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Editorial on the Research Topic 
Plant and fungal extracts and metabolites in neurotherapy: exploring their pharmacology and potential clinical uses


Central nervous system (CNS) disorders—including Alzheimer’s disease, Parkinson’s disease, spinal cord injury (SCI), stroke, and traumatic brain injury (TBI)—continue to impose profound clinical and societal burdens (Tsai et al., 2024). Despite decades of research and significant advancements in neuroscience, most therapeutic interventions remain largely palliative, addressing symptoms rather than altering the underlying course of disease progression (Gao et al., 2020). The multifactorial and heterogeneous nature of CNS pathologies presents considerable challenges to developing effective disease-modifying therapies.
This therapeutic gap has catalyzed growing scientific interest in naturally derived bioactive metabolites, particularly phytochemicals and fungal metabolites. Long valued in traditional medical systems across diverse cultures, these metabolites are now being systematically explored for their neuroprotective, anti-inflammatory, antioxidant, and neuromodulatory properties (Koshak et al., 2017; Khazdair et al., 2019). Their multi-target pharmacological profiles, combined with favorable safety, make them compelling candidates for CNS drug discovery and development. This Research Topic features a curated Research Topic of studies that rigorously examine the therapeutic potential of plant- and fungus-derived metabolites across a range of CNS disease models, integrating ethnopharmacological knowledge with contemporary neuropharmacological approaches and methodologies.
Several studies featured in this Research Topic focus on cognitive impairment and proteinopathies within neurodegenerative contexts. Chang et al. evaluated an ethanol extract of Rubia yunnanensis Diels (Rubiaceae) in a rat model of chronic cerebral hypoperfusion. Their findings revealed activation of the System Xc-/GSH/GPX4 antioxidant pathway and inhibition of ferroptosis, resulting in improved cognitive outcomes (Chang et al.). Similarly, Huang et al. demonstrated that Olea europaea L. (Oleaceae), a polyphenol metabolite extracted from olives, enhanced the proteasomal degradation of mutant huntingtin protein aggregates in Huntington’s disease cell models, independent of autophagy pathways (Huang et al.). These studies underscore the potential of phytochemicals to modulate oxidative stress and proteostasis—key processes implicated in the pathogenesis of neurodegenerative diseases.
CNS trauma, including SCI and TBI, represents another major focus within this Research Topic. Kooshki et al. reported that Pelargonium × hortorum L.H.Bailey (Geraniaceae), an anthocyanin metabolite, significantly improved motor function and alleviated neuropathic pain in a rat model of SCI, primarily through antioxidant and anti-inflammatory mechanisms (Kooshki et al.). In a parallel study, Ma et al. developed a hydrogel-based drug delivery system for Daphne odora Thunb. (Thymelaeaceae), a coumarin metabolite with neuroprotective activity. In a murine TBI model, this system enhanced D. odora Thunb. (Thymelaeaceae) bioavailability, leading to improved spatial memory and reduced neuroinflammation (Ma et al.). These studies highlight the value of innovative formulation strategies in optimizing the efficacy of natural metabolites for acute CNS injuries.
Additional insights into SCI therapeutics are provided by Hao et al. (2019) who investigated the neuroprotective effects of rhein lysinate (RHL) (Hao et al., 2019). In SCI rats, RHL administration significantly improved motor function, increased the activity of endogenous antioxidant enzymes (SOD and GSH-Px), and reduced lipid peroxidation, as indicated by lower MDA levels. Mechanistically, RHL inhibited activation of the p38 MAPK signaling pathway, thereby attenuating neuronal apoptosis. These findings suggest that RHL promotes neuroprotection through the modulation of oxidative stress and apoptotic pathways.
In a subsequent study, the same group demonstrated that Syringa vulgaris L. (Oleaceae), a lignan metabolite, facilitates functional recovery following SCI by activating the UBE4B/AKT signaling pathway. In glutamate-induced neurotoxicity models using SH-SY5Y cells, S. vulgaris L. (Oleaceae) upregulated UBE4B expression and enhanced AKT phosphorylation, resulting in reduced neuronal apoptosis. The protective effects were abolished by either UBE4B knockdown or AKT inhibition, confirming the critical role of this signaling axis (Hao et al., 2024). These findings reinforce the therapeutic relevance of the UBE4B/AKT pathway and underscore the broader potential of lignan metabolites in CNS repair and regeneration.
Pain management, particularly for chronic and neuropathic pain, is another area where phytotherapeutics offer considerable promise. Wang et al. showed that Zingiber officinale Roscoe (Zingiberaceae), a bioactive metabolite derived from Zingiber officinale (ginger), mitigated inflammatory pain by suppressing neuronal excitability in the anterior cingulate cortex, suggesting a central mechanism of analgesia (Wang et al.). Complementarily, Hashemi et al. reported that Haematococcus pluvialis Flotow (Haematococcaceae), a marine carotenoid metabolite, alleviated neuropathic pain in a chronic constriction injury model. Its mechanism of action involved both oxidative stress reduction and modulation of opioid and benzodiazepine receptor pathways, reflecting its multi-target pharmacological properties (Hashemi et al.).
Age-related cognitive decline and neuronal senescence were explored by Garg et al., who investigated Glycine max (L.) Merr. (Fabaceae), a soybean-derived oligopeptide. In a doxorubicin-induced hippocampal aging model, Glycine max (L.) Merr. (Fabaceae) activated the Wnt/β-catenin signaling pathway, suppressed senescence markers such as p16^INK4a and p21, and improved memory performance (Garg et al.). Similarly, Wu et al. assessed the effects of Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae) in a neonatal white matter injury model. The metabolite promoted oligodendrocyte maturation and reduced microglial activation through inhibition of histone deacetylase 3 (HDAC3), suggesting that phytochemicals may exert neuroprotective effects via epigenetic modulation (Wu et al.).
Sleep and mood disturbances, commonly observed in neurodegenerative and psychiatric disorders, were addressed by Li et al. using Eucalyptus globulus Labill. (Myrtaceae) (EEO) (Li et al.). Their study demonstrated that EEO increased the levels of inhibitory neurotransmitters, including GABA and glycine, and modulated the composition of gut microbiota. These findings support the hypothesis that EEO exerts its sedative-hypnotic effects through gut–brain axis interactions, offering a novel mechanistic perspective on plant-based interventions for sleep disorders.
Clinical evaluations of traditional botanical drug formulations were also featured. Chang et al. conducted a meta-analysis on the use of Sophora flavescens Aiton (Fabaceae) in patients experiencing bone neuropathic pain secondary to tumor metastasis. The analysis revealed significant reductions in pain severity and improvements in functional outcomes, validating its therapeutic potential in oncology-related pain management (Chang et al.). Jiao et al. investigated the Yulinzhu botanical drug formula in women with polycystic ovary syndrome (PCOS), a condition involving neuroendocrine dysregulation (Jiao et al.). Their findings demonstrated improvements in ovulation rates and hormonal profiles, indicating potential modulation of the hypothalamic–pituitary–gonadal axis. These results emphasize the systemic therapeutic potential of CNS-targeted phytomedicine in broader physiological contexts.
Collectively, the contributions in this volume offer a comprehensive overview of recent progress in plant- and fungus-derived metabolites for CNS disorders. These studies address a wide spectrum of conditions—from neurodegeneration and trauma to chronic pain, neurodevelopmental injury, and neuroendocrine dysfunction—highlighting the ability of natural metabolites to influence key pathological processes such as oxidative stress, inflammation, apoptosis, proteostasis imbalance, and epigenetic dysregulation.
Critically, while the studies in this volume have advanced our understanding of the therapeutic potential of plant- and fungus-derived metabolites, several limitations remain. Many investigations rely on preclinical models that do not fully capture the complexity of human CNS disorders, and standardized methodologies for the development of botanical drugs are still lacking. Moreover, the pharmacokinetic profiles and long-term safety of several metabolites have not been comprehensively evaluated.
Future research should therefore prioritize the design and execution of robust clinical trials to validate these preclinical findings. Additionally, more in-depth mechanistic studies are needed to elucidate the molecular targets of these metabolites, and efforts should be made to optimize extraction, purification, and standardization protocols for botanical drugs. Interdisciplinary approaches that integrate ethnopharmacology, neurobiology, and advanced drug delivery systems will be crucial to translating these promising findings into effective therapeutic interventions. Such research topics will not only help bridge the gap between preclinical promise and clinical application but will also set the scene for further developments in CNS pharmacotherapy.
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Background: Polycystic Ovary Syndrome (PCOS) is a prevalent endocrine disorder that affects women of reproductive age, characterized by chronic anovulation, hyperandrogenism, and polycystic ovarian morphology. Emerging evidence indicates that neurological disorders play a significant role in the etiology of PCOS, highlighting the complex interplay between the central nervous system (CNS) and ovarian function. Yulinzhu, a traditional Chinese medicine (TCM) formulation, has been traditionally used to regulate menstrual cycles and improve fertility. This study aims to investigate the efficacy and mechanisms of Yulinzhu in treating PCOS induced by neurological disorders.Methods: An extensive literature search was performed across electronic databases such as PubMed, EMBASE, Cochrane Library, and China National Knowledge Infrastructure (CNKI), covering publications up to 1 June 2024. The review included randomized controlled trials (RCTs) that compared Yulin Zhu with placebo, standard care, or other active treatments in patients with PCOS. Two reviewers independently carried out data extraction and quality assessment. Meta-analyses were conducted using both fixed and random-effects models, with heterogeneity evaluated using the I2 statistic.Results: We screened 891 records and included 6 studi es in the meta-analysis. The meta-analysis revealed that Yulinzhu about effective rate [RR = 1.19, 95% CI (1.10, 1.29), p < 0.0001], pregnancy rate [RR = 2.80, 95% CI (1.65, 4.76), p < 0.0001] and ovulation rate [RR = 1.33, 95% CI (1.10, 1.62), p = 0.04]. Meta-analysis shows the results of follicle estrogen [WMD = 0.69, 95% CI (−0.39, 1.78), p = 0.21], luteinizing hormone [WMD = −2.27, 95% CI (−3.86, −0.67), p = 0.005], testosterone [WMD = −0.44, 95% CI (−0.64, −0.25), p < 0.0001], estradiol [WMD = 16.20, 95% CI (2.74, 29.67), p < 0.0001].Conclusion: This study demonstrates that plant medicine compund Yulinzhu may effectively treats PCOS including hormonal regulation, anti-inflammatory actions, and neuroprotection. We expect further research with larger, well-designed clinical trials to substantiate our conclusions.Keywords: polycystic ovary syndrome, neurological disorders, Yulinzhu, hormonal regulation, neuroprotection
1 BACKGROUND
Polycystic Ovary Syndrome (PCOS) is a multifaceted endocrine disorder that affects a significant percentage of women of reproductive age. There is a complex relationship between Polycystic Ovary Syndrome (PCOS) and neurological disorders. Abnormalities in the nervous system can influence the hypothalamic-pituitary-ovarian (HPO) axis and the autonomic nervous system, leading to the development and exacerbation of PCOS. Specific mechanisms include neurotransmitter imbalances and the impact of chronic stress on hormone secretion, which can result in ovarian dysfunction and metabolic disturbances, thereby worsening the symptoms of PCOS. Characterized by hyperandrogenism, ovulatory dysfunction, and polycystic ovarian morphology, PCOS is associated with a range of complications including infertility, metabolic syndrome, and increased cardiovascular risks (Goodarzi et al., 2011). While the etiology of PCOS is multifactorial and not completely understood, it is widely recognized that both genetic and environmental factors contribute to its development (Lizneva et al., 2016). One emerging area of interest is the relationship between neurological disorders and the onset of PCOS. This nexus offers a novel perspective on the pathophysiology of PCOS and potential therapeutic approaches, such as the use of traditional Chinese medicine (TCM) formulations like Yulinzhu (Macut et al., 2017). Neurological disorders, including stress-related conditions and abnormalities in central nervous system regulation, have been implicated in the development and exacerbation of PCOS (Stener-Victorin et al., 2020). The hypothalamic-pituitary-gonadal (HPG) axis plays a crucial role in regulating reproductive function, and disturbances in this axis due to neurological disorders can lead to hormonal imbalances characteristic of PCOS (Chang and Dunaif, 2021). Chronic stress, for example, can alter the secretion of gonadotropin-releasing hormone (GnRH), leading to dysregulation of luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion, ultimately affecting ovarian function. Additionally, the autonomic nervous system and neurotransmitter imbalances are believed to influence insulin resistance and androgen production, both of which are key metabolites in the pathogenesis of PCOS (Ganie et al., 2019).
Yulinzhu, a traditional Chinese medicinal formulation, has been used for centuries in the treatment of various gynecological disorders. Its application in modern medicine, particularly in the treatment of PCOS, is based on its multifaceted pharmacological effects (Rothenberg et al., 2018). Yulinzhu is composed of a variety of botanical drugs that work synergistically to regulate hormonal balance, improve insulin sensitivity, and reduce inflammation. Studies have shown that the metabolites in Yulinzhu can modulate the HPG axis, enhance ovarian function, and alleviate the metabolic disturbances associated with PCOS (Islam et al., 2022).
The integration of TCM in the treatment of PCOS provides a holistic approach that targets multiple aspects of the disorder. Traditional Chinese medicine emphasizes the balance of the body’s systems and the harmonization of internal energies, which aligns well with the multifactorial nature of PCOS (VanHise et al., 2023). The use of Yulinzhu aims to address both the symptoms and underlying causes of PCOS, offering a potential alternative or complementary therapy to conventional treatments. Research into the efficacy of Yulinzhu for PCOS, particularly when the condition is precipitated by neurological disorders, is still in its early stages (Fan et al., 2023). However, preliminary studies and clinical observations suggest promising outcomes (Wang et al., 2022).
Paeonia lactiflora, or White Peony root, is another vital extract in Yulinzhu. It is used for its properties in nourishing the blood, soothing the liver, and relieving pain, which are particularly beneficial in managing the symptoms of PCOS, such as irregular menstruation and dysmenorrhea (Rebar and Keator, 2024). Similarly, Ligusticum chuanxiong, known as Chuanxiong, is included for its effectiveness in promoting blood circulation and alleviating pain, thereby addressing the stagnation often associated with PCOS (Liu et al., 2020). Dioscorea opposita, or Chinese Yam, is included in Yulinzhu for its ability to strengthen the spleen and stomach, nourish the kidney, and consolidate essence, which supports metabolic health and hormonal regulation (McGowan and Quinlivan, 2019). Poria cocos, derived from a fungus, is another metabolite that aids in dispelling dampness, promoting urination, and enhancing spleen function, thereby contributing to the management of metabolic syndrome and insulin resistance commonly seen in PCOS patients (Abruzzese et al., 2023). Alisma orientale, or Alisma, is utilized for its diuretic properties, helping to eliminate excess fluids and clear heat, which can assist in reducing inflammation and metabolic disturbances (Soares Júnior et al., 1992; Han et al., 2023). Paeonia suffruticosa, also known as Moutan Cortex, is included for its ability to clear heat and cool the blood, promoting blood circulation and reducing stasis, which are essential in addressing the hormonal imbalances in PCOS (McGowan and Quinlivan, 2019). Leonurus japonicus, or Motherwort, is another botanical drug in Yulinzhu that is known for its ability to regulate menstruation and promote blood circulation, helping to alleviate the symptoms of PCOS (Pei et al., 2021). Equus asinus, or donkey-hide gelatin (Ejiao), although not a plant extract, is included for its potent blood-nourishing and hemostatic effects, complementing the overall formulation by improving blood quality and circulation (Murri et al., 2014).
Yulinzhu’s efficacy in treating PCOS is deeply rooted in the synergistic effects of its plant extracts. Each herb contributes specific therapeutic properties, ranging from blood nourishment and circulation enhancement to hormonal regulation and metabolic support. The integration of these diverse medicinal plants into a single formulation exemplifies the holistic approach of traditional Chinese medicine in managing complex endocrine disorders like PCOS (Papalou et al., 2016).
The connection between neurological disorders and PCOS also underscores the importance of a multidisciplinary approach in managing the condition (Presswala and De Souza, 2023). Neurologists, endocrinologists, and gynecologists must collaborate to develop comprehensive treatment plans that address the complex interplay between the nervous system and reproductive health (Andrade et al., 1992). The use of TCM, and specifically Yulinzhu, can be an integral part of this approach, providing benefits that extend beyond symptom management to address the root causes of the disorder (Wenli, 2020). In this meta-analysis we assessed the efficacy and safety of Yulinzhu about treating neurological disorder causing polycystic ovary syndrome.
2 METHODS
2.1 Study objectives
The primary objective of this study is to systematically evaluate the clinical efficacy of Yulinzhu in treating Polycystic Ovary Syndrome (PCOS), thereby providing evidence-based support and reference for its clinical application.
2.2 Composition and taxonomic validation of compound Yulinzhu
The composition of Compound Yulinzhu has been taxonomically validated using resources such as the Medicinal Plant Names Services (MPNS) and Plants of the World Online (POWO). The full species names, including the authority, family, and pharmacopeial names, are provided below.
2.3 Literature search
A comprehensive literature search was conducted using multiple databases to ensure a thorough collection of relevant studies. The databases searched included:
	(a) PubMed: A free resource developed and maintained by the National Center for Biotechnology Information (NCBI) at the U.S. National Library of Medicine (NLM). It provides access to a vast collection of biomedical and life sciences literature.
	(b) Web of Science: A multidisciplinary database that includes citation data from various scientific disciplines, offering access to multiple research databases that allow for in-depth exploration of specialized sub-fields within an academic or scientific discipline. It included the following databases.
	(c) Cochrane Library: A collection of high-quality, independent evidence to inform healthcare decision-making. It includes the Cochrane Database of Systematic Reviews and the Cochrane Central Register of Controlled Trials.
	(d) SinoMed: A comprehensive database covering a wide range of Chinese medical journals, providing valuable access to literature published in China.
	(e) China National Knowledge Infrastructure (CNKI): A key national information construction project of China, providing comprehensive access to a wide array of Chinese academic journals and dissertations.
	(f) VIP Database: A significant Chinese database that offers extensive coverage of Chinese academic journals in various fields.
	(g) Wanfang Database: Another essential Chinese database providing access to a large collection of academic journals, dissertations, conference proceedings, and other scholarly resources.

The search strategy employed a combination of relevant keywords and medical subject headings (MeSH) terms such as “Yulinzhu,” “Polycystic Ovary Syndrome,” and “PCOS.” We included all relevant studies published from the inception of these databases until 1 June 2024 (The details are in the supplementary document).
2.4 Inclusion criteria
This review included randomized controlled trials (RCTs), whether blinded or not, that were published in Chinese or international journals. The participants were women of reproductive age diagnosed with PCOS based on the 2018 Chinese Medical Association guidelines for PCOS diagnosis, which include:
(a) Infrequent or absent menstrual periods or irregular uterine bleeding.
(b) At least one of the following:
(1) Clinical hyperandrogenism (e.g., acne, hirsutism) or biochemical hyperandrogenemia (serum testosterone ≥2.6 nmol/L, typically not exceeding twice the upper limit of normal).
(2) Polycystic ovarian morphology (PCOM) on ultrasound, defined as ovarian volume ≥10 mL and/or the presence of ≥12 follicles of 2–9 mm diameter in one or both ovaries.
(3) Exclusion of other disorders that could cause hyperandrogenism or ovulatory dysfunction, such as adrenal hyperplasia or Cushing’s syndrome.
2.5 Exclusion criteria
Studies were excluded if they:
	(a) Had incomplete, biased, erroneous, or unobtainable data.
	(b) Were duplicate publications.
	(c) Were reviews, expert opinions, conference papers, animal experiments, case reports, or non-RCT clinical trials.
	(d) Did not clearly specify the intervention measures, or the intervention did not primarily involve Yulinzhu.
	(e) Evaluated outcomes unrelated to PCOS efficacy.

2.6 Interventions
The control group received standard Western medical treatment, while the experimental group received Yulinzhu in addition to the control treatment or Yulinzhu-based herbal modifications. The formulation of Yulinzhu was limited to decoctions, with no restrictions on the origin, dosage, administration method, or treatment duration of the botanical drugs used.
2.7 Primary outcome measure

(a) Overall Clinical Efficacy: This is defined as the combined rate of significant and effective responses. It is a composite measure that includes improvements in clinical symptoms and laboratory findings, indicating the overall effectiveness of the treatment.
(b) Safety: Whether Yulinzhu will bring adverse event.
2.8 Secondary outcome measures

	(a) Pregnancy Rate: The proportion of women who achieved pregnancy during the study period.
	(b) Ovulation Rate: The proportion of women who experienced ovulation as determined by clinical or laboratory assessments.
	(c) Hormone Levels: Changes in key hormonal indicators, including:
	Luteinizing Hormone (LH): A hormone that plays a crucial role in regulating the menstrual cycle and ovulation.
	Follicle-Stimulating Hormone (FSH): A hormone essential for ovarian follicle growth and development.
	Testosterone: A hormone often elevated in women with PCOS, contributing to symptoms such as hirsutism and acne.
	Estradiol: A form of estrogen that is important for reproductive and menstrual function.

These outcome measures were chosen to provide a comprehensive assessment of the efficacy of Yulinzhu in treating PCOS, addressing both clinical and biochemical aspects of the condition.
2.9 Data extraction
Relevant literature on the treatment of PCOS with Yulinzhu was identified from the databases. The NoteExpress 3.7.0 software was used to manage the literature, excluding duplicates. Titles and abstracts were screened to exclude irrelevant studies, focusing on those that involved RCTs with Yulinzhu. Full texts of potentially eligible studies were then reviewed to confirm inclusion criteria. Extracted data included:
1. Basic information (publication date, first author).
2. Sample sizes of treatment and control groups.
3. Intervention details for both groups.
4. Treatment duration.
5. Clinical outcomes (e.g., efficacy rates, pregnancy rates).
2.10 Risk of bias and quality assessment
The Cochrane Collaboration’s “Risk of Bias” tool was used to assess bias across seven domains: random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, completeness of outcome data, selective reporting, and other potential biases. Each domain was rated as “low risk,” “high risk,” or “unclear risk,” with justifications provided for each rating.
2.11 Statistical analysis
Data analysis was performed using RevMan 5.4 software recommended by the Cochrane Collaboration. Continuous variables were analyzed using mean difference (MD) or standardized mean difference (SMD) to describe effect sizes, while dichotomous variables were analyzed using relative risk (RR), with 95% confidence intervals (CI). Heterogeneity was assessed using the Chi-square test and I2 statistic. If p > 0.10 and I2 ≤ 50%, a fixed-effect model was used; otherwise, a random-effects model was employed. Sensitivity analysis or subgroup analysis was conducted to explore sources of heterogeneity. Funnel plots were used to assess publication bias, with symmetrical plots indicating minimal bias and asymmetrical plots indicating potential bias.
2.12 Heterogeneity analysis
The meta-analysis revealed some heterogeneity in the intervention protocols and outcome measures across the included studies. To explore the sources of heterogeneity, we conducted subgroup analyses and sensitivity analyses. Subgroup analyses will be performed based on different intervention protocols (e.g., dosage, duration of treatment) and specific outcome measures if it can reduce the heterogeneity. These analyses helped identify variations that contributed to heterogeneity and provided a clearer understanding of the overall effects. Sensitivity analyses were conducted by excluding studies with high risk of bias or significantly different protocols. The results of these analyses indicated that the main findings were robust and not significantly influenced by the exclusion of these studies.
2.13 Safety assessment
In addition to efficacy, we evaluated the safety of Yulinzhu treatment by assessing the incidence of adverse events reported in the included studies. Safety data were extracted and analyzed to provide a comprehensive overview of the potential risks associated with Yulinzhu treatment.
3 RESULTS
3.1 Literature retrieval process
We conducted a systematic literature screening and analysis process. Initially, 891 records were identified through database searching, with no additional records identified from other sources. After removing duplicates, the number of records was reduced to 482. Subsequently, these records were screened by title and abstract, resulting in the exclusion of 441 records, leaving 41 records for full-text assessment. Upon full-text review, 35 articles were excluded for various reasons: 21 were non-clinical studies, 4 were observational or retrospective studies, 9 lacked sufficient baseline information, and 1 did not meet the inclusion criteria of using ginseng as the main treatment. Ultimately, 6 studies were included in the qualitative synthesis, all of which were also included in the quantitative synthesis (meta-analysis) (Figure 1).
[image: Flowchart illustrating the study selection process in four stages: Identification, Screening, Eligibility, and Included. Initially, 891 records were identified via database searches. After removing duplicates, 482 records remained. During screening, 41 records were excluded based on titles and abstracts. In the eligibility phase, 41 full-text articles were assessed, with 35 excluded for various reasons, such as non-clinical studies and insufficient baseline information. Finally, six studies were included in the quantitative synthesis and meta-analysis.]FIGURE 1 | Literature retrieval process.
3.2 Characteristic of include literature
The table summarizes six studies, each comparing a control group (Con.) and an experimental group (Exp.), both consisting of the same number of participants. In these studies, the control group received regular treatment, while the experimental group received a combination of Yulinzhu and regular treatment. The duration of the interventions varied slightly, with most studies lasting 3 months, except for He 2020, which lasted 12 weeks. The studies included in the table are He 2020, Li 2018, Li 2019, Lou 2019, Sun 2015, and Wei 2019 (Tables 1–3).
TABLE 1 | Composition and taxonomic validation of compound Yulinzhu.
[image: A table listing six ingredients with their families, specific parts used, quantities in grams, and their functions. Ingredients include Paeonia lactiflora, Ligusticum chuanxiong, Dioscorea opposita, Poria cocos, Alisma orientale, and Paeonia suffruticosa. Functions range from nourishing blood and promoting circulation to strengthening spleen and kidneys, dispelling dampness, and reducing inflammation. Quantities vary from ten to fifteen grams.]TABLE 2 | Characteristic of include literature.
[image: Table comparing six studies on different interventions. Columns list study details, number of controls, number of experimental groups, interventions for controls (Yulinzhu plus regular treatment) and experimental groups (regular treatment), period duration, and results. Results reference variables: total effective rate, ovulation rate, pregnancy rate, luteinizing hormone, follicle stimulation, estradiol, and testosterone.]TABLE 3 | Composition, processing, and extr action of compound Yulinzhu.
[image: Table showing six studies: He 2020, Li 2018, Li 2019, Lou 2019, Sun 2015, and Wei 2019. Each study confirms composition consistency and processing and extraction details. All studies used a standardized decoction preparation method.]3.3 Risk of bias about included studies
The risk of bias assessment for the included studies is presented in two parts. Figure 2A provides an overall summary of the risk of bias across various domains, including random sequence generation, allocation concealment, blinding of participants and personnel, blinding of outcome assessment, incomplete outcome data, selective reporting, and other biases. Most domains exhibit a low risk of bias, indicated by the green bars, with some domains showing an unclear risk of bias, represented by the yellow bars. Allocation concealment shows a small proportion of high risk of bias, indicated by the red bar. Figure 2B details the risk of bias for each included study individually. Each study is assessed across the same domains as in part A, with green circles indicating low risk of bias, yellow circles indicating unclear risk of bias, and red circles indicating high risk of bias. Most studies demonstrate a low risk of bias across most domains, with a few instances of unclear risk and one instance of high risk of bias in allocation concealment for the study Li 2018. Overall, the risk of bias assessment suggests that the included studies are generally of high quality, with minimal risks that could affect the validity of the findings (Figure 2).
[image: Graphical representation of risk of bias in various studies. Panel A shows a horizontal bar chart depicting the risk levels for seven bias types. Most bars are green, indicating a low risk of bias, with some yellow for unclear risk and one red for high risk. Panel B provides a detailed assessment for five studies, represented by a grid of circles, each colored to indicate low (green), unclear (yellow), or high (red) risk for the same seven bias types.]FIGURE 2 | Risk of bias (A) Risk of bias graph 3
3.4 Effective rate
The results of the meta-analysis shows that a forest plot comparing the risk ratios (RR) for the experimental and control groups across multiple studies (Sun 2015, Li 2018, Li 2019, Lou 2019, and He 2020). The overall effect size indicates a significant benefit of the experimental intervention (Yulinzhu + regular treatment) compared to the control (regular treatment alone), with a combined RR of 1.19 [1.10, 1.29] and a high level of confidence (p < 0.0001). The accompanying funnel plot assesses the potential for publication bias, showing a symmetrical distribution of studies. The results of heterogeneity analysis I2 and sensitivity analysis show that the differences between groups are very small (Figure 3).
[image: Meta-analysis image showing three charts:  A) Forest plot displaying risk ratios for six studies comparing experimental and control groups. Summary estimate favors experimental intervention.  B) Funnel plot indicates study selection bias, showing asymmetry among plotted study estimates.  C) Empty grid for heterogeneity analysis, labeled for reference, likely intended for future data input.]FIGURE 3 | Effective rate of Yulinzhu treatment (A) forest plot of effective rate (B) funnel plot of effective rate (C) Sensitivity analysis.
3.5 Pregnancy rate
Figure 4A focuses on pregnancy rate about studies (Lou 2019, Wei 2019, and He 2020), showing a significant improvement in the experimental group with a combined RR of 2.80 [1.65, 4.76] (p < 0.0001). The heterogeneity among these studies is low, indicating consistent results across the studies. The funnel plot (Figure 4B) for this subgroup also suggests minimal publication bias. Sensitivity analysis show that the differences between groups are very small (Figure 4C) (Figure 4).
[image: Meta-analysis results with three sections: (A) a forest plot comparing experimental and control events across studies showing risk ratios and confidence intervals. (B) a funnel plot assessing publication bias, with points symmetrically distributed. (C) a scatter plot displaying sensitivity analysis results for different scenarios.]FIGURE 4 | Pregnancy rate of Yulinzhu treatment (A) forest plot of pregnancy rate (B) funnel plot of pregnancy rate (C) Sensitivity analysis.
3.6 Ovulation rate
Figure 5A examines ovulation rate from studies (Lou 2019, Wei 2019, and He 2020), with a combined RR of 1.33 [1.10, 1.62] (p = 0.004), indicating a favorable effect of the experimental intervention. The heterogeneity is slightly higher but still acceptable, and the funnel plot (Figure 5B) does not show significant asymmetry, implying low risk of publication bias. Sensitivity analysis show that the differences between groups are very small (Figure 5C).
[image: Meta-analysis including three studies comparing experimental and control groups with a risk ratio. Panel A displays a forest plot with studies from Lou2019, Wei2019, and Nie2020. The overall risk ratio is 1.33. Panel B shows a funnel plot assessing publication bias. Panel C is a Galbraith plot assessing heterogeneity in study results.]FIGURE 5 | Ovulation rate of Yulinzhu treatment (A) forest plot of ovulation rate (B) funnel plot of ovulation rate (C) Sensitivity analysis.
3.7 Follicle-stimulating hormone
The results presented in Figure 6 evaluates the mean differences of follicle-stimulating hormone between the experimental group (Yulinzhu + regular treatment) and the control group (regular treatment alone) across follicular estrogen. In Figure 6A, the forest plot compares the mean differences for several studies (Li 2018, Lou 2019, Wei 2019, He 2020), showing WMD = 0.69 95% CI [−0.39, 1.78] with a p-value of 0.21. Funnel plot in Figure 6B assesses the potential for publication bias, showing a somewhat symmetrical distribution. Sensitivity analysis show that the differences between groups are very small (Figure 6C).
[image: Forest plot displaying a meta-analysis of five studies comparing experimental and control groups, showing mean differences and confidence intervals. Subpart B is a funnel plot assessing the study's publication bias. Subpart C is a L'Abbé plot evaluating individual study effects.]FIGURE 6 | F Follicle-Stimulating Hormone of Yulinzhu treatment (A) forest plot of follicle-Stimulating Hormone (B) funnel plot of follicle-Stimulating Hormone (C) Sensitivity analysis.
3.8 Luteinizing hormone
Figure 7A’s forest plot examines luteinizing hormone with WMD = −2.27, 95% CI [–3.86, –0.67] and a p-value of 0.005, indicating a significant benefit for the experimental group. The funnel plot in Figure 7B shows a symmetrical distribution, suggesting minimal publication bias. Sensitivity analysis show that the differences between groups are very small (Figure 7C).
[image: Forest plot illustrating a meta-analysis of five studies comparing experimental versus control groups. Panel A shows a table with study details and a forest plot with a summary diamond. Panel B presents a funnel plot for publication bias detection. Panel C includes a meta-regression plot, examining potential study covariates. The analysis indicates overall effectiveness with heterogeneity assessment. Data details and confidence intervals are provided.]FIGURE 7 | Luteinizing hormone of Yulinzhu treatment (A) forest plot of luteinizing hormone (B) funnel plot of luteinizing hormone (C) Sensitivity analysis.
3.9 Testosterone
Figure 8A of testosterone presents a forest plot with WMD = −0.44, 95% CI [−0.61, −0.25] and a highly significant p-value of less than 0.0001, reflecting a favorable effect of the experimental intervention. The funnel plot in Figure 8B indicates minimal asymmetry, implying low risk of publication bias. Sensitivity analysis show that the differences between groups are very small (Figure 8C).
[image: Panel A shows a forest plot with mean differences comparing experimental and control groups across three studies from 2018 to 2020. The total effect favors the experimental group. Panel B is an empty funnel plot. Panel C is a Baujat plot with no visible outliers.]FIGURE 8 | Testosterone of Yulinzhu treatment (A) forest plot of testosterone (B) funnel plot of testosterone (C) Sensitivity analysis.
3.10 Estradiol
Finally, Figure 9A of estradiol forest plot shows a WMD = 16.02, 95%CI [4.74, 26.67] with a p-value of 0.02, suggesting a significant positive effect of the experimental intervention. The corresponding funnel plot in Figure 9B is more symmetrical, indicating a low likelihood of publication bias. Sensitivity analysis show that the differences between groups are very small (Figure 9C)
[image: Figure A is a forest plot showing a meta-analysis of several studies comparing experimental and control groups, highlighting mean differences with confidence intervals. Figure B is a funnel plot displaying publication bias with scattered points around a central line. Figure C is a Galbraith plot visualizing study precision and effect sizes relative to a summary estimate line.]FIGURE 9 | Estradiol of Yulinzhu treatment (A) forest plot of estradiol (B) funnel plot of estradiol (C) Sensitivity analysis.
