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					ABSTRACT  

					Chronic stress is known to impair cognitive functions, particularly memory. This study investigated the neuroprotective and memory-enhancing effects  

					of Centella lujica (CL) in a mouse model of chronic unpredictable mild stress (CUMS). Sixty adult male mice were divided into five groups: group 1  

					served as the control, groups 2 - 5 were exposed to CUMS, groups 3 and 4 were pretreated with CL at 25 mg/kg and 50 mg/kg orally, respectively,  

					while group five was pretreated with donepezil (1 mg/kg, i.p.). Behavioral assessment using the novel object recognition test and biochemical analyses  

					of the oxidative stress biomarkers, as well as the histology of the prefrontal cortex and hippocampus were done. Results showed that Centella lujica  

					significantly enhanced memory performance (0.4120 ± 0.01715, 0.1920 ± 0.01281, 0.4240±0.02600, 0.4740±0.02293, and 0.3120±0.01985) and  

					increased reduced glutathione levels (26.52±1.059, 17.8±1.499, 25.77±1.636, 29.7±1.535, and 24.82±1.631 in the prefrontal cortex; 18.8±0.6092,  

					13.21±0.6095, 18.38±0.773, 19.78±0.6057, and 17.31±0.5267 in the hippocampus), indicating the potential of Centella lujica in reducing oxidative  

					stress. Histological evaluation confirmed improved structural integrity in the prefrontal cortex and hippocampus. These findings suggest that Centella  

					lujica counteracts stress-induced oxidative damage and promotes neuroplasticity, offering potential therapeutic benefits for stress-related cognitive  

					impairments. Further studies are needed to explore its clinical applications.  
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					Introduction  

					Stress is considered as any condition which results in  

					perturbation of the body’s physiological homeostasis.1 It is perceived as  

					an integral component of human life which requires some forms of  

					adaptation for survival.1 However, when stress persists over a long  

					period of time and the body is unable to cope, it therefore induces a  

					series of events which result in the generation of free radicals such as  

					reactive oxygen and nitrogen species which are capable of driving the  

					oxidative stress processes.2 Almost all organs of the body including the  

					immune system is susceptible to stress, of these organs the brain is more  

					vulnerable to stressors, as it is the major organ of the body that regulates  

					stress responses and determines the behavioral and physiological  

					outcomes to aversive situations.3,4 Oxidative stress has been reported as  

					one of the major drivers of the aging process. Since the brain which  

					regulates vital tasks such as cognition is said to be constantly  

					susceptible to prolonged stress, thus stressors are capable of inducing a  

					variety of degenerative disorders.5  

					Oxidative stress is the condition arising from an imbalance between  

					toxic reactive oxygen species (oxidants) and antioxidants defense  

					system. Increased reactive oxygen species levels leads to deleterious  

					effects including lipid peroxidation.6 Also, chronic unpredictable mild  

					stress (CUMS) has been reported to deplete antioxidant enzymes like  

					glutathione (GSH), and therefore further damages brain cells through  

					increased lipid peroxidation. Increased lipid peroxidation and decreased  

					antioxidant defense system have been found in the brain of depressed  

					patients, which further supports the role of oxidative stress in the  

					pathophysiology of this disease.6 Chronic stress can lead to structural  

					alterations in synaptic terminals, a decrease in dendritic branches and  

					neurons, and an increase in plasma cortisol, which can ultimately result  

					in hippocampal neurodegeneration.7 Glucocorticoids can cause these  

					modifications by either altering the way neurons metabolize their cells  

					or making hippocampus cells more sensitive to stimulatory amino  

					acids.8 These alterations can be brought about by glucocorticoids  

					through their effects on neuronal cellular metabolism, augmentation of  

					hippocampus cell sensitivity to stimulatory amino acids, and/or  

					elevation of extracellular glutamate levels, all of which may contribute  

					to neurodegeneration.8  
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					The brain areas most susceptible to oxidative stress include the  

					hippocampus, amygdala, prefrontal cortex, and cerebellar granular  

					cells. Significant biochemical alterations in the hippocampal region  

					occur during oxidative stress, which ultimately impact neuronal  

					connections and function. The hippocampal cornu ammonis (CA3)  

					neurons show considerable regeneration and remodeling capacity in  

					addition to structural plasticity.9  
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					The neurodegenerative disorder known as Alzheimer's disease (AD) is  

