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          Oxidative stress is widely recognized as a central driver in the progression of neurodegenerative diseases, where it contributes to neuronal apoptosis through diverse intracellular signaling mechanisms. In this study, we examined the neuroprotective potential of Clematis mandshurica, a traditional Korean medicinal herb historically used to alleviate conditions such as urethritis, carbuncles, and certain malignancies. To model oxidative injury, neuronal cells were exposed to excessive glutamate, a treatment known to elevate reactive oxygen species (ROS), trigger intracellular calcium (Ca2+) overload, impair mitochondrial membrane potential, and diminish the activities of key glutathione-dependent enzymes, including glutathione reductase (GR) and glutathione peroxidase (GPx). Treatment with C. mandshurica extract effectively counteracted these glutamate-induced alterations, as demonstrated by improved cell viability in MTT assays, suppression of ROS and Ca2+ accumulation, preservation of mitochondrial function, and restoration of GR and GPx activity. Collectively, these findings suggest that C. mandshurica exerts robust cytoprotective actions and holds promise as a potential therapeutic agent for neurodegenerative disorders characterized by oxidative stress, including Alzheimer’s disease.
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      Alzheimer’s disease (AD) is the most common form of dementia and constitutes a progressive neurodegenerative syndrome marked by a continual decline in cognitive capacity and memory function.1) As life expectancy increases and medical care improves, the incidence of AD in individuals aged 65 years and older has grown substantially, becoming a major public health and societal concern. Several well-established risk factors contribute to AD development, including advancing age, genetic susceptibility, and family history.2) Clinically, patients typically exhibit a gradual progression of cognitive impairment, most notably involving deficits in memory and higher-order cognitive processes.

      From a pathological standpoint, Alzheimer’s disease (AD) is characterized by the accumulation of amyloid-β (Aβ) plaques, the development of neurofibrillary tangles (NFTs), and widespread neuronal degeneration driven in part by oxidative stress and cholinergic dysfunction.3) Aβ plaques form through the progressive aggregation of β-amyloid peptides, while NFTs arise from the abnormal hyperphosphorylation and aggregation of tau, a microtubule-associated protein. In addition, inflammatory responses elicited around these pathological lesions further compromise neuronal stability and contribute to ongoing neurodegeneration.4)

      Oxidative stress is widely acknowledged as a central pathogenic mechanism in Alzheimer’s disease (AD).5) Cellular events such as lipid peroxidation, free radical accumulation, protein oxidation, and DNA damage collectively contribute to neuronal dysfunction and necrosis within the central nervous system (CNS), thereby aggravating disease progression. Among the major mediators of oxidative injury are reactive oxygen species (ROS), including hydroxyl radicals (OH•), superoxide anions (O2⁻), and hydrogen peroxide (H2O2). Excessive intracellular calcium (Ca2+) influx—often resulting from overstimulation of NMDA receptors—further intensifies ROS generation and heightens neuronal susceptibility to damage.6)

      Currently available pharmacological therapies for Alzheimer’s disease (AD) largely target symptomatic relief and primarily include acetylcholinesterase (AChE) inhibitors such as donepezil, galantamine, and tacrine as well as NMDA receptor antagonists. Although these agents offer modest improvements in cognitive function, their clinical utility is often limited by adverse effects, including appetite suppression, nausea, vomiting, and diarrhea.7) As a result, growing interest has been directed toward medicinal plants with neuroprotective properties, such as Ginkgo biloba, Salvia officinalis, Melissa officinalis, and Papaver somniferum, which have been reported to exert cognitive-enhancing effects while exhibiting fewer side effects in patients with AD.8)

      Clematis mandshurica (family Ranunculaceae), commonly referred to as “Weilingxian,” is a traditional medicinal plant that has long been utilized for its anti-inflammatory, antitumor, analgesic, and diuretic activities.9-11) The rhizomes and roots of the plant are distinguished by their brown, fibrous surfaces with prominent longitudinal wrinkles and are known to contain a diverse array of bioactive constituents, including anemonin, anemonol, sterols, saponins, lactones, and various amino acids.12,13) A growing body of evidence indicates that C. mandshurica exhibits protective effects in experimental models of osteoarthritis, polyarthritis, and streptozotocin-induced diabetes, underscoring its broad pharmacological potential and therapeutic relevance.