3.11 Safety outcomes
The safety assessment of Yulinzhu was conducted based on the adverse events reported in the included studies. The most commonly reported adverse events included gastrointestinal discomfort, mild headache, and transient dizziness. These were generally mild and resolved without the need for additional treatment. No serious adverse events were reported in any of the studies. All reported adverse events were classified as mild to moderate in severity. The incidence of adverse events in the Yulinzhu treatment groups was comparable to or lower than that in the control groups, indicating a favorable safety profile.
4 DISCUSSION
The findings of this study provide significant insights into the therapeutic potential of Yulinzhu, a traditional Chinese medicine (TCM) formulation, in treating Polycystic Ovary Syndrome (PCOS) induced by neurological disorders. PCOS is a multifaceted endocrine disorder that not only impacts reproductive health but also poses significant metabolic and psychological challenges. The complex interplay between the central nervous system (CNS) and ovarian function, highlighted by recent research, underscores the necessity for a holistic treatment approach that addresses both hormonal and neurological metabolites (Gao et al., 2023). We screened 891 records and included 6 studies in the meta-analysis. The results revealed that Yulinzhu had a significant effect on the effective rate (RR = 1.19, 95% CI [1.10, 1.29], p < 0.0001), pregnancy rate (RR = 2.80, 95% CI [1.65, 4.76], p < 0.0001), and ovulation rate (RR = 1.33, 95% CI [1.10, 1.62], p = 0.04). Additionally, the meta-analysis showed the following results: follicle estrogen (WMD = 0.69, 95% CI [-0.39, 1.78], p = 0.21), luteinizing hormone (WMD = −2.27, 95% CI [-3.86, −0.67], p = 0.005), testosterone (WMD = −0.44, 95% CI [-0.64, −0.25], p < 0.0001), and estradiol (WMD = 16.20, 95% CI [2.74, 29.67], p < 0.0001).
Our meta-analysis consolidates evidence from multiple clinical studies, demonstrating that Yulinzhu significantly improves menstrual regularity and reduces androgen levels in PCOS patients (Shang et al., 2020; Tong et al., 2022). These findings are critical, as they suggest that Yulinzhu can effectively manage the primary symptoms of PCOS, which are often resistant to conventional treatments (Ma and Tan, 2017; Zhang N. et al., 2023).
The traditional use of Yulinzhu in TCM emphasizes the harmonization of internal energies and the balance of bodily systems, which aligns well with the multifactorial nature of PCOS (Shang et al., 2021). The integration of such holistic approaches in modern medicine can offer complementary benefits to conventional treatments, particularly for conditions with complex etiologies like PCOS. The findings from this study support the potential of Yulinzhu as an effective treatment for PCOS, especially when the condition is exacerbated by neurological disorders (Ding et al., 2021). This highlights the importance of a multidisciplinary approach in managing PCOS, involving collaboration between neurologists, endocrinologists, and gynecologists (Wu et al., 2022).
The results also underscore the need for further research to fully elucidate the mechanisms underlying Yulinzhu’s effects (Teede et al., 2023). While the meta-analysis demonstrated significant benefits of Yulinzhu in treating PCOS, it is important to note the heterogeneity observed in intervention protocols and outcome measurements across the included studies. We attempted subgroup analyses based on age, treatment duration, and other factors, but these did not reduce the heterogeneity. Consequently, we performed a sensitivity analysis and found that no single study significantly affected the overall results. The observed heterogeneity in our study may arise from inherent differences in the clinical research process. To improve the generalizability and comparability of results in future research, it is essential to standardize intervention protocols and measurement indicators. Consistent application of protocols and uniform outcome measures will enhance the reliability of meta-analytic findings (Hu et al., 2021). While our meta-analysis indicates that most studies have a low risk of bias, we identified a high risk of bias in allocation concealment in individual studies such as Li 2018. This highlights the necessity for future research to adopt stringent methodological standards, including proper randomization, allocation concealment, and blinding procedures, to minimize biases and enhance the credibility of study results. Detailed descriptions of the intervention protocols and outcome measures are provided to enhance transparency and facilitate the assessment of the generalizability of the results. While the total number of participants across the included studies is indeed less than 900, we believe that the sample size is sufficient to detect significant effects and provide preliminary evidence for the efficacy of Yulinzhu in treating PCOS induced by neurological disorders. Future studies should focus on larger, well-designed clinical trials to confirm the efficacy and safety of Yulinzhu in diverse patient populations (Ye et al., 2021). Furthermore, the role of chronic stress and its impact on the hypothalamic-pituitary-gonadal (HPG) axis in PCOS development warrants further investigation. Stress-related alterations in GnRH secretion can lead to dysregulation of LH and FSH, contributing to the hormonal imbalances characteristic of PCOS. Understanding how Yulinzhu modulates these neuroendocrine pathways could enhance its therapeutic application and inform the development of more targeted treatments (Zhang Y. et al., 2023; Xu et al., 2023).
In addition to demonstrating the efficacy and safety of Yulinzhu in treating PCOS associated with neurological disorders, this study underscores the need for larger, multi-center clinical trials to confirm the findings across diverse populations. The observed heterogeneity in intervention protocols and outcome measures highlights the necessity for standardizing these elements in future research. Furthermore, while our study provides evidence for the clinical efficacy of Yulinzhu, further mechanistic studies are needed to elucidate the molecular and biochemical pathways through which Yulinzhu exerts its effects. Investigating the long-term safety and efficacy of Yulinzhu, including potential cumulative effects and the sustainability of its benefits, is also essential. Future research should explore the integration of Yulinzhu with conventional treatments for PCOS to assess potential synergistic effects and interactions. Additionally, given the multifaceted nature of Yulinzhu, its potential applications in other endocrine and neurological disorders warrant investigation. Overall, our study not only validates the traditional use of Yulinzhu in managing PCOS but also sets the stage for future research to expand and deepen our understanding of its therapeutic potential, contributing to the development of integrative treatment strategies for complex disorders.
In conclusion, this study demonstrates that Yulinzhu effectively treats PCOS associated with neurological disorders by targeting multiple pathways, including hormonal regulation, anti-inflammatory actions, and neuroprotection. These findings provide a scientific basis for the traditional use of Yulinzhu in managing PCOS and suggest potential new therapeutic strategies for addressing the neurological aspects of this disorder (Welt, 2021). The integrative approach combining traditional and modern medical practices can offer a comprehensive treatment strategy, addressing the multifaceted nature of PCOS and improving patient outcomes (Xu et al., 2022). The promising results from this study pave the way for further research into the potential of TCM formulations like Yulinzhu in treating complex endocrine disorders, highlighting the value of integrative medicine in achieving holistic health and wellbeing (Ye et al., 2021).
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Background: White matter injury is a predominant form of brain injury in preterm infants. However, effective drugs for its treatment are currently lacking. Previous studies have shown the neuroprotective effects of Isoliquiritigenin (ISL), but its impact on white matter injury in preterm infants remains poorly understood.Aims: This study aimed to investigate the protective effects of ISL against white matter injury caused by infection in preterm infants using a mouse model of lipopolysaccharide-induced white matter injury, integrating network pharmacology as well as in vivo and in vitro experiments.Methods: This study explores the potential mechanisms of ISL on white matter injury by integrating network pharmacology. Core pathways and biological processes affected by ISL were verified through experiments, and motor coordination, anxiety-like, and depression-like behaviors of mice were evaluated using behavioral experiments. White matter injury was observed using hematoxylin-eosin staining, Luxol Fast Blue staining, and electron microscopy. The development of oligodendrocytes and the activation of microglia in mice were assessed by immunofluorescence. The expression of related proteins was detected by Western blot.Results: We constructed a drug-target network, including 336 targets associated with ISL treatment of white matter injury. The biological process of ISL treatment of white matter injury mainly involves microglial inflammation regulation and myelination. Our findings revealed that ISL reduced early nerve reflex barriers and white matter manifestations in mice, leading to decreased activation of microglia and release of proinflammatory cytokines. Additionally, ISL demonstrated the ability to mitigate impairment in oligodendrocyte development and myelination, ultimately improving behavior disorders in adult mice. Mechanistically, we observed that ISL downregulated HDAC3 expression, promoted histone acetylation, enhanced the expression of H3K27ac, and regulated oligodendrocyte pro-differentiation factors.Conclusion: These findings suggest that ISL can have beneficial effects on white matter injury in preterm infants by alleviating inflammation and promoting oligodendrocyte differentiation.[image: Diagram illustrating the effect of isoliquiritigenin on brain injury and oligodendrocyte development. It shows a process starting with microglia activation, leading to the release of IL-1β and TNF-α, affecting oligodendrocyte precursor cells (OPCs). Isoliquiritigenin influences epigenetic markers by interacting with HDAC3 and HAT, promoting acetylation (Ac-H3), and facilitating oligodendrocyte maturation. The timeline indicates the application of isoliquiritigenin and behavioral testing following white matter injury.]Keywords: isoliquiritigenin, anxiety, depression, white matter injury, oligodendrocytes, microglia, HDAC3
1 INTRODUCTION
According to the World Health Organization (WHO), approximately 15 million preterm babies are born every year, accounting for about one in ten live births. Preterm birth poses a significant international public health concern due to its close association with high rates of mortality and morbidity (Liu et al., 2016). Despite significant advances in preterm care that have greatly improved survival rates, there has been a concurrent rise in chronic neurological dysfunction among preterm infants (Wilson-Costello et al., 2005). Research indicates that a range of severe abnormalities in motor function, cognition, and emotion are present in 5–10 percent of preterm infants (Soria-Pastor et al., 2008; Volpe et al., 2011). It is important to recognize that brain injury in preterm infants not only detrimentally impacts their health and quality of life, but also imposes a significant economic burden on families and society (Kruse et al., 2009).
White matter injury is the primary form of brain injury observed in preterm infants (Volpe, 2009). Perinatal infection is widely recognized as one of the most significant risk factors for white matter injury (Edwards and Tan, 2006; Ledger, 2008). Infection-induced proinflammatory cytokines easily cross the blood-brain barrier and enter the brain parenchyma, subsequently activating microglia and initiating a detrimental cascade (Malaeb and Dammann, 2009; Kuypers et al., 2012). During the period of preterm birth, late oligodendrocyte progenitor cells (OPCs) are vulnerable to selective degeneration caused by adverse stimuli (Segovia et al., 2008). This damage disrupts the normal processes of oligodendrocyte maturation and myelination through aberrant regenerative and repair mechanisms (Back, 2017). Therefore, improving the inflammatory response of microglia and preserving the normal development of oligodendrocytes are critical therapeutic targets for white matter injury.
Isoliquiritigenin (ISL) is a compound extracted from licorice that possesses a chalcone structure. Numerous studies have demonstrated the diverse biological and pharmacological activities of ISL, including anti-inflammatory, antioxidant, and anti-tumor properties (Yadav et al., 2011; Peng et al., 2015). Notably, ISL exhibits notable neuroprotective effects (Shi et al., 2020). Research has revealed that ISL can inhibit the release of mitochondrial apoptosis-inducing factors, Bcl-2 and Bax, into the cytoplasm, suppress glutamate-induced reactive oxygen species (ROS) production, mitigate glutamate-induced damage to mitochondria, and prevent hippocampal neuronal death (Yang et al., 2012). Moreover, ISL has demonstrated the ability to enhance or maintain the antioxidant capacity of mice while inhibiting neuroinflammation (Zhu et al., 2019). Nevertheless, the role of ISL in white matter injury of the nervous system remains unexplored. This study aims to explore the therapeutic effects of ISL on white matter injury. First, network pharmacology will be used to predict the potential mechanisms by which ISL may treat white matter injury. Subsequently, an experimental model of white matter injury in premature infants will be established to verify whether ISL can reduce white matter injury and related neurobehavioral disorders, and to elucidate its specific mechanisms.
2 MATERIAL AND METHODS
2.1 Animals and white matter injury mice model
The experiment was conducted using Kunming mice pups (n = 111). Approval for all animal procedures was obtained from the Ethics Committee on Animal Experiments of the Medical School of Shandong University. The dams and pups, with 9–11 pups per litter, were housed in animal facilities maintained at a constant temperature of 22°C ± 2°C, and subjected to a 12-h light/dark cycle. They were provided unlimited access to food and water. The day of birth was designated as postnatal day 1 (P1). In order to establish a white matter injury model, the mice were intraperitoneally injected with lipopolysaccharide (LPS) for three consecutive days, starting from P3.
2.2 Drug treatment
The experiment was conducted following previous studies (Pang et al., 2012; Fan et al., 2013; Xie et al., 2016). The experimental design and drug treatment schedule are presented in Figure 2A. The experimental animals were divided into three groups: the Control group (treated with vehicle solution), the LPS group (treated with LPS at a dosage of 1 mg/kg/24 h), and the LPS + ISL group (treated with LPS at a dosage of 1 mg/kg/24 h, and ISL at a dosage of 4 mg/kg/24 h). At the end of the experiment, the mice were euthanized in accordance with institutional guidelines and approved protocols. The euthanasia was carried out using carbon dioxide (CO2) inhalation, followed by cervical dislocation to ensure death. CO2 was introduced into the chamber at a rate that displaced 10%–30% of the chamber volume per minute. The animals were monitored for cessation of respiration and lack of a heartbeat before proceeding with the subsequent procedures. All efforts were made to minimize animal suffering and to ensure a humane endpoint. The brain was removed, and the corpus callosum was collected and quickly stored at −80°C until further use. Some of the mice were used in the behavioral experiments. The LPS (Escherichia coli strain O111:B4) used in the experiments was purchased from Sigma-Aldrich (St. Louis, MO, United States) and prepared in saline solution (0.9% NaCl). ISL (98.07% purity) was purchased from MCE (shanghai, China) and dissolved in sterile saline with 1% dimethyl sulfoxide (Solarbio, Beijing, China). The chosen dosage of the drug was based on the results of our study (Supplementary Figure 1A, B) and consistent with previous literature demonstrating the neuroprotective effects of the agent (Liu et al., 2019; Wang et al., 2020).
2.3 Behavioral tests
Behavioral tests of mice were conducted between P42 and P56. Every behavioral experiment was conducted in an individual, dark chamber, devoid of unwanted external light and sound. During the experiment, the operator was blinded to the mice in the different treatment groups. Mice were moved there at least 30 min in advance before the experiment to adapt to the environment. After each mouse experiment, the behavioral device was cleaned with 75% ethanol. After each experiment, the mice rested for 24 h, waiting for the next experiment. A tracking system (TopScan 3.0) was used to record, measure and analyze all behavioral experiments.
2.3.1 Righting reflex
The mice were placed on the surface of the table with gentle pressure applied to both sides of their heads and hind limbs. Once released, the time taken by the mice to roll over and make contact with the table using all four limbs was recorded.
2.3.2 Negative geotaxis
The mice were positioned with their heads facing downward on a 45° incline. The time required for the mice to rotate and lift their heads was observed and recorded. If the mice did not complete the task within 60 s, the test was terminated.
2.3.3 Tail suspension test (TST)
The mice were suspended by their tails for 6 min and monitored using a video tracking system to assess escape-related behavior. The duration of immobility during the 6-min suspension period was recorded.
2.3.4 Forced swim test (FST)
This test aimed to assess depression-like behavior in the mice. The forced swim tests were conducted in a cylindrical glass tank measuring 30 cm in height and 18 cm in width, filled with fresh water at a temperature of 25°C ± 2°C and a depth of 20 cm. The total immobility duration was recorded over a 6-min period, with immobility defined as the time when the mouse made minimal movements to keep its head above the water surface.
2.3.5 Elevated plus maze (EPM)
This experiment aimed to evaluate anxiety-like behavior in mice. The apparatus used in this experiment consisted of two open arms and two closed arms. The dimensions of the open arms were 40 × 5 cm, while the dimensions of the closed arms were the same. All arms were surrounded by walls measuring 19 cm in height. The apparatus was positioned 50 cm above the ground. The mice were placed on the central platform of the maze, which measured 5 × 5 cm, facing towards an open arm. They were given 6 min to explore the maze, with locomotion data being collected using a video-tracking system.
2.3.6 Open field test (OFT)
The mice were placed in a 40 cm × 40 cm field and allowed to move freely for a duration of 10 min. They were initially situated in the center of the arena, with the center region defined as the 20 cm × 20 cm area located at the center. The activities of the mice were observed and recorded using an overhead video camera. The total distance moved and the time spent in the center were analyzed using an animal behavioral tracking system. After each mouse’s test, the open field apparatus was thoroughly cleaned with a 75% ethyl alcohol solution.
2.3.7 Grip strength
Grip strength was measured using a computerized grip strength meter. The apparatus comprised a metal bar connected to a force transducer. To measure the grip strength of the mouse’s whole body and fore paws, the experimenter held the mice at the base of the tail, enabling them to grip the metal bar with all four paws or just the fore paws. The experimenter pulled the mice backwards by their tails until they lost their grip. The peak force of each measurement was automatically recorded in grams (g) by the device. Three measurements of grip strength were taken in each mouse.
2.3.8 Rotating rod test
In the first 2 days of training, mice were placed on a rotating rod that underwent linear acceleration, reaching a minimum speed of 10 RPM and a maximum speed of 40 RPM at a rate of 9.9 RPM/s. They were then maintained at a constant speed of 40 RPM for an additional 5 min. On the third day, the mice were placed on a rotating rod at a fixed speed of 40 RPM to assess motor function and coordination based on the latency to fall.
2.4 Luxol fast blue (LFB) staining
Cryosections selected from each group were rinsed with distilled water for 5 min and dehydrated using an ascending ethanol series. The sections were then stained with preheated (55°C) luxol fast blue stain (LFB; 0.1 g LFB in 100 mL of 90% ethanol with 0.5 mL of 10% glacial acetic acid) for an extended period. Finally, the sections were sealed using neutral balsam and examined under a microscope.
2.5 Transmission electron microscope
The brain tissue of mice 21 days after birth was cut into 1 mm3 and fixed with 3% glutaraldehyde at 4°C for 2 h. The fixed tissue was washed 3 times with phosphate-buffered saline (PBS). The tissue was then fixed in 1% OsO4 at 4°C for 2 h. The tissues were dehydrated with ethanol gradient and infiltrated with 100% epoxy resin: acetone (1:3, 1:1, 3:1) for 1 h, 4 h, and 12 h, respectively. Finally, the tissues were embedded in fresh epoxy resin and polymerized at 37°C for 12 h, 45°C for 12 h, and 60°C for 1 h. The ultra-thin slices were supported on a grid (150 nm) and stained at room temperature for 20 min with uranyl acetate and 20 min with lead citrate. Images were captured using a Talos F200C transmission electron microscope (FEI Company).
2.6 Immunofluorescence
The mice were anesthetized and then perfused with a 4% paraformaldehyde solution. Subsequently, the brain tissue was removed and fixed for frozen sectioning. The brain tissue sections were washed three times with PBS. Next, they were blocked with a mixture of 10% goat serum and 0.3% Triton X-100 for 3 h, followed by incubation with the primary antibody overnight at 4°C. The primary antibodies used were anti-Iba1 (1:200, Abcam), anti-PDGFR-α (1:20, CST), and anti-APC (1:50, Beyotime Biotechnology). Then, the cells or sections were incubated with fluorescently conjugated secondary antibodies (AbBkine-488 and AbBkine-594) for 1 h. The nuclei were stained with DAPI (Sigma-Aldrich Corp). The images were acquired using an IX71 Olympus fluorescence microscope.
2.7 Immunohistochemical staining
The tissues were fixed using a 4% paraformaldehyde solution, dehydrated, embedded in paraffin, and then sectioned. Following dewaxing and hydration, the sections were immersed in a 3% hydrogen peroxide solution for 10 min. Subsequently, they were blocked with either 10% normal goat serum or 10% normal donkey serum, and incubated overnight at 4°C with the primary antibody (Anti-MBP antibody was used at a dilution of 1:600, CST). After washing with PBS, the samples were incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h. Following that, they were stained with 3,3′-diaminobenzidine (DAB) and photographed.
2.8 Primary microglia isolation and cell culture
Neonatal mice were sacrificed on postnatal day 3 (P3), and the brain tissue was removed, and the cerebellum, olfactory bulb, hippocampus and meninges were stripped. The rest of the brain tissue was then digested using 0.25% trypsin. The mixed glial single-cell suspension was further resuspended in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin/Amphotericin B (P/S/A) (100X). The cells were seeded into poly-lysine coated culture flasks at a density of approximately 5 × 10^6 cells/mL. On day 7, floating microglia were collected by gently tapping the culture flask. The isolated primary microglia were then seeded in either 6-well plates or 96-well plates for subsequent experiments. The cells were cultured in a humidified chamber at 37°C with 5% CO2.
2.9 Cell counting kit-8 (CCK-8) assay
The Cell Counting Kit-8 (CCK-8) assay (K1018, APExBIO) was performed to assess the impact of ISL on cell viability. Microglia were cultured in 96-well plates and exposed to varying concentrations of ISL for 24 h. Prior to testing, 100 μL of CCK-8 solution was added to each well of the culture plate and incubated in a CO2 incubator at 37°C for 2 h. The optical density at a wavelength of 450 nm was measured using a Microplate Reader (BIO-RAD iMark).
2.10 RNA isolation and real-time quantitative PCR
Mouse brain tissues were used to extract total RNA with TRIZOL reagent (Invitrogen). The purity and concentration of the total RNA were determined using a spectrophotometer (Thermo NanoDrop 2000). Subsequently, the cDNA was synthesized using the RevertAidTM First Strand cDNA Synthesis Kit (Thermo Fisher Scientific). Real-time PCR was performed with the SYBR Green Real-Time PCR Master Mix (TOYOBO CO., Ltd., Japan). β-actin expression served as the normalized control, and changes in gene expression were calculated using the 2^−ΔΔCT method. The primer sequences are provided in Table 1.
TABLE 1 | Primer sequences used for q-PCR experiments.
[image: Table listing q-PCR primer sequences for mouse genes. Includes gene names like Actin, IL-1β, TNF-α, HDAC1, HDAC2, HDAC3, HDAC8, Olig1, Olig2, TCF4, NKX2.2, ID2, ID4, SOX17, SOX9, and SOX10 with corresponding forward and reverse primer sequences.]2.11 Western blot
The corpus callosum tissue was lysed in RIPA buffer at 4°C for 30 min. Following centrifugation, the supernatant was collected, and the total protein concentration was measured using the BCA method. Equal amounts of protein from each sample were then separated using 8%–15% SDS-PAGE gel electrophoresis and transferred onto PVDF membranes with pore sizes of either 0.22 or 0.45 μm (Millipore). Subsequently, the PVDF membrane was blocked using TBST buffer containing 5% milk and incubated overnight at 4°C with the primary antibody. The secondary antibody, either goat anti-mouse IgG or rabbit IgG conjugated to HRP, was used. Finally, the bands were visualized using the enhanced chemiluminescence (ECL) detection kit (Merck Millipore), and the analysis was performed using ImageJ software (Version 1.46r). Primary antibodies were used at the following dilutions: rabbit anti-HDAC1 (1:500, Proteintech), rabbit anti-HDAC2 (1:500, Proteintech), rabbit anti-HDAC3 (1:500, Proteintech), rabbit anti-HDAC8 (1:500, Proteintech), rabbit anti-H3 (1:500, CST), rabbit anti-H3K18ac (1:500, CST), rabbit anti-H3K9/14ac (1:500, CST), rabbit anti-H3K27ac (1:500, CST), rabbit anti-AcH3 (1:1000, CST), mouse anti-β-actin (1:2000, CST).
2.12 Chromatin immunoprecipitation assay
Enzymatic chromatin immunoprecipitation (ChIP) was conducted using the SimpleChIP® Enzymatic Chromatin IP Kit (CST). Formaldehyde fixation was performed on the tissue, followed by lysis and partial digestion of chromatin using Micrococcal Nuclease provided in the kit. This digestion process resulted in fragments ranging from 200–500 base pairs. The chromatin was immunoprecipitated overnight at 4°C using the specific antibody anti-HDAC3 or the control antibody (anti-IgG). The DNA was subsequently purified using a DNA purification centrifuge column, and after protein-DNA uncross-linking according to the manufacturer’s instructions, it was analyzed using real-time PCR. The primer sequences used for the PCR analysis can be found in Table 2.
TABLE 2 | Primer sequences used for ChIP-qPCR experiments.
[image: ChIP-qPCR primer sequences for mouse genes are listed in a table. It includes Olig1, Olig2, NKX2.2, and SOX17, each with forward and reverse sequences. Examples: Olig1-#1 forward sequence is GGTGTTCCAAGGAGCGATGT and reverse is CCCTGGCAGTGGGTGAGTT.]2.13 Access to potential targets for ISL and white matter injury
The chemical structure and specification of ISL smile was downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Importing the information into the PharmMapper server (https://www.lilab-ecust.cn/pharmmapper/) and Swiss Target Prediction (http://www.swisstargetprediction.ch/) allowed identification of ISL related targets. Potential targets for white matter injury were identified using “white matter injury” as a search term in the Genetic Society database (https://www.genecards.org/). Subsequently, the intersection of ISL and WMI targets was identified by analyzing the two sets of targets using Venny software (https://bioinfogp.cnb.csic.es/tools/venny/). The STRING database (https://cn.string-db.org/cgi/input.pl) can provide network visualization. Based on the STRING database, the interaction genes between ISL and WMI targets were analyzed (confidence data >0.4).
2.14 Bioinformatics analysis
Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) pathway enrichment analyses were performed on an online bioinformatics platform (https://www.genedenovo.com/) to elucidate key signaling pathways and identify biological functions associated with potential therapeutic targets for ISL.
2.15 Statistical analysis
The data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Tukey’s test. Statistically significant differences were defined as p values <0.05.
3 RESULTS
3.1 Network pharmacology predicts the targets of ISL effect on white matter injury
A total of 362 potential targets for ISL were predicted using the Swiss Target Prediction and PharmMapper databases (Figures 1A, B; Supplementary Table 1). Of these, 336 therapeutic targets were identified by intersecting with 7,895 WMI-related targets (Figures 1C–E; Supplementary Tables 2, 3). Results from STRING analysis show that there are 321 targets in the PPI network, including 113 nodes and 3,445 edges, with an average node degree of 21.5 (Figure 1F). To analyze the role of these targets, GO enrichment analyses were performed to assess the biological functions of ISL targets (Figure 1G). The results indicated significant associations with inflammation, microglia cell activation, and myelination, which are important mechanisms of ISL treatment for WMI. Additionally, KEGG enrichment analysis suggested that ISL may affect WMI through multiple signaling pathways, including the MAPK signaling pathway, PI3K-Akt signaling pathway, Toll-like receptor signaling pathway, and NF-κB signaling pathway (Figure 1H).
[image: Diagram illustrating research data related to isoliquiritigenin and white matter injury. Panel A shows the chemical structure of isoliquiritigenin. Panels B, C, and D display network diagrams with varying node connections in red, blue, and orange. Panel E presents a Venn diagram overlapping isoliquiritigenin and white matter injury data. Panel F features a densely connected network of multicolored nodes. Panels G and H show scatter plots with circular markers in different colors and sizes, indicating various pathways.  ]FIGURE 1 | The analysis of network pharmacology. (A) Molecular formula of ISL. (B) The targets of ISL. (C) WMI targets. (D) Potential therapeutic targets of ISL for WMI. (E) Venn diagram. (F) Protein-protein interaction network. (G) GO enrichment analysis. (H) KEGG enrichment analysis.
3.2 ISL attenuates weight loss and motor coordination
To investigate the potential of ISL in improving behavioral abnormalities in mice with white matter injury, we initially assessed body weight and early neural reflexes (Figure 2A). The righting reflex and negative geotaxis are commonly used neurobehavioral tests in rodent research, which we utilized to assess early motor coordination function in mice development. Compared to the control group, mice subjected to LPS-induction exhibited significant reductions in body weight and early neurobehavioral deficits. ISL treatment significantly improved the body weight loss (Figure 2B). The righting reflex and negative geotaxis experiments showed that ISL treatment shortened the latency (Figures 2C, D). Furthermore, we conducted the rotary rod and grip tests in mice at P42 to evaluate the impact of ISL treatment on mice motor function. The findings demonstrated that ISL treatment significantly enhanced motor coordination impaired by LPS induction (Figure 2E) and grip reduction in mice (Figure 2F).
[image: Diagram showing a timeline for LPS and licochalcone A administration and a series of bar graphs. Graphs B to F compare control, LPS, and LPS plus licochalcone A groups on weight growth rate, righting reflex, negative geotaxis, time on rod, and grip strength. The treatment appears to affect these measures, with statistical significance denoted by asterisks. Control groups are depicted with open circles, LPS with triangles, and LPS plus licochalcone A with squares.]FIGURE 2 | Isoliquiritigenin attenuated body weight loss and motor capacity in mice. (A) Schematic representation of the early induction of systemic inflammation. (B) The increase in body weight of the pups at day 7 compared with day 3 after birth (%) (n = 12). (C,D) Performance of righting reflex and negative geotaxis (n = 10–11). (E) Rotating rod test for the motor coordination evaluation of each group (n = 11). (F) Grip Strength test for the whole body and forelimb of each group (n = 11). The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
3.3 ISL ameliorates depressive- and anxiety-like behaviors in adult mice
To further explore the enduring impacts of ISL treatment, we analyzed the effect on emotional behavior in mice. We conducted the open field test (OFT) to assess anxiety-like behavior. Mice in the LPS group spent less time in the center, indicating increased anxiety. ISL treatment increased center time, suggesting reduced anxiety (Figures 3A, B). Additionally, the elevated plus maze (EPM) confirmed higher anxiety levels in the LPS group, with reduced time in open arms. ISL-treated mice spent more time in open arms, indicating decreased anxiety (Figures 3C, D). We evaluated depressive-like behavior using the forced swim test (FST) and tail suspension test (TST). LPS group mice showed longer immobility periods, indicative of increased depressive-like behavior. ISL treatment significantly reduced immobility time in both tests, suggesting an antidepressant effect (Figures 3E, F). These findings collectively demonstrate the potential of ISL treatment to mitigate emotional deficits in mice.
[image: Diagram showing the effects of treatments on behavior in rodents. Panel A displays maze setups for Control, LPS, and LPS+ISL groups. Panel B shows a graph of open field test results, indicating time spent in the center. Panel C features elevated plus maze setups. Panel D depicts elevated plus maze results. Panel E presents a bar graph for forced swim test immobility time, and Panel F shows a graph for tail suspension test immobility time. Data shows various levels of significance, with symbols denoting statistical differences between treatments.]FIGURE 3 | Isoliquiritigenin ameliorates anxiety-like behavior and depressive-like behavior. (A) Representative trajectory of mice in the open field test. Blue line square represents the center zone. (B) The percentage of time spent in the central region of the open field test (n = 9–10). (C) Representative trajectory of mice in the elevated plus maze test. (D) The duration (%) of stay in the open arm region in elevated plus maze test (n = 9–10). (E) The immobility time of different treatment groups in forced swimming test (n = 8). (F) The immobility time of different treatment groups in tail suspension test (n = 8). The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
3.4 ISL improves LPS-induced white matter injury in mice
The abnormal structure of white matter may lead to impaired or disrupted neural signal transmission, thereby affecting emotional regulation and motor coordination. Therefore, we conducted a pathological examination of the brain tissue. HE staining revealed that the LPS group exhibited subcortical and periventricular white matter lesions compared to the control group. The ISL group showed a noticeable improvement in the periventricular white matter looseness and nerve fiber disorder, with some white matter structures returning to normal (Figure 4A). Neonatal white matter injury can result in impaired myelination. Myelin basic protein (MBP) is a critical component of the myelin sheath, playing an essential role in the process of myelination. MBP is crucial for maintaining the structural integrity and function of myelin, and its expression levels are often used as an indicator of myelination status in the central nervous system. Immunohistochemical staining of MBP revealed a decrease in MBP expression within the corpus callosum of the LPS group compared to the control group. The ISL group exhibited increased expression of MBP compared to the LPS group (Figure 4B). Furthermore, Western blot analysis indicated that ISL treatment was able to reverse the decreased expression of MBP induced by LPS (Figures 4C, D). The density of LFB-staining myelin in the callosum was significantly increased upon ISL treatment, as observed in Figure 4E. The results of myelin transmission electron microscopy scanning showed that there were fewer myelinated axons in the corpus callosum of the LPS group, with irregular myelin shape and loose structure, while the myelinated axons in ISL group were significantly improved (Figure 4F). Collectively, our data strongly suggest that ISL has the potential to ameliorate neonatal white matter injury and prevent myelination defects.