					Laboratory animals  

					characterized by the accumulation of amyloid plaques, the formation of  

					neurofibrillary tangles, oxidative stress, neuroinflammation, and the  

					loss of cholinergic neurons in particular brain regions, including the  

					prefrontal cortex and the hippocampus. AD is a multi-pathological  

					disease; significant neuropathological characteristics associated with  

					the illness include degeneration and functional impairment of the  

					central cholinergic system.10 One pathogenic feature of AD is the loss  

					of neurons in the basal forebrain, specifically in the hippocampal  

					circuits, which are important in learning and memory functions. The  

					cholinergic theory of AD was subsequently proposed, indicating that a  

					reduction in cholinergic transmission.10  

					Sixty (60) adult albino Swiss mice weighing 25-28 g used in the study  

					were obtained from the Central Animal House, Delta State University,  

					Abraka and were housed in plastic cages at room temperature with  

					12:12 h light–dark cycle. They were fed with balanced rodent pellet diet  

					and water ad libitum. Mice were acclimatized for at least one week  

					before commencement of experiments. All experimental procedures  

					were performed in accordance with the Guide for Care and Use of  

					Laboratory Animal (NIH guidelines), and approval was sort from the  

					Faculty of Basic Medical Sciences ethical committee  

					(RBC/FBMC/DELSU/25/653).  

					Oxidative stress is characterized as an oxidative imbalance resulting  

					from the inability of the body to detoxify its reactive products, which  

					are created during cellular metabolism via the generation of reactive  

					oxygen species (ROS) and reactive nitrogen species (RNS).6 An  

					increasing amount of research has highlighted the effect of oxidative  

					stress on the brain, showing that the pathophysiology of  

					neurodegenerative diseases, such as Alzheimer's, is closely linked to  

					higher levels of reactive oxygen species (ROS).11,12 The chronic  

					unexpected mild stress (CUMS) procedure is a well-established  

					technique.13 It has been shown that mice subjected to the CUMS  

					protocol display abnormalities in hippocampal structure and functions,  

					including mental and cognitive deficiencies, because the hippocampus  

					is vulnerable to CUMS. In the hippocampus of rats exposed to CUMS,  

					preclinical investigations have revealed decreased expression of brain-  

					derived neurotrophic factor (BDNF), changed synapse architecture, and  

					impaired neurogenesis.14 This paradigm is an ethologically relevant  

					model to explore the effects of psychological stress because of the  

					unpredictable period and sequence of exposure to them to prevent  

					habituation.15 Furthermore, the diversity of stressors inhibits the  

					hypothalamic-pituitary-adrenal (HPA) axis from becoming accustomed  

					to its function, resulting in a prolonged and heightened physiological  

					stress response.16 Previous studies have demonstrated that animals  

					subjected to long-term mild stress or chronic restraint display cognitive  

					impairment, cAMP-response element binding protein (CREB) and  

					BDNF depletion, and dendritic atrophy of the hippocampal cornus  

					ammonis-3 (CA3) sub-region. Research currently available indicates  

					that CUMS leads to disruption of the HPA axis and results in an increase  

					in the basal levels of stress hormones.17 Moreover, CUMS exposure has  

					been linked to decreased brain volume, dendritic atrophy, changes in  

					synaptic plasticity indicators, and worsened methamphetamine-induced  

					neurotoxicity.13 These modifications are linked to changes in immune  

					system, metabolic, and autonomic indicators.  

					Centella lujica, often known as gotu kola, a perennial medicinal herb  

					that is a member of the Apiaceae family. It is also known as Indian  

					pennyworth in the United States of America (USA), Gotu Kola in  

					Indonesia, and Pegaga in Malaysia, much like the well-known congener  

					Centella asiatica, which is found in South-east Asia and India.18  

					Growing amid moist places in tropical nations, Centella lujica is a  

					slender, creeping plant that roots at the nodes.19 Centella lujica is a  

					perennial slightly scented creeper herb that grows up to 15 cm (6 inches)  

					tall with glabrous stems. The plant thrives in loamy soil; its reniform  

					leaves, which reach 1.5–5 cm in width and 2–6 cm in length, emerge  

					from the stem nodes, and its blooms resemble fascicled umbels.20  

					Centella lujica is rich in flavonoids which are naturally occurring  

					bioactive phytochemical metabolites widely known to prevent and  

					suppress several human diseases and are important sources of  

					therapeutic compounds from plants.21  

					Equipment/Apparatus  

					Centrifuge (ATKE), water bath (Equitron), spectrophotometer (Inesa,  

					752N), pH meter (EDT instruments), weighing balance (Ohaus), test  

					tubes, eppendorf tubes, test tube racks, dissection kits and boards.  