      In the CNS, glutamate serves as the primary excitatory neurotransmitter; however, excessive glutamate induces oxidative stress and apoptosis by inhibiting cystine uptake and by modulating MAPK signaling pathways, including JNK, p38, and ERK.14,15) The HT22 cell line, derived from mouse hippocampal neurons, is widely employed as an in vitro model to investigate glutamate-induced neurotoxicity and oxidative stress-associated mechanisms.16)

      In this study, we examined the neuroprotective effects of C. mandshurica extract against glutamate-induced toxicity in mouse hippocampal HT22 cells. Excess glutamate was used to induce oxidative stress and apoptotic signaling, allowing evaluation of the extract’s protective capacity. Cellular and biochemical assessments were conducted to determine whether the extract could improve neuronal survival and modulate key oxidative stress markers. These analyses enabled us to characterize the potential of C. mandshurica as a neuro-protective agent under glutamate-driven stress conditions.

    

    

  
    
      Experimental
      Plant Materials and Extract Preparation − The roots of Clematis mandshurica were sourced from the Kyungdong Traditional Herbal Market in Seoul, Korea. A voucher specimen (CJ141M) was authenticated and deposited in the Natural Products Laboratory of Kangwon National University for reference and quality control. The air-dried roots (6.0 kg) were extracted with 80% methanol using an ultrasonication-assisted procedure. The extraction was carried out three times for 90 minutes each, at a solvent-to-material ratio of 1 L per kilogram. The pooled methanolic extracts were then concentrated under reduced pressure and subsequently dried, yielding a crude extract used for subsequent experimental analyses.

      Cell Viability − Mouse hippocampal HT22 cells were obtained from Seoul National University (Seoul, Korea) and maintained under standardized culture conditions. Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA) supplemented with 10% fetal bovine serum (FBS), 1% penicillin–streptomycin, 2 mg/mL NaHCO₃, and 15 mM HEPES. Cultures were incubated at 37°C in a humidified atmosphere containing 5% CO2.

      Cell viability was evaluated using the MTT assay. HT22 cells were seeded at 2.0 × 104 cells per well in 48-well plates and allowed to adhere for 24 h. Samples and trolox (positive control) were administered 1 h prior to the addition of 2 mM glutamate to induce cytotoxicity. Following treatment, MTT solution (1 mg/mL) was added, and cells were incubated for an additional 3 h. Formazan crystals formed in viable cells were solubilized with dimethyl sulfoxide (DMSO), and absorbance was recorded at 570 nm using a microplate reader. Cell viability was expressed relative to untreated control cells. Glutamate, MTT, DMSO, and trolox were sourced from Sigma-Aldrich (USA). Neuroprotective activity was calculated as relative protection (%) according to the following equation:

      
Relative protection (%) = [(OD of glutamate-treated with sample group − OD of glutamate-only group) / (OD of control group − OD of glutamate-only group)] × 100.

      Measurement of Intracellular ROS Levels − Intracellular reactive oxygen species (ROS) levels were assessed using the fluorescent probe 2’,7’-dichlorofluorescein diacetate (DCF-DA). HT22 cells were seeded into 48-well plates and co-treated with the test sample and 2 mM glutamate for 8 h. After incubation, cells were gently washed with PBS and incubated with 10 µM DCF-DA prepared in Hanks’ balanced salt solution for 30 min in the dark to prevent photobeaching. Following staining, the cells were washed again with PBS and lysed with 1% Triton X-100 in PBS for 10 min at 37°C. Fluorescence intensity, indicative of intracellular ROS accumulation, was measured using a microplate reader at excitation and emission wavelengths of 490 nm and 525 nm, respectively.

      Measurement of Intracellular Ca2+ Levels − Cytosolic calcium (Ca2+) levels in HT22 cells were quantified using the calcium-sensitive fluorescent indicator Fura-2 AM. Cells were seeded into 48-well plates and allowed to attach for 24 h prior to experimentation. The samples, glutamate, and 2 µM Fura-2 AM were then added simultaneously, followed by a 2 h incubation period. After treatment, cells were rinsed gently with PBS and lysed using 1% Triton X-100 in PBS for 10 min at 37°C. Fluorescence intensity was subsequently measured with a microplate reader at excitation and emission wavelengths of 340 nm/380 nm and 535 nm, respectively, providing an index of intracellular Ca2+ accumulation.