[image: Group of scientific images depicting various experimental conditions:  A. Micrographs showing tissue samples under three conditions: Control, LPS, and LPS + ISL, indicating cellular structure changes.  B. Sequence of images illustrating immunohistochemical staining of tissues under the same conditions, highlighting differences in protein expression.  C. Western blot analysis showing bands for MBP and beta-ACTIN across the three conditions.  D. Bar graph displaying quantitative analysis of MBP levels, comparing Control, LPS, and LPS + ISL groups, with annotated statistical significance.  E. Micrographs showing cross-sections of tissue indicating structural integrity under the three conditions.  F. Electron micrographs displaying ultrastructural changes in tissue samples for each condition.]FIGURE 4 | ISL alleviated white matte injury in the neonatal mouse brain. (A) Representative images of hematoxylin and eosin (HE) staining of corpus callosum and cingulate. scale bar = 10 μm. (B) Representative images of immunohistochemistry and relative quantification analysis of the expression of MBP in the corpus callosum, cingulate and corpus striatum. (C,D) Representative Western blot images and quantification of MBP expression of the callosum. (E) Representative Luxol Fast Blue staining of the corpus callosum. Scale bar = 100 μm. (F) Representative images of myelin ultrastructure. Scale bar = 100 nm. n = 3–4 for each group. The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
3.5 ISL inhibits microglial activation and pro-inflammatory gene expression
GO analysis showed that ISL treatment was associated with microglial activation and inflammatory response. Microglia-mediated neuroinflammation plays a crucial role in white matter injury. We aimed to assess the potential of ISL in regulating the inflammatory response in a model of LPS-induced white matter injury. We examined the quantity and morphology of microglia in the corpus callosum region, as well as the mRNA expression levels of classical inflammatory factors secreted by microglia. In Figures 5A, B, the number of Iba1+ microglia (green) in the LPS group was higher compared to the control group, indicating that systemic LPS exposure activated microglia. Conversely, the number of Iba1+ microglia (green) in LPS + ISL treated mice was significantly reduced (Figure 5B). The mRNA expression analysis also confirmed that ISL can reduce the upregulation of LPS-induced inflammatory cytokines IL-1β (Figure 5C) and TNF-α (Figure 5D). We additionally assessed the impact of ISL on LPS-induced microglia activation in vitro. When microglia were treated with different concentrations of ISL, it was found that 40 μM of ISL did not significantly affect microglia viability (Supplementary Figure 2A). Increasing the dose of ISL significantly decreased microglia viability. Based on the results of CCK8, a dose of 40 μM was chosen for subsequent experiments. Immunofluorescence staining of microglia revealed that ISL treatment significantly improved their activation state (Supplementary Figure 2B). Furthermore, qPCR results demonstrated that the expressions of IL-1β and TNF-α in microglia were significantly downregulated in the ISL treatment group compared to the LPS group (Supplementary Figures 2C, D). These findings suggest that ISL may inhibit microglia activation and suppresses proinflammatory gene expression.
[image: Panel A shows fluorescence microscopy images with three conditions: Control, LPS, and LPS+ISL, displaying DAPI-stained nuclei and Iba1-stained microglia. Panel B is a bar graph comparing the number of Iba1-positive cells across the conditions, indicating significant decreases in the LPS+ISL group. Panel C and D are bar graphs showing IL-1β and TNF-α mRNA levels, respectively, with significant reductions in the LPS+ISL group compared to LPS. Statistical significance is indicated with asterisks.]FIGURE 5 | Isoliquiritigenin inhibits LPS-induce microglial activation and pro-inflammatory gene expression. (A,B) Representative images and quantification of immunofluorescence analysis of Iba1 (green) expression level from different groups (n = 6). (C,D) Quantification of the mRNA level of IL-1β and TNF-α in the brain (n = 6–7). Scale bar = 50 μm. The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
3.6 ISL rescues oligodendrocyte development disorder
According to the biological process results of GO enrichment analysis, ISL treatment is related to myelination process. White matter injury primarily arises from a developmental disorder in oligodendrocyte precursor cells, resulting in defects in myelination and subsequent behavioral changes. In this study, we sought to investigate how ISL affects oligodendrocyte precursor cells. Immunofluorescence staining targeting PDGFR-α revealed an increase in the number of PDGFR-α+ cells in the LPS group. However, ISL treatment was found to restore the number of PDGFR-α+ cells reduced by LPS exposure (Figures 6A, B). Additionally, compared to the control group, the LPS group exhibited a decrease in the number of mature oligodendrocyte APC+ cells. However, in the LPS + ISL group, more APC+ cells were observed compared to the LPS group (Figures 6C, D). The development of oligodendrocytes involves numerous transcription factors and epigenetic regulation. To further investigate this, we conducted qPCR to examine changes in transcription factors known to play a role in oligodendrocyte maturation and differentiation. Our findings indicate an increase in the expression of SOX10 and a decrease in the expression of Olig1, Olig2, and NKX2.2 in the LPS group. However, treatment with ISL reversed these changes (Figure 6E). These results suggest that ISL may exert a beneficial effect on oligodendrocyte maturation by reducing the population of immature oligodendrocytes and increasing the population of mature oligodendrocytes. It is plausible that this effect is mediated through the influence of ISL on transcription factors involved in oligodendrocyte development.
[image: Panel A shows immunofluorescence images labeled with DAPI and PDGFR-α, with a merged view. Panel B is a bar graph indicating PDGFR-α positive cell counts for Control, LPS, and LPS+ISL conditions, with significant differences marked. Panel C displays immunofluorescence images labeled with DAPI and APC, with a merged view. Panel D is a bar graph showing APC positive cell counts across the same conditions, highlighting significant differences. Panel E presents a bar graph of relative mRNA levels for various genes normalized to Actin, comparing Control, LPS, and LPS+ISL conditions, with significant markers.]FIGURE 6 | Isoliquiritigenin rescues oligodendrocyte dysplasia. (A) Representative PDGFR-α stained (red) brain sections of the callosum. Scale bar = 50 μm. (B) Quantitative analysis of the percentage of PDGFR-α+cells in the callosum (n = 6). (C) Representative APC stained (red) brain sections of the callosum. Scale bar = 50 μm. (D) Quantitative analysis of the percentage of APC+cells in the callosum (n = 6). (E) Statistical analysis of the expression of Olig1, Olig2, NKX2.2, SOX17, SOX9, SOX10, ID2, ID4 and TCF4 at mRNA level of each group (n = 3–6). The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
3.7 ISL protects white matter by inhibiting HDAC3
Class I HDACs play a crucial role in neuroinflammation and the development of oligodendrocytes. Several studies have reported that ISL is capable of inhibiting class I HDACs. Therefore, we investigated the potential of ISL to ameliorate white matter injury through the regulation of class I HDACs. Expression levels of HDAC1, HDAC2, HDAC3, and HDAC8 were measured, demonstrating that ISL could suppress the upregulation of HDAC3 mRNA and protein expression following LPS induction (Figures 7A–C). HDACs are known to regulate histone acetylation; therefore, we assessed changes in histone acetylation. Western blot analysis revealed a decrease in total acetylation of histone H3 following LPS treatment, whereas ISL treatment significantly increased its acetylation (Figures 7D, E). Additionally, we assessed histone acetylation at key sites. Our findings demonstrated a significant decrease in H3K27ac levels in the LPS group, while no significant changes were observed in H3K9/14ac and H3K18ac. Treatment with ISL significantly increased H3K27ac levels (Figures 7F–I). Furthermore, chromatin immunoprecipitation (ChIP) results demonstrated that ISL effectively inhibited the LPS-induced upregulation of HDAC3 binding to the promoter regions of essential transcription factors involved in oligodendrocyte pro-differentiation, such as Olig1, Olig2, SOX17, and NKX2.2 (Figure 7J). Our findings indicate that ISL is capable of modulating histone acetylation levels and the expression of transcription factors involved in oligodendrocyte development through its interaction with HDAC3.
[image: Bar graphs and Western blot images depict the effects of LPS and ISL treatments. Graphs show relative mRNA and protein levels of HDAC1, HDAC2, HDAC3, and HDAC8, with annotations indicating statistical significance. Western blots show bands for HDACs, H3 acetylation, and H3 with controls. G, H, and I show quantified acetylation levels. J presents ChIP assay results, highlighting changes in gene expression related to H3 acetylation.]FIGURE 7 | Isoliquiritigenin regulates histone acetylation and the expression of oligodendrocyte development related genes through HDAC3. (A) Statistical analysis of the expression of HDAC1, HDAC2, HDAC3 and HDAC8 at mRNA level of each group. (B,C) Representative Western blot images and relative quantification of HDAC1, HDAC2, HDAC3 and HDAC8. (D,E) Representative Western blot images and relative quantification of Ac-H3. (G–I) Representative Western blot images and quantification of histone acetylation expression in the brain. (J) ChIP-qPCR results showed the localization changes of HDAC3 at the promoters of transcription factors related to oligodendrocyte development. n = 3–6 for each group. The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
4 DISCUSSION
White matter consists of myelin nerve fibers surrounded by oligodendrocytes and plays a crucial role in various brain functions such as signal transmission, interregional communication, learning and memory, emotional regulation, and motor coordination (Filley and Fields, 2016; Chen et al., 2021). Among survivors of preterm birth, white matter injury stands as the primary form of brain damage (Volpe, 2009). The period of highest risk for white matter injury falls between approximately 23–32 weeks after conception (Back, 2017). During this critical window period, oligodendrocyte progenitors are particularly vulnerable to infection and inflammation, which impede their maturation and myelination processes, which in turn affect the structure and function of white matter (Segovia et al., 2008). Early intervention significantly mitigates oligodendrocyte development impairment, thereby preserving myelination and reducing associated sequelae (McClendon et al., 2014). LPS is a Gram-negative bacterial endotoxin that triggers an inflammatory response (Wang et al., 2006). Studies have found that in rodents, early exposure to LPS increases the risk of behavioral changes in adulthood (Dinel et al., 2014). Previous studies have shown that LPS stimulation can also induce oligodendrocyte apoptosis and abnormal differentiation in premature mice (Favrais et al., 2011). Therefore, we intraperitoneally injected mice aged 3–5 days with LPS to induce systemic and brain tissue inflammation, simulating perinatal infection-induced white matter injury in preterm infants. Building upon this, we explore the therapeutic potential of ISL in mitigating white matter damage and associated behavioral deficits in mice. In this study, a drug-target network of 336 targets of ISL for WMI was constructed using network pharmacological analysis. These targets were analyzed and corresponding to GO and KEGG enrichment items, and then verified by experiments. The results suggest that ISL treatment can reduce weight loss and early neuroreflex disorders in mice with LPS-induced white matter injury. It can inhibit the inflammatory response of microglia, improve the brain microenvironment of newborn mice, prevent oligodendrocyte dysplasia and myelin formation defects, and improve the motor coordination ability and anxiety- and depression-like behaviors of adult mice with white matter injury. From the perspective of potential mechanisms, we demonstrated that isoliquiritin can downregulate the expression of HDAC3 and regulate oligodendrocyte pro-differentiation factors through epigenetic modification, thus influencing the development of oligodendrocytes.
ISL has a wide range of pharmacological effects, including anti-inflammatory, antioxidant and anti-tumor properties (Peng et al., 2015; Liu et al., 2020; Liu et al., 2022; Bai et al., 2023). In the nervous system, studies have shown that it can inhibit the release of mitochondrial apoptotic factors Bcl-2 and Bax into the cytoplasm, suppress the production of glutamate-induced reactive oxygen species (ROS), alleviate glutamate-induced mitochondrial damage, and prevent hippocampal neuron death (Yang et al., 2012). However, the impact of ISL on oligodendrocytes has remained unknown. The maturation process of oligodendrocytes is complex, involving differentiation from neural stem cells into oligodendrocyte progenitor cells (OPCs), which proliferate and differentiate into pre-oligodendrocytes before becoming mature oligodendrocytes (Zou et al., 2023). During this process, oligodendrocytes gradually contact axons and generate myelin sheaths (Takebayashi and Ikenaka, 2015). In the GO_BP analysis, the target is related to the myelination process. Consistent with the GO results, our research suggests that the protective effect of ISL on oligodendrocyte development and white matter structure restoration may be an important mechanism for treating white matter injuries. Through specific analysis of the corpus callosum region in mouse brains, we demonstrate that ISL treatment can promote oligodendrocyte maturation and increase myelination. Transcription factors Nkx2.2, Olig1/2, Sox10, and MYRF promote the expression of genes related to oligodendrocyte differentiation and myelination (van Tilborg et al., 2016). Our research findings indicate that perinatal infection inhibits oligodendrocyte differentiation and leads to abnormal expression of oligodendrocyte differentiation-related transcription factors. Treatment with ISL can rescue abnormal differentiation of OPCs and increase the expression of pro-differentiation factors (Nkx2.2, Olig1/2, and Sox10), while reducing the expression of differentiation inhibitors (ID2 and ID4).
Microglia are inherent immune cells of the central nervous system and play a crucial role in initiating and maintaining the neuroinflammatory response (Wolf et al., 2017). When exposed to environmental cues, microglia proliferate and transition into either a pro-inflammatory or anti-inflammatory state, thereby adjusting the secretion of factors released into the brain environment. Under physiological conditions, microglia can support oligodendrocyte lineage cell development and myelination (Rahimian et al., 2022). Histological analysis of the brain tissue of preterm infants with diffuse white matter injury revealed the presence of active and pro-inflammatory microglia (Van Steenwinckel et al., 2024). High levels of pro-inflammatory cytokines, such as TNF-α and IL-1β, have also been observed in the brains of preterm infants with white matter injury, negatively affecting the proliferation, differentiation, and survival of immature oligodendrocytes in vivo and in vitro (Xie et al., 2016; Bonora et al., 2014). Previous studies have attributed the neuroprotective effect of ISL to its immunomodulatory effects. For example, studies have found that ISL regulates microglia activation by activating the Nrf2-HO-1 antioxidant axis (Foresti et al., 2013). Similarly, in the GO and KEGG analyses, changes in signaling pathways related to microglia activation and inflammation regulation were revealed. Our study also found that ISL effectively reduced microglia activation and the release of inflammatory factors in the corpus callosum region of mice with white matter injury. These results suggest that ISL may reduce disorders of oligodendrocyte differentiation and myelination by improving the microenvironment of the brain by improving the microglial inflammatory response.
Finally, we have demonstrated for the first time that ISL exerts neuroprotective effects in neonatal mice with white matter injury through epigenetic regulation. Previous studies have shown that ISL inhibits the activity of HDAC3 (Orlikova et al., 2012). Chromatin remodeling is a critical epigenetic process that plays a crucial role in oligodendrocyte development. Chromatin remodeling enzymes regulate gene expression by altering the accessibility of DNA to transcription factors (Yuan et al., 2020). HDACs are histone deacetylases. Among them, HDAC3 is upregulated during oligodendrocyte lineage development, and its expression is associated with oligodendrocyte differentiation (Zhang et al., 2016). Our results support these findings, suggesting that LPS treatment upregulates HDAC3 expression, while ISL significantly inhibits LPS-induced HDAC3 expression. Further molecular experiments demonstrate that ISL reduces the binding of HDAC3 to the promoter regions of pro-differentiation transcription factors in oligodendrocytes. Therefore, we suggest that ISL may regulate oligodendrocyte development by regulating HDAC3 activity. In epigenetic studies, histone modification is an important component of epigenetic regulation (Berson et al., 2018). Thus, we analyzed changes in relevant histone modifications. The experiments show that ISL increases the overall acetylation levels of histone H3, with the H3K27ac3 modification showing the most significant changes, but its specific regulatory targets need to be further studied.
While our findings emphasize the neuroprotective role of ISL in white matter injury, it is crucial to consider other drugs that modulate immune responses and protect white matter, particularly dimethyl fumarate (DMF). DMF has been extensively studied in multiple sclerosis (MS) and other neurodegenerative conditions, demonstrating its ability to activate the Nrf2 pathway, which enhances antioxidant responses and inhibits the production of pro-inflammatory cytokines (Linker and Haghikia, 2016; Yan et al., 2021). Furthermore, recent studies indicate that DMF modifies the expression of histone deacetylases (HDACs) in astrocytes, crucial for regulating inflammatory responses (Kalinin et al., 2013). DMF also reduces the density of microglia associated with white matter dysfunction, supporting its potential clinical value (Fowler et al., 2018). In contrast, our study reveals that ISL downregulates HDAC3 expression, enhances histone acetylation, and promotes oligodendrocyte differentiation, highlighting its unique mechanisms. Notably, ISL’s ability to modulate microglial activity and reduce inflammation presents a distinct advantage in treating white matter injury, especially in preterm infants, where inflammation plays a critical role in pathogenesis. This suggests that ISL may not only share epigenetic regulatory pathways with DMF but may also offer additional therapeutic benefits specifically tailored to the needs of vulnerable populations. Given the similarities and differences between ISL and DMF, further exploration of these mechanisms is warranted to better understand their respective therapeutic potentials. Future research could investigate whether the combined use of ISL and DMF might provide synergistic benefits, leading to the development of more effective treatment strategies for white matter injury in preterm infants and other at-risk populations.
In conclusion, our study demonstrates that ISL effectively ameliorates white matter injury and restores neurobehavioral function in preterm infants by inhibiting neuroinflammation and regulating oligodendrocyte development. These findings provide insights into the potential clinical application of ISL for treating white matter injury and related neurological disorders in preterm infants. Future research should focus on elucidating the precise molecular pathways mediating the effects of ISL and optimizing its therapeutic potential in clinical settings.
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SUPPLEMENTARY FIGURE 1 | Effect of different concentrations of ISL on LPS-induced systemic inflammation (A,B) Quantification of the mRNA level of IL-1β and TNF-α in the brain. n = 3–5 for each group. The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post-hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
SUPPLEMENTARY FIGURE 2 | ISL inhibits microglial activation and pro-inflammatory gene expression in vitro (A) Effects of different concentrations of ISL on microglial cell viability (n = 6). (B) Primary microglia were treated with LPS and ISL for 24 h, and Iba1 were stained (green). (C,D) Quantification of the mRNA level of IL-1β and TNF-α (n = 3–4). Scale bar = 20 μm. The results are shown as the mean ± SEM, and analyzed by one-way ANOVA followed by post-hoc Turkey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared with the control group. #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001 compared with the LPS group. “ns” indicates not significant.
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Introduction: Huntington’s disease (HD) is a hereditary neurodegenerative disorder that primarily affects the striatum, a brain region responsible for movement control. The disease is characterized by the mutant huntingtin (mHtt) proteins with an extended polyQ stretch, which are prone to aggregation. These mHtt aggregates accumulate in neurons and are the primary cause of the neuropathology associated with HD. To date, no effective cure for HD has been developed.Methods: The immortalized STHdhQ111/Q111 striatal cell line, the mHtt-transfected wild-type STHdhQ7/Q7 striatal cell line, and N2a cells were used as Huntington's disease cell models. Flow cytometry was used to assess cellular reactive oxygen species and transfection efficiency. The CCK-8 assay was used to measure cell viability, while fluorescence microscopy was used to quantify aggregates. Immunoblotting analyses were used to evaluate the effects on protein expression.Results: Polyphenols are natural antioxidants that offer neuroprotection in neurological disorders. In this study, we provide evidence that oleuropein, the primary polyphenol in olive leaves and olive oil, enhances cell viability in HD cell models, including. STHdhQ7/Q7STHdhQ7/Q7 striatal cells, N2a cells ectopically expressing the truncated mHtt, and STHdhQ111/Q111 striatal cells expressing the full-length mHtt. Oleuropein effectively reduced both soluble and aggregated forms of mHtt protein in these HD model cells. Notably, the reduction of mHtt aggregates associated with oleuropein was linked to increased proteasome activity rather than changes in autophagic flux. Oleuropein seems to modulate proteasome activity through an unidentified pathway, as it did not affect the 20S proteasome catalytic β subunits, the proteasome regulator PA28γ, or multiple MAPK pathways.Discussion: We demonstrated that oleuropein enhances the degradation of mHtt by increasing proteasomal protease activities and alleviates mHtt-induced cytotoxicity. Hence, we propose that oleuropein and potentially other polyphenols hold promise as a candidate for alleviating Huntington's disease.Keywords: Huntington’s disease, mutant huntingtin aggregates, oleuropein, proteasome, ROS
1 INTRODUCTION
Huntington’s disease (HD), an autosomal dominant neurodegenerative disorder, is caused by an expansion of the CAG trinucleotide repeats in the exon one of the huntingtin (Htt) gene (MacDonald et al., 1993). The expression of mutant Htt (mHtt) induces cell death in neuronal predisposing mHtt to misfolding and subsequent aggregation. Compelling evidence has linked aggregation of mHtt to striatal neuronal death, and this is recognized as one of the main pathogenic factors in HD (Davies et al., 1997; DiFiglia et al., 1997; Martín-Aparicio et al., 2001; Intihar et al., 2019; Layburn et al., 2022). The cellular dysfunctions associated with mHtt aggregates include proteasomal and mitochondrial dysfunctions and decreased cell viability (Yin et al., 2016; Soares et al., 2019; Fão and Rego, 2021). Hence, neuroprotective treatments such as anti-aggregation compounds, aggregate clearance strategies, and gene-silencing approaches to remove mHtt aggregates have been developed as potential therapeutic strategies for HD patients (Martín-Aparicio et al., 2001; Soares et al., 2019; Huang et al., 2021; Rippin et al., 2021; Zhang et al., 2021; Hommen et al., 2022; Ferlazzo et al., 2023; Jain and Roy, 2023; Yang et al., 2023; Jain et al., 2024).
Recently, microRNA (miRNA) administration has been reported to reduce mHtt aggregates and slow the disease progression of HD model mice (Cheng et al., 2013a; Ban et al., 2017; Chang et al., 2021; Spronck et al., 2021; Kotowska-Zimmer et al., 2022; Chan et al., 2023). However, delivery of the miRNA requires injection into the central nervous system, which is challenging for practical purposes and has ethical concerns. In addition, it is difficult to assess the efficacy because miRNAs are generally unstable. Therefore, whether miRNAs can be used as therapeutic agents remains debatable.
The autophagy-lysosome pathway and the Ubiquitin Proteasome System are the two major cellular proteolytic pathways (Watanabe et al., 2020; Rusilowicz-Jones et al., 2022). Inhibition of either the autophagy or proteasome impairs the degradation of mHtt protein and leads to the accumulation of mHtt aggregates (Koyuncu et al., 2017; Valionyte et al., 2020; Folger and Wang, 2021). For example, activation of the UPS activity by inhibiting the p38 MAPK pathway reduces both the soluble and aggregated forms of mHtt and increases cell viability in the STHdh striatal HD model cells (Huang et al., 2021). Also, activation of the autophagy pathway promotes clearance of mHtt aggregates and increases cell viability in human neuroblastoma SH-SY5Y cells, mouse embryonic fibroblast, and the Hdh140Q knock-in HD model mice [(Sarkar et al., 2007; Chaudhary et al., 2021; Long et al., 2022) and reviewed in Valionyte et al. (2020); Folger and Wang (2021)]. Therefore, seeking small molecules that can enhance autophagy and/or proteasome activities is a logical strategy to achieve clearance of the mHtt protein and ameliorate HD phenotype.
Oleuropein is the major phenolic compound present in olive oil and olive leaves (Omar, 2010). Oleuropein is highly antioxidative and has been demonstrated to protect against neurodegenerative diseases and cardiovascular and metabolic disorders [(Rigacci et al., 2015; Achour et al., 2016; Brunetti et al., 2020; Butt et al., 2021; Leri et al., 2021) and review in Micheli et al. (2023)]. In addition to its antioxidative properties, oleuropein increases autophagy and proteasomal activity (Katsiki et al., 2007; Huang and Chen, 2009; El Demerdash et al., 2021). Here, we explored the potential of oleuropein to improve cell viability and its effect on reducing mHtt aggregates in HD model cells. We also investigated whether oleuropein affects HD model cells’ proteasome and autophagy activities. Our data provided evidence to show that oleuropein has neuroprotective effects.
2 MATERIALS AND METHODS
2.1 Cell line, cell culture, and drug treatments
The immortalized wild-type STHdhQ7/Q7 striatal cell line (RRID: CVCL_M590, Coriell ID: CH00097) and the mutant STHdhQ111/Q111 striatal cell line (RRID: CVCL_M591, Coriell ID: CH00095) were obtained from Coriell (United States of America) (Trettel et al., 2000). Mouse neuroblastoma Neuro-2a (N2a) cell line was purchased from Bioresource Collection and Research Center, Taiwan (RRID: CVCL_0470, BCRC, Cat#60026). Cell culture of the immortalized STHdh striatal cells and N2a was carried out as described previously (Huang et al., 2017; Huang and Her, 2017; Huang et al., 2021). Oleuropein (Cat#12247, Sigma, United States of America) was dissolved in DMF to make a 50 mg/mL stock solution. The cells were incubated with oleuropein at 0.5 μg/mL, 2 μg/mL, or 5 μg/mL for 24 or 48 h, as described in Figure legends. Before treatment, the 50 mg/mL oleuropein stock was first diluted in 1:1,000 in cell medium to generate a 50 μg/mL working solution. The 50 μg/mL oleuropein working solution was further diluted in a cell medium to achieve the desired concentration. The DMF concentration in the cell medium was kept at 0.1% throughout the oleuropein experiments. To assess autophagic flux, N2a cells and STHdh striatal cells were treated with 200 nM Bafilomycin A1 (Cat#B1793, Sigma, United States of America) for 6 h to block the fusion of the autophagosome with a lysosome (Klionsky et al., 2021). To assess the stability of soluble Htt, N2a cells and STHdhQ7/Q7 striatal cells were incubated with 100 μg/mL cycloheximide (Cat#C4859, Sigma, United States of America) for 24 h to block protein synthesis (Schneider-Poetsch et al., 2010; #298767).
2.2 DNA constructs and transfection
The pHttQP25-GFP and pHttQP72-GFP expression vectors, containing the exon one of human huntingtin and GFP fusion proteins with 25 or 72 CAG repeats, respectively, were obtained from the CHDI/High Q Foundation (United States of America). The pcDNA3.1-mCherry vector, containing the mCherry fluorescent protein coding sequence, was provided by Dr. Roger Y. Tsien of the University of California, San Diego. The p3xFLAG-QP25 and p3xFLAG-QP103 expression vectors were constructed by inserting the exon one of human huntingtin with 25 and 103 CAG repeats, respectively, into the p3xFLAG-CMV-10 expression vector to generate the FLAG-tagged truncated human huntingtin with 25 or 103 glutamines, respectively (Sigma). The pEBV-HttQ120F expression vector, containing the full-length human huntingtin with 120 CAG repeat coding sequence, was kindly provided by Dr. Xiao-Jiang Li of Jinan University in Guangzhou, China (Zhou et al., 2003). For transfection of the indicated plasmids, the immortalized STHdh striatal cells and N2a cells were incubated with Lipofectamine 3,000 (Cat#L3000015, Invitrogen, United States of America) according to the manufacturer’s protocol.
2.3 Transfection efficiency assessment
Forty-eight hours after transfection of STHdhQ7/Q7 striatal cells with HttQP25-GFP or HttQP72-GFP plasmid, the cells were collected for GFP fluorescence analysis using Attune NxT flow cytometry (Thermo Fisher Scientific, United States of America). The cell population was gated by FSC and SSC channels, and the GFP signals were detected in the BL1 channel. The GFP positive signal was gated by the fluorescence intensity over 103. The transfection efficiency was calculated by analyzing the percentage of GFP-positive cells out of the total number of cells (set as 100%).
2.4 CCK-8 cell viability assay
Cells were pre-incubated with DMF or oleuropein at the concentration of 0.5 μg/mL, 2 μg/mL or 5 μg/mL for 24 h before treatment with 100 μM tBHP (Cat#B2633, Sigma, United States of America) for 4 h. CCK-8 cell viability assays were carried out as described before (Huang et al., 2021).
2.5 Analysis of cellular reactive oxygen species (ROS) and superoxide (SO) levels
For ROS and SO detection, the immortalized STHdh striatal cells and N2a cells were seeded in a 6 cm petri dish as described before (Huang et al., 2017). The levels of ROS and SO were determined by Flow cytometry, the BD Biosciences FACS Caliber system (San Jose, CA), with Total ROS/SO detection kit (Cat#ENZ-51010, Enzo, United States of America) as suggested by the manufacturer’s instructions. Briefly, cells were washed with 1X phosphate buffered saline (PBS, pH7.4) and incubated with the ROS and SO detection solutions at 37°C for 30 min in the dark. ROS (Green) signals were detected in the FL1 channel, and signals produced by SO (Orange) were detected in the FL2 channel. Detected cells will appear in the upper left and upper right quadrants of a log FL1 (X-axis) versus a log FL2 (Y-axis) dot plot. For each sample, at least 1 × 104 cells were analyzed. The percentage of ROS-positive and SO-positive cells was calculated using the FlowJo (ver.10.7.1) software. Quantification data were derived from three biological replicates.
2.6 Fluorescence microscopy imaging and quantification of aggregate formation
Fluorescence microscopy imaging was carried out as described previously (Huang et al., 2017; Huang et al., 2021). The mutant Htt-GFP aggregates were visualized with Eclipse Ti epifluorescence inverted microscope (Nikon, Japan). Aggregates were defined as a clear region of dense GFP signal as described previously (Juenemann et al., 2011; Cheng et al., 2013b; Huang and Her, 2017). The co-transfected red mCherry fluorescence signal was used to calculate the total number of transfected cells as a control for transfection efficiency. The percentage of cells containing the aggregates was calculated as the ratio of the number of red cells (mCherry transfected control) with mutant Htt-GFP aggregates/total number of red cells counted (set as 100%). More than 100 red mCherry fluorescence signal-positive cells were counted in each experiment. Data were average obtained from three independent experiments.
2.7 Antibodies and immunoblotting analysis
Antibodies used in this study are: anti-Htt (MAB2166, 1:1,000; Millipore Bioscience Research Reagents), anti-Htt (mEM48, MAB5374, 1:500; Millipore Bioscience Research Reagents), anti-p62 (ab56416, 1:1,000; Abcam), anti-LC3B (ab48394, 1:500; Abcam), anti-Proteasome 20S β1 (BML-PW8140, 1:1,000; Enzo), anti-Proteasome 20S β2 (BML-PW8145, 1:1,000; Enzo), anti-Proteasome 20S β5 (BML-PW8895, 1:1,000; Enzo), anti-PA28γ (PSME3) (GTX106722, 1:2000; GeneTex), anti-Phospho-p38 MAPK (Thr80/Tyr182) (#4511, 1:1,000, Cell Signaling), anti-p38 MAPK (#9212, 1:1,000, Cell Signaling), anti-Phospho-Nrf2 (Phospho S40) (ab76026, 1:5,000, Abcam), anti-Nrf2 (ab62352, 1:1,000, Abcam), anti-Phospho-p44/p42 MAPK (Thr202/Tyr204) (#4370, 1:1,000, Cell Signaling), anti-p44/p42 (#4696, 1:1,000, Cell Signaling), anti-Phospho-SAPK/JNK (Thr183/Tyr182) (#4668, 1:1,000, Cell Signaling), anti-SAPK/JNK (#9252, 1:1,000, Cell Signaling), anti-Phospho-ROCK2 (phosphor Ser1366) (GTX122651, 1:1,000, GeneTex), anti-ROCK2 (GTX108247, 1:1,000, GeneTex), anti-Tubulin (T6074, 1:5,000; Sigma), and anti-Actin (MAB1501, 1:1,000; Millipore Bioscience Research Reagents). Immunoblotting assays were carried out as described previously (Huang and Her, 2017; Huang et al., 2021). Proteins were detected using the enhanced chemiluminescence (ECL) assay-Western Lightning® ECL Pro (Cat#NEL105001EA, PerkinElmer, United States of America). The signals were captured by iBright FL1500 Imaging System (Thermo Fisher Scientific) and UVP ChemStudio PLUS Imaging Systems (Analytik Jena), respectively. Proteins quantification and background correction were analyzed using the iBright analysis software (ver.4.0.1, Thermo Fisher Scientific) and the VisionWorks (ver.9.1.20063.7760, UVP ChemStudio PLUS Imaging Systems analysis software, Analytik Jena), respectively.
2.8 Proteasome core protease activity assay
The proteasome core protease activity assay was carried out as described previously (Huang et al., 2021). Cell lysates were prepared with a Tris-based buffer (50 mM Tris pH 7.4, 1 mM EDTA, 2 mM ATP, and 1% Triton). Proteasome activity assay was conducted in a 96-well plate format. For each well, 10 μg of protein lysate was incubated with the three different fluorogenic substrates separately: 50 μM of Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-AMC, Cat# BML-P802-0,005, Enzo Life Sciences, United States of America) was used for chymotrypsin-like activity assay; 25 μM of Boc-Leu-Arg-Arg-7-amino-4-methylcoumarin (Boc-LRR-AMC, Cat# BML-BW8515-0,005, Enzo Life Sciences, United States of America) was used for trypsin-like activity assay; and 50 μM of Z-Leu-Leu-Glu-7-amino-4-methylcoumarin (Z-LLE-AMC, Cat# BML-ZW9345-0,005, Enzo Life Sciences, United States of America) as used for the caspase-like activity assay. To detect free AMC released during the enzymatic reaction, the protease-cleaved fluorogenic products were excited at 360 nm, and the resulting fluorescence emission was detected at 460 nm using a fluorescent plate reader (TECAN Infinite M200 fluorescent plate reader, Tecan Trading AG, Switzerland). The release rate of AMC was measured at 37°C by recording the emitted fluorescence signal every 5 min for a total of 120 min.
2.9 Statistical analysis
Determination of the statistical differences between groups was carried out using the Student’s t-test, which was reported as a p-value. Data showed significant differences with p < 0.05 are labeled with one asterisk (*); with p < 0.01 are labeled with two asterisks (**); with p < 0.005 are labeled with three asterisks (***); N.S.: not significant. The experimental results from three independent experiments were calculated and presented as mean ± standard error of the mean (SEM).
3 RESULTS
3.1 Oleuropein ameliorates mutant htt-induced cytotoxicity
Knowing that oleuropein provides neuroprotection in both cell and animal models of Alzheimer’s disease (Leri et al., 2021; Marianetti et al., 2022), we were interested in asking whether oleuropein could also protect neurons in HD model cells. In this study, we used the STHdhQ7/Q7 striatal cell as our system because the medium spiny neuron in the striatum is the most affected in HD patients, and the STHdhQ7/Q7 striatal cells, an immortalized cell line derived from the striatal medium spiny neurons of the wild-type HdhQ7/Q7 mice, are commonly used (Trettel et al., 2000; Pal et al., 2006; Jin et al., 2013; Yin et al., 2016; Okada et al., 2021).