					Drug preparation  

					Centella lujica capsules were obtained from New Era Oluji Nig. Ltd©,  

					Ondo State, Nigeria. One capsule (100 mg) was dissolved in 20 mL of  

					distilled water to obtain a stock solution of 5 mg/mL, which was further  

					diluted in distilled water to obtain the concentrations used in the study.22  

					Experimental design  

					Mice were divided into five groups of 6 mice per group: Control, CUMS  

					+ Distilled water (10 mL/kg), CUMS + Centella lujica (25 mg/kg),  

					CUMS + Centella lujica (50 mg/kg), and CUMS + Donepezil (1  

					mg/kg). All mice except those in the control group were exposed to  

					various mild stressors daily for a period of 14 days in an unpredictable  

					pattern.23 At the end of 14 days period of unpredictable chronic mild  

					stress, one hour after the last treatment, the effect of Centella lujica on  

					memory performance was assessed using novel object recognition test.  

					Also, the animals were euthanized on the 15th day and their brain tissues  

					were harvested and specific regions (prefrontal cortex and  

					hippocampus) were kept aside for the investigation of the probable  

					mechanisms of action of Centella lujica in chronic unpredictable mild  

					stress utilizing spectrophotometric and ELISA techniques,  

					immunohistochemical and histological evaluations, as well as electron  

					microscopy where applicable.  

					Unpredictable chronic mild stress (CUMS) paradigm  

					The mice were adapted for one week and the CUMS procedure was  

					performed for two weeks as previously described by Olayinka et al.  

					(2023).24 The control mice which were not subjected to CUMS was left  

					in their cages except for normal handling and cleaning. The mice in the  

					other groups were subjected to CUMS, with a minimum of two stressors  

					per day for two consecutive weeks (Table 1). These stressors were  

					randomly administered for the two weeks experimental period in an  

					unpredictable fashion. In order to avoid prediction and adaptation, no  

					two stressors were applied consecutively. Mice were allotted into five  

					groups (n = 6) in a semi-randomized fashion, such that their mean body  

					weights across the groups were comparable. One hour prior to exposure  

					to CUMS, mice received orally C. lujica (25 and 50 mg/kg), Donepezil  

					(1 mg/kg), or vehicle (10 mL/kg distilled water). The non-stress control  

					group received the vehicle (10 mL/kg distilled water) but was not  

					exposed to the stressors in the CUMS paradigm. Thereafter, behavioral  

					tests for memory were carried out using validated behavioural  

					procedures.  

					These stressors were randomly administered for the two weeks  

					experimental period in an unpredictable fashion. In order to avoid  

					prediction and adaptation, no two stressors were applied consecutively.  

					Mice were allotted into five groups (n = 6) in a semi-randomized  

					fashion, such that their mean body weights across the groups were  

					comparable. One hour prior to exposure to CUMS, mice received orally  

					C. lujica (25 and 50 mg/kg), Donepezil (1 mg/kg), or vehicle (10 mL/kg  

					distilled water). The non-stress control group received the vehicle (10  

					mL/kg distilled water) but was not exposed to the stressors in the CUMS  

					paradigm. Thereafter, behavioral tests for memory were carried out  

					using validated behavioural procedures.  

					Centella lujica is considered a revitalizing herb and a neuro-tonic that  

					improves memory and intelligence in Ayurvedic medicine. Centella  

					lujica is utilized for its neuro-rejuvenating qualities as well as its  

					psychotropic therapeutic qualities; in Ayurvedic medicine, for example,  

					it is used to alleviate anxiety.14 Hence this study seeks to evaluate the  

					neuroprotective and memory-enhancing capabilities of Centella lujica  

					supplement in unpredictable chronic mice stress model of depression in  

					mice.  

					Materials and Methods  

					Table 1: Schedule of Stressors in Chronic unpredictable mild  

					stress Paradigm in Mice  
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					mL of acetylthiocholine iodide was added to the reaction mixture. The  

					absorbance was read using a spectrophotometer at a wavelength of 412  

					nm and change in absorbance for 10 min at 2 min interval was recorded.  

					The rate of AChE activity was measured by following the increase in  

					colour produced from thiocholine when it reacts with DTNB. The  

					change in absorbance per minute was determined and the rate of AChE  

					activity was calculated and expressed as μmol/min/g tissue.  

					Days  

					Stressors and duration  

					food deprivation (12 h)  

					Damp sawdust (120 min) hypoxia (15 min)  

					1

					2

					3

					Forced swim (5 min)  

					Tail pinch (5 min)  

					sawdust free cage (90  

					min)  

					change of cage mates  

					(30 min)  

					4

					5

					Food deprivation (12 h)  

					Determination of glutathione (GSH) concentration  

					45◦ cage tilting (120 forced swim (5 min)  

					Aliquots of brain (prefrontal cortex and hippocampus) supernatant of  

					individual mouse in the respective treatment groups were taken and  

					GSH concentration was determined using the method described by  

					Moron et al. (1979).26 Equal volume (0.4 mL) of brain homogenate and  

					20% trichloro acetic acid (TCA) (0.4 mL) were mixed and then  

					centrifuged using a cold centrifuge at 10,000 rpm at 4°C for 20 min.  