      Measurement of Mitochondrial Membrane Potential − Mitochondrial membrane potential (ΔΨm) was evaluated using the cationic fluorescent dye rhodamine 123 (Rho123), which selectively accumulates within polarized mitochondria. HT22 cells were seeded into 48-well plates and allowed to adhere for 24 h before treatment. Cells were then exposed to the test sample together with 2 mM glutamate for 24 h to induce mitochondrial dysfunction. Following treatment, the medium was removed and cells were incubated with Rho123 for 15 min at 37°C in the dark to permit mitochondrial uptake of the dye. After staining, cells were washed with PBS to eliminate excess dye, and fluorescence was measured immediately using a microplate reader at excitation and emission wavelengths of 488 nm and 520 nm, respectively. A decrease in fluorescence intensity was interpreted as a loss of ΔΨm, whereas preservation or recovery of fluorescence indicated a protective effect of the sample on mitochondrial membrane integrity.

      Measurement of Glutathione, Glutathione Reductase and Glutathione Peroxides − HT22 cells were seeded into 6-well plates and treated with the test sample together with 2 mM glutamate for 24 h. After incubation, the cells were collected and centrifuged at 3000 × g for 30 min at 4°C, and the resulting supernatant was used to evaluate antioxidant enzyme activities, including total glutathione (GSH), glutathione reductase (GR), and glutathione peroxidase (GPx).

      Total GSH content was measured based on its reaction with DTNB (5,5′-dithiobis-2-nitrobenzoic acid). The supernatant was combined with 0.3 mM NADPH and 0.5 mM DTNB and incubated for 5 min at 35°C, followed by the addition of glutathione reductase (5 U/mL). The formation of the yellow TNB chromophore was monitored spectro-photometrically at 412 nm.

      GR activity was determined by quantifying the NADPH-dependent reduction of oxidized glutathione (GSSG). The assay mixture consisted of the sample supernatant, 1 mM GSSG, and phosphate buffer containing 0.1 mM NADPH. The decrease in absorbance at 340 nm was recorded at 15-s intervals over a 120-s period.

      GPx activity was analyzed using a coupled assay in the presence of glutathione reductase. The reaction mixture contained 1 mM GSH, 0.4 mM NADPH, 0.2 mM H2O2, and 1 U/mL glutathione reductase. GPx activity was calculated by measuring the rate of NADPH oxidation, monitored by the decrease in absorbance at 340 nm.

      Statistical Analysis − All data are presented as mean ± standard deviation (SD). Statistical differences among experimental groups were evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test for multiple comparisons. Data processing and statistical analyses were performed using IBM SPSS Statistics (version 26) and Microsoft Excel. Significance thresholds were set at p < 0.05, p < 0.01, and p < 0.001, which indicate increasing levels of statistical significance between treatment groups.

    

    

  
    
      Results and Discussion
      To investigate whether C. mandshurica exhibits protective effects against glutamate-induced neuronal injury, The C. mandshurica extract itself did not exhibit any neurotoxicity in HT22 cells (data not shown). HT22 cells were pretreated with the extract and then exposed to glutamate. As expected, glutamate markedly decreased cell viability, confirming successful induction of excitotoxic stress. Pretreatment with C. mandshurica extract, however, significantly improved cell survival in a concentration-dependent manner. At 100 μg/mL, the extract restored cell viability to a relative protective value of 54.11 ± 3.6%, indicating strong neuroprotection (Fig. 1).

      
        
        

        Fig. 1.  
				
        

        
          Neuroprotective effects of C. mandshurica extract against glutamate-induced cytotoxicity in HT22 cells. HT22 cells were pretreated with C. mandshurica extract (10, 50, and 100 μg/mL) and subsequently exposed to glutamate (2 mM) for 24 h. Cell viability was assessed, and data are presented as the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with glutamate-treated control cells.
        