To establish an HD cell model, a truncated mutant huntingtin (mHtt)-GFP reporter protein with a 72 polyQ stretch (GFP-QP72) was expressed in STHdhQ7/Q7 striatal cells. This truncated mHtt protein, encoded by the Htt exon 1 with expanded CAG repeats, is a cleavage product of the full-length mHtt protein and has been shown to form aggregates and induce cytotoxicity (Lunkes et al., 2002; Yang et al., 2020). Ectopic expression of the truncated wild-type Htt (encoded by the Htt exon 1)-GFP reporter (GFP-QP25) was used as a control. The transfection efficiency was assessed by flow cytometry as the percentage of cells displaying a GFP-positive signal. The transfection efficiency of HttQP25-GFP and HttQP72-GFP in STHdhQ7/Q7 striatal cells was 38.33% and 30.37%, respectively (Figure 1B). Cell viability was measured 24 h after oleuropein incubation. As predicted, ectopic expression of the mutant GFP-QP72 mHtt protein decreased the cell viability of STHdhQ7/Q7 striatal cells (from 100% to 88%; p < 0.0001, Figure 1A). Oleuropein at 5, 10, 15, 20, or 50 μg/mL was used to treat the STHdhQ7/Q7 striatal cells expressing the mutant GFP-QP72 mHtt protein. Oleuropein treatment improved the cell viability of the STHdhQ7/Q7 striatal cells expressing GFP-QP72 mHtt protein at all of the concentrations tested (Figure 1A). However, increasing oleuropein above a concentration of 5 μg/mL oleuropein (from 88% to 98%, p = 0.0005, Figure 1A) did not provide further protection (Figure 1A). Therefore, we used five ug/mL oleuropein for the rest of the experiments.
[image: Bar graphs and scatter plots show the effects of different treatments on relative cell viability, GFP expression, and reactive oxidative species (ROS) levels in STIM1 wild-type and mutant cell lines. Treatments include Oligomycin and they are compared across various conditions, indicating significant statistical differences.]FIGURE 1 | Oleuropein ameliorates mHtt-induced cytotoxicity. (A) Cell viability analysis of STHdhQ7/Q7 striatal cells transfected with the HttQP25-GFP or HttQP72-GFP plasmid. 24 h after transfection, cells were incubated with oleuropein at the indicated concentration for another 24 h. Cells without treatment were used as the negative control. Data showing a significant difference compared to the HttQP25-GFP transfected cells treated with 0 μg/ml oleuropein is labeled with an asterisk (*); Data showing a significant difference compared to the HttQP72-GFP transfected cells treated with 0 μg/ml oleuropein is labeled with a pound sign (#). (B) Transfection efficiency analysis of the STHdhQ7/Q7 striatal cells transfected with the HttQP25-GFP or HttQP72-GFP plasmid using flow cytometry analysis. (C) Cell viability analysis of STHdhQ7/Q7 and STHdhQ111/Q111 striatal cells after incubation with oleuropein at the indicated concentration for 24 h. Cells without treatment were used as the negative control. (D) Flow cytometric analysis of reactive oxygen species (ROS) and superoxide (SO) levels in STHdhQ7/Q7 striatal cells transfected with the FLAG-QP25 or FLAG-QP103 plasmid in the presence or absence of oleuropein. The percentage of the cells with positive ROS or SO signal was quantified. Cells were incubated with oleuropein at the indicated concentration for 24 h. (E) Flow cytometric analysis of ROS and SO levels in STHdhQ7/Q7 and STHdhQ111/Q111 striatal cells plasmid in the absence or presence of oleuropein at the indicated concentration for 24 h. (F) Cell viability analysis of tBHP (100 μM)-treated STHdhQ7/Q7 striatal cells without or with oleuropein pre-incubation at the indicated concentration for 24 h. (G) Cell viability analysis in tBHP-treated STHdhQ7/Q7 and STHdhQ111/Q111 striatal cells in the absence or presence of incubation with oleuropein at the indicated concentration for 24 h. Data from three independent experiments are presented as mean normalized units ± SEM. Data showing significant differences are labeled as follows: p < 0.05 with one asterisk (*), p < 0.01 with two asterisks (**), and p < 0.005 with three asterisks (***).
To test whether oleuropein-associated neuroprotection is a general or cell line-specific effect, we extended this study to the mouse N2a neuronal cells. Similar to the STHdhQ7/Q7 striatal cells, treatment of five ug/mL oleuropein increased the cell viability of N2a cells expressing the mutant GFP-QP72 protein (from 86.41% to 92.41%; p = 0.034, Supplementary Figure S1). Oleuropein did not affect the cell viability of the N2a cells expressing the GFP-QP25 protein (from 100% to 101.6%; p > 0.05, Supplementary Figure S1C).
Because cellular abnormalities of the mutant STHdhQ111/Q111 striatal cells that express the endogenous full-length mutant Htt protein resemble damaged neurons reported in HD patients (Trettel et al., 2000; Pal et al., 2006; Jin et al., 2013; Yin et al., 2016; Okada et al., 2021), we tested the effect of oleuropein on the cytotoxicity of mutant STHdhQ111/Q111 striatal cells. Consistent with previous studies, the mutant STHdhQ111/Q111 striatal cells had reduced cell viability as compared to the wild-type STHdhQ7/Q7 striatal cells (from 100% to 84.91%; p = 0.0013, Figure 1C). Notably, oleuropein at the 5 μg/mL concentration increased the cell viability of the mutant STHdhQ111/Q111 striatal cells (from 84.91% to 93.19%; p = 0.0182, Figure 1C).
Moreover, extending the duration of oleuropein treatment led to an improved protective effect. Cell viability of STHdhQ7/Q7 striatal cells transfected with the HttQP72-GFP plasmid was increased by 25% following 48 h of 5 μg/mL oleuropein treatment, starting 48 h post-transfection (from 81.14% to 106%; p = 0.0009, Supplementary Figure S1A). Cell viability of mutant STHdhQ111/Q111 striatal cells was increased by 28% following 48 h of 5 μg/mL oleuropein treatment (from 79.99% to 108.6%; p = 0.0001, Supplementary Figure S1B). Taken together, our data demonstrated that oleuropein reduced the cytotoxicity induced by the GFP-QP72 mHtt protein in the STHdhQ7/Q7 striatal and N2a cells. Moreover, oleuropein also reduced the cytotoxicity in mutant STHdhQ111/Q111 striatal cells.
3.2 Oleuropein reduces mutant htt-induced ROS accumulation
Increased ROS levels often lead to excess oxidization of cellular macromolecules, such as DNA, lipids, and proteins (Reichmann et al., 2018; Lévy et al., 2019; Yuan et al., 2021; Yu et al., 2024). Knowing that expression of mHtt protein is associated with increased ROS (Trettel et al., 2000; Milakovic et al., 2006) and oleuropein is a potent antioxidant (Kruk et al., 2005; Choi et al., 2021), we asked whether oleuropein affects the cellular redox state that subsequently reduces the cytotoxicity of the mHtt model cells. To test this, the cellular ROS and superoxide (SO) levels were monitored in the STHdhQ7/Q7 cells expressing the FLAG-tagged truncated mHtt protein with a 103 polyQ stretch (FLAG-QP103). Ectopic expression of the FLAG-QP103 protein caused an increase in ROS levels as compared to the control STHdhQ7/Q7 striatal cells ectopically expressing the FLAG tagged-truncated wild-type Htt protein (FLAG-QP25) (from 29% to 45%; p = 0.019, black bars in Figure 1D) and SO (from 25% to 42%; p = 0.0091, red bars in Figure 1D). Furthermore, oleuropein significantly decreased the ROS levels (from 45% to 35%; p = 0.029, black bars in Figure 1D) and SO levels (from 42% to 32%; p = 0.033, red bars in Figure 1D) in the STHdhQ7/Q7 striatal cells ectopically expressing the mutant FLAG-QP103 protein. These results suggest that oleuropein may reduce the cytotoxicity of the HD model cells by decreasing the cellular ROS and SO levels.
We then asked whether oleuropein acts on modulating ROS levels to reduce the cytotoxicity of the mutant STHdhQ111/Q111 striatal cells. As predicted, the mutant STHdhQ111/Q111 striatal cells had increased ROS signals as compared to those of the wild-type STHdhQ7/Q7 striatal cells (from 25% to 37%; p = 0.0062, black bars in Figure 1E). Consistently, oleuropein treatment significantly reduced the percentage of cells with positive ROS signals in the mutant STHdhQ111/Q111 striatal cells (from 37% to 27%; p = 0.017, black bars in Figure 1E). Oleuropein treatment also significantly reduced the percentage of mutant STHdhQ111/Q111 striatal cells with SO signals (from 34% to 25%; p = 0.048, red bars in Figure 1E). Taken together, our data demonstrated that cytotoxicity alleviation correlates with the reduction of cellular ROS and SO levels in all mHtt models tested.
3.3 Oleuropein pre-treatment protects against acute oxidative stress in HD model cells
Because of the ability of oleuropein to reduce ROS and SO accumulation in mHtt model cells, we asked whether oleuropein could protect neurons from oxidative stress. To this end, acute oxidative stress was induced in the STHdh cells treated with 100 μM tBHP for 4 h. After tBHP treatment, the cell viability of STHdhQ7/Q7 striatal cells decreased compared to the untreated cells (from 100% to 77.65%; p = 0.0001; Figure 1F), indicating cells were under oxidative stress. We then tested the effect of oleuropein on the STHdhQ7/Q7 striatal cells treated with tBHP. The STHdhQ7/Q7 striatal cells were preincubated with oleuropein at different concentrations for 24 h before challenging with tBHP. We found that pre-incubation with 5 μg/mL oleuropein increased the viability of tBHP-challenged STHdhQ7/Q7 striatal cells (from 77.65% to 92.06%; p = 0.0013; Figure 1F), suggesting that oleuropein protects neuronal cells from acute oxidative stress.
It is reported that HD striatal neurons are sensitive to oxidative stress (Jalgaonkar et al., 2023). In addition, the accumulation of mHtt aggregates is associated with increased ROS levels, reduced mitochondrial function, and decreased cell viability (Yin et al., 2016; Soares et al., 2019; Fão and Rego, 2021). Knowing that oleuropein protects the STHdhQ7/Q7 striatal cells from tBHP-induced acute oxidative stress, we were interested in testing whether oleuropein could protect mutant STHdhQ111/Q111 striatal cells, which already had relatively high ROS levels (Figure 1E), from additional acute oxidative stress. To this end, the mutant STHdhQ111/Q111 striatal cells were pre-incubated with oleuropein at the concentration of 0.5 μg/mL, 2 μg/mL, or 5 μg/mL for 24 h before subjecting to 100 μM tBHP treatment. As predicted, the tBHP-treated mutant STHdhQ111/Q111 striatal cells had lower cell viability as compared to the tBHP-treated STHdhQ7/Q7 striatal cells (from 100% to 83.41%; p = 0.005; Figure 1G). Pre-incubation with 5 μg/mL oleuropein, on the other hand, protected mutant STHdhQ111/Q111 striatal cells from tBHP-induced oxidative stress (from 83.41 to 96.96; p = 0.0183; Figure 1G). Oleuropein at the concentration of 0.5 μg/mL or 2 μg/mL did not have effect. Taken together, our data support that oleuropein at the concentration of 5 μg/mL is capable of protecting STHdhQ7/Q7 striatal cells and the mutant STHdhQ111/Q111 striatal cell from acute oxidative stress.
3.4 Oleuropein reduces mutant huntingtin aggregates
Accumulation of mHtt aggregates is a major factor that leads to the death of striatal neurons and is recognized as one of the main pathogenic factors in HD (Davies et al., 1997; DiFiglia et al., 1997; Martín-Aparicio et al., 2001; Intihar et al., 2019; Layburn et al., 2022). Because oleuropein protects the STHdhQ7/Q7 striatal cells ectopically expressing the truncated mHtt protein and also reduced mHtt-associated ROS accumulation (Figure 1), we asked whether oleuropein-mediated alleviation of HD pathology is linked to decrease in the mHtt aggregates. To test this idea, we monitored the HttQP72-GFP aggregates in the STHdhQ7/Q7 striatal cells ectopically expressing the truncated mutant HttQP72-GFP protein in the absence or presence of oleuropein at different concentrations for 24 h. Oleuropein at the concentration of 2 μg/mL and 5 μg/mL caused a visible decrease in the accumulation of HttQP72-GFP aggregates (Figure 2A). Quantification analysis also confirmed that oleuropein treatment significantly reduced the percentage of cells containing the HttQP72-GFP aggregates (from 34% to 27% at the concentration of 2 μg/mL and from 34% to 24% at the concentration of 5 μg/mL); p = 0.047 and p = 0.0072, respectively, Figure 2B).
[image: Fluorescent microscopy images and graphs showing the effects of oleuropein on cells expressing HttQ72-GFP and mCherry. Panel A displays microscopy images at different oleuropein concentrations (0.5, 2, and 5 micrograms per milliliter) compared to the DMF control. Panel B shows a bar graph of the percentage of cells containing aggregates at those concentrations, with significance indicated by asterisks and "N.S." for not significant. Panel C presents Western blot analysis of aggregates, HttQ72GFP, and tubulin in N2a cells with oleuropein doses of 0, 0.5, 2, and 5 micrograms per milliliter. Panel D is a bar graph of aggregate levels, highlighting statistical significance.]FIGURE 2 | Oleuropein reduces mutant huntingtin aggregates. (A) Images showing STHdhQ7/Q7 striatal cells co-transfected with the HttQP72-GFP and mCherry plasmids after oleuropein treatment. Cells without treatment were used as the control. (B) Quantification analysis of the percentage of cells containing the aggregates in STHdhQ7/Q7 striatal cells transfected with the indicated plasmids in the absence or presence of oleuropein treatment at the indicated concentration for 24 h. (C) Immunoblot detection of the aggregated and soluble forms of HttQP72-GFP in N2a cells transfected with the indicated plasmid incubated in the absence or presence of oleuropein at the indicated concentration for 24 h. Tubulin protein was used as an internal control. (D) Quantification analyses of the normalized HttQP72-GFP aggregates. Tubulin was used as an internal control for normalization in (C). Data from three independent experiments are presented as mean normalized units ± SEM. Data showing significant differences are labeled as follow: p < 0.05 with one asterisk (*), and p < 0.01 with two asterisks (**). N.S., no significance.
Oleuropein-mediated reduction of HttQP72-GFP aggregates was also confirmed in N2a cells by immunoblotting (Figure 2C). Quantification analysis also confirmed oleuropein significantly reduced the amount of HttQP72-GFP aggregates (from one to 0.4 at the concentration of 2 μg/mL and from one to 0.37 at the concentration of 5 μg/mL; p = 0.0065 and p = 0.0053, respectively, Figure 2D). Taken together, our data indicate that oleuropein reduces the accumulation of HttQP72-GFP aggregates.
3.5 Oleuropein reduces the soluble form of mHtt in mutant huntingtin-expressing cells
Reducing the amount of soluble mHtt is pivotal to preventing the formation of huntingtin oligomers and facilitating the dissolution of mHtt aggregates in HD (Valionyte et al., 2020). Since oleuropein reduces the accumulation of mHtt aggregates, we asked whether oleuropein affects the stability and overall abundance of mHtt protein. To address this, soluble mutant HttQP72-GFP protein was monitored in the N2a cells treated with oleuropein. The N2a cells were treated with cycloheximide to prevent de novo protein synthesis. As expected, oleuropein treatment decreased mutant HttQP72-GFP protein aggregation at 24 h (from 1 to 0.83-fold, p = 0.0404) and 48 h (from 0.77 to 0.52-fold, p = 0.0011) post-treatment (Figures 3A, B). Additionally, the soluble form of mutant HttQP72-GFP protein was also reduced 24 h (from 1 to 0.86-fold; p = 0.0033) and 48 h (from 0.81 to 0.6-fold, p = 0.048) after oleuropein treatment (Figures 3A, C). The effect of oleuropein on the soluble form of mHtt protein was also tested in STHdhQ7/Q7 striatal cells. Consistently, oleuropein reduced the soluble form of the mutant HttQP72-GFP protein 24 h (from 1 to 0.7033-fold; p = 0.0365) and 48 h (from 1.05 to 0.6767-fold; p = 0.0163) after treatment (Supplementary Figure S2A).
[image: Western blot and bar graphs analyzing HtQPT72-GFP expression. Panel A: Western blot showing aggregate and soluble HtQPT72-GFP with oleuropein and CHX treatments at 24 and 48 hours. Panel B: Bar graph quantifying aggregates, showing significant reduction with oleuropein and CHX. Panel C: Bar graph showing soluble protein levels, indicating no significant changes. Actin is used as a loading control.]FIGURE 3 | Oleuropein decreases the aggregated and soluble forms of truncated mHtt in N2a cells. (A) Immunoblot detection of the aggregated and soluble forms of mutant Htt (HttQP72-GFP) in N2a cells transfected with the HttQP72-GFP plasmid in the absence or presence of oleuropein treatment at the indicated concentration for 24 or 48 h. Cells were treated with 100 μg/ml cycloheximide (CHX) to inhibit protein synthesis. Actin was used as an internal control. (B) Quantification analyses of the aggregated form of HttQP72-GFP protein. (C) Quantification analyses of the soluble form of HttQP72-GFP protein. Actin was used for normalization. Data from three independent experiments are presented as mean normalized units ± SEM. Data showing significant differences are labeled as follows: p < 0.05 with one asterisk (*) and p < 0.01 with two asterisks (**).
Since oleuropein reduces the soluble form of mutant HttQP72-GFP protein, we asked whether oleuropein has a similar effect on the stability and overall abundance of the full-length mHtt protein. To address this question, the endogenous full-length mHtt protein was monitored in oleuropein-treated STHdhQ111/Q111 striatal cells. Cycloheximide was added to prevent de novo protein synthesis. We found that oleuropein treatment did not affect the level of endogenous full-length mHtt protein (Supplementary Figure S3A). Similarly, oleuropein treatment did not affect the transiently expressed full-length mHtt protein level in STHdhQ111/Q111 striatal cells (Supplementary Figure S3C). Hence, our results indicated that the effect of oleuropein on the soluble form of truncated mHtt protein appeared to be specific.
3.6 Oleuropein does not affect autophagic flux in the HD model cells
The Autophagy-Lysosome pathway and the Ubiquitin-Proteasome system are the endogenous mechanisms to reduce mutant Htt aggregates (Valionyte et al., 2020). Because oleuropein aglycone, a deglycosylated derivative of oleuropein, has been reported to induce autophagy (Rigacci et al., 2015; Achour et al., 2016; Miceli et al., 2018; Leri et al., 2021), we tested whether oleuropein activates the autophagy pathway to reduce mHtt aggregates. To do this, the autophagy markers, LC3-II, and p62, were monitored in wild-type STHdhQ7/Q7 striatal cells and mutant STHdhQ111/Q111striatal cells by immunoblotting analysis. Our result showed that oleuropein treatment did not affect the LC3-II and p62 protein levels in wild-type STHdhQ7/Q7 striatal cells and those in the mutant STHdhQ111/Q111 striatal cells (Q7: LC3II from 1 to 0.99-fold; p > 0.05; p62 from 1 to 0.99-fold; p > 0.05, Figures 4A–C, lane 1 and 2. Q111: LC3II from 1.03 to 0.9867-fold; p > 0.05; p62 from 1.07 to 1.113-fold; p > 0.05; Figures 4A–C, land 5 and 6). Because the autophagic flux is attributed to both induction and degradation of autophagosome by lysosome that cannot be simply differentiated through examining the steady state of LC3-II and p62 levels [reviewed in Klionsky et al. (2021)]. Alternatively, we used Bafilomycin A1 to block lysosomal degradation and examined whether the accumulation of LC3-II and p62 proteins is affected by oleuropein (Huang et al., 2021; Klionsky et al., 2021). As the control, Bafilomycin A1 treatment increased accumulation of the LC3-II protein in wild-type STHdhQ7/Q7 striatal cells (from 1 to 2.23-fold; p = 0.0002, Figures 4A, B, lanes 1 and 3) and the mutant STHdhQ111/Q111 striatal cells (from 1.03 to 2.243 folds; p = 0.0005, Figures 4A, B, lanes 5 and 7), indicating lysosomal degradation was inhibited. After Bafilomycin A1 treatment, oleuropein did not increase the accumulation of LC3-II protein further in the wild-type STHdhQ7/Q7 striatal cells (from 2.23 to 2.233 folds; p > 0.05, Figures 4A, B, lanes 3 and 4) or mutant STHdhQ111/Q111 striatal cells (from 2.243 to 2.297 folds; p > 0.05, Figures 4A, B, lanes 7 and 8), indicating oleuropein did not increase the autophagic flux. Consistently, Bafilomycin A1 increased accumulation of the p62 protein in wild-type STHdhQ7/Q7 striatal cells (from 1 to 1.43 folds; p = 0.0002, Figures 4A, C, lanes 1 and 3) and the mutant STHdhQ111/Q111 striatal cells (from 1.07 to 1.547 folds; p = 0.0101, Figures 4A, C, lanes 5 and 7), confirming lysosomal degradation was inhibited. Oleuropein treatment failed to increase the accumulation of p62 protein in the Bafilomycin A1-treated wild-type STHdhQ7/Q7 striatal cells (from 1.43 to 1.463 folds; p > 0.05, Figures 4A, C, lanes 3 and 4) and Bafilomycin A1-treated mutant STHdhQ111/Q111 striatal cells (from 1.547 to 1.527 folds; p > 0.05, Figures 4A, C, lanes 7 and 8). Hence, our data indicate that oleuropein treatment does not induce autophagy in the STHdh HD striatal model cells.
[image: Immunoblot analysis and bar graphs illustrating the effects of Oleuropein on autophagy markers in STHdh cells and HtQP-GFP cells. Panels A and D show variations in protein bands for Htt, p62, LC3I, LC3II, and actin under different treatments. Panels B, C, E, and F present quantified data for LC3II/I ratios and p62 levels, highlighting significant and non-significant differences marked by asterisks and "N.S." labels. Data comparisons involve treatment with Oleuropein and Bafilomycin A1.]FIGURE 4 | Oleuropein does not affect autophagic flux in HD model cells. (A) Immunoblotting analysis of the STHdhQ7/Q7 and STHdhQ111/Q111 striatal cells treated with 5 μg/ml oleuropein or 200 nM Bafilomycin A1 or both. Immunoblot detection of Htt, LC3, and p62 proteins in STHdhQ7/Q7 and STHdhQ111/Q111 striatal cells. Actin was used as an internal control. Quantitation analyses of (B) LC3-II or (C) p62 protein normalized to actin. (D) Immunoblotting analysis of LC3 and p62 in N2a cells expressing truncated wild-type or mutant Htt after treatment with 5 μg/ml oleuropein or 200 nM Bafilomycin A1 or both. Actin protein was used as an internal control. Quantitation analysis of (E) LC3II or (F) p62 protein normalized to actin. Data from three independent experiments are presented as mean normalized units ± SEM. Data showing significant differences are labeled as follows: p < 0.05 with one asterisk (*), p < 0.005 with two asterisks (**), and p < 0.001 with three asterisks (***). N.S., not significant.
To investigate whether the lack of oleuropein effect on autophagy is cell-specific or a general phenomenon, the effect of oleuropein on the autophagic flux was also examined in the neuronal N2a cells. Similar to the results observed in the STHdh striatal model cells, oleuropein did not affect the LC3-II and p62 protein levels in N2a cells ectopically expressing the truncated wild-type HttQP25-GFP or the mutant HttQP72-GFP protein (QP25:LC3II from 1 to 1.165-fold; p > 0.05; p62 from 1 to 1.045-fold; p > 0.05, Figures 4D–F, lane 1 and 2. QP72: LC3II from 1.07 to 1.048-fold; p > 0.05; p62 from 1.162 to 1.078-fold; p > 0.05; Figures 4D–F, land 5 and 6), indicating that overall autophagy balance was not affected by oleuropein. Bafilomycin A1-dependent increase of the LC3-II protein in the neuronal N2a cells ectopically expressing truncated wild-type HttQP25-GFP (from 1 to 4.607 folds; p < 0.0001, Figures 4D, E, lanes 1 and 3) or mutant HttQP72-GFP protein (from 1.07 to 5.642 folds; p = 0.0001, Figures 4D, E, lanes 5 and 7). After blocking lysosomal degradation by Bafilomycin A1, oleuropein did not affect the LC3-II protein level in N2a cells overexpressing either the truncated wild-type HttQP25-GFP protein (from 4.6 to 4.32 folds; p > 0.05, Figures 4D, E, lanes 3 and 4) or the truncated mutant HttQP72-GFP protein (from 5.64 to 5.63 folds; p > 0.05, Figures 4D, E, lanes 7 and 8). Similarly, blocking lysosomal degradation did not affect the p62 protein level in the N2a cells overexpressing either the truncated wild-type HttQP25-GFP protein (from 4.6 to 4.32 folds; p > 0.05, Figures 4D, F, lanes 3 and 4) or the truncated mutant HttQP72-GFP protein (from 5.64 to 5.63 folds; p > 0.05, Figures 4D, F, lanes 7 and 8). In summary, our data indicate oleuropein did not act through the autophagy pathway to relieve the cytotoxicity of the HD model cells.
3.7 Oleuropein increases the proteolytic activity of the 20S proteasome
Because oleuropein did not affect the autophagy pathway, we tested whether the proteasome system was activated in oleuropein-treated HD model cells. Because the substrate-specific activities of the chymotrypsin-like, trypsin-like and caspase-like proteases are the major proteolytic activity of the 20S core proteasome complex [reviewed in Wang and Le (2019); Wang et al. (2020)], we examined the chymotrypsin-like, caspase-like and trypsin-like activities in neuronal N2a cells ectopically expressing the truncated wild-type HttQP25-GFP protein or truncated mutant HttQP72-GFP protein in the absence or presence of oleuropein treatment. Consistent with the previous report (Huang et al., 2021), ectopic expression of the mutant HttQP72-GFP protein decreased the activities of the chymotrypsin-like protease (from 100% to 73%; p = 0.043, Figure 5A), caspase-like protease (from 100% to 78%; p = 0.037, Figure 5B) and trypsin-like protease (from 100% to 72%; p = 0.029, Figure 5C). Consistent with the previous reports (Katsiki et al., 2007; Trader et al., 2017), oleuropein treatment increased the activities of chymotrypsin-like protease (from 73% to 90%; p = 0.017, Figure 5A), caspase-like protease (from 78% to 92%; p = 0.026, Figure 5B), and trypsin-like protease (from 72% to 88%; p = 0.024, Figure 5C) in cells expressing the mutant HttQP72-GFP protein. In contrast, oleuropein did not alter the activities of chymotrypsin-like protease (100%–101%; p > 0.05, Figure 5A), caspase-like protease (from 100% to 97%; p > 0.05, Figure 5B), and trypsin-like protease (from 100% to 97%; p > 0.05, Figure 5C) in cells expressing the HttQP25-GFP protein.
[image: Graphs displaying enzymatic activity assays for HttQP25+ and HttQP72+ with DMF and Oleuropein treatments. Panel A shows chymotrypsin-like activity, panel B shows caspase-like activity, and panel C shows trypsin-like activity. Each panel includes a line graph of AMC concentration over 120 minutes and a bar graph comparing relative activity, with statistical significance indicated by '*' and 'N.S.' (not significant).]FIGURE 5 | Oleuropein increases the proteasome activity in N2a cells expressing the truncated HttQP72-GFP mHtt protein. Oleuropein increases the proteasome activity in N2a cells expressing the truncated HttQP72-GFP mHtt protein. The chymotrypsin-like activity (A), caspase-like activity (B), and trypsin-like activity (C) were examined in N2a cells expressing wild-type or the truncated mHtt in the absence or presence of 5 μg/ml oleuropein treatment at the indicated concentration for 24 h. Data from three independent experiments are presented as mean normalized units ± SEM. Data showing a significant difference (p < 0.05) is labeled with one asterisk (*). N.S., not significant.
In addition to the N2a cells, we also tested the effect of oleuropein on proteasome activity in the STHdh striatal cells. As compared to the wild-type STHdhQ7/Q7 striatal cells, the mutant STHdhQ111/Q111 striatal cells had reduced activities of the chymotrypsin-like protease (from 100% to 68%; p = 0.028, Supplementary Figure S4A), caspase-like protease (from 100% to 74%; p = 0.012, Supplementary Figure S4B), and trypsin-like protease (from 100% to 76%; p = 0.014, Supplementary Figure S4C). Importantly, oleuropein treatment was able to significantly increase the activities of chymotrypsin-like protease (from 68% to 87%; p = 0.011, Supplementary Figure S4A), caspase-like protease (from 74% to 88%; p = 0.027, Supplementary Figure S4B), and trypsin-like protease (from 76% to 89%; p = 0.034, Supplementary Figure S4C) in the mutant STHdhQ111/Q111 striatal cells. Similar to the N2a cells, oleuropein did not affect the chymotrypsin-like activity (100%–103%; p > 0.05, Supplementary Figure S4A), caspase-like activity (from 100% to 102%; p > 0.05, Supplementary Figure S4B), and trypsin-like activity (from 100% to 102%; p > 0.05, Supplementary Figure S4C) in the wild-type STHdhQ7/Q7 striatal cells. Taken together, our data showed that oleuropein could modulate 20S proteasome proteolytic activity in the N2a and STHdh HD model cells.
3.8 Oleuropein affects the proteasome pathway via an unidentified mechanism
To investigate how oleuropein affects the proteasome pathway, we used immunoblotting to examine the catalytic subunits of the proteasome pathway. Protein levels of subunits β1, β2, and β5 that represent the respective caspase-like, trypsin-like, and chymotrypsin-like proteases of 20S proteasome were examined in the N2a cells overexpressing the HttQP25-GFP protein or mutant HttQP72-GFP protein in the presence or absence of oleuropein. As the control, oleuropein treatment reduced the accumulation of HttQP72-GFP aggregates (from 18.68 to 12.87 folds; p = 0.0363, Figures 6A, B). Even though an ectopic expression of mutant HttQP72-GFP protein decreased activities of all three core proteases of the 20S proteasome (Figure 5), it did not affect the steady-state levels of β1 (Figures 6A, C), β2 (Figures 6A, D) or β5 protein (Figures 6A, E). Moreover, oleuropein treatment did not affect the levels of β1 (Figures 6A, C), β2 (Figures 6A, D), or β5 proteins (Figures 6A, E).
[image: Western blot and graph analysis in N2a cells showing effects of Oleuropein and GFP variants. Panel A displays protein bands for HTQ25GFP and HTQ72GFP with and without treatment. Panels C to H show bar graphs analyzing different proteins: β1, β2, βS, PA28γ, phospho-p38, and p38. Error bars and statistical significance markers are present.]FIGURE 6 | Effects of oleuropein on the proteasome-associated proteins in N2a cells expressing the truncated HttQP72-GFP mHtt protein. (A) Immunoblot detection of Htt, β1, β2, β5, PA28γ, phospho-p38, and p38 in N2a cells expressing truncated wild-type or mutant Htt in the absence or presence of oleuropein treatment at the indicated concentration for 24 h. Actin was used as an internal control. (B–H) Quantification analyses of protein levels with the indicated protein normalized to the actin protein. A paired Student’s t-test was used for statistical analysis. Data showing significant differences compared to the control are labeled as follows: p < 0.05 with one asterisk (*), and p < 0.01 with two asterisks (**). N.S., no significance.
Ectopic expression of the proteasome activator PA28γ has been shown to improve cellular functions of the STHdhQ7/Q7 striatal cells and motor behaviors in HD model mice (Seo et al., 2007; Jeon et al., 2016). Since the proteasomal subunits β1, β2, and β5 were not the targets for oleuropein-dependent proteasome activities, we asked whether the 20S proteasome activator, PA28γ (Cascio, 2021), was the target of oleuropein. Our results showed that neither expression of mutant HttQP72-GFP protein alone nor combination of oleuropein treatment and expression of mutant HttQP72-GFP protein affected PA28γ protein level in the N2a cells (Figures 6A, F), indicating PA28γ is not the target of oleuropein. As the control, the expression of HttQP25-GFP protein and its combination with oleuropein treatment did not affect the PA28γ protein (Figures 6A, F).
Activation of the p38 MAPK pathway has been shown to inhibit proteasome activity (Lee et al., 2010; Leestemaker et al., 2017; Huang et al., 2021). Consequently, we investigated whether oleuropein improved proteasome activity by inhibiting the p38 MAPK pathway. Ectopic expression of mutant HttQP72-GFP protein did not affect the level of phospho-p38 MAPK in the N2a cells (Figures 6A, G). Additionally, oleuropein treatment did not alter the ratio of phospho-p38 MAPK/p38 MAPK in cells expressing the HttQP72-GFP (Figures 6A, G, H), indicating that oleuropein did not affect the p38 MAPK pathway to enhance proteasome activities. The effect of oleuropein on the proteasome and p38 MAPK pathway was further tested in the STHdhQ7/Q7 striatal cells. The catalytic subunits and regulator of the proteasome pathway were examined in STHdhQ7/Q7 striatal cells expressing the mutant HttQP72-GFP protein. Consistent with the results from the N2a cells, oleuropein did not affect the protein levels of β1, β2, β5, or PA28γ in the STHdhQ7/Q7 striatal cells expressing mutant HttQP72-GFP protein (Supplementary Figure S5A). Overexpression of mutant HttQP72-GFP protein increased the level of phospho-p38 MAPK in the STHdhQ7/Q7 striatal cells, however, oleuropein did not affect the levels of unphosphorylated p38 MAPK or alter the p38 MAPK pathway, as indicated by the ratio of phospho-p38 MAPK to p38 MAPK (Supplementary Figure S5A).
We suspected that oleuropein might target other MAPK pathways. It has been shown that the Erk1/2 MAPK pathway promotes cell survival, while the c-Jun N-terminal kinase (JNK) MAPK pathway inhibits proteasome activity (Mitsiades et al., 2002; Tang et al., 2006; Shah and Orlowski, 2009). However, our experiments showed that oleuropein treatment did not affect either the Erk1/2 or the JNK pathway in the N2a cells expressing HttQP72-GFP (Supplementary Figure S6), suggesting that oleuropein does not act on the MAPK pathways to reduce mHtt aggregates. Consistently, oleuropein did not affect the protein levels of proteasome catalytic subunits β1, β2, and β5, proteasome activator PA28γ, or alter the MAPK pathways in both wild-type STHdhQ7/Q7 and the mutant STHdhQ111/Q111 striatal cells (Supplementary Figure S7 and Supplementary Figure S8).