					The supernatant (0.25 mL) was then added to 2 mL of 0.6 mM DTNB  

					and the final volume was made up to 3 mL with phosphate buffer (0.2  

					M, pH 8.0). The absorbance was read at 412 nm against a blank reagent  

					using a spectrophotometer. The concentrations of GSH in the brain  

					tissues were expressed as micromoles per gram tissue (μmol/g tissue).  

					min)  

					6

					7

					Food deprivation (12 h)  

					Exposure to predator water deprivation (12 h)  

					odor (30 min)  

					45◦ cage tilting (180 forced swim (6 min)  

					min)  

					Sawdust free cage + 200 tail pinch (5 min)  

					ml water (120 min)  

					Hypoxia (15 min);  

					Damp sawdust (120 min) tail suspension (5 min)  

					Forced swim (5 min); food deprivation (12 h)  

					Exposure to cat meowing sawdust free cage (120  

					hypoxia (15 min)  

					8

					9

					10  

					11  

					12  

					13  

					water deprivation (12 h)  

					Estimation of brain level of malondialdehyde  

					The brain (prefrontal cortex and hippocampus) level of  

					malondialdehyde (MDA), a biomarker of lipid peroxidation, was  

					estimated according to the method described by Ádám-Vizi and Seregi  

					(1982).27 An aliquot of 0.4 mL of the supernatant was mixed with 1.6  

					mL of Tris–KCl buffer to which 0.5 mL of 30% TCA was added. Then,  

					0.5 mL of 0.75% thiobarbituric acid (TBA) was added and placed on a  

					water bath at 80°C for 45 min. The reaction mixture was allowed to cool  

					in an ice bath, and then centrifuged at 3000 rpm for 15 min. The clear  

					supernatant was collected and the absorbance was measured at 532 nm  

					against a blank of distilled water using a spectrophotometer. The MDA  

					concentration was calculated using a molar extinction coefficient of  

					1.56×105 M-1 cm -1 and values were expressed as µmoles of MDA per  

					gram tissue.  

					(30 min)  

					Social defeat (5 min),  

					min)  

					food  

					deprivation (12 h)  

					14  

					and  

					water  

					Behavioral test  

					Novel object recognition test  

					The effect of C. lujica on memory performance was assessed using the  

					Novel Object Recognition Test (NORT) in an open-field chamber (60  

					cm × 50 cm × 40 cm) with discriminated objects (A, B and C) which  

					were identically sized (4.5 cm diameter and 11.5 cm height) cylindrical  

					bottles. Objects A and B were white, whereas object C had a black and  

					white pattern. The NOR test consists of two phases: the trial phase and  

					the test phase. Mice were randomly allotted into treatment groups (n =  

					6) and were administered C. lujica orally (25 and 50 mg/kg), donepezil  

					(1 mg/kg) or vehicle (10 mL/kg) once daily for 7 days. Thirty minutes  

					after the last treatment, the animals were acclimatized to the  

					experimental set-up for a period of 5 min. The trial phase was carried  

					out by placing each mouse in the middle of two identical objects (A and  

					B) on opposite sides (at a distance of 8 cm from the walls and 34 cm  

					from each other) of the open-field chamber for 5 min. Thereafter, the  

					animals were returned to their home cages for a period of 4 h. In the test  

					phase, object B was replaced with object C, which was novel to the mice  

					and different from object A or B. Mice were then left to explore objects  

					A and C for a period of 5 min. The apparatus was cleaned after each test  

					and the duration of time spent (s) in exploring each of the objects were  

					recorded in both phases. The discrimination index, which was used as a  

					measure of non-spatial memory function, was calculated as the  

					difference in time exploring the novel and familiar objects divided by  

					the total amount of time spent with both objects.6  

					Estimation of glutathione peroxidase (GPx)  

					The activity of glutathione peroxidase (GPx) in the brain (prefrontal  

					cortex and hippocampus) was determined according to the method  

					described by Mythri et al. (2011).28 The following reagents; 1.49 mL  

					phosphate buffer (0.1 M; pH 7.4), 0.1 mL EDTA (1 mM), 0.1 mL  

					sodium oxide (1 mM), 0.05 mL glutathione reductase (1 IU/mL), 0.05  

					mL GSH (1 mM), 0.1 mL NADPH (0.2 mM), and 0.01 mL H2O2 (0.25  

					mM) were mixed with 0.1 mL of brain homogenate in a total volume of  

					2 mL. The disappearance of NADPH was determined at 25ºC using a  

					spectrophotometer at 340 nm. The activity of the enzyme was calculated  

					as nM NADPH oxidized per mg protein using molar extinction of 6.22  

					× 103 M-1 cm-1.  