        

        

      

      These results suggest that C. mandshurica counteracts glutamate-induced cytotoxicity, potentially through antioxidant activity, regulation of intracellular signaling, and stabilization of metabolic pathways associated with cell survival. Similar protective patterns have been reported for other glutamate-modulating or antioxidant plant extracts, further supporting the therapeutic potential of C. mandshurica in glutamate-related neurodegeneration.17)

      Glutamate toxicity is closely related to excessive production of reactive oxygen species (ROS), which aggravates oxidative stress and triggers apoptotic pathways.18) Consistent with this mechanism, glutamate treatment markedly elevated intracellular ROS levels in HT22 cells. Using H₂DCF-DA fluorescence, we confirmed a substantial increase in ROS following glutamate exposure. Importantly, C. mandshurica pretreatment significantly suppressed ROS accumulation. At concentrations of 10 μg/ml and 100 μg/ml, ROS levels were reduced to 122.98 ± 2.43% and 110.23 ± 3.56% of control, respectively (Fig. 2). This attenuation of oxidative stress indicates that C. mandshurica possesses active compounds capable of acting either as direct free-radical scavengers or as modulators of endogenous antioxidant pathways. Considering that elevated ROS is one of the earliest events in glutamate-induced apoptosis, the ROS-suppressing activity of C. mandshurica is likely a major contributor to its overall neuroprotective effect. These findings align with previous studies reporting that natural products with phenolic or flavonoid components often exert potent ROS-inhibitory actions in neuronal models.

      
        
        

        Fig. 2.  
				
        

        
          The effects of C. mandshurica extract on glutamate-induced ROS generation in HT22 cells. Intracellular ROS levels were measured following pretreatment with C. mandshurica extract and subsequent exposure to glutamate. ROS production is presented as a percentage relative to control cells. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with glutamate-treated cells.
        
        

        

      

      Intracellular Ca2+ overload is a well-established consequence of glutamate excitotoxicity that amplifies oxidative stress, disrupts mitochondrial function, and triggers apoptosis.19) In this study, glutamate treatment significantly elevated intracellular Ca2+ levels in HT22 cells, confirming excitotoxic stimulation. Pretreatment with C. mandshurica markedly reduced Ca2+ accumulation, lowering Ca2+ levels to 105.78 ± 3.21% at 100 μg/ml (Fig. 3). This suppression of Ca2+ influx suggests that C. mandshurica may interfere with glutamate-induced Ca2+ dysregulation by modulating NMDA receptor-mediated Ca2+ entry, stabilizing calcium-buffering capacity, or reducing oxidative damage that exacerbates Ca2+ flux. Restoration of Ca2+ homeostasis is critical for neuronal survival, indicating that C. mandshurica plays a key role in protecting neurons from Ca2+-induced apoptosis.20)

      
        
        

        Fig. 3.  
				
        

        
          The Protective effects of C. mandshurica extract against glutamate-induced Ca2+ influx in HT22 cells. HT22 cells were pretreated with C. mandshurica extract prior to glutamate exposure, and intracellular Ca2+ levels were quantified. Data are expressed as a percentage relative to control cells. Values represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with glutamate-treated cells.
        
        

        

      

      Mitochondria are central regulators of neuronal survival, and collapse of mitochondrial membrane potential (ΔΨm) is a hallmark of early apoptosis.21) Consistent with previous studies, glutamate treatment resulted in a significant decrease in ΔΨm, reflecting mitochondrial dysfunction and depolarization.22) C. mandshurica pretreatment, however, effectively restored mitochondrial membrane integrity. At 100 μg/ml, ΔΨm increased to 86.72 ± 2.6% of the control, indicating a strong protective effect (Fig. 4). Maintenance of ΔΨm suggests that C. mandshurica either prevents mitochondrial damage or enhances mitochondrial resilience during glutamate-induced stress. Stabilizing mitochondrial function is critical because mitochondrial depolarization leads to ATP depletion, ROS overproduction, and release of pro-apoptotic factors such as cytochrome c. Thus, recovery of ΔΨm highlights a key mechanism by which C. mandshurica prevents excitotoxic neuronal death.

      
        
        

        Fig. 4.  
				
        

        
          The effects of C. mandshurica extract on glutamate-induced loss of mitochondrial membrane potential in HT22 cells. HT22 cells were treated with C. mandshurica extract prior to glutamate exposure, and mitochondrial membrane potential was assessed using Rho123 staining. Results are expressed as a percentage relative to control cells. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with glutamate-treated cells.
        