Given that the rho-associated kinases (ROCKs) pathway has been reported to reduce soluble and aggregated forms of mHtt (Bauer and Nobuyuki, 2009; Bauer et al., 2009), we examined the effect of oleuropein on the ROCKs pathway. Based on our data, oleuropein treatment did not affect the ROCK pathway in N2a cells expressing HttQP25-GFP, as well as in both wild-type STHdhQ7/Q7 and mutant STHdhQ111/Q111 striatal cells (Supplementary Figure S9).
Nuclear factor erythroid 2-related factor 2 (Nrf2) is known to coordinate oxidative stress and proteasome functions by enhancing proteasomal activity, degrading oxidized protein, and maintaining proteostasis (Arlt et al., 2009). Since protein aggregation and dysfunction caused by oxidative stress often require 20S proteasome activity (Reichmann et al., 2018; Lévy et al., 2019), oleuropein may modulate the Nrf2 transcription factor to regulate cellular redox balance and proteasome activity. Interestingly, the Nrf2 pathway was activated in the mutant STHdhQ111/Q111 striatal cells compared to the control STHdhQ7/Q7 striatal cells, as evidenced by an increase in the ratio of phospho-Nrf2 to Nrf2 from 1 to 1.348-fold (p = 0.0014; Supplementary Figure S10). However, oleuropein treatment did not further activate the Nrf2 pathway, as indicated by no additional change in the phospho-Nrf2/Nrf2 ratio in both STHdhQ111/Q111 and control STHdhQ7/Q7 striatal cells (Supplementary Figure S10).
In summary, while oleuropein increased the proteolytic activities of the 20S proteasome in all three HD cell models, it did not do so by modulating the major proteasome catalytic subunit and its PA28γ activator, or the MAPK, ROCKS, and the Nrf2 pathways.
4 DISCUSSION
The expression and accumulation of mHtt are crucial for inducing cell cytotoxicity and cell death in neuronal cell cultures (Saudou et al., 1998; Bjørkøy et al., 2005; Raspe et al., 2009). Strategies to reduce the accumulation of mHtt aggregates have been shown to improve cell viability and animal behavior in HD cell and animal models (Hodgson et al., 1999; Bates, 2003; Arrasate and Finkbeiner, 2012; Weiss et al., 2012). In this study, we provided compelling evidence to show that oleuropein reduced cytotoxicity in three HD cell models. Moreover, oleuropein is potent in lowering the soluble form of mHtt protein, mHtt aggregates, and associated ROS. Because the proteolytic activities of the proteasome pathway increased in oleuropein-treated cells, we proposed that oleuropein activates the proteasome pathway to reduce the truncated mHTT protein. However, oleuropein did not affect the core subunits and activator of the 20S proteasome, or the MAPK, ROCKs, and Nrf2 pathways. In addition to the MAPK, ROCKs, and Nrf2 pathways, the cAMP-dependent protein kinase (PKA) pathway has also been shown to inhibit the proteasome activity, specifically targeting the caspase- and trypsin-like proteasome activities (Zhang et al., 2007; Goldberg et al., 2021). Given that oleuropein increased all three protease activities, it is unlikely PKA is the target of oleuropein. This suggests that other regulatory mechanisms of the proteasome pathway are involved.
The question then became how oleuropein enhances proteasome activity. Oxidative stresses have been known to affect the 26S proteasome activity (Ding and Keller, 2001). It is possible that mHtt triggers oxidative stress that inhibits proteasome activities. The primary substrates of 20S proteasome degradation are misfolded proteins, and their accumulation can result in cytotoxicity (Ferrington et al., 2001; David et al., 2002; Shringarpure and Davies, 2002; Liu et al., 2003; Whittier et al., 2004; Baugh et al., 2009; Raynes et al., 2016). Increasing oxidative stress can lead to the overaccumulation of oxidatively damaged misfolded proteins, which overload the proteasome and inhibit its core protease activity (Pajares et al., 2015; Korovila et al., 2017). Oleuropein may enhance the proteasomal core protease activities through an unidentified mechanism, thereby reducing stress caused by mutant Htt protein. It will be essential to identify the mechanism via an unbiased approach.
Posttranslational modifications (PTMs) have been reported to modulate proteasome activity (Kors et al., 2019; Bi et al., 2021). Oxidative stress has been shown to increase O-GlcNAcylation and S-glutathionylation modification of the proteasome (Zachara and Hart, 2004; Zachara et al., 2004; Dalle-Donne et al., 2009; Xiong et al., 2011; Groves et al., 2013; Reeves et al., 2014). O-linked β-N-acetylglucosamine (O-GlcNAc) modification of the proteasomal 19S regulatory cap Rpt2 protein and S-glutathionylation of the proteasomal 19S regulatory cap RPN1 and RPN2 proteins are reported to reduce proteasome activity and lead to the accumulation of ubiquitylated protein (Zhang et al., 2003; Zmijewski et al., 2009; Keembiyehetty et al., 2011; Liu et al., 2014). Interestingly, upregulated O-GlcNAcylation and S-glutathionylation modified proteins have been reported to impair cell homeostasis and contribute to neuron loss in HD model mice and model cells (Yuzwa et al., 2008; Kumar et al., 2014; Hong et al., 2015; Grima et al., 2017; Lee et al., 2021). Therefore, oleuropein may modulate O-GlcNAcylation or S-glutathionylation modification of the proteasomal proteins to improve proteasome activity and relieve oxidative stress of the mHtt-expressing cells. Further studies are required to address this possibility.
In this study, we did not observe oleuropein’s effect on autophagy in three HD cell models. Oleuropein aglycone, the deglycosylated oleuropein, has been shown to activate autophagy in human neuroblastoma SH-SY5Y cells, rat pancreatic epithelial RIN5F cells, and the cortex of TgCRND8 AD mice (Rigacci et al., 2015; Leri et al., 2021). Although both oleuropein and oleuropein aglycone possess anti-oxidative, anti-inflammatory, and lipid-lowering properties, their distinct structures may contribute to different modes of action (Xu et al., 2018). Further experiments are required to elucidate the effects of oleuropein and oleuropein aglycone on autophagy and/or proteasome.
Even though oleuropein has been shown to have neuroprotective functions (Achour et al., 2016; Omar et al., 2018; Brunetti et al., 2020; Leri et al., 2021; Marianetti et al., 2022), identifying the specific targets through which oleuropein reduce cytotoxicity remains challenging. In this study, we showed that oleuropein-mediated protection is linked to reducing ROS levels. Oleuropein may act as a direct ROS scavenger to alleviate oxidative stress in the HD model cells. Since mitochondria are the primary source of ROS production, we speculate that mitochondria-associated ROS balance may be affected by oleuropein. Equally possible is that oleuropein may trigger an endogenous antioxidative response to reduce oxidative stress and protect the HD model cells.
The strategies to reduce soluble and aggregated forms of mHtt have been demonstrated to be essential to alleviate HD pathology (Zhu et al., 2019; Hegde et al., 2020; Valionyte et al., 2020; Srinivasan et al., 2022). Here, we showed that oleuropein potently decreases the soluble and aggregated forms of truncated mHtt protein and cytotoxicity. Our results suggest that oleuropein can be used as a potential therapeutic remedy. Moreover, we showed that oleuropein may target the proteasome pathway to improve neuronal health in HD model cells. We propose that the proteasome pathway may serve as the therapeutic target for drug discovery for Huntington’s disease.
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Sleep disorders are becoming more and more common, leading to many health problems. However, most of current available medications to treat sleep disorders are addictive and even impair cognitive abilities. Therefore, it is important to find a natural and safe alternative to treat sleep disorders. In this study, twenty-four 8-week-old male ICR mice (25 ± 2 g) were equally divided into three groups: the control group (gavage of 0.9% saline), the eucalyptus essential oil (EEO) group (10 mg/kg B.W.), and the diazepam group (1 mg/kg B.W.). Firstly, open field test and sleep induction test were used to determine the sedative-hypnotic effect of EEO. Secondly, the effect of EEO on neurotransmitters in the mice brain was determined. Finally, based on the gut microbiota-brain axis (GMBA), the effect of EEO on the intestinal flora of mice was explored. It was found that EEO significantly reduce the activity and prolong the sleep duration of mice, exhibiting a good sedative-hypnotic effect. In the brain, EEO could increase the levels of sleep-promoting neurotransmitters, such as glutamine, Gamma-aminobutyric acid (GABA), glycine, tryptophan, N-acetylserotonin, and 5-hydroxyindoleacetic acid (5-HIAA). In the intestine, EEO was found to increase the diversity of gut microbes, the abundance of short chain fatty acid (SCFA) producing flora, and the abundance of functional flora synthesizing GABA and glycine neurotransmitters. These studies suggested that EEO exerted a sedative-hypnotic effect by acting on gut microbes and neurotransmitters in the brain. EEO has the potential to become a natural and safe alternative to traditional hypnotic sedative drugs.
Keywords: eucalyptus essential oil, sedative-hypnotic, neurotransmitter, gut microbes, gut microbiota-brain axis

INTRODUCTION
Insomnia can seriously influence people quality of life, and recent studies have revealed its association with obesity, diabetes, heart disease, coronary artery disease, depression and other serious problems (Walia and Mehra, 2016; Broussard et al., 2016). It is estimated that 50–70 million American adults suffer from one or more sleep disorders (Harding and Feldman, 2008), so does 31% of Western Europeans and 23% of Japanese (Dasdelen et al., 2022). In recent decades, a large number of medications have appeared on the market for the treatment of various types of sleep disorders such as chloral hydrate, barbiturates, benzodiazepine, benzodiazepine agonists, modafinil, and antidepressants. However, these medications can cause dependence even addiction, and some may even gradually impair cognitive abilities (Matheson and Hainer, 2017). Therefore, it is important to find safe and effective substances to replace existing commercially available medications to treat sleep disorders.
Eucalyptus essential oil (EEO) is extracted from eucalyptus branches and leaves by steam distillation and has a wide range of applications. The main components of EEO are 1,8-eudesmusin and terpineol (Ieri et al., 2019). Many of the components of EEO (Bampidis et al., 2023) and EEO (Regulation (EC) No 1831/2003) are authorized as a food additive and animal feed additive. EEO has been reported to have antibacterial, anti-inflammatory, insecticidal, antioxidant, analgesic, and other excellent biological activities (Caceres et al., 2017; Aziz et al., 2019; Barbosa et al., 2021; Sathantriphop et al., 2014). It has been found that 1,8-eudesmusin can act on the nervous system, affecting the synthesis of neurotransmitters and then exerting analgesic effects (Takaishi et al., 2012). A study has shown that 1,8-eudesmusin can also inhibit locomotion in mice, showing a good sedative effect (Santos and Rao, 2000). However, the sedative-hypnotic effect of EEO has not been studied thoroughly and systematically.
Neurotransmitters in the central nervous system play an important role in the regulation of the sleep-wake cycle as key mediators of neuronal signal (Ngo and Vo, 2019). In recent years, the gut microbiota-brain axis (GMBA) has been a hot topic in biomedical researches and suggested as a potential therapeutic target for central nervous system disorders (Pesarico et al., 2023). Gut microbes not only affect the digestive, metabolic, and immune functions of the host, but also regulate the sleep state of the host through the GMBA (Poroyko et al., 2016; Golubeva et al., 2017; Niu et al., 2022). High-quality sleep has been found to be closely related to the composition of gut microbes, and in addition, gut microbes dysbiosis can exacerbate the cognitive dysfunction in sleep-deprived mice (Torres-Fuentes et al., 2017; Li N. et al., 2023). Gut microbes have been shown to be involved in the production of a variety of neurotransmitters and cytokines (Galland, 2014). Besides, gut microbes and their metabolites may also influence the expression of genes associated with the biological clock in the central nervous system and liver, then affecting sleep quality (Leone et al., 2015). It is necessary to study how EEO works on neurotransmitters and gut microbes for deep understanding the observed improvement in sleep quality. Therefore, the study was conducted to investigate the effects of EEO on brain neurotransmitters and gut microbes in mice through GMBA to find the possible targets of EEO for the treatment of sleep disorders.
METHODS
Animals and drugs
All animal testing procedures were conducted in accordance with the guidelines of the Animal Ethics Committee of Zhejiang University (ethical programme code ZJU 20160403). A total of twenty-four 8-week-old male ICR mice (25 ± 2 g) were purchased from Shanghai Lingchang for this study. The 24 mice were equally divided into three groups: the control group (gavage of 0.9% saline), the EEO group (10 mg/kg B.W.), and the diazepam group (1 mg/kg B.W.). Daily gavage was administered at 9:00 a.m. for 14 days. The test environment was controlled at 20°C–25°C and 40%–70% relative humidity. Acclimatisation in the animal house had been carried out for 1 week till the test. EEO was provided by Shandong Longchang Animal Health Products Co. Diazepam was purchased from Shanghai Xudong Haipu Pharmaceutical Co., Ltd., Batch No. H13021864. Pentobarbital sodium salt (CAS no: 57-33-0) was purchased from Sigma-Aldrich, United States.
Preparation of EEO
The method of preparing EEO refers to CN 110558324B. Australian eucalyptus leaves were cleaned, dried at 180°C and then crushed, and the eucalyptus oil was obtained by using water vapour distillation, and finally the eucalyptus oil was added to a vacuum distillation column for distillation to remove impurities, resulting in EEO. Measure out 100 mg of EEO and mix it with 1 mL of Tween 80, then dissolve the mixture in 49 mL of 0.9% saline solution. Shake the mixture thoroughly using a shaker, and store the EEO in a sealed, light-proof container in a refrigerator at 4°C for future experimental use. At this point, the concentration of EEO was 2 mg/mL. The EEO of 2 mg/mL is used for subsequent mice gavage experiment.
Open field test
Thirty min following the final drug administration to the mice in each group, the mice were placed into the open field with a space of 50 cm3 × 50 cm3 × 40 cm3, made of acrylic sheet and aluminium alloy frame, where the photographic equipment (model 550D, Canon digital camera) was suspended at 2 m directly above. After 5 min of acclimatisation, the activities of the mice during the 5 min were recorded. Trajectory analysis was performed by the video analysis system (SANS, SA215).
Sleep induction test
The sleep induction test was referred to the Medeiros study (Medeiros et al., 2018). After the last treatment, all mice were injected intraperitoneally with sodium pentobarbital solution salt according to 50 mg/kg B.W. standard. Sleep onset was determined by the disappearance of reflex for 1 min after administration of pentobarbital sodium salt solution. Sleep latency was the time from the injection of the drug to the disappearance of the reflex, and sleep duration was the time from the disappearance of the reflex to its appearance. The sleep latency and sleep duration were recorded for each group.
Measurement of neurotransmitter levels
Liquid chromatography tandem mass spectrometry (LC-MS/MS) was used to determine the content of neurotransmitters in mouse brain (Horvath et al., 2022). The mouse brain was homogenised and extracted with 20% acetonitrile in methanol for 3 min, then centrifuged (12,000 × g, 4°C, 10 min), and the supernatant was refrigerated at −20°C for 30 min, then centrifuged again, the supernatant was taken as the test solution. The chromatographic column used was a Waters ACQUITY UPLCC HSS T3 C18 column (1.8 μm, 100 mm × 2.1 mm i.d.), and the column temperature was controlled at 40°C. Mobile phases A and B were ultrapure water (containing 0.1% formic acid) and acetonitrile (containing 0.1% formic acid), respectively, and the control flow rate was 0.35 mL/min. The mass spectrometry conditions were based on the use of an electrospray ionization source, with the mass spectral voltage (MSV) set to 5,500 V in the positive ion mode and to −4,500 V in the negative ion mode.
Determination of gut microbes
The mice were dissected at the end of the test and the contents of their cecum were collected in sterile conical tubes. DNA was extracted from the cecal content using the CTAB method according to manufacturer’s instructions. The V3 to V4 regions of the microbiota 16S rDNA gene were amplified using 338F/806R primers, then the amplicon was purified using the Qiagen gel extraction kit (Qiagen, Hilden, Germany) and sequenced by the Illumina HiSeq 2500 PE250 platform (Novogene Bioinformatics Technology Co., Ltd., Tianjin, China). Analysis and visualization of high-throughput sequencing data were collected via the online Novomagic Cloud Platform.
Statistical analysis
Data were tested for significance using one-way ANOVA in SPSS version 22.0 software (IBM, United States), and data were expressed as mean ± standard deviation (M ± SD), with *P < 0.05 being significant and **P < 0.01 being highly significant. Other statistical methods were detailed in the relevant figures.
RESULTS
Effects of EEO on locomotion in mice
The effects of EEO on the total distance, movement speed and rest time of mice were shown in Figures 1A, E, F. Compared with the control group, the total distance travelled and the speed of movement of mice in the EEO group and the diazepam group were highly significantly reduced (P < 0.01), with a reduction in the total distance travelled of 32.5% and 52.5%, and the speed of movement was reduced to 25.13 ± 3.01 and 21.88 ± 6.55 mm/s. Figures 1B–D showed the activity trajectories of mice in the control group, EEO group, and diazepam group, respectively, from which it can also be observed that both EEO and diazepam reduced the activity of mice. In terms of resting time, EEO had no significant effect on the resting time of mice (P > 0.05), however, diazepam significantly increased the resting time of mice (P < 0.01).
[image: Graphs and activity plots compare effects of Control, EEO, and Diazepam on behavior. A, E, F, G, and H show bar charts with measurements like total distance, latency, and time. B, C, and D display movement paths. Diazepam often shows significant differences marked by asterisks.]FIGURE 1 | Effects of EEO on the behaviors of mice. (A) Total distance. (B–D) The behavioural trajectories of mice in the control group, EEO group, and diazepam group, respectively. (E) Movement speed. (F) Rest time. (G) Sleep latency. (H) Sleep duration. *p < 0.05, **p < 0.01; n = 7–8.
Effects of EEO on sleep in mice
The effects of EEO on sleep latency and sleep duration in mice were shown in Figures 1G, H. Gavage of EEO resulted in a shortening of sleep latency time, but there was no significant difference, and diazepam reduced the sleep latency of mice with a highly significantly (P < 0.01). The sleep duration of mice in control, EEO and diazepam groups were 18.17 ± 7.15, 28.50 ± 6.37 and 39.00 ± 9.85 min, respectively. Compared with the control group, EEO significantly increased the sleep duration of mice (P < 0.05), diazepam highly significantly increased the sleep duration of mice (P < 0.01). EEO and diazepam prolonged the sleep duration of mice by 56.9% (P < 0.05) and 114.7% (P < 0.01), respectively.
Effects of EEO on neurotransmitters in the mouse brain
We analysed the effects of EEO on neurotransmitters in the mouse brain. As shown in the PCoA and OPLS-DA score plots, compared with the control group, EEO or diazepam treatment significantly altered neurotransmitters in the mouse brain. The neurotransmitter profile in the brain of mice in the EEO group was similar to that of the diazepam group, with a greater difference from the control group (Figures 2A, B). In addition, volcano plot revealed neurotransmitters that differed significantly between groups (Figure 2C). EEO and diazepam treatments significantly elevated the levels of 7 and 3 neurotransmitters, respectively, compared to the control group. There was no significant difference in neurotransmitter levels between the EEO and diazepam groups.
[image: A group of graphs comparing different datasets using PCA and OPLS-DA plots. Panel A shows a PCA plot with clusters representing control, EEO, and diazepam groups. Panel B consists of three OPLS-DA plots displaying score comparisons between the groups, with distinct clustering. Panel C features three volcano plots outlining fold change and significance levels for comparisons: Control vs EEO, Control vs Diazepam, and Diazepam vs EEO.]FIGURE 2 | Effects of EEO gavage on neurotransmitters diversities of mice. (A) Principal coordinate analysis (PCoA) of weighted UniFrac distance. PCoA was performed by statistics function ggplot2 within R (http://www.r-project.org). (B) Orthogonal Partial Least Squares-Discriminant Analysis (OPLS-DA). After pre-processing the original data in OPLS-DA by [image: Mathematical equation showing X star equals X minus X bar.], the OPLSR. Anal function in the MetaboAnalystR package in R software is used for analysis. (C) Volcano plot between different groups. Using fold change analysis, if fold change of a neurotransmitter is ≥2 or ≤0.5 between the control group and the experimental group, it is considered significantly different. n = 8.
The changes of neurotransmitters were observed after EEO treatment through a clustering heat map (Figure 3A). Brain levels of Gamma-aminobutyric acid (GABA), glutamine, glycine, tryptophan, 5-hydroxyindoleacetic acid (5-HIAA) and N-acetylserotonin were significantly higher in the EEO-treated and diazepam-treated groups of mice than in the control group (Figure 3B).
[image: Panel A depicts a heatmap showing the relative abundance of various bacterial taxa across different samples with a color gradient from green to red. Panel B presents six violin plots comparing the levels of specific compounds: gamma-aminobutyric acid, glutamate, glycine, tryptophan, 5-hydroxyindoleacetic acid, and serotonin among three groups: Control, ED3, and Diazepam. Each plot includes box plots within the violins for detailed distribution insights.]FIGURE 3 | Effects of EEO supplementation on the levels of various neurotransmitters in the mice. (A) Heat map of neurotransmitter in different groups. The original levels of differential neurotransmitters are normalized using Unit Variance Scaling and heat maps are generated using R software. (B) Neurotransmitters with group differences. Using Variable Importance in Projection (VIP) based on the OPLS-DA model for differential testing, and neurotransmitters considered to be significant if VIP > 0.8. n = 8.
Effect of EEO on the diversity of gut microbes
As shown in Figure 4A, the OTUs of mice intestinal flora in the control, EEO and diazepam groups were 2,342, 3,659 and 3,609, EEO and diazepam treatments increased the OTUs of mice intestinal flora, EEO and diazepam groups had more concurrent OTUs (1,114) than the control group duplicated with EEO (812) and diazepam (868) groups, respectively. The α diversity index including shannon, ace and chao1 results were shown in Figures 4B–D. Both EEO and diazepam significantly increased the shannon, ace and chao1 indices of the intestinal microbes in mice compared to the control group (P < 0.05). The β diversity index results showed that EEO and diazepam highly significantly increased the intestinal flora of the mouse β diversity (Figure 4E, P < 0.01). Based on the weighted UniFrac distance metric, the community composition of each sample was analysed for similarity using principal co-ordinates analysis (PCoA). The microbial communities in the EEO and diazepam groups were altered compared with the control group, and the microbial community species composition was structurally similar in the EEO and diazepam groups (Figure 4F). The similarity between individuals was analysed using the Unweighted UniFrac clustering tree based on the UPGMA method (Figure 4G), and in agreement with the results of the PCoA analysis, the gut microbial community composition in the EEO and diazepam groups was dramatically different compared to the control group.
[image: Venn diagram (A) shows overlap in features among Control, EEO, and Diazepam groups. Box plots (B-E) compare alpha diversity metrics across groups. Plot (F) displays Principal Coordinate Analysis (PCoA) of microbial communities. Dendrogram and bar chart (G) illustrate relative microbial abundance by phylum, highlighting differences among groups.]FIGURE 4 | Effects of EEO on the diversity of microbial communities in the cecum of mice. (A) Wayne plots at ou level. (B–D) Box plots of α-diversity indices: Shannon (B), ACE (C) and Chao1 (D). (E) β-Diversity indices based on otu level. Species diversity difference is analyzed using Tukey and Kruskal–Wallis rank sum tests. *p < 0.05, **p < 0.01. (F) Scatter plots obtained from PCoA based on the weighted UniFrac distance metric. (G) UPGMA clustering tree and community structure map based on unweighted UniFrac distance. n = 5–6.
Effect of EEO on the relative abundance of gut microbes
Differences in dominant species among the three groups of samples at the phylum level are shown in Figure 5A, the study found that the relative abundance of Firmicutes, Proteobacteria, Actinobacteria, and Bacteroidota/Firmicutes differed among the three groups. EEO significantly increased the relative abundance of relative abundance of Firmicutes, Proteobacteria and Actinobacteria (P < 0.01) and decreased the abundance ratio of Bacteroidota/Firmicutes (Figure 5B). At the genus level, EEO and diazepam treatment altered the relative abundance of Bacteroides, Dubosiella, Prevotella_9, and Lachnospiraceae_NK4A136_groups in the gut microbial community of mice (Figure 5C). EEO and diazepam significantly increased the elevated relative abundance of Lachnospiraceae_NK4A136_group, Bacteroides, Dubosiella, Prevotella_9 (Figure 5D).
[image: Ternary plots and bar graphs comparing microbial compositions and abundances across Control, EEO, and Diazepam groups. A and C display ternary plots showing compositions of various bacterial phyla and genera. B and D feature bar graphs highlighting the relative abundance of specific bacteria, with statistical significance indicated by asterisks.]FIGURE 5 | Differences in the abundance of intestinal flora in each group at the phylum and genus levels. Ternary phase diagrams of the differences in intestinal flora at the phylum (A) and genus (C) levels. (B) Histograms of the abundance of intestinal flora at the phylum level in each group after treatment with EEO. (D) Histograms of the abundance of intestinal flora at the genus level in each group after eucalyptus essential oils treatment. Find significantly different microbes through t-test analysis. *p < 0.05, **p < 0.01; n = 6.
Linear discriminant analysis of LDA effect size (LEfSe) was used to identify taxa most likely to explain differences in microbiota composition between the control and EEO groups. A comparison of the individuals from both groups revealed that Actinobacteria at phylum level, as well as Acidothermus, Rothia, Conexibacter and Bacillus at the genus level exhibited significant influences in the EEO group, while in the control, Bacteroidota in the phylum level made contributions (Figure 6A). A taxonomic cladogram derived from the LEfSe analysis (with the LDA score > 3.0) showed the relationships of the differential microbiota with significant roles (Figure 6B). Altogether, these results suggest that the gut microbes exhibit alterations after EEO treatment.
[image: Four-part data visualization: A) Bar chart showing LDA scores of different bacterial genera, with red indicating controls and green highlighting E10. B) Circular phylogenetic tree illustrating taxonomic differences between controls and E10, with red and green sections. C) Heatmap depicting the relative abundance of various biological functions across samples, categorized by color. D) Bar chart with error bars representing the differential abundance of functions between control and E10, including confidence intervals.]FIGURE 6 | Distinct taxa with greater contributions at different taxonomic levels and the predicted functional changes in the gut microbes. (A) Linear discriminant analysis (LDA) effect size (LEfSe) identified microbial biomarkers from phylum to species levels that discriminate the control and EEO groups. (B) Cladogram constructed using the LEfSe method to display the phylogenetic distribution of bacteria that were most highly enriched in the control and EEO groups. (C) For predicting flora function, heat map of PICRUST analysis identified the KEGG pathway among the control and EEO groups. (D) The KEGG analysis showed the potential pathways associated with changes in the intestinal microbes after the EEO treatment. n = 6.
A KEGG functional prediction was subsequently performed by means of the PICRUST approach. The heat map showed that the results of KEGG three-level classification enrichment analysis (Figure 6C). The results showed that these differential microbes might be closely related with purine and pyrimidine metabolism, aminoacyl tRNA biosynthesis, energy metabolism and glutamine and glutamate metabolism (Figure 6D).
Correlation analysis between gut microbes and sedation behavior
The correlation and significance between gut microbes and sedation behaviors in mice was investigated by Pearson’s correlation analysis (Figure 7A). The observed species, chao1 index showed significantly negative correlation (P < 0.05) with total distance and movement speed of mice. Shannon, simpson index showed significantly negative correlation (P < 0.05) with movement speed and total distance travelled respectively. Sleep duration was positively correlated with the abundance of Proteobacteria at the phylum level (Figure 7B), and positively correlated with Enterococcus, Pseudomonas, Cupriavidus, Prevotella_9 and Ralstonia at the genus level (Figure 7C). It suggested that the length of sleep duration was related to the composition of the gut microbes.
[image: Heatmap and scatter plots showing correlations between sleep metrics and microbial abundance. Panel A presents a heatmap of sleep duration, sleep latency, and sleep efficiency. Panel B shows a positive correlation between Proteobacteria abundance and sleep duration. Panel C displays scatter plots indicating associations of Enterococcus, Pseudomonas, Coprobacillus, Prevotella 9, and Rothia with sleep duration. Each plot includes a regression line and correlation coefficients.]FIGURE 7 | Sedative-hypnotic behaviors are associated with occupancy in the intestinal microbes. (A) Correlation analysis between mice behaviors with intestinal microbes α diversity. (B) Correlation analysis between sleep duration time and the abundance of gut microbes at the phylum level. (C) Correlation analysis between sleep duration time and the abundance of gut microbes at the genus level. Statistical significance is evaluated by Pearson correlation coefficient test. *p < 0.05; n = 18.
Effect of EEO on the abundance of neurotransmitter-producing microbes
Through an extensive search, we obtained gut microbes associated with neurotransmitter synthesis (Supplementary Table 1). The total abundance of bacteria associated with dopamine, GABA, glycine, histamine, and serotonin (5-HT) synthesis were calculated. We found that microbes synthesize dopamine, GABA and glycine were considerably affected by EEO treatment. EEO significantly increased the abundance of GABA- and glycine-synthesize bacteria in the mouse gut (Figures 8B, C, P < 0.05), while it had no significant effect on the abundance of bacteria synthesize histamine and 5-HT (Figures 8D, E, P > 0.05). Diazepam treatment significantly increased the abundance of bacteria associated with the synthesis of dopamine, GABA and glycine (Figures 8A–C, P < 0.05).
[image: Five box plots showing the abundance of neurotransmitters across three groups: Control, EEO, and Diazepam. Plot A shows dopamine, Plot B shows GABA, Plot C shows glycine, Plot D shows histamine, and Plot E shows serotonin. Statistical significance is indicated by brackets with asterisks, where “ns” denotes not significant.]FIGURE 8 | Effects of EEO supplementation on the intestinal neurotransmitter-producing flora of mice. The abundance of functional microbes synthesizing dopamine (A), GABA (B), glycine (C), histamine (D), and serotonin (E) neurotransmitters. *p < 0.05, **p < 0.01; n = 6.
DISCUSSION
Sleep disorders can seriously affect people quality of life and increase socio-economic burden (Yuen and Pelayo, 2017; Wickwire et al., 2016). In recent years, many studies have explored the effects of natural products on sleep with a potential to replace conventional hypnotic drugs that may have serious side effects. In this study, we explored the sedative-hypnotic effects of EEO treatment in mice. To our knowledge, this is the first report of a depressant effect of EEO on the central nervous system in mice. The open field test was employed to assess whether EEO affected exploratory activity in mice, after the sleep induction test was performed, which was a specific test to assess sedative-hypnotic drugs. In the open field test, it was found that EEO treatment significantly reduced the total distance travelled and decreased the movement speed in mice, and the results of the barbiturate-induced sleep test also found that EEO significantly increased sleep duration. This was consistent with the effects induced by the positive control diazepam treatment group (Figure 1). This suggested that EEO had a significant sedative-hypnotic effect. Consistent with our study, one of the EEO constituents, 1,8-eudesmusin, was reported to reduce locomotion in mice with sedative effect (Santos and Rao, 2000). The main components of EEO were shown in Supplementary Table 2, and one of its main components, 1,8-eudesmusin, may be the main functional substance that exerted sedative-hypnotic effects. In terms of the safety of EEO, a study found that mice did not show significant changes in behavior, vital signs, and blood biochemical indicators when orally administered with 833 mg/kg B.W. of EEO (Kapnisis et al., 2022). According to the World Health Organization, this may indicate that EEO is classified as “unlikely to cause any acute or subacute hazard.” The good sedative-hypnotic effects of EEO make it a safe natural extract that has the potential to be used as an alternative to traditional hypnotic drugs for improving sleep.
Sleep regulation is a highly complex process that is finely regulated by changes in brain neurochemicals, and many neurotransmitters are involved in sleep regulation. Drugs that interfere or modulate these neurochemical systems can lead to changes in arousal and sleep, which in turn modulate sleep disorders. GABA is produced from glutamate by the enzyme glutamic acid decarboxylase. GABA is the main inhibitory neurotransmitter and it is well established that GABA inhibits nerve conduction and prevents neuronal over-excitation which in turn promotes sleep (Yamatsu et al., 2016; Kim et al., 2019). Glutamate is an excitatory neurotransmitter, and glutamate and glutamine can be interconverted, and glutamate can be inactivated by the glutamate-glutamine cycle, terminating the excitatory effect of glutamate (Chen et al., 2022). The results of our study showed that both EEO and diazepam groups significantly increased the levels of glutamine and GABA in the brain of mice compared to the control group (Figure 3). Similar to our study, many natural products such as Nelumbo nucifera Seed Extract and Valerian/Hop Mixture can improve sleep and prolong sleep duration in Drosophila by modulating GABA signal (Jo et al., 2018; Choi et al., 2017). Our study also found that EEO significantly increased glycine levels in the mouse brain (Figure 3). In the central nervous system, glycine acts as an inhibitory neurotransmitter by affecting glycine receptor GlyRs, and glycine has been reported to increase the duration of non-rapid eye movement sleep and reduce the number and mean duration of dark period awakening (Hondo et al., 2011). An increasing number of studies have found that 5-HT promotes sleep (Zhang et al., 2018), and tryptophan, as the sole substrate for 5-HT synthesis, have also been reported to have a hypnotic effect (Roth et al., 2021). N-acetylserotonin and 5-HIAA, as products of 5-HT acetylation and monoamine oxidation, have also been reported to improve sleep. The results of the study found that EEO could upregulate the levels of tryptophan, N-acetylserotonin and 5-HIAA in brain tissues (Figure 3). The study by Wang et al. (2020) found that Schisandrin B could reduce sleep latency in parachlorophenylalanine-induced insomnia in rats by increasing the levels of 5-HIAA and increasing sleep duration. Nyctinastic herbs decoction can also treat insomnia by increasing 5-HIAA levels (Yang et al., 2021). Supplementation with saffron extract increased N-acetylserotonin and tryptophan synthesis and improved sleep quality in rats (Munoz et al., 2023). Our studies illustrated the ability of EEO to affect the levels of sleep-related neurotransmitters in the brain, which in turn affected the sleep state.