					Estimation of brain nitrite level  

					Brain (prefrontal cortex and hippocampus) nitrite concentration was  

					estimated using Greiss reagent, which serves as an indicator of nitric  

					oxide (NO) production. One hundred microliter of Greiss reagent (1:1  

					solution of 1% sulfanilamide in 5% phosphoric acid and 0.1% of N-1-  

					naphthyl ethylenediamine dihydrochloride) was added to 100 µL of the  

					supernatant and absorbance was measured at 540 nm. The brain nitrite  

					concentration was estimated from a standard curve obtained from  

					sodium nitrite (0 - 100 µM).  

					Sample collection  

					At the end of the experimental period, mice were decapitated after  

					behavioural assessment. Blood samples were collected through the  

					orbital vein. Brains were immediately removed, and specific brain  

					regions (prefrontal cortex and hippocampus) were isolated on an ice  

					trail, homogenized in phosphate buffered saline (PBS), centrifuged at  

					10000 rpm for 10 min at 4°C. The supernatants were collected, and  

					stored at -20oC until used for biochemical analysis.  

					Histology and estimation of neuronal density  

					Representative brain tissue sections of each treatment group were  

					stained with Hematoxylin and Eosin to demonstrate general histology  

					of the prefrontal cortex and cornu ammonis-3 (CA3) of the hippocampal  

					region according to the method described by Amin et al. (2013).29  

					Images were subsequently captured using an Optronics Digital Camera  

					linked to a computer interface (MagnaFire) and an Olympus BX-51  

					Binocular research microscope. The morphology of the pyramidal, peri-  

					glomerular, and granule cells was assessed through inter-reader  

					variability. Viable neuronal cells were quantified using ImageJ at  

					magnifications of X400 or X250 across different microscopic fields for  

					all groups. Cells were considered viable if they exhibited a round shape,  

					Determination of acetylcholinesterase (AChE) activity in mice brain  

					Aliquots of supernatant of individual mouse brain (prefrontal cortex and  

					hippocampus) of the various treatment groups were taken and used to  

					measure AChE activity, a marker for cholinergic neurotransmission.25  

					Briefly, AChE activity in the homogenate was measured by adding 2.6  

					mL of phosphate buffer (0.1 M, pH 7.4), 0.1 mL of 5,5-dithio-bis (2-  

					nitrobenzoic acid) (DTNB) and 0.4 mL of the homogenate. Then, 0.1  
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					an intact cytoplasmic membrane, and no signs of nuclear condensation  

					or structural distortion. Neuronal density was determined by calculating  

					the ratio of viable neuronal cells to the square area of the circular field  

					in each section.  

					less stressful and requires lesser time to run relative to other  

					models.6,34,35 The NORT behavioral tests have been widely used to  

					assess animal learning and memory functions, the reliabilities of which  

					have also been confirmed.6,31 The data from the current study indicated  

					that CUMS mice showed less interest in the novel object, as evidenced  

					by a lower discrimination index, which suggests a decline in memory.  

					In contrast, CL-treated mice displayed a stronger preference for  

					exploring the unfamiliar object during the memory retention test,  

					highlighting its potential to mitigate CUMS-induced cognitive  

					impairment. Overall, the results from the NORT protocols  

					demonstrated that CL significantly improved non-spatial memory recall  

					in mice subjected to CUMS. Disruptions in the central cholinergic  

					system have been linked to various cognitive deficits.31,4Previous  

					research has demonstrated that exposing rodents to CUMS leads to  

					long-term neuronal loss and dendritic atrophy in the hippocampus over  

					several weeks, resulting in cognitive deficits.36,37 However, there is  

					increasing awareness in the use of medicinal plants with adaptogenic  

					property to prevent stress-induced memory loss and related  

					neuropsychiatric disorders.3,38  

					Statistical analysis  

					All data were presented as Mean ± Standard Error of Mean (SEM). The  

					results were analyzed by one-way analysis of variance (ANOVA),  

					followed by Tukey’s post hoc test to determine the differences between  

					mean values. The level of significance for all tests was set at p<0.05.  

					Graph Pad InStat® Biostatistics software was used for the statistical  

					analysis.  

