessive release of cortisol. During stress, the hippocampus becomes the main target affected by cortisol leading to hippocampal neurodegeneration and cognitive decline [54]. To assess this function MWM paradigm was performed in the present study as described by [55]. Time taken to locate platform escape latency, path length, and away from the target zone were measured as cognition parameters before and after treatment. Impairment of memory was observed in CUMS group, while ALA treatment indicated improved cognition.



It has been established that CUMS is associated with anxiety-like behavior due to dysfunction of the HPA axis and reduced levels of gamma amino butyric acid (GABA) [35,56]. We could see similar effects in the present study. The anxiety-like behavior was inhibited by ALA treatment indicating its anxiolytic potential. The present study has demonstrated improved monoamines level by ALA treatment. However, we have not measured GABA. Hence it is difficult to comment on the mechanism of action of ALA as an anxiolytic. Therefore, we recommend the estimation of GABA as well as cortisol in future studies.



As indicated earlier, CUMS is often associated with aggressive behavior. We also have previously reported the association of stress and aggression in socially isolated stressed rats [57]. The current study used RIT to measure aggressive behavior patterns, such as reducing attack latency [58]. We found that ALA could prolong attack latency which can be attributed to its serotonergic effect. ALA has been previously reported to increase tryptophan influx into the brain, thereby increasing serotonin levels in the synapse. This substantiates the previous finding that advocates using ALA as an antidepressant [59,60].



ALA is a potent antioxidant with many benefits due to its free radical scavenging activity. Stress has a causal relationship with depression and neurodegeneration due to the accumulation of free radicals and declines in the endogenous antioxidant defense system, thereby affecting the HPA axis and inducing neuroinflammation and thus disrupting serotonergic pathways [34,61,62]. As reported previously, the forebrain region is the foremost region highly involved in the depression-like behavior of rats due to oxidative stress [63]. We also document similar findings in the forebrain. The increase in oxidative stress is reflected by a decrease in the levels of GSH, SOD, and catalase and an increase in MDA and NO levels were significantly reduced by ALA. Hence, it can be claimed that ALA at different concentrations markedly attenuated CUMS-induced oxidative stress and thereby ameliorated depression-like behavior.



To understand the mechanism of action of ALA, we estimated monoamines in the rat brain. The previous findings suggest that CUMS in rats is associated with significant impairment in monoamine production and neurotransmission. Although ALA has been previously studied as an antidepressant in mice models exposed to CUMS, the present study provides in-depth analyses of various behavioral paradigms as well as it’s the first study to report its serotonergic effect that might be via 5HT3 receptor [54,64,65].



Chronic mild stress alters the synaptic function and cell survival in the ventral hippocampus [66]. These impairments of the hippocampus lead to altered emotionality, cognitive impairment, aggression, anxiety, and disturbed memory [67]. Our study demonstrated that all doses of ALA increased DA and 5-HT to a greater extent than NE and hence found safer than FLX regarding cardiac problems. Overall, ALA improved behaviour deficits associated with CUMS as well as reward functions and augmented anxiety, aggression, and improved memory functions. FLX also significantly elevated 5HT, DA, and NE levels, but very high levels of NE had a detrimental effect on cardiovascular function [68]. Therefore, it can be hypothesized that behavior deficits associated with CUMS are alleviated by ALA by increasing DA, 5-HT, and NE to an optimum level due to its potent antioxidant and neuroprotective effects.



Furthermore, the docking study demonstrated ALA exhibits interaction with 5HT-3 receptors (PDBID:6Y1Z). ALA docked deeply inside the binding pocket 5HT3 receptor and made hydrogen bonds and electrostatic interaction with LEU234, THR257, LEU260, and SER263. This bonding confirms the interaction between ALA and serotonin receptors, showing that it may have some antidepressant properties.



Fourteen subtypes of serotonin receptors have been documented in the brain. Their role in depression and neurological disorders is very much known 5HT-3 receptor is present in different areas of the brain, mainly the amygdala, hippocampus, and cortex. 5-HT-3 antagonism results in antidepressant activity. Various studies show that 5HT-3 antagonist administration improved depression [69,70,71]. Clinical studies have also proposed antagonism of the 5HT-3 receptor in alleviating symptoms of depression. On similar grounds, ALA was found to interact with 5HT-3. Thus, this could be a possible mechanism for it to act as an antidepressant. The receptor is also known to modulate the reward center and dopamine. Hence, strong antioxidant potential improved the DA and serotonin levels and its effect on the 5HT-3 receptor, prompting a clinical study of its effects.