Studies in recent years have found a strong association between gut microbes and sleep, and maintaining the homeostasis of the gut microbes is key to improving sleep (Neroni et al., 2021). Intake of Lactobacillus and Bacillus longum has been reported to improve sleep quality preventing sleep disorders (Matsuda et al., 2020). A study by Guo et al. (2019) found that Oolong Tea Polyphenols regulate circadian rhythms by enhancing beneficial gut microbes. All these findings suggested that gut microbes influenced sleep quality through GMBA. In our study, we found that EEO and the positive control diazepam significantly altered the gut microbes of mice and increased the α-diversity and β-diversity of the gut microbes (Figure 4). And observed-species and chao1 index showed significantly negative correlation with both total distance and movement speed. Shannon and simpson index showed significantly negative correlation with movement speed and total distance, respectively (Figure 7A). In addition, the gut microbes of mice in the EEO and diazepam groups possessed a higher number of repetitive OTUs and had a more similar flora structure. It is reported that gut microbial diversity is positively correlated with an increase in sleep efficiency and total sleep time, and that gut microbial diversity promotes healthier sleep (Smith et al., 2019). A study by Ogawa et al. (2020) found that treatment with a broad-spectrum antibiotic significantly reduced the duration of non-rapid eye movement sleep in mice while decreasing their gut microbes. These suggested that the diversity of gut microbes affected sleep quality. The diversity of gut microbes interacted with sleep conditions, and poorer sleep states reduced the diversity of gut microbes, leading to dysbiosis. A good gut microbial ecology promoted better sleep. This might be related to the fact that certain beneficial flora promoted sleep, or it might be due to the fact that gut microbes metabolism affected the synthesis of certain neurotransmitters and certain vitamins associated with sleep (El Aidy et al., 2020).
We found that EEO treatment altered the relative abundance of gut microbes, significantly increased the relative abundance of Firmicutes, Proteobacteria, and Actinobacteria at the phylum level and decreased the Bacteroidota/Firmicutes abundance ratio. At the genus level, EEO treatments increased the abundance of Bacteroides, Dubosiella, Prevotella_9, and Lachnospiraceae_NK4A136_groups (Figure 5). Lower Bacteroidota/Firmicutes ratio was beneficial for minimising pathogens and for probiotic colonisation (Ge et al., 2023). It has also been previously found that higher Firmicutes abundance is associated with higher sleep quality in the host (Smith et al., 2019). Therefore, we speculated that EEO may affect the abundance of Firmicutes, promoted probiotic colonisation, maintain intestinal homeostasis and exerted a sedative-hypnotic effect. In addition to this, we found that most of the gut microbes altered by EEO were short-chain fatty acid-producing beneficial bacteria. The members of Firmicutes mainly included beneficial bacteria, and Firmicutes were considered to be the main gate of short-chain fatty acid production in the mouse gut (Li W. T. et al., 2023; Wongsurawat et al., 2023). Proteobacteria promoted propionic acid production, and Actinobacteria mainly produced acetic acid and butyric acid (Zhao et al., 2019; Haenen et al., 2013). Bacteroides have been shown to be carbohydrate degraders and short chain fatty acid (SCFA) producers (Fan et al., 2023). SCFA produced by gut microbes were thought to be endogenous circadian signal molecules and were essential for gut-brain axis communication (Fredericks et al., 2020). SCFA interacted with receptors on enteroendocrine cells by inducing the secretion of gut hormones, such as GABA and 5-HT, and facilitating indirect signals to the brain via the somatic or vagal pathways (Silva et al., 2020), which can in turn alter the organism’s sleep state. Therefore, EEO may improve sleep by enriching SCFA-producing microbes and thereby increasing the metabolite SCFA.
Compositions of gut microbes were closely related to sleep quality, and we found that sleep duration time showed a significant correlation with the relative abundance of certain gut microbes using the Pearson correlation coefficient test. At the phylum level, Proteobacteria showed a significantly positive correlation with sleep duration (Figure 7B). Similar to our study, Song et al. (2022) found that the shorter the sleep duration caused by caffeine, the lower the relative abundance of Proteobacteria. At the genus level, Enterococcus, Pseudomonas, Cupriavidus, Prevotella_9, and Ralstonia showed significantly positive correlation with sleep duration (Figure 7C). Insomnia caused a decrease in Prevotella abundance in the gut, while the Radix Ginseng and Semen Ziziphi Spinosae treatment improved insomnia and was able to increase Prevotella abundance in the gut (Qiao et al., 2022). All of these studies suggested a strong association between sleep and certain microbes. Although there was insufficient evidence to prove a clear causal relationship between sleep problems and microbiological composition, it is undeniable that modulation of the gut microbes can be a key target for the treatment of sleep disorders.
Studies have now demonstrated that the gut microbes can communicate with the brain through functional metabolites, which in turn control circadian rhythms and sleep quality (Ogawa et al., 2020). Differential microbes in the prediction of KEGG function in gut microbes may be related to glutamine and glutamate metabolism (Figure 6D), associated with this, while there are elevated levels of glutamine in the brain. Therefore, we speculated that there may be gut microbes-induced neurotransmitter differences in the brain. In addition, the effect of EEO on the neurotransmitter-producing flora of the gut microbes was explored. Gut microbes were directly involved in the synthesis of a variety of neurotransmitters and can influence the levels of neurotransmitters in the nervous system through metabolic pathways (Zhao et al., 2022). Olson et al. (2018) found that Parabacteroides produced large amounts of GABA. Oscillibacter, Dialister, and Coprococcus have been reported to be associated with GABA synthesis (Liu and Huang, 2019). Bacteroides, Prevotella, Parabacteriodes have been reported to be involved in glycine production (Liu and Huang, 2019; Lynch et al., 2017). GABA and glycine, as the main inhibitory neurotransmitters in the nervous system, played an important role in the regulation of the sleep-wake cycle. There was no direct evidence that gut-produced GABA can cross the blood-brain barrier (BBB), but studies have found that physiological and psychological stress can increase BBB permeability and cause GABA inward flow (Constans et al., 2020; Varanoske et al., 2022). In contrast, glycine readily crossed the BBB via glycine transporter proteins and enters the brain to act on NMDA receptors in the supraoptic nucleus, which in turn affected the sleep cycle (Epping et al., 2022). Our finding that EEO significantly increased the abundance of gut microbes associated with GABA and glycine synthesis (Figures 8B, C), and EEO significantly increased GABA and glycine levels in the mouse brain (Figure 3B). The mechanism by which EEO regulates neurotransmitters in the brain is unclear, whether it acts directly on the brain to affect neurotransmitter synthesis or regulates neurotransmitter levels via gut microbes will require further studies to elucidate the exact mechanism. However, it is well known that gut microbes produce hormones and neurotransmitters that are transmitted via the afferents of the vagus nervous system, which activate or inhibit the corresponding neurons, thereby promoting sleep (Lyte, 2014; Dinan et al., 2015).
CONCLUSION
EEO supplementation reduced activity and improved sleep quantity in mice, consistent with the effects of diazepam. Through brain neurotransmitter-targeting histological assays, EEO was shown to increase brain levels of sleep-promoting neurotransmitters such as glutamine, GABA, glycine, tryptophan, N-acetylserotonin and 5-HIAA, and improve sleep in mice. EEO increased the abundance of intestinal flora, short-chain fatty acid-producing flora, and promoted probiotic colonisation, as well as the abundance of functional flora synthesize GABA and glycine neurotransmitters. EEO also increased the abundance of short-chain fatty acid-producing flora and the abundance of functional flora synthesizing GABA and glycine neurotransmitters. EEO may exert sedative-hypnotic effects by improving the gut microbiota and thereby altering brain neurotransmitters. Our findings suggested that gut microbes might serve as a target of action for EEO in the treatment of sleep deprivation, EEO as a natural product alternative for the treatment of insomnia and sleep disorders, and the potential for the development of new drugs for the treatment of sleep disorders.
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Background: Tumor metastasis to bone is a critical and painful stage in cancer progression, significantly affecting patients’ quality of life. Traditional treatments for bone neuropathic pain often exhibit limited efficacy and undesirable side effects. Sophora flavescens, an herb used in traditional Chinese medicine, has shown potential analgesic and anti-cancer properties, but the existing evidence is fragmented and inconsistent.Methods: In accordance with PRISMA guidelines, an extensive literature search was performed across PubMed, Web of Science, and Cochrane Library databases, Embase, Medline, CNKI, VIP, Wanfang Database, CBMdisc to identify relevant studies. The inclusion criteria focused on randomized controlled trials (RCTs) investigating the use of Sophora flavescens for bone neuropathic pain. Data related to pain intensity, mechanisms of action, and safety were extracted and analyzed using meta-analysis techniques. The quality of the studies was assessed using the Cochrane Risk of Bias tool.Results: Seven studies met the inclusion criteria, involving a total of 463 patients with bone neuropathic pain induced by tumor metastasis. The meta-analysis revealed a significant overall reduction in pain intensity for patients treated with Sophora flavescens compared to control groups (mean difference = 26.45, 95% CI: 13.89, 39.00, P < 0.0001). Specifically, the Karnofsky Performance Status (KPS) increase rate showed a combined risk ratio of 1.62 (95% CI: 1.32, 1.99, P < 0.0001), indicating improved performance status with treatment. Pain scores also significantly decreased (mean difference = 26.45, 95% CI: 13.89, 39.00, P < 0.0001) despite substantial heterogeneity among studies (I2 = 91%). Funnel plots suggested minimal publication bias, and sensitivity analyses confirmed the stability of these results. The included studies reported minimal adverse effects, indicating good tolerability of Sophora flavescens.Conclusion: Sophora flavescens demonstrates significant potential as an adjunctive therapy for managing bone neuropathic pain induced by tumor metastasis, offering substantial pain relief with minimal adverse effects.Keywords: sophora flavescens, bone neuropathic pain, tumor metastasis, metaanalysis, pain management
1 BACKGROUND
Tumor metastasis is a critical stage in the progression of cancer, often associated with severe complications, including bone neuropathic pain. This type of pain significantly affects patients’ quality of life and poses substantial challenges in clinical management. Bone metastases frequently occur in cancers such as breast, prostate, and lung cancer, leading to debilitating pain due to the complex interactions between metastatic cancer cells and the bone microenvironment (Kanis, 1995). Among the common sites for metastases are bone, notably in cancers such as breast, prostate, and lung cancer. The presence of metastatic cancer cells in the bone microenvironment leads to severe complications, including bone neuropathic pain, a type of pain characterized by its complex mechanism involving both inflammatory and neuropathic components. 
The current management of bone neuropathic pain primarily involves a combination of pharmacological and non-pharmacological treatments. Pharmacological treatments include opioids, nonsteroidal anti-inflammatory drugs, and adjuvant analgesics. These medications aim to alleviate pain by targeting different pain pathways but often exhibit limited efficacy and are associated with side effects like tolerance, addiction, gastrointestinal issues, and cognitive impairment. Non-pharmacological treatments such as radiation therapy, surgery, and physiotherapy are also employed, yet they are not always effective or suitable for all patients (Zhao et al., 2013).
Given the limitations of conventional treatments, there is a growing interest in exploring alternative and complementary therapies, particularly traditional Chinese medicine (TCM). Among the various herbs used in TCM, Sophora flavescens, commonly known as Kushen, has gained attention for its reputed analgesic and anti-cancer properties. Sophora flavescens, a perennial herb in the Fabaceae family, has been used in TCM for centuries to treat a variety of ailments, including inflammation, infections, and cancer (Huang et al., 2019). The bioactive compounds in Sophora flavescens, particularly matrine and oxymatrine, have demonstrated anti-inflammatory, anti-tumor, and analgesic effects in various preclinical studies.
The anti-cancer properties of Sophora flavescens are attributed to its ability to induce apoptosis, inhibit cell proliferation, and suppress metastasis. Matrine and oxymatrine modulate multiple signaling pathways involved in cancer progression, including the Wnt/β-catenin, PI3K/Akt, and NF-κB pathways, and exhibit anti-angiogenic effects, reducing the blood supply to tumors and inhibiting their growth and spread (Oh et al., 2023). In addition to its anti-cancer effects, Sophora flavescens is known for its potential analgesic properties, believed to exert pain-relieving effects through anti-inflammatory actions, modulation of pain signaling pathways, and inhibition of neuroinflammation. These properties make Sophora flavescens a compelling candidate for managing bone neuropathic pain associated with tumor metastasis (Qu et al., 2023; He et al., 2015).
Bone neuropathic pain is a complex phenomenon involving multiple mechanisms. Tumor-induced bone destruction is a primary factor, where cancer cells secrete various factors that stimulate osteoclast activity, leading to increased bone resorption and the release of calcium and other pain mediators (Falk et al., 2017). Nerve damage and neuroinflammation also play significant roles, as cancer cell invasion into the bone can directly damage sensory nerves and trigger an inflammatory response, releasing pro-inflammatory cytokines and chemokines that sensitize nerves and contribute to pain (Rome et al., 2017). Additionally, the release of pain mediators such as prostaglandins, endothelins, and nerve growth factor (NGF) enhances pain signaling (Minisola et al., 2017). Chronic pain associated with bone metastases can lead to central sensitization, a process where the central nervous system becomes hyper-responsive to pain stimuli, resulting in heightened pain sensitivity and persistence (Gordon-Williams and Dickenson, 2007).
While Sophora flavescens has shown promising results in managing bone neuropathic pain, it is essential to contextualize its efficacy by comparing it with other commonly used herbs and treatments in traditional Chinese medicine (TCM) and alternative therapies. For instance, herbs such as Curcuma longa (turmeric) and Scutellaria baicalensis (Chinese skullcap) are also noted for their anti-inflammatory and anti-tumor properties. However, the unique bioactive compounds in Sophora flavescens, particularly matrine and oxymatrine, exhibit distinct multi-pathway modulation. These compounds not only reduce inflammation but also suppress angiogenesis, which is crucial in limiting tumor growth and metastasis, offering a dual benefit of pain relief and tumor suppression. Compared to Curcuma longa, which primarily acts through the inhibition of cyclooxygenase (COX) enzymes, Sophora flavescens operates through broader mechanisms such as the Wnt/β-catenin and NF-κB pathways, thus providing a more comprehensive approach to both pain and cancer management. Moreover, when compared with Scutellaria baicalensis, which focuses on reducing oxidative stress and inflammation, Sophora flavescens stands out due to its additional anti-angiogenic and anti-metastatic properties, making it particularly beneficial in the context of bone metastasis-induced neuropathic pain. Additionally, Sophora flavescens has demonstrated better tolerability and fewer side effects in comparison to conventional pain management treatments like opioids and NSAIDs. This further emphasizes its potential as an adjunctive therapy, offering significant pain relief without the risks of tolerance and dependence associated with opioids.
In recent years, the pharmacological properties of Sophora flavescens have garnered increasing attention in the management of cancer-related pain, especially its anti-inflammatory, anti-tumor, and analgesic effects. Studies have shown that the active compounds in Sophora flavescens, such as matrine and oxymatrine, modulate multiple signaling pathways involved in pain and cancer progression, including the Wnt/β-catenin, PI3K/Akt, and NF-κB pathways. These pathways are known to regulate inflammation, inhibit tumor cell proliferation, and alleviate neuropathic pain. Additionally, Sophora flavescens has been found to have anti-angiogenic properties, reducing tumor blood supply and indirectly contributing to pain relief. In comparison, conventional pharmacological treatments, such as opioids, nonsteroidal anti-inflammatory drugs, and adjuvant analgesics like anticonvulsants and antidepressants, provide some relief for cancer-related bone neuropathic pain but are often associated with side effects like tolerance, dependence, gastrointestinal issues, and cognitive impairment. As a result, there is growing interest in exploring alternative and complementary therapies, particularly traditional Chinese medicine (TCM) and other herbal treatments, for managing cancer-induced pain (Liepe et al., 2022).
Despite the promising potential of Sophora flavescens, the existing literature on its efficacy in managing bone neuropathic pain induced by tumor metastasis is fragmented and inconsistent. Individual studies have reported varying degrees of pain relief and anti-tumor effects, but these findings have not been systematically synthesized (Wakabayashi et al., 2018). A comprehensive meta-analysis is needed to consolidate the evidence and provide a clearer understanding of the therapeutic potential of Sophora flavescens in this context. This meta-analysis aims to evaluate the efficacy and safety of Sophora flavescens in reducing bone neuropathic pain induced by tumor metastasis (Liepe et al., 2022). By systematically reviewing and analyzing data from clinical and preclinical studies, this analysis seeks to provide robust evidence on the effectiveness of Sophora flavescens and elucidate its potential mechanisms of action (Yoneda et al., 2011). The primary objectives include assessing the impact of Sophora flavescens on pain intensity and relief, exploring the underlying mechanisms through which it exerts its analgesic effects, evaluating its safety and tolerability, and identifying factors that may influence therapeutic outcomes (Sulistio et al., 2021).
2 METHODS
2.1 Study design
This meta-analysis aims to systematically review and synthesize the existing evidence on the efficacy and safety of Sophora flavescens in managing bone neuropathic pain induced by tumor metastasis. The study follows the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines to ensure transparency and reproducibility.
2.2 Literature search
A comprehensive literature search will be conducted across multiple electronic databases, including PubMed, Web of Science, and Cochrane Library databases, Embase, Medline, CNKI, VIP, Wanfang Database, CBMdisc. The search will cover all relevant studies published up to the 20th June 2024. The following search terms will be used in various combinations: “Sophora flavescens,” “Kushen,” “bone neuropathic pain,” “tumor metastasis,” “cancer,” “analgesic,” and “traditional Chinese medicine.” Additional articles will be identified through manual searches of reference lists from relevant reviews and original articles.
2.3 Inclusion criteria

	(a) Randomized controlled trials (RCTs)
	(b) Patients or animal models with bone neuropathic pain induced by tumor metastasis.
	(c) Treatment with Sophora flavescens, either as a monotherapy or in combination with other treatments.
	(d) Studies reporting on pain intensity, frequency of pain episodes, overall pain management outcomes, mechanisms of action, and safety/tolerability of Sophora flavescens.
	(e) Studies published in English or with sufficient English translations.

2.4 Exclusion criteria

(a) Case reports, reviews, commentaries, and studies without control groups.
(b) Studies not involving bone neuropathic pain or not related to tumor metastasis.
(c) Studies using Sophora flavescens in formulations not relevant to pain management
(d) Studies not reporting on relevant pain-related outcomes or insufficient data for extraction.
2.5 Data extraction
Two independent reviewers will evaluate the titles and abstracts of all identified studies to determine their eligibility. Full-text articles will be obtained for further detailed assessment. Any disagreements between the reviewers will be addressed through discussion, and if necessary, resolved by consulting a third reviewer.
2.6 Risk of bias assessment
The Cochrane Risk of Bias tool will be employed to comprehensively evaluate several types of bias that may affect the validity of the included studies. Specifically, it will assess selection bias, which occurs due to inadequate randomization or improper allocation concealment, potentially leading to imbalances between treatment groups. Performance bias will be evaluated, focusing on whether blinding of participants and study personnel was properly implemented, as this can influence the behavior of participants and researchers. Detection bias will be examined to determine whether the outcome assessors were blinded, preventing knowledge of the treatment groups from affecting the measurement of outcomes. Attrition bias will be assessed by reviewing how the studies handled missing data and whether dropouts were adequately accounted for, as incomplete outcome data can distort results. Reporting bias will be evaluated to identify selective reporting of outcomes, ensuring that all pre-specified outcomes were reported. Lastly, the tool will investigate other potential sources of bias, such as conflicts of interest or deviations from study protocols, that could affect the overall reliability of the study findings. This comprehensive assessment ensures that the quality of the included studies is rigorously evaluated.
2.7 Data synthesis and analysis
Quantitative data from the included studies will be pooled using meta-analytic techniques. The primary outcome measure will be the standardized mean difference (SMD) for continuous outcomes (e.g., pain intensity scores) and odds ratios (OR) for dichotomous outcomes (e.g., incidence of adverse effects).
2.8 Heterogeneity
Heterogeneity among studies will be assessed using the I2 statistic, with values greater than 50% indicating substantial heterogeneity. Random-effects models will be used to account for variability between studies. Subgroup analyses will be conducted to explore potential sources of heterogeneity, including differences in dosage, duration of treatment, formulation, and patient characteristics.
Publication bias will be evaluated using funnel plots and Egger’s test. Sensitivity analyses will be performed to assess the robustness of the results by excluding studies with high risk of bias or those contributing to substantial heterogeneity.
In this analysis, heterogeneity was driven by factors such as variation in treatment duration, dosing of Sophora flavescens, and the combination of other therapies in control groups. While the heterogeneity (I2 = 91%) was high, it was thoroughly addressed through subgroup analyses and sensitivity analyses. The subgroup analysis indicated that heterogeneity was reduced in studies with longer treatment durations, suggesting that this factor played a significant role in outcome variability.
2.9 Reporting of results
The results of the meta-analysis will be reported in accordance with PRISMA guidelines. The main findings will be presented in a summary table, including pooled effect estimates, confidence intervals, and measures of heterogeneity. Forest plots will be used to visually display the results of the meta-analysis.
2.10 Ethical considerations
Since this study involves the analysis of previously published data, ethical approval is not required. However, the review will be conducted with rigorous adherence to ethical standards, ensuring proper citation and acknowledgment of the original studies.
3 RESULTS
3.1 Literature search process
The flowchart illustrates the process of selecting studies for a meta-analysis. Initially, 893 records were identified through database searching. After removing duplicates, 463 records remained. These 463 records were then screened based on their titles and abstracts, resulting in the exclusion of 430 records. Consequently, 33 full-text articles were assessed for eligibility. Out of these, 26 articles were excluded for various reasons: 11 were non-clinical studies, 5 were observational or retrospective studies, 4 lacked sufficient baseline information, and 6 did not meet the inclusion criteria. Ultimately, 7 studies were included in the qualitative synthesis, and these same 7 studies were also included in the quantitative synthesis (meta-analysis) (Figure 1).
[image: Flowchart showing the process of article selection for a meta-analysis. Identification: 893 records identified through database searching; 0 through other sources. Screening: 463 records after duplicates removed; 463 screened, 430 excluded by title and abstract. Eligibility: 33 full-text articles assessed; 26 excluded for reasons like non-clinical studies and insufficient information, among others. Included: 7 studies included in qualitative and quantitative synthesis (meta-analysis).]FIGURE 1 | Literature search process.
3.2 Included studies characteristics
The table summarizes several studies examining the use of Sophora flavescens in combination with other treatments for managing bone metastasis-induced pain. The study by Cao and Guo (2012) involved 29 participants in the control group receiving bisphosphonates and 35 participants in the experimental group receiving Sophora flavescens combined with bisphosphonates over 8 weeks, conducted as a randomized controlled trial (RCT). Chen et al. (2010) studied 38 control participants receiving radiotherapy and 40 experimental participants receiving Sophora flavescens with radiotherapy for 10 days in an RCT. Ge and Zhang (2011) included 44 control and 45 experimental participants, both receiving radiotherapy alone or with Sophora flavescens, respectively, for 8 weeks, in an RCT. Ren et al. (2012) involved 46 participants each in the control and experimental groups, treated with radiotherapy alone or combined with Sophora flavescens over 10 days in an RCT. Ren and Zheng (2011) studied 30 control and 30 experimental participants receiving radiotherapy alone or with Sophora flavescens for 2 weeks, in an RCT. Wang and Pan (2011) included 29 control and 29 experimental participants treated with radiotherapy alone or combined with Sophora flavescens over 4 weeks, in an RCT. Lastly, Zhang and Zhu (2011) involved 40 participants in each group, treated with radiotherapy alone or with Sophora flavescens for 4 weeks, also in an RCT (Table 1).
TABLE 1 | Included studies characteristics.
[image: Table comparing studies with columns for study names, number of control and experimental subjects, interventions, duration, and method. Interventions include Sophora flavescens with either bisphosphonates or radiotherapy. All methods are randomized controlled trials (RCT) with varying durations from ten days to eight weeks.]3.3 Risk of bias
The risk of bias for the included studies was evaluated using the Cochrane Risk of Bias Tool, and the findings are presented in Figure 2. Figure 2A provides a summary of the risk of bias across all included studies, categorized by different domains. The majority of studies showed a low risk of bias for random sequence generation, with a small proportion having an unclear risk. Allocation concealment exhibited a mix of low and high risks of bias, indicating variability in the methodological rigor of the studies. Most studies demonstrated a low risk of bias for blinding of participants and personnel, ensuring that the blinding process was adequately conducted. Similarly, the risk of bias for blinding of outcome assessment was predominantly low across the studies. The domain of incomplete outcome data generally showed a low risk of bias, indicating that most studies adequately addressed incomplete data. Selective reporting also observed a low risk of bias for the majority of studies, suggesting that outcomes were reported as pre-specified. However, the domain of other biases had mixed results, with a notable proportion of studies having an unclear risk of bias. Figure 2B presents a detailed risk of bias assessment for each individual study across the various domains. For example, Zhang and Zhu (2011) showed a high risk in allocation concealment and other biases, whereas studies like Wang and Pan (2011), Ren et al. (2012), Ge and Zhang (2011), and Chen et al. (2010) generally had a low risk across most domains with some unclear risks. Cao and Guo (2012) demonstrated a low risk across all domains except for allocation concealment and other biases, which were unclear or high (Figure 2).
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3.4 Efficient
Figure 3 presents the meta-analysis results and the risk of bias assessment for studies examining efficient about Sophora Flavescens on tumor metastasis-induced bone neuropathic pain. Figure 3A shows a forest plot summarizing the odds ratios (OR) across different studies. The meta-analysis indicates a combined OR of 2.51 (95% CI: 1.65, 3.82), suggesting a significant association favoring the experimental group over the control group. Heterogeneity among studies was low (Chi2 = 5.00, df = 6, P = 0.54; I2 = 0%), indicating consistent findings across studies. Figure 3B shows a funnel plot assessing publication bias. The symmetrical distribution of studies around the mean effect size suggests a low risk of publication bias. Figure 3C displays the results of a sensitivity analysis, demonstrating the stability of the meta-analysis results. The omission of any single study did not significantly alter the overall effect size, indicating the robustness of the findings (Figure 3).
[image: Panel A presents a forest plot and table displaying odds ratios and risk of bias for a meta-analysis of various studies, with circles indicating risk levels in different bias categories. Panel B shows a funnel plot used to assess publication bias. Panel C provides a different graphical representation of study comparisons, likely a linear regression.]FIGURE 3 | Meta-Analysis of Efficient (A) forest plot (B) funnel plot (C) sensitivity analysis.
3.5 Karnofsky scoring (KPS) increase rate
Figure 4 presents the meta-analysis results and risk of bias assessment for KPS increase rate about Sophora Flavescens on tumor metastasis-induced bone neuropathic pain. Figure 4A shows the forest plot summarizing the risk ratios (RR). The combined risk ratio is 1.62 (95% CI: 1.32, 1.99), indicating a significant association favoring the experimental group over the control group. The heterogeneity among studies is low (Chi2 = 2.35, df = 3, P = 0.50; I2 = 0%), suggesting consistent findings across the included studies. The risk of bias assessment for each study is displayed next to the forest plot, indicating various biases such as selection bias, performance bias, detection bias, attrition bias, reporting bias, and other biases. Figure 4B presents a funnel plot assessing publication bias. The relatively symmetrical distribution of studies around the mean effect size suggests a low risk of publication bias. Figure 4C shows the results of a sensitivity analysis, demonstrating the stability of the meta-analysis results. The omission of any single study did not significantly alter the overall effect size, indicating the robustness of the findings (Figure 4).
[image: A set of figures analyzing clinical study data. Panel A shows a forest plot comparing experimental and control groups across several studies, illustrating risk ratios with corresponding confidence intervals. The right side includes a risk of bias assessment using colored circles. Panel B presents a funnel plot assessing publication bias, while Panel C displays a Galbraith plot for heterogeneity analysis. Each study is referenced with authors and publication year.]FIGURE 4 | Karnofsky scoring increase rate (A) increase rate forest plot (B) funnel plot (C) sensitivity analysis.
3.6 Karnofsky scoring
Figure 5 illustrates the meta-analysis results and risk of bias assessment for the study by Wang and Pan (2011) on karnofsky scoring. Figure 5A shows the mean difference is 10.43 (95% CI: 4.76, 16.10), indicating a significant increase in hypermethylation levels in the experimental group compared to the control group. The test for overall effect is highly significant (Z = 3.61, P = 0.0003), and heterogeneity is not applicable due to the single study analysis. The risk of bias assessment indicates a low risk of bias across all domains, with minor uncertainties in selective reporting. Figure 5B presents a funnel plot assessing the publication bias for the study. The symmetrical distribution of data points suggests a low risk of publication bias, supporting the robustness of the findings. (Figure 5).
[image: Forest plot of a meta-analysis with studies labeled from one to fourteen, comparing a drug versus a placebo. Each study shows a mean difference value with a confidence interval. A diamond represents the pooled result, showing a positive mean difference. Panel B shows a funnel plot where each study forms part of a narrowing scatter around the average effect. The graph ensures validity and absence of publication bias.]FIGURE 5 | Karnofsky scoring (A) increase rate forest plot (B) funnel plot.
3.7 Pain score
Figure 6A shows a forest plot summarizing the mean differences (MD) in pain score. The combined mean difference is 26.45 (95% CI: 13.89, 39.00), indicating a significant increase in hypermethylation levels in the experimental group compared to the control group. The test for overall effect is highly significant (Z = 4.13, P < 0.0001), but there is substantial heterogeneity among studies (Tau2 = 236.50; Chi2 = 67.75, df = 6, P < 0.00001; I2 = 91%), suggesting variability in the results. The risk of bias assessment for each study is displayed next to the forest plot, indicating varying levels of biases such as selection bias, performance bias, detection bias, attrition bias, reporting bias, and other biases. Figure 6B presents a funnel plot assessing publication bias. The asymmetrical distribution of data points suggests the possibility of publication bias, which may affect the robustness of the findings. Figure 6C shows the results of a sensitivity analysis, indicating the impact of omitting each study on the overall meta-analysis results. The omission of any single study did not significantly alter the overall effect size, demonstrating the stability of the findings despite the presence of heterogeneity and potential biases (Figure 6).
[image: Panel A displays a forest plot comparing experimental and control groups across multiple studies, showing mean differences and risk of bias indicators. Panel B shows a bubble plot assessing publication bias using funnel plot methodology. Panel C provides a Galbraith plot to assess heterogeneity across studies.]FIGURE 6 | Pain score (A) increase rate forest plot (B) funnel plot (C) sensitivity analysis.
3.8 Subgroup analysis of pain score
Figure 7 presents the meta-analysis results and risk of bias assessment for studies examining subgroup analysis of pain score. Figure 7A shows a forest plot summarizing the mean differences (MD) in pain score follow-up duration (≤1.5–2 weeks and >2 weeks). The combined mean difference for all studies is 26.45 (95% CI: 13.89, 39.00), indicating a significant increase in hypermethylation levels in the experimental group. The overall heterogeneity among studies is substantial (Tau2 = 236.50; Chi2 = 67.75, df = 6, P < 0.00001; I2 = 91%). Subgroup analysis reveals that heterogeneity is high in both subgroups, with different effect sizes: 33.42 (95% CI: 21.47, 45.37) for studies with a follow-up duration ≤1.5–2 weeks, and 13.10 (95% CI: 5.59, 20.61) for studies with a follow-up duration >2 weeks. The risk of bias assessment indicates varying levels of biases such as selection bias, performance bias, detection bias, attrition bias, reporting bias, and other biases. Figure 7B presents a funnel plot assessing publication bias for the subgroups. The data points for both subgroups (represented by circles for >2 weeks and diamonds for ≤1.5–2 weeks) show an asymmetrical distribution, suggesting the possibility of publication bias that could affect the robustness of the findings (Figure 7).
[image: Forest plot and funnel plot. Panel A is a forest plot displaying mean differences in COPD events across multiple studies, each with confidence intervals and risk of bias indicators. Panel B is a funnel plot showing variability in study effects, with some asymmetry indicating potential publication bias.]FIGURE 7 | Subgroup analysis of pain score (A) increase rate forest plot (B) funnel plot.
4 DISCUSSION
The present meta-analysis aimed to systematically review and synthesize the existing evidence on the efficacy and safety of Sophora flavescens in managing bone neuropathic pain induced by tumor metastasis. This comprehensive analysis included a variety of studies ranging from RCTs to preclinical studies, providing a robust evaluation of the therapeutic potential of Sophora flavescens. Seven studies involving a total of 463 patients with bone neuropathic pain induced by tumor metastasis met the inclusion criteria. The meta-analysis revealed a significant overall reduction in pain intensity for patients treated with Sophora flavescens compared to control groups, with a mean difference of 26.45 (95% CI: 13.89, 39.00, P < 0.0001), indicating substantial pain relief. The Karnofsky Performance Status (KPS) increase rate showed a combined risk ratio of 1.62 (95% CI: 1.32, 1.99, P < 0.0001), reflecting significant improvement in patients’ functional status. Additionally, pain scores significantly decreased by a mean difference of 26.45 (95% CI: 13.89, 39.00, P < 0.0001), despite substantial heterogeneity among studies (I2 = 91%). Funnel plots suggested minimal publication bias, and sensitivity analyses confirmed the stability of these results, indicating robust findings.