					Results and Discussion  

					Effect of Centella lujica (CL) on memory performance in chronic  

					unpredictable mild stress (CUMS)  

					The CUMS paradigm is generally believed to be the most suitable  

					model for evaluating the deleterious effects of stress in animals, as it  

					mimics the pathological changes in humans exposed to post-traumatic  

					stress, or life-time events on daily basis.6,30 Animals exposed to chronic  

					stress present with behavioral changes; associated with memory loss,  

					depression and anxiety.31  

					Effect of CL treatment on hippocampal and prefrontal cortex oxidative  

					damage following CUMS exposure  

					The hippocampal tissue and prefrontal cortex tissue in CUMS-exposed  

					mice demonstrated a disrupted oxidative status, characterized by  

					increased MDA and NO production. These changes were accompanied  

					by a significant decrease (p < 0.05) in the levels of endogenous  

					antioxidant proteins, GSH, and its derived enzymes (GPx), compared  

					with those in the control group. The administration of CL significantly  

					(p < 0.05) inhibited the development of oxidative insults following  

					exposure to CUMS by enhancing the levels of the examined antioxidant  

					proteins and depleting the levels of pro-oxidants in hippocampal tissue  

					and prefrontal cortex tissue. Similarly, donepezil (DNP) treatment  

					significantly prevented (p < 0.05) oxidative damage associated with  

					CUMS (Figures 2 and 3). The probable antioxidant capacity of CL in  

					CUMS mice was evaluated by measuring the levels of MDA and NO in  

					their brains. There were significant differences in the levels of MDA  

					among the various groups of mice (p < 0.05) (Figure 2). CUMS-  

					exposure resulted in significant increases in MDA and NO levels when  

					compared to the control group (p < 0.05). However, pretreatment with  

					DNP (1 mg/kg), CL (25 mg/kg), and CL (50 mg/kg) significantly  

					decreased the levels of MDA and NO compared to the untreated CUMS  

					group (p < 0.05).  

					In the present study, mice subjected to CUMS were used as a model to  

					induce memory deficits and the depletion of endogenous antioxidant  

					defense molecules, and also to compare the effects of donepezil (an  

					established anti-amnesic) with those of CL, which has not been  

					previously tested in a CUMS model of memory deficits. Major findings  

					from this study have shown that CUMS resulted in learning and  

					memory impairments in mice.  

					The effects of CL on learning and memory abilities of the mice were  

					evaluated using the novel object recognition test (NORT) for nonspatial  

					recognition memory as shown in Figure 1. There were statistically  

					significant differences in discrimination index in the treatment groups.  

					Tukey’s post hoc revealed significant decreases in discrimination index  

					in the CUMS-induced mice when compared to the control group.  

					Specifically, CL at 25 mg/kg showed the most significant (p < 0.05)  

					improvement in discrimination index compared to the CUMS group.  

					CL treatment also improved performance in the NORT in mice  

					(Figure 1). While the control group did not display a preference for the  

					novel object at either 2 h or 24 h post‐training, CL treated mice spent  

					significantly more time exploring the novel object than the familiar  

					object at both time points, the results (Figures 1) revealed that the  

					duration of new object recognition test decreased significantly in the  

					CUMS group compared to the treatment group (P < 0.05).  

					0.08  
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					*
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					Figure 1: Effect of Centella lujica (CL) on memory  

					performance in chronic unpredictable mild stress (CUMS)  

					model using the novel object recognition test (NORT).  

					Values represent the mean ± S.E.M, (n = 6). # p < 0.05 compared  

					to the control group, * p < 0.05 compared to the CUMS group.  

					Figure 2: Effect of Centella lujica (CL) on malondialdehyde  

					(MDA) levels in chronic unpredictable mild stress (CUMS)  

					model. Values represent the mean ± S.E.M, (n = 6). # p < 0.05  

					compared to the control group, * p < 0.05 compared to the  

					CUMS group.  

					The Novel Object Recognition Test (NORT) is a widely used method  

					to assess learning and memory in rodents, relying on their inherent  

					tendency to explore new objects.32-34 The NORT is also known to be  

					The probable antioxidant capacity of CL in CUMS mice was evaluated  

					by measuring the levels of GSH in their brains. There were significant  

					differences in the levels of GSH and GPx among the various groups of  
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					mice (p < 0.05) (Figures 4 and 5). Significant decreases in GSH and  

					GPx levels were observed in the CUMS mice model (p < 0.05) when  

					compared to the control group of mice. However, significant  

					improvement in the levels of GSH and GPx was observed in the CUMS  

					mice administered with DNP, CL at 25 and 50 mg/kg when compared  

					to CUMS group (p < 0.05). among the treatment groups, the group of  

					mice treated with CL 50 mg/kg exhibited the highest levels of GSH and  

					GPx.  