5. Conclusions


The outcome of the present study proposes using ALA as a nutritional supplement to overcome the consequences of daily stressors that humans go through, which for a long time affect the brain resulting in depression-like behavior, anxiety, aggression, and cognitive deficit. ALA exhibited strong antidepressant, antianxiety, antioxidant, and neuroprotective effects. It improved the monoamine concentrations in the hippocampus. ALA might be partially showing neuroprotective effects by restoring 5-HT, DA, and NE and acting on the 5HT3 receptor. Thus, the study found ALA a safer alternative for mild stress-induced behavior deficits. However, further molecular and preclinical studies must be designed to study its interaction with the 5HT3 receptor.



Further studies, such as cortisol, GABA estimation, and BDNF mRNA expression, will help in decoding the exact molecular mechanism behind the antidepressant activity of ALA.
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Figure 1. Schematic representation of the protocol and treatment schedule adopted. Abbreviations: CUMS—chronic unpredictable mild stress, Force swim test—FST, Sucrose preference test-SPT, Morris’ water maze—MWM, Marble burying test—MBT, Resident intruder test—RIT. 
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Figure 2. Effect of ALA (50, 100, 200 mg/kg) and FLX (10) on body weight in rats. The above data are expressed as mean ± SEM (n = 6). Statistical comparison was carried out using repeated measures of two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons tests. ## p < 0.01, ### p < 0.001 as compared to VC. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. 
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Figure 3. Effect of ALA (50,100,200 mg/kg) and FLX (10) on % sucrose preference in CUMS-induced depression-like behavior in rats. The above data are expressed as mean ± SEM (n = 6). Statistical comparison was carried out using repeated measures of two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons tests. ### p < 0.001 as compared to VC. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. 
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Figure 4. (A) Effect of ALA (50,100,200 mg/kg) and FLX (10) on (A) Escape latency using Morris water maze (MWM) in CUMS-induced depression-like behavior in rats. The discrete lines indicate the time of escape latency in seconds. The above data are expressed as mean ± SEM (n = 6). Statistical comparison was carried out using repeated measures of two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons tests. ### p < 0.001 as compared to VC. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. VC-vehicle control, CUMS-chronic unpredictable mild stress, FLX-fluoxetine, ALA-alpha lipoic acid. (B) Photograph obtained from instrument showing the path followed by rats after treatment with the drugs. VC-vehicle control, CUMS-chronic unpredictable mild stress, FLX-fluoxetine, ALA-alpha lipoic acid. 
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Figure 5. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on immobility time. Each bar represents the effect of treatments on immobility in seconds. The above data are expressed as mean ± SEM (n = 6). Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test. ### p < 0.001 as compared to the VC group. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. VC—vehicle control, CUMS—chronic unpredictable mild stress, FLX—fluoxetine, ALA—alpha lipoic acid. 
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Figure 6. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on brain hippocampal (A) DA, (B) NE and (C) 5-HT. Each bar represents the effect of CUMS and treatments on levels of monoamines. The above data are expressed as mean ± SEM. Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test. # p < 0.05, ## p < 0.001 as compared to the VC group. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. VC-vehicle control, CUMS-chronic unpredictable mild stress, FLX-fluoxetine, ALA-alpha lipoic acid. HPLC chromatograms show peaks for dopamine (DA), noradrenaline (NE), and serotonin (5-HT). 






Figure 6. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on brain hippocampal (A) DA, (B) NE and (C) 5-HT. Each bar represents the effect of CUMS and treatments on levels of monoamines. The above data are expressed as mean ± SEM. Statistical significance was determined using one-way ANOVA followed by Dunnett’s post hoc test. # p < 0.05, ## p < 0.001 as compared to the VC group. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. VC-vehicle control, CUMS-chronic unpredictable mild stress, FLX-fluoxetine, ALA-alpha lipoic acid. HPLC chromatograms show peaks for dopamine (DA), noradrenaline (NE), and serotonin (5-HT).



[image: Futurepharmacol 03 00025 g006]







[image: Futurepharmacol 03 00025 g007 550] 





Figure 7. Effect of ALA (50,100,200 mg/kg) and FLX (10 mg/kg) on brain histopathology in CUMS-induced depressed rats. There were no remarkable neuronal abnormalities in the hippocampus CA3 in (A) VC group. (B) CUMS-treated animals showed degeneration (eosinophilic pyknotic neuron, indicated by arrows). (C) In FLX (10) treated hippocampus, small dark cells were observed (D) ALA (50) minor neuronal abnormalities were observed. The treatment groups (E) ALA (100) and (F) ALA (200) prevented neuronal damage and maintained neuronal strength in the CA3 region of the hippocampus. VC-vehicle control, CUMS-chronic unpredictable mild stress, FLX-fluoxetine, ALA-alpha lipoic acid. 
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Figure 8. The figure shows binding patterns with various amino acid interactions, including serine, leucine, and phenylalanine, indicating its interaction with the 5-HT3 receptor. 
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Table 1. Effect of ALA (50, 100, 200 mg/kg) and FLX (10 mg/kg) on path length, time spent away from the target zone, number of marbles buried, attack latency, and brain antioxidant parameters, GSH, MDA, SOD, NO, CAT.
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Days
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VC