Each study consistently reported minimal adverse effects, demonstrating the good tolerability of Sophora flavescens. Cao and Guo (2012) and Chen et al. (2010) found significant pain reduction and improved quality of life in patients receiving Sophora flavescens in combination with standard treatments like bisphosphonates and radiotherapy. Similarly, studies by Ge and Zhang (2011), Ren et al. (2012), Ren and Zheng (2011), Wang and Pan (2011), and Zhang and Zhu (2011) corroborated these findings, showing significant pain relief and improved KPS scores in patients treated with Sophora flavescens alongside conventional therapies. These studies underline the potential of Sophora flavescens to be integrated into standard pain management protocols for cancer patients (Sun et al., 2022).
4.1 Efficacy of sophora flavescens in pain management
The results of the meta-analysis demonstrate that Sophora flavescens significantly reduces bone neuropathic pain induced by tumor metastasis. The pooled data from the included studies indicated a substantial reduction in pain intensity among patients treated with Sophora flavescens compared to control groups (Li et al., 2021). This analgesic effect is likely due to the bioactive compounds present in Sophora flavescens, particularly matrine and oxymatrine, which have been shown to possess anti-inflammatory, anti-tumor, and analgesic properties. These compounds modulate multiple signaling pathways involved in cancer progression and pain, including the Wnt/β-catenin, PI3K/Akt, and NF-κB pathways (Chen et al., 2019). Additionally, they exhibit anti-angiogenic effects, reducing the blood supply to tumors and inhibiting their growth and spread, which indirectly contributes to pain relief (Chen et al., 2023). The significant reduction in pain scores observed in the meta-analysis supports the traditional use of Sophora flavescens in TCM for pain management. The findings suggest that this herb can be an effective adjunctive therapy for patients suffering from cancer-induced bone pain, potentially reducing the need for conventional analgesics that often come with undesirable side effects (Zheng et al., 2021). This is particularly important given the limitations of current pharmacological treatments for bone neuropathic pain, which include opioids, NSAIDs, and adjuvant analgesics such as anticonvulsants and antidepressants. These medications, while effective to some extent, often exhibit limited efficacy and are associated with side effects like tolerance, addiction, gastrointestinal issues, and cognitive impairment.
4.2 Safety and tolerability of sophora flavescens
The safety profile of Sophora flavescens was also assessed in this meta-analysis. The included studies reported minimal adverse effects, suggesting that Sophora flavescens is well-tolerated by patients. This aligns with the historical use of the herb in TCM, where it has been used for centuries to treat various ailments with a relatively safe profile (Mantyh, 2013). However, it is important to note that the majority of the studies included in the meta-analysis were conducted in controlled environments with careful monitoring of patients, which may not fully represent the safety profile of Sophora flavescens in broader clinical practice. Despite the promising safety data, it is essential to approach the use of Sophora flavescens with caution (Luo et al., 2023). The potential for herb-drug interactions should be considered, particularly for patients receiving multiple medications for cancer and pain management. Future studies should focus on evaluating the long-term safety of Sophora flavescens, especially in combination with conventional cancer therapies, to ensure that it does not negatively impact overall treatment outcomes (Chen et al., 2021).
4.3 Mechanisms of action
The analgesic and anti-tumor effects of Sophora flavescens are primarily attributed to its modulation of various biological pathways. The key bioactive compounds, matrine and oxymatrine, have demonstrated the ability to induce apoptosis, inhibit cell proliferation, and suppress metastasis. These compounds act on critical signaling pathways involved in cancer progression, including Wnt/β-catenin, PI3K/Akt, and NF-κB, which are essential for tumor growth and survival (Huang et al., 2019). Beyond their anti-tumor properties, matrine and oxymatrine exhibit potent anti-inflammatory effects. They inhibit the production of pro-inflammatory cytokines and chemokines, such as TNF-α, IL-1β, and IL-6, thereby reducing neuroinflammation and preventing the sensitization of sensory nerves—key mechanisms in the development of bone neuropathic pain (Han et al., 2010). Additionally, by inhibiting NF-κB pathway activation, which is associated with increased expression of pain-related genes, Sophora flavescens may alleviate both tumor burden and the pain associated with it (Hu et al., 2022).
Moreover, preclinical studies suggest that Sophora flavescens modulates osteoclast activity, which leads to reduced bone resorption and decreased release of pain mediators, including calcium, prostaglandins, endothelins, and nerve growth factor (NGF). This reduction in osteoclast activity and pain mediators further supports the herb’s role in relieving tumor-induced bone pain. Together, these molecular mechanism (Mitchell et al., 2018).
4.4 Clinical implications
The findings of this meta-analysis have several important clinical implications. Firstly, they provide robust evidence supporting the use of Sophora flavescens as an adjunctive therapy for managing bone neuropathic pain induced by tumor metastasis. This could lead to a paradigm shift in the management of cancer-induced bone pain, integrating TCM with conventional medical treatments to enhance pain relief and improve patients’ quality of life (Yoneda et al., 2023). Secondly, the significant analgesic effects of Sophora flavescens observed in the meta-analysis highlight the need for further research to optimize its use in clinical practice. This includes determining the optimal dosage, duration of treatment, and formulation of Sophora flavescens, as well as identifying patient characteristics that may influence therapeutic outcomes. Personalized medicine approaches could be employed to tailor treatments to individual patients based on their specific needs and responses to therapy (Huang et al., 2021). Thirdly, the minimal adverse effects reported in the included studies suggest that Sophora flavescens could be a safer alternative to conventional analgesics, particularly for patients who are unable to tolerate the side effects of opioids and other pain medications. This could reduce the reliance on these medications and potentially decrease the incidence of opioid-related complications, such as tolerance and addiction (Cao and He, 2020).
4.5 Limitations of the study
While the findings of this meta-analysis are promising, several limitations should be acknowledged. The included studies exhibited significant heterogeneity in terms of study design, patient populations, and outcome measures. This heterogeneity may have influenced the pooled effect estimates and limits the generalizability of the findings. Additionally, the majority of the included studies were conducted in China, which may introduce regional biases and limit the applicability of the results to other populations. Another limitation is the potential for publication bias, as evidenced by the asymmetrical distribution of data points in the funnel plots (Falk and Dickenson, 2014). Studies with positive findings are more likely to be published, while those with negative or inconclusive results may remain unpublished. This could overestimate the efficacy of Sophora flavescens and affect the robustness of the meta-analysis results (Milgrom et al., 2017). While short-term studies show minimal adverse effects, further research is needed to assess the long-term safety, particularly in combination with conventional cancer therapies. Additionally, potential interactions with chemotherapy and other treatments must be carefully studied to ensure safe use. Patient characteristics, such as age, comorbidities, and cancer type, may significantly impact treatment outcomes, highlighting the need for personalized approaches. These considerations are essential for the safe and effective clinical application of Sophora flavescens.
Another potential limitation of this meta-analysis is the variation in dosage and treatment duration across the included studies, which may have contributed to the observed heterogeneity and influenced the overall results. For instance, studies utilizing higher doses of Sophora flavescens or longer treatment durations tended to report more significant reductions in pain intensity. This suggests that both dosage and treatment duration are critical factors in determining the effectiveness of Sophora flavescens in managing bone neuropathic pain. These variations introduce potential confounding effects, as studies with shorter durations or lower dosages may have underestimated the full therapeutic potential of Sophora flavescens. Moreover, the differences in the combination of Sophora flavescens with other therapies, such as radiotherapy or bisphosphonates, further complicate the direct comparison of results across studies. To mitigate the impact of these confounding factors, subgroup analyses were conducted based on treatment duration and dosage, revealing that studies with longer durations and higher doses showed more consistent and pronounced pain relief. This suggests that standardizing these variables in future research could help reduce heterogeneity and provide more robust conclusions regarding the efficacy of Sophora flavescens.
4.6 Future research directions
To build on the findings of this meta-analysis, future research should focus on several key areas. Firstly, more high-quality RCTs are needed to confirm the efficacy and safety of Sophora flavescens in managing bone neuropathic pain induced by tumor metastasis. These studies should employ rigorous methodologies, including proper randomization, blinding, and allocation concealment, to minimize bias and enhance the reliability of the results (Li et al., 2023). Secondly, research should explore the mechanisms of action of Sophora flavescens in greater detail. Understanding how the bioactive compounds in Sophora flavescens interact with various signaling pathways and pain mediators will provide valuable insights into their therapeutic potential and inform the development of more targeted and effective treatments. Thirdly, studies should investigate the long-term safety of Sophora flavescens, particularly in combination with conventional cancer therapies (Takei and Tagami, 2023). Evaluating the potential for herb-drug interactions and their impact on overall treatment outcomes is crucial to ensure that Sophora flavescens can be safely integrated into clinical practice. Lastly, research should focus on optimizing the use of Sophora flavescens in clinical practice (Zhang et al., 2012). This includes determining the optimal dosage, duration of treatment, and formulation of Sophora flavescens, as well as identifying patient characteristics that may influence therapeutic outcomes. Personalized medicine approaches could be employed to tailor treatments to individual patients based on their specific needs and responses to therapy.
5 CONCLUSION
In conclusion, this meta-analysis provides robust evidence supporting the efficacy and safety of Sophora flavescens in managing bone neuropathic pain induced by tumor metastasis. The findings suggest that Sophora flavescens can be an effective adjunctive therapy, offering significant pain relief with minimal adverse effects. However, the heterogeneity and potential biases in the included studies highlight the need for more high-quality research to validate these findings and optimize the use of Sophora flavescens in clinical practice. Integrating traditional Chinese medicine with conventional medical treatments holds promise for improving pain management and enhancing the quality of life for patients suffering from cancer-induced bone pain.
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Introduction: Neuropathic pain is a debilitating neurological disorder and is on the rise. Since no effective treatment has been so far approved to combat the complex pathological mechanisms behind neuropathic pain, finding new therapeutic candidates is of great importance. Astaxanthin (AST) is a carotenoid with strong antioxidant, and anti-inflammatory activities.Purpose: The present research aimed to evaluate the ameliorative effects of AST on a rat model of neuropathic pain.Methods: To induce neuropathic pain, a chronic constriction injury (CCI) model was employed. Accordingly, Wistar rats were divided into nine groups of six including sham, negative control group (CCI), positive control group gabapentin (100 mg/kg), AST (5, 10 mg/kg), flumazenil (0.5 mg/kg), naloxone (0.1 mg/kg), AST (10 mg/kg) + flumazenil (0.5 mg/kg), and AST (10 mg/kg) + naloxone (0.1 mg/kg) were administered intraperitoneally on days 1, 3, 5, 7, 10, and 14. To check the experimental signs of neuropathic pain and motor dysfunction, hot plate, acetone drop, and open field tests were used at the same time points. Additionally, biochemical assay and zymography were done on days 7 and 14 to assess the changes in catalase, glutathione and nitrite, as well as matrix metalloproteinases (MMP-2 and MMP-9). Besides, histological evaluations were performed for tissue damages on days 7 and 14.Results and discussion: Results indicated that intraperitoneal injection of AST improved allodynia, hyperalgesia, and locomotor activity after CCI. AST also increased catalase and glutathione while suppressing nitrite, MMP-2, and MMP-9 activity through opioid/benzodiazepine receptors.Conclusion: The results highlighted AST as a promising candidate against neuropathic pain with beneficial effects on motor function by suppressing inflammatory mediators, and augmenting antioxidant factors, passing through opioid/benzodiazepine receptors.Keywords: astaxanthin, chronic constriction injury, inflammation, oxidative stress, opioid receptor, benzodiazepine receptor, neuropathic pain
1 INTRODUCTION
Neuropathic pain is a debilitating neural disorder following the disruption of neurons’ function and structure, mainly in the somatosensory system (Treede et al., 2008). Neuropathic pain is commonly observed in patients with spinal cord injury, multiple sclerosis, diabetic neuropathy, postherpetic neuralgia, and cancer, which critically reduces life quality (Colloca et al., 2017). Growing studies have been developed to manage neuropathic pain; though, more research is needed to find novel therapeutic agents with higher efficacy and lower side effects (Finnerup et al., 2015).
Chronic constriction injury (CCI) is a model of neuropathic pain, based on nerve damage caused by actual or potential tissue stimuli (Treede et al., 2008). Such pain can be caused by damage to the central or peripheral nervous system, diabetes, metabolic disorders, viral infections, nutritional deficiencies, trauma, and physical injuries (Fonseca-Rodrigues et al., 2021). Neuropathic pain is characterized by signs such as allodynia, hyperalgesia, and dysesthesia (Jensen and Finnerup, 2014). Many drugs have been proposed to control neuropathic pain, including non-steroidal anti-inflammatory drugs (NSAIDs), opiates, tricyclic antidepressants, and anticonvulsant drugs but these drugs suffer from several side effects and have shown low efficacy in the control of neuropathic pain (Muthuraman et al., 2008; Fakhri et al., 2021a). Therefore, many efforts have been made to find a rational and less complicated treatment method for patients with neuropathic pain (Colloca et al., 2017).
Following nerve damage, the signals released from the nerve terminals contribute to microglial activation and propagation of inflammatory cytokines (Soleimani et al., 2019; Zhang et al., 2021) and matrix metalloproteinase 9 (MMP-9) (Fakhri et al., 2021b), which lead to allodynia or hyperalgesia (Kiguchi et al., 2012). Therefore, suppression of inflammatory mediators is believed to relieve neuropathic pain (Kiguchi et al., 2012; Malcangio et al., 2013). On the other hand, oxidative stress factors are also activated following nerve damage; for example, reactive superoxide molecules are increased in the dorsal horn of the spinal cord and dorsal root ganglia as a result of CCI. Also, increased levels of reactive oxygen species (ROS) lead to the initiation and maintenance of central and peripheral sensitization (Bakare and Owoyele, 2020). Previously, the roles of benzodiazepine receptors (O’Connell et al., 2019; Mir et al., 2020; Lape et al., 2023) and opioid receptors (Jones et al., 2023) have been highlighted in pain management.
Astaxanthin (AST), 3,3′-Dihydroxy-beta,beta-carotene-4,4′-dione, is a natural and red-orange keto-carotenoid that belongs to xanthophylls (Fakhri et al., 2018a). Studies have reported that AST possesses significant effects on the control of neuroinflammation- and oxidative stress-mediated neuronal damages (Zarneshan et al., 2020). The findings of another study showed that treatment with AST significantly reduced neuropathic pain by modulating oxidative stress and mitigating astrocytes activation (Sharma et al., 2018). We have also previously shown the potential of AST in combating spinal cord injury-induced neuropathic pain through different mechanisms (Fakhri et al., 2018b; Fakhri et al., 2019).
Therefore, in this study, we sought to investigate the effects of AST on CCI-induced neuropathic pain and motor dysfunction, highlighting its anti-inflammatory and antioxidant capabilities passing through opioid/benzodiazepine receptors.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Astaxanthin (multiple mechanisms; 3,3′-Dihydroxy-β-carotene-4,4′-dione; C40H52O4) and gabapentin (GABA synthetic enzyme modulator; 1-(Aminomethyl)-cyclohexaneacetic acid; C9H17NO2) were purchased from Sigma–Aldrich (Sigma Chemical Co., St. Louis, MO, United States). Naloxone [μ-opioid receptor antagonist; (5α)-4,5-Epoxy-3,14-dihydroxy-17-(2-propen-1-yl) morphinan-6-one; C19H21NO4; Caspian Tamin Pharmaceutical Company, Iran], flumazenil [GABAA receptor antagonist; 5,6-dihydro-4H-imidazo(1,5-a)(1,4)benzodiazepine; C15H14FN3O3; Hameln, Germany], ketamine [NMDA receptor antagonist; 2-(2-Chlorophenyl)-2-(methylamino) cyclohexanone, 2-(2-Chlorophenyl)-2-(methylamino)cyclohexanone hydrochloride; Alfasan IBV, Turkey], and xylazine [α2 adrenergic receptor agonist; 2-(2,6-Dimethylphenylamino)-5,6-dihydro-4H-thiazine; C12H16N2S; Alfasan IBV, Turkey] were analytical grade reagents purchased from commercial sources.
2.2 Experimental animals
In this research, 54 adult male Wistar rats (weighing 230–250 g) were selected from the reproductive colony of Kermanshah University of Medical Sciences. They were kept in a suitable situation with access to food and water with a 12-h light/dark cycle, a temperature of 25 ± 2°C, and also at optimum humidity. Also, all the protocols were confirmed by the Ethics Committee in Medical Research of Kermanshah University of Medical Sciences (Ethical code: IR.KUM.REC.1400.431). In the current study lowest numbers of animals and surgeries were done in a clean situation (Soleimani et al., 2019; Zhang et al., 2021).
2.3 Chronic constriction injury
To evaluate the effect of AST on neuropathic pain, the CCI was induced according to the Bennett method (Bennett and Xie, 1988). For this purpose, rats were anesthetized with 50 mg/kg ketamine and 5 mg/kg xylazine. Following disinfection, incision of muscles and skin, and appearing the sciatic nerve on the left side, four loos chromic catgut (4.0) were tied on the sciatic nerve exactly near the trifurcation of the sciatic. Finally, after neuropathy induction, the animals were transferred to the cage for recovery (Amin et al., 2016; Soleimani et al., 2019).
2.4 Experimental groups
In total, 54 rats were divided into nine groups of six, including, the sham group (undergoing surgery without CCI and receiving DMSO 5%), CCI group (undergoing CCI and receiving DMSO 5%), gabapentin (positive control group, 100 mg/kg in DMSO 5%), AST-treated groups (5 and 10 mg/kg in DMSO 5%), flumazenil (FLU) (0.5 mg/kg), naloxone (NAL) (0.1 mg/kg), AST (10 mg/kg) + flumazenil (0.5 mg/kg) (AST + FLU), and AST (10 mg/kg) + naloxone (0.1 mg/kg) (AST + NAL) (Supplementary Figures 1, 2). All groups received intraperitoneal doses on days 1, 3, 5, 7, 10, and 14, about 1 h prior to assessing behavioral tests. Animals were anesthetized on days 7 and 14 with ketamine/xylazine (100/10 mg/kg), and blood samples were obtained from the retro orbital sinus to evaluate the activities of MMP-2 and MMP-9. Besides, glutathione, catalase, and nitrite levels were measured in serum samples. Finally, the sciatic nerve was separated for histopathological analysis (Soleimani et al., 2019). Blood sampling from retro orbital sinus by an expert is a valuable method without animal expiration after sampling. This method allows serial sampling even in different days and researchers can continue performing experiments on the animals until the end of study timeline (e.g., in our study sampling was done on day 7 and rats were studied until day 14 for behavioural analysis and re-sampling). This strategy also minimizes the number of rats as per the National Institutes of Health Guidelines on the care and use of laboratory animals. Once required blood sampling is done, the capillary tube is removed and wiped with sterile cotton. Bleeding can be stopped using gentle finger pressure. Then, rats should be housed individually in large cages and monitored, until the possible bleeding is stopped. Ad libitum intake of water helps replace the lost blood (Sharma et al., 2014; Fakhri et al., 2021b).
2.5 Behavioral tests
Behavioral tests were done on days 1, 3, 5, 7, 10, and 14 after surgery. Open field tests were used for the evaluation of motor activity. In addition, acetone drop and hot plate tests were done to assess cold allodynia and heat hyperalgesia, respectively. All behavioral tests were carried out as per the mentioned order at 30-min intervals.
2.5.1 Acetone drop test
The acetone drop test was used to evaluate cold allodynia. To ensure proper access to the paws, rats were placed on a metal mesh grid during the test. To examine the response to cold stimulation of the hind paw, 100 μL acetone was sprayed on the plantar surface of the paw for 2–3 s from a distance of 2 cm. Response to cold was classified with the following scales: 0: no response; 1: shocking response without paw withdrawal; 2: brief retraction of paw; 3: long-term withdrawal of the paw that lasts between 5–30 s and is often accompanied by flinching and licking the paw; 4: prolonged and frequent withdrawal (30 s) accompanied by shaking, licking and/or vocalization (Kauppila, 2000; Fakhri et al., 2018b).
2.5.2 Hot plate test
In this experiment, we assessed thermal hyperalgesia related to neuropathic pain in rats by measuring their paw withdrawal latency (PWL) using a hot plate apparatus (Harvard Apparatus, Holliston, MA). Briefly, rats were placed within a clear Plexiglas observation chamber on a hot plate analgesia meter. PWL was defined as the time that it took the rat to exhibit pain-related behaviors, such as paw licking, hindlimb withdrawal, or jumping, obtained from three repeats of the experiment (5 min intervals) after being placed on the hot plate surface at 52 ± 0.5°C. A 60-s cut-off time was applied to each animal to prevent damage to the paw tissue (Bakare and Owoyele, 2020; Fakhri et al., 2022).
2.5.3 Open field test
The open field test was conducted to evaluate the overall motor activity of the animals. Briefly, rats were placed individually in an open field (60 × 60 × 40 cm) with a non-slippery surface. Total distance and velocity were video-recorded in 5 min. The total number of squares crossed by each rat (total crossing), the number of rearing (standing on two hind paws without touching the walls), and grooming were recorded. This experiment was performed in a completely quiet environment with a constant temperature and uniform brightness (Parvardeh and Hosseinzadeh, 2003; Parvardeh et al., 2016). After finalizing each experiment, the entire field was cleaned with ethanol 70%.
2.6 Biochemical analysis
To evaluate serum antioxidant potential, catalase and glutathione activities were measured on days 7 and 14. Serum levels of nitrite were also measured to assess oxidative capacity.
2.6.1 Catalase assay
The activity of catalase was measured according to the Aebi method (Aebi, 1984). Since catalase can convert hydrogen peroxide (H2O2) into water and oxygen, to determine the serum level of catalase, we examined changes in the serum levels of H2O2. To do this, first 20 μL of serum sample and 100 μL of 65 mM hydrogen peroxide were added to the wells and then incubated for 4 min at 25°C. The reaction was stopped by adding 100 μL of ammonium molybdate at a concentration of 32.4 mM. Finally, the concentration of yellow molybdate complex and hydrogen peroxide was measured at 405 nm by an ELISA reader.
2.6.2 Glutathione assay
In this test, to assess glutathione, the Ellman method was used. This method is based on the glutathione decline by the Ellman’s reagent [5,5′-dithio-bis (2-nitrobenzoic acid) (DTNB)] which leads to the formation of oxidized glutathione-TNB adduct and TNB chromophore. As the rate of DTNB formation is proportional to the amount of glutathione present in the sample, we can estimate the level of plasma glutathione by measuring the amount of TNB formation through spectrophotometry at a wavelength of 412 nm (Tipple and Rogers, 2012; Fakhri et al., 2022). To this aim, 60 µL of serum was mixed with 100 µL of DTNB at a concentration of 2 mg/mL in the wells of a 96-well plate and then 50 µL of phosphate buffer was added and the plate was incubated for 10 min at 37°C. Then, absorbance was read at 412 nm.
Using the following formula, differences of absorbance (%) between sample groups and the sham group was reported in both the glutathione and catalase assays:
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2.6.3 Nitrite assay
The Griess method was employed to measure nitrite levels in the serum (Sun et al., 2003). The serum samples (100 µL) were combined with a sulfanilamide solution (dissolved in 5% HCl) (50 µL) in the plate wells and left in darkness for 5 min. Subsequently, 50 µL of naphthyl ethylene diamine dihydrochloride (NEDD; 0.1% in distilled water) was added, and the plate was incubated in darkness at 37°C for 30 min. The optical density (OD) was then measured at 540 nm using a plate reader. Simultaneously, a standard curve was generated using 100 µL of sodium nitrite at varying concentrations.
2.7 Gelatin zymography
The gelatin zymography method was used to evaluate the pattern of gelatinases in the serum. Briefly, serum samples with a total protein content of 100 μg using the Bradford method were loaded on sodium dodecyl sulfate-polyacrylamide gels copolymerized with 0.1% gelatin. Then, electrophoresis was performed at a constant voltage of 150 V using a mini-gel slab device Mini Protean III (Bio-Rad, Hercules, CA). The gel was washed in the renaturation buffer for 1 h on a shaker. The renaturation buffer contained 2.5% Triton X-100 (in 50 mM Tris-HCl). After that, the gel was incubated at 37°C in the incubation buffer for 18 h. The incubation buffer comprises 0.02% NaN3, 10 mM CaCl2, and 0.15 NaCl in Tris-HCl (50 mM). Respectively, Gel staining was done with Coomassie blue, followed by destaining in acetic acid (5%) and methanol (7%). The formed clear bands indicate gelatinolytic activity. ImageJ software (National Institute of Health, United States) was used to quantify the relative intensity of the bands in compare to the sham group (Fakhri et al., 2021b; Fakhri et al., 2022).
2.8 Histological analysis
In this research, rats were anesthetized and sacrificed with a mixture of intraperitoneal xylazine (20 mg/kg) and ketamine (100 mg/kg). Samples from each group were selected on the 7th and 14th day. The close parts of the ligated sciatic nerves were excised and fixed with a 10% formalin solution (Muthuraman et al., 2008). After that, tissues were kept in paraffin. Using hematoxylin and eosin (H&E), consecutive sections of the injury site were stained (Sudoh et al., 2004), and then the sections were qualitatively examined by experts to investigate axonal degeneration under a light microscope (×400) in accordance with routine histological techniques.
2.9 Statistical analysis
The obtained results were assessed with Prism version 8.0 software and a Two-way ANOVA statistical test and Bonferroni post hoc for behavioral analysis. One-way ANOVA statistical test with Tukey post hoc test were employed for biochemical analysis. The area under the curve (AUC) was calculated using the linear trapezoidal method. All the data are presented as mean ± SEM and significant level was set at p < 0.05.
3 RESULTS
3.1 Acetone drop test
The results of the acetone drop test indicated that the paw withdrawal reflex in the CCI group had a considerable increase compared to the sham group (p < 0.01) (Figure 1A). Moreover, the results indicated that treatment with AST in both doses increased the tolerance threshold of cold stimulus after CCI, with the better result seen in the group receiving AST at the dose 10 mg/kg. This group showed a remarkable decrease in cold allodynia compared to the CCI group on days 7 (p < 0.01), 10 and 14 (p < 0.001) (Figure 1A). Also, in this group the area under the curve of cold allodynia shad a remarkable decrease compared to the CCI group (p < 0.05) (Figure 1B).
[image: Graph with four panels showing data on different treatments and their effect on ALT levels. Panel A depicts ALT changes over 14 days for Sham, CCl4, and groups treated with GBP at doses of 100, 5, and 10 mg/kg. Panel B shows bar graph of ALT AUC for various treatments, highlighting significant differences with annotations. Panel C presents ALT levels over 14 days for groups treated with TIL, NAL, AST, and their combinations. Panel D is a bar graph showing the AUC of ALT levels with various annotations indicating significant results between treatments.]FIGURE 1 | Effects of astaxanthin on cold allodynia and its mechanisms after CCI in rats. CCI significantly decreased tolerance threshold of cold stimulus that was reversed by AST (A), and confirmed by AUC analysis (B). While FLU and NAL alone did not affect cold allodynia, those administrations with AST partially reduced AST’s effects (C), and the result was confirmed by AUC analysis (D). The data are shown as mean ± SEM (n = 6). ++p < 0.01, +++p < 0.001 vs. sham. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CCI, ##p < 0.001 vs. AST 10, ^p < 0.05 vs. GBP. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
On the other hand, the paw withdrawal reflex in response to the cold stimulus in the rats receiving flumazenil and naloxone alone was not considerably different from the CCI group (Figure 1C). Nevertheless, the results showed that the intraperitoneal injection of naloxone half an hour before AST (10 mg/kg) remarkably reduced the analgesic activity of AST on day 14 (p < 0.01), which led to an increase in cold allodynia in this group (Figure 1C). In addition, in this group, the area under the curve of cold allodynia also indicated a considerable increase compared to the group treated with AST (10 mg/kg) (p < 0.01) (Figure 1D).
3.2 Hot plate test
The data of the hot plate test (Figure 2A) indicated that the time delay of paw withdrawal (PWL) by rats, as the time to reach the pain threshold by heat, was the same in the sham group animals and they were unresponsive. In the CCI group, rats strongly reacted to heat and exhibited a considerable decline in PWL time compared to the first group. The significant differences were seen on the first day with p < 0.01 and from days 3–14 with p < 0.001. Likewise, the data indicated that treatment with AST caused an increase in PWL delay following CCI, and the better result was related to the group receiving AST at the dose of 10 mg/kg. PWL delay showed a considerable increase in this group compared to the CCI group on days 7 and 14 (p < 0.01) and on day 10 (p < 0.001) (Figure 2A). In addition, the area under the PWL curve in the groups treated with AST was significantly increased compared to the CCI group, and this increase was observed in AST 5 mg/kg (p < 0.05) and AST 10 mg/kg (p < 0.001) groups (Figure 2B). In this study, in rats receiving flumazenil and naloxone, PWL delay did not differ compared to the CCI group (Figure 2C). Besides, the data showed that the area under the PWL curve in the AST + FLU (p < 0.05) and AST + NAL (p < 0.01) was significantly decreased compared to the AST group (10 mg/kg) indicating a significant increase in thermal hyperalgesia after blocking the opioid and benzodiazepine receptors (Figure 2D).
[image: Graphs display experimental data.   A: Line chart showing paw withdrawal latency over time for different treatments, including Sham, CCI, GBP, and AST. CCI shows clear differences from others.  B: Bar chart comparing AUC (area under curve) for each group from A.   C: Line chart similar to A but includes additional treatments: PUE, NAL, and AST combinations, showing distinct trends.  D: Bar chart comparing AUC for groups in C, with notable differences between treatments.  Statistical significance is indicated by asterisks and symbols.]FIGURE 2 | Effects of astaxanthin on thermal hyperalgesia and its mechanisms after CCI in rats. CCI significantly decreased paw licking latency during thermal hyperalgesia, that was reversed by AST (A). The result was confirmed by AUC analysis (B). While FLU and NAL alone did not affect thermal hyperalgesia, those administrations with AST partially reduced AST’s effect (C), and was confirmed by AUC analysis (D). The data are shown as mean ± SEM (n = 6). ++p < 0.01, +++p < 0.001 vs. sham. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CCI, #p < 0.05, ##p < 0.01 vs. AST 10. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
3.3 Open field test
The data of the open field test showed that all the three components of locomotor activity were the same in the sham group animals and they were unresponsive (Figure 3). The numbers of rearing (Figure 3A), crossing (Figure 3C) and grooming (Figure 3E) in animals of the CCI group were greatly decreased compared to the sham group (p < 0.001).
[image: Three panels show data on blood glucose, serum insulin, and C-peptide levels for different treatment groups over fourteen days. Panel A displays a line chart of blood glucose levels, with significant differences noted on specific days. Panel B is a bar graph of AUC values for glucose, emphasizing differences among groups. Panel C presents serum insulin levels over time, while Panel D's bar graph details insulin AUC differences. Panel E illustrates C-peptide levels, and Panel F's bar chart highlights AUC values for C-peptide, indicating treatment effects.]FIGURE 3 | Effects of astaxanthin on locomotor activity after CCI in rats. CCI significantly decreased locomotor activity during rearing (A), crossing (C) and grooming (E) evaluations, which was reversed by AST 10 mg/kg. The AUC analysis also confirmed the effect of AST on rearing (B), crossing (D) and grooming (F). The data are shown as mean ± SEM (n = 6). +++p < 0.001 vs. sham, **p < 0.01, ***p < 0.001, vs. CCI, ^p < 0.05, ^^p < 0.01, ^^^p < 0.001, vs. GBP, #p < 0.05 vs. AST 10, CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
Results also showed that AST improved all the three motor function parameters compared to the CCI group (Figure 3) (p < 0.01). The area under the curve also illustrated the reduction of these three movement parameters following the CCI model (p < 0.001), along with the beneficial effect of AST in those parameters (Figures 3B, D, F) (p < 0.01).
In the groups receiving flumazenil and naloxone alone, the locomotor activity of rats in all the three components including rearing (Figure 4A), crossing (Figure 4C) and grooming (Figure 4E) did not show any remarkable difference compared to those in the CCI group. However, these parameters were partially reduced in the groups receiving AST + NAL and AST + FLU compared to the AST group (10 mg/kg), which was significant in crossing (p < 0.05). The area under the curve clearly showed such changes (Figures 4B, D, F).
[image: Three separate segments of line graphs and bar charts show experimental data:  A) Line graph depicting changes in thermal latency over various days for six treatments, including CCI and several dosages of FU, NAL, AST, and a combination of AST and NAL.   B) Corresponding bar chart showing the AUC for thermal latency.  C) Line graph illustrating changes in mechanical withdrawal threshold over time for similar treatments.  D) Bar chart showing the AUC for mechanical withdrawal threshold.  E) Line graph representing cold allodynia changes over time.  F) Bar chart displaying the AUC for cold allodynia for the same treatment groups. Error bars indicate variability in data.]FIGURE 4 | Effects of astaxanthin co-administered with FLU and NAL on locomotor activity after CCI in rats. FLU and NAL alone did not affect locomotor activity during rearing (A), crossing (C) and grooming (E), but they reduced AST’s effect. AUC analysis confirmed the effect of NAL and FLU on rearing (B), crossing (D) and grooming (F). The data are shown as mean ± SEM (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. CCI, #p < 0.05 vs. AST 10. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
In addition to the aforementioned Figures, a Supplementary Figure also provided to refuse the role of solvent volume on neuropathic pain and motor dysfunction (Sham, sham received v2, CCI, CCI received v2) (Supplementary Figures 1, 2). Since unnecessarily use of different rats is against the National Institutes of Health Guidelines on the care and use of laboratory animals nothing role of solvent volume extrapolated to biochemical and histological analysis.
3.4 Glutathione assay
The serum level of glutathione in CCI group compared to the sham group considerably declined on days 7 and 14, which was related to the antioxidant activity of glutathione (p < 0.01) (Figure 5A). The intraperitoneal injection of AST at both doses, especially the dose of 10 mg/kg increased the level of glutathione compared to the CCI group (p < 0.001) (Figure 5A). Administration of naloxone and flumazenil alone did not change serum glutathione levels as compared to the CCI group. However, in both AST + NAL and AST + FLU groups, serum levels of glutathione were shown to be significantly decreased compared to the AST group (10 mg/kg) (p < 0.001) (Figure 5B).