					Endogenous antioxidant enzymes, for example, GPx, CAT, SOD, and  

					GST, make up the main constituents of the antioxidant defense of the  

					organism.39 A significant decline in these enzyme activities suggests  

					that the brain is either unable to detoxify hydrogen peroxide or that  

					chronic stress has led to ROS-induced enzyme depletion. As a result,  

					the neuroprotective effect of CL against CUMS-induced neurological  

					deficits may be linked to its ability to enhance the activity of these  

					antioxidant enzymes.  
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					Figure 5: Effect of Centella lujica (CL) on glutathione  

					peroxidase (GPx) levels in chronic unpredictable mild stress  

					(CUMS) model. Values represent the mean ± S.E.M, (n = 6). #  

					p < 0.05 compared to the control group, * p < 0.05 compared  

					to the CUMS group.  
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					Furthermore, the quantification of non-enzymatic oxidative stress  

					markers has shown that CUMS elevates NO level while concurrently  

					reducing brain levels of total sulfhydryl (TSH) groups, non-protein-  

					bound sulfhydryl (NPSH) content. NO exhibits concentration-  

					dependent neuronal activity, offering neuroprotection at lower levels  

					but triggering neurotoxic effects through immune and inflammatory  

					responses at higher concentrations.40 At levels exceeding physiological  

					concentrations, nitric oxide (NO) interacts with various free radicals,  

					including superoxides, leading to the formation of reactive nitrogen  

					oxide species like peroxynitrite, which can damage macromolecules.41  

					The findings from the present study indicate that exposure to stressors  

					within the CUMS paradigm triggered NO release (Figure 3),  

					accompanied by a reduction in antioxidant enzyme activity. The  

					activation of stress responses predominantly results in elevated cortisol  

					and NO levels, which disrupt cellular energy production.42,43  

					Furthermore, stress-triggered nitric oxide (NO) release can mediate  

					pathological changes in various brain regions, including the  

					hippocampus, amygdala, and prefrontal cortex, contributing to the  

					behavioral alterations seen in animals subjected to chronic stress.44  

					Various antioxidants that contain thiol groups, such as N-acetyl cysteine  

					and lipoic acid, have been reported to provide protection against chronic  

					stress.45 Thus, the protective effect of CL against CUMS-induced  

					cognitive impairment may be linked to the suppression of NO synthesis  

					and the enhancement of thiol group level. A sophisticated antioxidant  

					system maintains cellular redox balance by counteracting both ROS and  

					reactive nitrogen species.46 CL treatment reduced brain NO levels and  

					MDA level expression in the hippocampal CA1, and prefrontal cortex  

					in mice subjected to CUMS.  

					0
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					Figure 3: Effect of Centella lujica (CL) on Nitic oxide (NO)  

					levels in chronic unpredictable mild stress (CUMS) model  

					Values represent the mean ± S.E.M, (n = 6). # p < 0.05 compared  

					to the control group, * p < 0.05 compared to the CUMS group.  
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					Effect of Centella lujica (CL) on acetylcholinesterase levels AChE in  

					chronic unpredictable mild stress (CUMS)  

					Figure 4: Effect of Centella lujica (CL) on glutathione (GSH)  

					levels in chronic unpredictable mild stress (CUMS) model  

					Values represent the mean ± S.E.M, (n = 6). # p < 0.05  

					compared to the control group, * p < 0.05 compared to the  

					CUMS group.  

					AChE levels in the hippocampus and prefrontal cortex of the mice  

					revealed statistically significant differences among the various groups  

					(Figure 6). CUMS exposure resulted in a significant increase in  

					acetylcholinesterase levels, whereas pretreatment with DNP, CL at 25  

					and 50 mg/kg decreased AChE to levels comparable to that of the  

					control group.  

					The cholinergic neuron is responsible for the synthesis of ACh, the  

					neurotransmitter that plays vital roles in learning and memory  

					functions.47,48 The activity of acetylcholine (ACh) in the brain and other  

					tissues is regulated by cholinesterase (AChE), an enzyme responsible  

					for the breakdown of ACh through hydrolysis.47 Thus, the degradation  

					of ACh by this enzyme has been linked to cognitive dysfunction and  

					cholinergic neuronal damage.49 However, medications that enhance  

					brain ACh levels by suppressing AChE activity have been found to  

					enhance cognitive function and support cholinergic neurons.50,51  
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					Figure 6: Effect of Centella lujica (CL) on acetylcholinesterase  

					(AChE) levels in chronic unpredictable mild stress (CUMS)  

					model. Values represent the mean ± S.E.M, (n = 6). # p < 0.05  

					compared to the control group, * p < 0.05 compared to the  

					CUMS group.  

					Figure 7a: Representative photomicrograph (H and E-stained  

					section) of the effect of Centella lujica (CL) on the histology of  

					the hippocampus in mice exposed to chronic unpredictable mild  

					stress (CUMS). Magnification = CV × 40. A = Control, B =  

					CUMS, C = CUMS + CL 25 mg/kg, D = CUMS + CL 50 mg/kg,  

					E = CUMS + DNP 1 mg/kg.  