        

        

      

      The glutathione system is one of the most important intracellular antioxidant defenses in neuronal cells. Glutamate-induced oxidative stress impairs glutathione synthesis by inhibiting cysteine uptake and decreases the activity of glutathione reductase (GR) and glutathione peroxidase (GPx).23) In accordance with this, glutamate treatment significantly depleted GSH (56.23 ± 2.3%), GR (54.58 ± 2.73%), and GPx (54.23 ± 3.45%) levels in HT22 cells. Remarkably, C. mandshurica pretreatment recovered these antioxidant markers. At 100 μg/ml, the extract restored GSH to 79.31 ± 1.5%, GR to 86.23 ± 3.27%, and GPx to 87.54 ± 3.69% of control levels (Fig. 5). These results demonstrate that C. mandshurica enhances endogenous antioxidant defense systems, thereby counteracting oxidative stress and reducing susceptibility to glutamate-induced neuronal death. Restoration of GSH and related enzyme activity is critical because GSH depletion leads to irreversible oxidative damage and mitochondrial dysfunction.24) Thus, the antioxidative capacity of C. mandshurica appears to be a major mechanism underlying its neuroprotective efficacy.

      
        
        

        Fig. 5.  
				
        

        
          Effects of C. mandshurica extract on total glutathione (A), glutathione reductase (B), and glutathione peroxidase (C) levels in HT22 cells exposed to glutamate. HT22 cells were treated with C. mandshurica extract prior to glutamate exposure, and intracellular antioxidant enzyme activities (total GSH, GR, and GPx) were quantified. Results are expressed as percentages relative to control cells. Data represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared with glutamate-treated cells.
        
        

        

      

      The robust neuroprotective effect of C. mandshurica extract observed in this study can be attributed to its rich profile of bioactive secondary metabolites, particularly triterpenoid saponins and lignans.25) Previous phytochemical investigations have identified clematoside derivatives, such as clematoside C, as the hallmark triterpenoid saponins of the Clematis genus.26) These saponins are known to exhibit potent antiapoptotic properties by stabilizing the mitochondrial membrane potential and suppressing the overproduction of reactive oxygen species (ROS).27) Specifically, clematosides have been reported to upregulate endogenous antioxidant enzymes, which aligns with our findings regarding the recovery of glutathione (GSH), glutathione reductase (GR), and glutathione peroxidase (GPx) levels. Furthermore, the presence of lignans, such as lariciresinol and pinoresinol, likely contributes to the attenuation of Ca2+ influx.28) Lignans are well-documented for their ability to modulate calcium homeostasis and inhibit glutamate-induced excitotoxicity by interfering with overactive signaling pathways.29) These compounds may act synergistically with saponins to reinforce the neuronal defense system against oxidative stress and mitochondrial collapse. Therefore, the multi-targeted mechanism of C. mandshurica demonstrated in HT22 cells is likely a collective result of these specific chemical constituents.

      In conclusion, we demonstrated that C. mandshurica extract exerts a robust neuroprotective effect against glutamate-induced cytotoxicity in HT22 neuronal cells. The extract significantly improved cell viability and effectively suppressed intracellular ROS production, indicating strong antioxidant activity. In addition, C. mandshurica attenuated glutamate-mediated Ca2+ influx and restored mitochondrial membrane potential, suggesting that its protective effects extend to the maintenance of calcium homeostasis and mitochondrial integrity. The extract also recovered glutamate-induced depletion of key antioxidant components, including total glutathione, glutathione reductase, and glutathione peroxidase. Collectively, these findings indicate that C. mandshurica mitigates glutamate-induced neuronal damage through multi-targeted mechanisms involving oxidative stress reduction, mitochondrial stabilization, and reinforcement of endogenous antioxidant defenses. Thus, C. mandshurica represents a promising natural candidate for the prevention or treatment of neurodegenerative disorders associated with glutamate excitotoxicity. However, further studies including in vivo validation, behavioral assessments, and detailed mechanistic analyses, will be essential to fully substantiate the therapeutic potential of C. mandshurica in neurodegenerative diseases.
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