	
CUMS

	
CUMS + FLX (10)

	
CUMS + ALA (50)

	
CUMS + ALA (100)

	
CUMS + ALA (200)






	
MWM—Path length




	
Distance

traveled (cm)

	
day 0

	
150 ± 13

	
137 ± 13

	
142 ± 11

	
182 ± 13

	
174 ± 29

	
145 ± 44




	
day 21

	
130 ± 15

	
410 ± 72 ##

	
360 ± 36 **

	
380 ± 15

	
350 ± 77 ***

	
250 ± 76 **




	
day 42

	
105 ± 49

	
630 ± 71 ###

	
275 ± 23 ***

	
510 ± 13*

	
234 ± 72 ***

	
180 ± 118 ***




	
MWM—Time spent away from target zone




	
Time (s)

	
day 0

	
4.0 ± 0.1

	
3 ± 0.3

	
5 ± 1

	
5 ± 0.5

	
4 ± 0.3

	
4 ± 0.9




	
day 21

	
1.8 ± 0.1

	
24 ± 6 ###

	
4 ± 0.6 ***

	
19 ± 4

	
9 ± 1 ***

	
12 ± 2 **




	
day 42

	
6.1 ± 0.3

	
33 ± 4 ###

	
11 ± 1 ***

	
21 ± 3 **

	
20 ± 11 ***

	
11 ± 2 ***




	
MBT

Number of

marbles buried

	
day 0

	
2 ± 0.5

	
3 ± 0.8

	
3 ± 0.4

	
2 ± 0.3

	
2 ± 0.7

	
2 ± 0.3




	
day 21

	
2 ± 0.5

	
8 ± 0.8 ###

	
3 ± 0.8 ***

	
6 ± 0.4

	
6 ± 0.8 *

	
6 ± 1 *




	
day 42

	
1 ± 0.3

	
10 ± 0.7 ###

	
3 ± 0.4 ***

	
6 ± 0.6 **

	
6 ± 1 **

	
5 ± 0.5 ***




	
RIT

Attack latency (s)

	
day 0

	
272 ± 17

	
235 ± 16

	
231 ± 21

	
235 ± 0

	
231 ± 0

	
249 ± 03




	
day 21

	
260 ± 30

	
138 ± 17 ##

	
193 ± 22 **

	
138 ± 14

	
193 ± 10 *

	
228 ± 17 *




	
day 42

	
267 ± 26

	
82 ± 5 ###

	
239 ± 14 **

	
82 ± 15

	
239 ± 19 **

	
260 ± 12 ***




	
Antioxidant parameters




	
GSH

(ng/g tissue weight)

	
201 ± 14.6

	
121 ± 12.1 ###

	
182.3 ± 8.4 **

	
136.4 ± 9.50

	
182.1 ±7.96 **

	
232.8 ± 9.27***




	
CAT

(μg/g of tissue weight)

	
0.25 ± 0.03

	
0.05 ± 0.01 ###

	
0.14 ± 0.01 **

	
0.06 ± 0.01

	
0.13 ± 0.01 **

	
0.17 ± 0.01 ***




	
SOD

(U/g tissue weight)

	
61.58 ± 0.92

	
20.35 ± 2.92 ###

	
39.85 ± 5.46 ***

	
16.59 ± 1.47

	
23.18 ± 2.69

	
33.26 ± 2.79 *




	
NO

(μg/g of tissue weight)

	
356.8 ± 26.88

	
1291 ± 27.33 ###

	
420.5 ± 24.62 ***

	
1125 ± 56.58

	
1038 ± 56.10 *

	
709.4 ± 20.75 ***




	
MDA

(nM/g tissue weight)

	
207.3 ± 4.77

	
276.3 ± 12.34 ##

	
205.3 ± 4.92 **

	
256.9 ± 13.72

	
193.1 ± 19.03 ***

	
209.3 ± 8.53 **








The data are expressed as mean ± SEM (n = 6). Statistical significance was determined by using repeated measures of two-way analysis of variance (ANOVA) followed by Bonferroni’s multiple comparisons test for behavioral parameters, while one-way ANOVA followed by Dunnett’s post hoc test for antioxidant parameters. ## p < 0.01, ### p < 0.001 as compared to VC group. * p < 0.05, ** p < 0.01, *** p < 0.001 as compared to CUMS group. VC—vehicle control, CUMS—chronic unpredictable mild stress, FLX-fluoxetine, ALA-alpha lipoic acid. GSH-glutathione, MDA-melanodealdehyde, SOD-superoxide dismutase, NO-nitric oxide, CAT-catalase.
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