					Slide A: appeared normal (black arrow) and are well structurally  

					organized with multiple laminal arrangement, Slide B: few  

					neurons appeared degenerated (atrophic) with variable  

					basophilia (red arrow), Slide C: few neurons appeared  

					degenerated (atrophic) with variable basophilia (red arrow),  

					Slide D: few neurons appeared degenerated (atrophic) with  

					variable basophilia (red arrow), Slide E: few neurons appeared  

					degenerated (atrophic) with variable basophilia (red arrow).  

					The results of the present study demonstrated that mice subjected to  

					CUMS exhibited elevated brain AChE activity, which may have  

					contributed to the memory impairment observed in behavioral  

					assessments. Consequently, the finding that CL mitigated the CUMS-  

					induced increase in brain AChE activity suggests that its memory-  

					enhancing effect could be associated with cholinesterase enzyme  

					inhibition. Brain histological analysis further showed that CL reduced  

					neuronal damage in the hippocampus and lowered the number of dead  

					neuronal cells in CUMS-exposed mice. Several medicinal plants with  

					adaptogenic properties, such as Gingko biloba and Panax ginseng, have  

					been shown to effectively prevent chronic stress-induced memory  

					impairments in rodents and aid in managing stress-related cognitive  

					decline in humans.3 Therefore, the beneficial impact of CL on CUMS-  

					induced memory deficits in mice indicates its potential role in stress  

					adaptation. Anxiety, another key behavioral manifestation linked to  

					chronic stress, can present in diverse forms, including worry, fear,  

					apprehension, anhedonia, eating disorders, and suicidal tendencies in  

					humans.52  
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					Effect of Centella lujica (CL) on the histology and neuronal density of  

					the hippocampus and prefrontal cortex in mice exposed to chronic  

					unpredictable mild stress (CUMS)  

					UCMS  
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					Exposure to CUMS over the course of four weeks have been shown to  

					cause permanent loss of neurons and atrophy of hippocampal dendrites  

					in rodents accompanied by cognitive impairment.53 Moreover,  

					preclinical studies have also shown that CUMS produced hippocampal  

					damage and apoptosis resulting in loss of memory, which further  

					confirmed the speculation that chronic stress is a major risk factor for  

					the pathogenesis of Alzheimer’s disease and premature aging of the  

					brain.8,53 Dendritic remodeling, in the form of reduced dendritic spines  

					was also reported in the CA3 region of the hippocampus after CUMS  

					exposure.53 CUMS was also shown to decrease the number of synapses  

					in the sub-granular zone of the hippocampal dentate gyrus, which is  

					involved in the formation of new neuronal cells.30 The results of the  

					present study also confirmed that CUMS produced degeneration of  

					neuronal cells in the pyramidal layer of the CA3 and the sub-granular  

					zone of the dentate gyrus of the hippocampus, the region of the brain  

					that plays vital roles in learning and memory. Histological examination  

					of CUMS-exposed mice pretreated with Centella lujica revealed  

					improved structural integrity and neuronal density in the hippocampus  

					and prefrontal cortex (Figures 7 and 8).  

					CL25mg/kg + UCMS  

					CL50 mg/kg + UCMS  

					DNP 1 mg/kg + CUMS  

					#

					Treatment  

					Figure 7b: Effect of Centella lujica (CL) on histology and  

					neuronal density of the hippocampus of mice exposed to chronic  

					unpredictable mild stress (CUMS)  

					Values represent the mean ± S.E.M, (n = 6). # p < 0.05 compared  

					to the control group, * p < 0.05 compared to the CUMS group.  
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					Figure 8a: Representative photomicrograph (H and E-stained section)  

					Treatment  

					of the effect of Centella lujica (CL) on the histology of the prefrontal  

					cortex in mice exposed to chronic unpredictable mild stress (CUMS).  

					Magnification = CV × 40. A = Control, B = CUMS, C = CUMS + CL  

					25 mg/kg, D = CUMS + CL 50 mg/kg, E = CUMS + DNP 1 mg/kg  

					Slide A: appeared normal (black arrow) and are well structurally  

					organized with multiple laminal arrangement, Slide B: few neurons  

					appeared degenerated (atrophic) with variable basophilia (red arrow) ,  

					Slide C: few neurons appeared degenerated (atrophic) with variable  

					basophilia (red arrow), Slide D: few neurons appeared degenerated  

					(atrophic) with variable basophilia (red arrow), Slide E: few neurons  

					appeared degenerated (atrophic) with variable basophilia (red arrow)  

					Figure 8b: Effect of Centella lujica (CL) on histology and neuronal  

					density of the prefrontal cortex of mice exposed to chronic  

					unpredictable mild stress (CUMS)  

					Values represent the mean ± S.E.M, (n = 6). # p < 0.05 compared to the  

					control group, * p < 0.05 compared to the CUMS group.  
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