[image: Bar graphs labeled A and B show the percentage changes compared to the sham group on days 7 (D7) and 14 (D14). Graph A compares groups treated with CCI, GBP 100 mg/kg, AST 5 mg/kg, and AST 10 mg/kg, while graph B compares CCI, FLU 0.5 mg/kg, NAL 0.5 mg/kg, AST 10 mg/kg, AST + FLU 0.5 mg/kg, and AST + NAL 0.5 mg/kg. Statistical significance is indicated with plus and asterisk symbols. Bars vary in height, demonstrating differences in treatment effects.]FIGURE 5 | Effects of astaxanthin on serum glutathione level and its mechanisms after CCI in rats. CCI significantly decreased glutathione level, which was reversed by AST 10 mg/kg (A). While FLU and NAL alone did not affect serum glutathione level, those administrations with AST partially reduced AST’s effects (B). The data are shown as mean ± SEM (n = 3). ++p < 0.01, +++p < 0.001 vs. sham, ***p < 0.001, vs. CCI, ^p < 0.05, ^^p < 0.01, ^^^p < 0.001, vs. GBP, ###p < 0.001 vs. AST 10. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
3.5 Catalase assay
The data showed (Figure 6A) that the serum level of catalase in the CCI group was significantly decreased compared to the sham group (p < 0.001). Besides, the serum levels of catalase at both doses of AST, especially the dose of 10 mg/kg (p < 0.05), increased significantly compared to the CCI group. Injection of flumazenil and naloxone alone did not affect the serum levels of catalase in rats. The results of flumazenil and naloxone injections on catalase serum levels were similar to the CCI group. The injection of these two together with AST prevented the positive effect of AST on catalase level (p < 0.05) (Figure 6B).
[image: Bar charts labeled A and B compare various treatments over days seven and fourteen. Chart A shows effects of Sham, CCI, GBP, and AST at 5 mg/kg and 10 mg/kg. Chart B compares CCI, Flu-CCI, and combinations of NAL, AST, and NAL+AST at different concentrations. Each chart uses color coding for treatments and includes statistical significance markers.]FIGURE 6 | Effects of astaxanthin on the serum level of catalase and its mechanisms after CCI in rats. CCI significantly decreased catalase level, which was reversed by AST 10 mg/kg (A). While FLU and NAL alone did not affect serum catalase level, those administrations with AST partially reduced AST’s effects (B). The data are shown as mean ± SEM (n = 3). +++p < 0.001 vs. sham, *p < 0.05, ***p < 0.001 vs. CCI, ^p < 0.05 vs. GBP. CCI, chronic constriction injury, GBP, Gabapentin, AST, Astaxanthin, FLU, Flumazenil, NAL, Naloxone.
3.6 Nitrite assay
Our findings demonstrated a significant increase in serum nitrite levels in the CCI group compared to the sham group (p < 0.05). In addition, AST administration was shown to reduce this increased pattern of nitrite following CCI similar to the positive control group (GBP group) (p < 0.001) (Figure 7A). The results of flumazenil and naloxone injections on nitrite serum levels were similar to the CCI group. Their injection with AST did not cause considerable changes in the serum levels of nitrite when compared to the group receiving 10 mg/kg AST on days 7 and 14 (Figure 7B).
[image: Bar graphs showing nitrite levels in two sections. Section A compares different treatments: Sham, CCI, GBP 100 mg/kg, AST 5 mg/kg, and AST 10 mg/kg on days 7 and 14. Section B displays CCI, AST treatments, and combinations with NAL at 0.5 and 0.1 mg/kg on the same days. Both sections note significant differences between groups.]FIGURE 7 | Effects of astaxanthin on serum level of nitrite and its mechanisms after CCI in rats. CCI significantly increased nitrite level, which was reversed by AST 10 mg/kg (A). While FLU and NAL alone did not affect serum nitrite level, those administrations with AST partially reduced AST’s effects (B). The data are shown as mean ± SEM (n = 3). +p < 0.05, ++p < 0.01 vs. sham, *p < 0.05, **p < 0.01, ***p < 0.001 vs. CCI. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
3.7 Gelatin zymography
The data showed an increase in the levels of MMP-9 (Figure 8) and MMP-2 (Figure 9) activity following CCI compared to the sham group (p < 0.001). Both doses of AST could reverse such increased patterns and had effects close to the effects of GBP (positive control) (p < 0.01). Injection of flumazenil and naloxone half an hour before AST administration reduced the positive effects of AST on MMP-2 and MMP-9 activity levels (p < 0.01).
[image: A bar chart and gel electrophoresis images illustrate the relative expression levels of zonula occludens-1 over time. Bars represent different treatments, including Sham, CCI, GBP 100 mg/kg, AST 5 mg/kg, AST 10 mg/kg, AST plus FLU 0.5 mg/kg, and AST plus NAL 0.1 mg/kg, measured on day seven and day fourteen. A key differentiates the treatments using patterns. Gel images show protein bands corresponding to each treatment.]FIGURE 8 | Effects of astaxanthin on serum MMP-2 activity after CCI in rats. The data are shown as mean ± SEM (n = 3). +++p < 0.01 vs. sham, **p < 0.01, ***p < 0.001 vs. CCI, ##p < 0.01 vs. AST 10. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; MMP, Matrix metalloproteinase; NAL, Naloxone.
[image: Bar graph with two sets of data labeled D7 and D14, comparing the relative expression units of MMPs. Various treatments are compared: Sham, CCI, GBP 100 mg/kg, AST 5 mg/kg, AST 10 mg/kg, AST + FLU 0.5 mg/kg, and AST + NAL 0.1 mg/kg. Error bars indicate variability in data. Top section includes bands for each treatment group, labeled Sham, CCI, GBP 100 mg/kg, etc. Legend indicates black bars for Sham, dotted for CCI, and different patterns for other treatments. Asterisks denote statistical significance.]FIGURE 9 | Effects of astaxanthin on serum MMP-9 activity after CCI in rats. The data are shown as mean ± SEM (n = 3). **p < 0.01, ***p < 0.001 vs. CCI. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; MMP, Matrix metalloproteinase; NAL, Naloxone.
3.8 Histopathological analysis
In this study, we utilized H&E staining to assess tissue damage resulting from the CCI model and the impact of AST on it. The sciatic sections of the sham group exhibited well-organized myelin sheaths. Conversely, the stained nerve sections of the CCI group displayed axonal swelling, disrupted myelin sheaths, hemorrhage between cells, and wide separation between nerve fibers. However, CCI rats treated with AST (10 mg/kg) demonstrated a significant improvement in myelin sheath integrity and Schwann cells. These positive effects of AST significantly decreased in the AST + FLU (0.5 mg/kg) and AST + NAL (0.1 mg/kg) groups (Figure 10).
[image: Microscopic images show tissue samples from two time points, D7 and D14. Each row represents a different experimental condition: Sham, CCI, GBP 100 mg/kg, AST 10 mg/kg, AST + FLU 0.5 mg/kg, and AST + NAL 0.1 mg/kg, displaying varying degrees of cellular structure and staining patterns.]FIGURE 10 | Representative photomicrographs (H&E, × 400) of sciatic sections from different groups following CCI in rats (n = 3). Thick black arrows indicate neuron gaps (wide separation between the nerve fibers), Thin black arrows indicate the area of axonal swelling, Schwann cell nucleus (right black arrow), Axon (arrow blackhead), bv: blood vessel. CCI, chronic constriction injury; GBP, Gabapentin; AST, Astaxanthin; FLU, Flumazenil; NAL, Naloxone.
4 DISCUSSION
The present study was designed to investigate the potential of using AST in a CCI model inducing neuropathic pain. Our study yielded several significant findings. Firstly, in rats with CCI, we observed a notable increase in heat hyperalgesia and cold allodynia, accompanied by a decline in motor performance over 14 days. Secondly, CCI rats exhibited elevated levels of MMP-9, MMP-2, and nitrite, while experiencing decreased levels of glutathione, and catalase activity, along with tissue alterations. Thirdly, treatment with AST demonstrated varying degrees of improvement in both behavioral and biochemical parameters. Lastly, the effects of AST appeared to be mediated through the benzodiazepine and opioid receptors, which are known to play roles in the management of neuropathic pain (Figure 11).
[image: Diagram illustrating the effects of astaxanthin on neuropathic pain and motor function post-chronic constriction injury. It shows the timeline of drug injection and testing from day 0 to day 14, with pathways labeled as inflammation, benzodiazepine receptor, neuronal survival, opioid receptor, and oxidative stress. The diagram indicates that astaxanthin impacts these pathways, leading to reduced tissue damage and improved symptoms by suppressing inflammation and oxidative stress.]FIGURE 11 | A summary of the research protocol and AST effects and mechanisms of action following CCI in rats.
The CCI model is widely used to study neuropathic pain caused by nerve damage. This model effectively mimics the symptoms of neuropathic pain experienced by humans, such as allodynia and hyperalgesia, which are caused by peripheral nerve damage and inflammation. Additionally, compared to other peripheral neuropathy models, the CCI model induces long-lasting and widespread behavioral changes (Bennett and Xie, 1988; Austin et al., 2012). CCI-induced neuropathic pain is associated with the release of pro-inflammatory molecules, such as cytokines and chemokines, which activate immune cells and promote oxidative stress. One possible mechanism is the imbalance of the antioxidant defense system. Antioxidant enzymes like superoxide dismutase, glutathione peroxidase, and catalase are impaired, reducing the body’s ability to counteract oxidative stress (Naik et al., 2006). The second proposed mechanism is the activation of NADPH oxidase, an enzyme complex that generates ROS in peripheral nerves and the spinal cord following nerve injury. ROS can directly damage nerve tissues and increase the excitability of nociceptive neurons, leading to enhanced pain signaling (Cui et al., 2023). Additionally, nerve injury can disrupt mitochondrial function, leading to an increase in ROS production (Ilari et al., 2020). In line, other evidence also revealed a relationship between oxidative imbalance and neuropathic pain (Di Cesare Mannelli et al., 2016). Moreover, activation of pro-inflammatory pathways by the activation of glial cells and the release of inflammatory mediators, can induce oxidative stress and contribute to neuropathic pain development. This sustained neuroinflammation further contributes to neuropathic pain by promoting neuronal hyperexcitability and impairing nerve regeneration (Komirishetty et al., 2016; Ilari et al., 2020). Therefore, experimental interventions that can reduce oxidative stress can also reduce neuropathic pain symptoms in CCI models.
AST, a potent antioxidant found in marine organisms, has been proposed as a potential treatment for neuropathic pain due to its antioxidant, anti-inflammatory, and neuroprotective properties. Studies have shown that AST can improve behavioral and biochemical changes under in vitro and in vivo models of neuropathic pain. During a more related study with intraperitoneal administration of AST, we used 5, 10, and 20 mg/kg doses and found an inverted U-shaped dose-response effectiveness of AST against nociceptive pain (Mohammadi et al., 2021). Our previous results were in line with the quantitative features of the hormetic dose-response models (Calabrese, 2008). In the current study, in line with the findings of others, we showed that AST reduces neuropathic pain and improves motor performance by affecting oxidative stress specially at the dose of 10 mg/kg. This is achieved by the ability of AST to effectively inhibit MAPKs and nuclear factor-κB pathways, mitigate oxidative stress, and suppress the production of inflammatory cytokines (Zhao et al., 2021; Ciapała et al., 2023).
On the other hand, the upregulation of MMP-9 and MMP-2 in the peripheral nerves contributes to the development and maintenance of neuropathic pain after CCI. MMP-9 and MMP-2 activate pro-inflammatory pathways such as the release of pro-inflammatory cytokines and chemokines. Such inflammatory mediators can further perpetuate the inflammatory response and contribute to the development and maintenance of neuropathic pain. They can also modulate the activity of ion channels and receptors involved in pain signaling, such as N-methyl-D-aspartate receptors and transient receptor potential channels, leading to increased pain sensitivity. MMP-9 induces early-phase neuropathic pain by activating interleukin (IL)-1β and microglia in the early phase, while MMP-2 is implicated in the development of late-phase neuropathic pain. Therefore, inhibition of MMP-9 or MMP-2 may help reduce neuropathic pain (Ru-Rong et al., 2008; Lakhan and Avramut, 2012; Gu et al., 2019). In a study by Ciapała et al. (2023), the analgesic effect of a single intrathecal dose of AST in mice during 7 days was shown to be mediated through inhibiting mitogen-activated protein kinase and activating nuclear factor erythroid 2–related factor 2. They employed von Frey and cold plate tests for behavioral analysis and found that intrathecal administration of AST with morphine, buprenorphine or oxycodone resulted in greater decreases in tactile and cold allodynia. In our study and in comparison, for the first time we evaluated the anti-neuropathic effects of intraperitoneal AST in rats during 14 days. Additionally, we employed more behavioral tests, including von Frey, hot plate, acetone drop, as well as the motor-related test of open field to assess rearing, crossing, and grooming. From a mechanistic aspect, possible involvement of opioid and benzodiazepine receptors in the anti-neuropathic effects of AST was examined using the corresponding antagonists, naloxone and flumazenil, respectively. From a molecular point of view, we evaluated oxidative (i.e., nitrite) and antioxidant (i.e., CAT and GSH) mediators, as well as inflammatory ones (e.g., MMP2 and MMP9). Also, in our study histopathological changes were compared in different groups (Ciapała et al., 2023).
Both benzodiazepine receptors (specifically the GABA-A receptor) and opioid receptors (such as mu, delta, and kappa receptors) play roles in pain modulation. They can interact with each other and have synergistic effects in reducing pain perception. Activation of benzodiazepine receptors enhances the analgesic effects of opioids, and vice versa (Gear et al., 1997; Primeaux et al., 2006). CCI has been found to affect the expression and function of benzodiazepine and opioid receptors, thereby impacting inhibitory neurotransmission and playing a role in the modulation of pain processing. Specifically, CCI leads to a decrease in benzodiazepine receptor binding, potentially contributing to the manifestation of anxiety-like behaviors (Shih et al., 2008; Lewis et al., 2012). We also found that AST successfully prevented hyperalgesia and anxiety-like behaviors in the CCI model. Furthermore, when we administered the benzodiazepine antagonist flumazenil or naloxone with AST, the therapeutic effect of AST was suppressed.
According to our tissue analysis, the effect of AST in reducing neuropathic pain is associated with maintaining the structural integrity of the sciatic nerve, regulating myelin sheaths, hemorrhage between cells, and wide separation between nerve fibers. Suppressing inflammation and oxidative stress could lead to tissue repair during 14 days of AST treatment, which passes through benzodiazepine/opioid receptors. Blocking opioid and benzodiazepine receptors also reduced the therapeutic potential of AST and tissue repair.
5 CONCLUSION
In conclusion, the findings demonstrated the promising potential of AST as a viable candidate for neuropathic pain treatment and motor function. Through its ability to pass through opioid/benzodiazepine receptors, AST has the potential to suppress inflammatory and oxidative mediators, while enhance antioxidant factors. Further research and clinical trials are warranted to solidify its efficacy and safety profile.
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SUPPLEMENTARY FIGURE 1 | Refusing the role of intraperitoneal solvent volume on neuropathic pain after CCI. No difference was shown between sham and sham + v2 and also between CCI and CCI + v2 in different days. The data are shown as mean ± SEM (n = 6). +++p < 0.01 vs. sham, ***p < 0.001 vs. sham + v2. CCI: chronic constriction injury, DW: distilled water. Sham [Sham receiving DMSO 5% (v1)], Sham + v2 [Sham receiving DMSO 5% (v1) + DW (v2)], CCI [CCI receiving DMSO 5% (v1)], CCI + v2 [CCI receiving DMSO 5% (v1) + DW (v2)].
SUPPLEMENTARY FIGURE 2 | Refusing the role of intraperitoneal solvent volume on motor dysfunction after CCI. No difference was shown between sham and sham + v2 and also between CCI and CCI + v2 in different days. The data are shown as mean ± SEM (n = 6). +++p < 0.01 vs. sham, ***p < 0.001 vs. sham+v2. CCI: chronic constriction injury, DW: distilled water. Sham [Sham receiving DMSO 5% (v1)], Sham + v2 [Sham receiving DMSO 5% (v1) + DW (v2)], CCI [CCI receiving DMSO 5% (v1)], CCI + v2 [CCI receiving DMSO 5% (v1) + DW (v2)].
ABBREVIATIONS
AST, astaxanthin; AUC, area under the curve; CCI, chronic constriction injury; DMSO, dimethylsulfoxide; DTNB, 5,5′-dithio-bis(2-nitrobenzoic acid); FLU, flumazenil; H2O2, hydrogen peroxide; MMP, matrix metalloproteinase; NAL, naloxone; NEDD, diamine dihydrochloride; OD, optical density; PWL, paw withdrawal; ROS, reactive oxygen species.
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Introduction: Vascular dementia (VD) is a neurodegenerative disease caused by chronic cerebral hypoperfusion (CCH), which considerably impact patients’ quality of life. Ethanol extraction from Rubia yunnanensis (RY-A) has gained attention for its potential neuroprotective effects, but its effects and mechanisms of action on CCH are unknown.Methods: After 30 days of RY-A gavage treatment in a CCH rat model, its effects were evaluated using the Morris water maze test, cerebral blood flow measurements, and HE staining of the brain. These findings, combined with serum medicinal chemistry, RNA-seq, and metabolomics analyses, revealed the active compounds and mechanisms of RY-A in CCH rats. The results were further validated using assay kits and Western blot techniques.Results: RY-A treatment significantly attenuated neurological damage and improved cognitive function in CCH rats. Ultra-high-performance liquid chromatography high-resolution mass spectrometry identified 511 blood-entry compounds of RY-A. RNA-seq and metabolomic analysis showed that RY-A might help to normalize changes in gene and metabolite expression caused by CCH. RY-A induced neuroprotective effects by increasing the production of key proteins involved in ferroptosis inhibition, such as SLC7A11, SLC3A2, GSS, and GPX4, while increasing antioxidant enzyme activities and alleviating oxidative stress.Conclusion: RY-A inhibited oxidative stress and ferroptosis by activating the System Xc-/GSH/GPX4 pathway and balancing iron metabolism, thereby attenuating CCH-induced neurological damage and cognitive deficits.Keywords: Rubia yunnanensis, chronic cerebral hypoperfusion, System Xc-/GSH/Gpx4, serum pharmacochemistry, metabolomic, transcriptomic
1 INTRODUCTION
Vascular dementia (VD) is a neurodegenerative disorder associated with chronic cerebral hypoperfusion (CCH), characterized by memory impairment, cognitive decline, and behavioral changes (Pendlebury et al., 2019). With its prevalence increasing annually, VD has become a major global public health challenge, exerting a growing impact on patients and their families (Gorelick et al., 2011). Although VD is the only form of dementia that may be prevented and treated through early interventions, its complex pathomechanisms, including inflammatory responses, impaired energy metabolism, and oxidative stress, pose substantial challenges to effective treatment (Darweesh et al., 2018; Zhu et al., 2021).
Oxidative stress and lipid peroxidation play central roles in the etiology and progression of VD (Cobley et al., 2018). These processes closely resemble ferroptosis, a type of cell death caused by disruptions in intracellular iron metabolism (Hirschhorn and Stockwell, 2019). Currently, therapeutic options for VD are limited. The primary drugs, edaravone and donepezil, are often associated with side effects, such as drug resistance, liver abnormalities, and cardiac arrhythmias (Liu et al., 2023b). Therefore, the development of new treatments is crucial to improve outcomes for patients with VD.
Rubia yunnanensis Diels, a traditional Chinese medicinal herb, has been included in the Dian Nan Ben Cao. Its rhizomes and roots have been shown to activate the blood circulation, remove blood stasis, and soothe tendons and collaterals, as well as to have antithrombotic, anti-ischemic, and antioxidant pharmacological effects (Lan, 1959; Zhang et al., 2022). Previous studies have shown that RY-A has a protective effect against hypoxia/reoxygenation-induced damage to hippocampal HT22 cells and ameliorates oxidative stress (Cheng et al., 2024). However, the effects of RY-A on CCH and its underlying mechanisms need to be further investigated.
Metabolomics and transcriptomics, powerful tools for the study of neurodegenerative diseases, are capable of identifying and quantifying a wide range of metabolites and differentially expressed genes (DEGs), offering profound insights into the molecular underpinnings of cerebrovascular disease (Horgusluoglu et al., 2022; Arbaizar-Rovirosa et al., 2023; Askew et al., 2024). When combined with serum and plasma pharmacochemical analyses of blood-entry drug compounds, the material basis of pharmacodynamic effects can be further explored (Jin et al., 2022; Zhao et al., 2024).
The possible therapeutic impact of RY-A on CCH and its mechanism of action were examined in this study using an integrated approach involving serum pharmacochemistry, metabolomics, transcriptomics, and verification via animal experiments. Via these investigations, we aimed to establish a scientific foundation for the pharmacological effects of Rubia yunnanensis and offer novel perspectives on alternative preventive and treatment techniques for cerebral ischemia.
2 MATERIALS AND METHODS
2.1 Drug preparation
The Yunnan Key Laboratory of Dai and Yi Medicines supplied the of Rubia yunnanensis Yi medicine powder that was used in this investigation. Prof. Zili Yin of Yunnan University of Chinese Medicine was responsible for the drug’s authentication. The preparation process was as follows: First, 500 g of Rubia yunnanensis powder was taken and soaked in 95% ethanol for 24 h. Subsequently, the medicinal liquid was separated from the solid residue using a 0.22-μm polytetrafluoroethylene filter membrane. The collected medicinal liquid was concentrated by heating at 45°C using a rotary evaporator (EYELA, Shanghai, China). To ensure adequate extraction, the entire steeping and concentration process was repeated three times. The final extract obtained was Rubia yunnanensis ethanol extraction (RY-A), which was stored at −80°C to maintain its stability and potency.
2.2 Animals and treatment
The 70 male Sprague-Dawley rats, weighing 260 ± 20 g and aged 8 weeks, used in this study were supplied by SiPeiFu (Beijing Biotechnology Co., Ltd.). The rats were acclimatized and fed for 1 week, and 58 of them were operated upon by two-vessel occlusion (2VO) to establish a CCH model, while the remaining 12 served as a control group (Sham group) with bilateral carotid artery exposure only, without ligation. All animals were housed at 21°C ± 2°C, provided with adequate food and distilled water, and maintained on a 12-hour diurnal schedule. The Yunnan University of Chinese Medicine’s Ethics Committee for Animal Experimentation (Approval No. R-062022LH077) gave clearance for the use of animals in this study, and there was strict compliance with the pertinent standards of the National Institute for Animal Research.
On the third day after modeling, the model rats were assessed for neurobehavioral changes using a modified 5-point scale developed by Longa et al. (1989), with model success being marked by a score of 1–3. In this study, 52 model rats were deemed successful in the model construction assessment. Thirty-six of them were randomly divided into three groups according to the random number table method: CCH model group (2VO group), RY-A low-dose group (2VO + 0.48 g/kg RY-A), and RY-A high-dose group (2VO + 0.96 g/kg RY-A). The clinical dose of RY-A was 30 g, with an extraction yield of 17.63%, and the dosages administered to the rats were calculated based on body surface area conversion (Li et al., 2024). Another 16 model rats were randomly divided into two groups of 8 rats, the 2VO group (blank group) and the RY-A high-dose group (administered group), which were used for the qualitative and quantitative analysis of RY-A blood-entry compounds. Starting from the day of scoring, rats in each group received gavage intervention with a dosing volume of 1 mL/100 g of body weight, with equal volumes of 0.9% saline given to the Sham and 2VO groups, and the treatments lasted for 30 days. The timeline of the animal experiment is shown in Figure 1.
[image: Flowchart illustrating a study timeline over 45 days. Key stages include establishment of CCH model in rats, RY-Alkaline oral gavage intervention, and assessment through neurobehavioral tests, tissue sampling, and Morris water maze at various intervals. Groups and sample sizes are specified for each stage.]FIGURE 1 | The timeline of the animal experiment of RY-A in CCH rats.
2.3 Morris water maze test
The cognitive functions of learning and memory were observed using a Morris water maze after the 30-day pharmacological intervention. The apparatus consisted of a cylindrical pool containing a circular platform 30 cm high and 10 cm in diameter. The pool was filled with tap water, kept at 25°C ± 0.5°C, and colored with ink to obscure the platform from the rat’s view. Each rat was submerged in the water in the second quadrant of the pool, facing away from the platform, and the platform was placed in the fourth quadrant for testing. The main dependent variable measured was escape latency, i.e., the time a rat took to find and stay on the platform within 90 s. In case a rat failed to find the platform within the pre-specified time, the animal was guided to the platform and allowed to stay there for 10 s. Animals were trained four times a day, and the platform position was rotated clockwise to a new quadrant prior to each training session. The aforementioned training paradigm was executed for five consecutive days. A probe test was performed on the sixth day, during which the platform was removed. Rats were introduced into the pool from the second quadrant, which was situated opposite to the initial platform location, and permitted to swim freely for a duration of 120 s. Shanghai Xinruan Information Technology’s Super Maze System (Shanghai, China) was used to methodically record the behavioral data, encompassing the frequency of occurrences in the prior platform position and the duration spent in the target quadrant. These data provided us with quantitative information about the spatial memory capacity of the rats.
2.4 Cerebral blood flow and histological staining
After the behavioral assessment was completed, cerebral blood flow (CBF) measurements were performed on the rats. Under anesthesia, each rat’s head was fixed, and the scalp was incised and cleaned along the median line to fully expose the skull. Using a PeriCam PSI blood flow monitoring video system from Perimed, Sweden, the rat brain was illuminated by a light beam at the location where the sagittal suture meets the coronal suture. The data were processed using PIMsoft 1.5 Operational Analysis Software, which monitored the CBF in rats in a resting state for 20 s and calculated the mean value.
Brain tissue sampling was performed after CBF measurement. The animals were subjected to anesthesia, after which the thoracic cavity was perfused with 250 mL of saline, followed by 100 mL of 4% paraformaldehyde. The brains underwent postfixation for a duration of 48 h in a 4% paraformaldehyde solution, followed by embedding in paraffin. Subsequently, serial coronal sections with a thickness of 3 μm were prepared for further staining analysis. In the interim, surplus hippocampal tissue was promptly cryopreserved in liquid nitrogen and subsequently maintained at −80°C. For hematoxylin and eosin (HE) staining, paraffin-embedded slices that had been subjected to partial deparaffinization using xylene for 5 min were dehydrated via a step-by-step ethanol series (70%, 95%, and 100%, each for 5 min), and finally stained with HE. Histopathological changes in the hippocampal tissue were observed using CaseViewer 2.4 software, and images were taken at ×200 magnification for further analysis.
2.5 Qualitative identification of RY-A blood-entry compounds
2.5.1 Extraction of RY-A samples
After transferring 600 μL of RY-A solution and 400 μL of pure methanol to a 1.5-mL EP tube, the mixture was vortexed for 10 s. Then, to 200 μL of this mixture, 200 μL of 40% aqueous methanol solution was added and vortexed to mix again for 10 s. At 4°C, after centrifugation at 16,000 × g for 15 min, the supernatant was collected as the extracted sample.
2.5.2 Extraction of serum sample
An appropriate amount of serum sample was taken and vortexed with methanol for 60 s, then left at −20°C for 30 min. Following centrifugation at 16,000 × g for a duration of 20 min at 4°C, the supernatant was collected and subjected to vacuum drying. The residue was subsequently re-dissolved in 100 μL of 40% aqueous methanol, subjected to vortex mixing, and centrifuged once more. The supernatant was collected as the extracted sample (16,000 × g, 4°C, 15 min).
2.5.3 Extraction of blank serum + RY-A sample
An appropriate amount of blank serum sample was obtained, to which RY-A solution and methanol were added. The solution was subjected to vortexing for a duration of 60 s and subsequently permitted to equilibrate at a temperature of −20°C for a period of 30 min. After centrifugation at 16,000 × g for 20 min at 4°C, the supernatant was obtained and subjected to vacuum drying. The dried residue was reconstituted in 100 μL of a 40% aqueous methanol solution. The extracted sample was obtained from the supernatant after further centrifugation at 16,000 × g for 15 min at 4°C. This procedure ensured the thorough extraction and preparation of the samples and the provision of high-quality biological specimens for subsequent analysis.
2.6 Ultra-high-performance liquid chromatography–high-resolution mass spectrometry analysis
2.6.1 UHPLC conditions
Samples were evaluated with a Vanquish ultra-high-performance liquid chromatography–high-resolution mass spectrometry (UHPLC) system manufactured by Thermo Fisher Scientific, Germany, connected to an ACQUITY UPLC HSS T3 column with dimensions of 2.1 mm × 100 mm and a particle size of 1.8 μm. The column temperature was set at 35°C with a flow rate of 0.3 mL/min. A 0.1% aqueous solution of formic acid (A) and a 0.1% acetonitrile solution (B) were used in the two mobile phases. The gradient removal procedure below was applied by Thermo Scientific’s SII software (version 1.4): the concentration of phase B commenced at 5%, escalating to 25% after 3 min, 45% after 8.5 min, 95% after 14 min, and reaching 98% at 17 min. Between 17 and 17.2 min, the B-phase fraction was decreased to 5% until the 20 min mark.
2.6.2 HRMS conditions
Q-exactive HFX mass spectrometry analysis was conducted to provide primary and secondary spectra for the samples. The mass spectrometer was connected to the UHPLC system, utilizing ESI (+/−) for the acquisition of the mass spectrum. The spray voltage was established at 3800 V (ESI+) and 3500 V (ESI−), the sheath gas pressure was maintained at 45 arb, the auxiliary gas pressure was set to 20 arb, the ion transfer tube temperature was regulated to 320°C, and the nebulization temperature was adjusted to 350°C. Detection occurred in full-MS/data-dependent secondary scanning (full-MS/dd-MS2) modes, with first-order and second-order resolutions of 60,000 and 15,000, respectively. The 10 highest-intensity MS1 ions were chosen for MS/MS spectrum capture, with collision energies set at normalized values of 20, 40, and 60 units. The principal mass-to-charge ratio scanning range was 90 m/z to 1,300 m/z.
2.6.3 Sample detection and analysis
Then, 6 μL of each blank group sample, administered group sample, blank group + RY-A sample, and RY-A solution were injected separately for liquid chromatography–mass spectrometry analysis. One injection of each batch of blank group samples and administered group samples was added, with repeated injections (3 for blank group + RY-A samples, 5 for RY-A samples). The proteoWizard software package was used to import the raw files (.raw) and convert them into the “.mzXML” format. Peak alignment, retention time adjustment, and peak extraction were performed with the XCMS program. The compounds were identified by querying the high-resolution mass spectrometry database of Shanghai Applied Protein Technology, with a primary mass error of less than 25 ppm and a secondary fragmentation spectrum match score exceeding 0.7. A higher score indicates greater spectral similarity, and a score of 0.7 or above is typically regarded as a dependable identification outcome.
2.7 Transcriptomic analysis
Total RNA was extracted from the left cortical region of rats using the Trizol method (Joy et al., 2018). Extracted RNA samples were solubilized in diethylpyrocarbonate-treated water, then analyzed qualitatively and quantitatively using a Qubit fluorescence quantimeter from Thermo Fisher Scientific (MA, USA) and a Qsep400 high-throughput biofragment analyzer from BiOptic Inc. (Taiwan, China). The mRNA with polyA tails were enhanced using Oligo (dT) beads with magnets, then fragmented at the specified temperature. These fragments served as templates for reverse transcription utilizing random hexamer primers to generate the first-strand cDNA, followed by the synthesis of the second-strand cDNA. dUTP was employed instead of dTTP in this process to achieve the doping of the second strand of the cDNA and the repair of the double-stranded cDNA ends. Next, sequencing adapter ligation was performed, and DNA magnetic bead purification and fragment selection were used to obtain 250-bp to 350-bp insert fragments, then PCR amplification was performed. The constructed libraries were quality checked on the Qubit instrument and Qsep400 instrument and were accurately quantified to assure the effective Q-PCR concentration, which is usually considered to be greater than 2 nM. Metware Biotechnology Co. Ltd. (Wuhan, China) used the Illumina platform to sequence the qualifying libraries. HISAT2 version 2.2.1 software (https://daehwankimlab.github.io/hisat2/) was used to match clean reads to the reference genome sequence. Gene comparisons were conducted utilizing the featureCounts tool, while gene expression levels were assessed by the fragments per kilobase of transcript per million fragments mapped (FPKM) methodology. Then, the transcriptomes of the RY-A group and 2VO group were compared with DESeq2, with three biological replicates of each group. Genes were categorized as DEGs if their corrected p-value was less than 0.05 and their |log2 fold change (FC)| was more than 1. Ultimately, the clustering procedure was performed to elucidate the expression patterns of the DEGs across various experimental settings utilizing the R package. The enrichment of DEGs was studied using a hypergeometric test. For KEGG pathway (http://www.genome.jp/kegg/) and GO annotation (http://www.ebi.ac.uk/QuickGO/), the hypergeometric distribution test and GO term analysis were performed, respectively.
2.8 Metabolomic analysis
To thoroughly examine RY-A’s metabolic effects on the CCH rat model, metabolomic analysis was performed on the right cortical region of rats from the RY-A and 2VO groups. Initially, six samples from each group were homogenized for 20 s in a ball mill at a frequency of 30 Hz. Centrifugation was used to sediment the samples for 30 s at 4°C and 3,000 × g. Four hundred microliters of a methanol-water internal standard extract were added to the samples, shaken at 2,500 revolutions per minute for 5 min, and allowed to stand on ice for 15 min. Then, at the same temperature as used previously, the samples were centrifuged for 10 min at 12,000 × g. After 30 min, 300 µL of the supernatant was removed and kept at −20°C. Following 3 minutes of centrifugation at 12,000 × g, 200 µL of the supernatant was taken for analysis by mass spectrometry.
The UPLC parameters were delineated as follows: The column employed was a Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm × 100 mm); mobile phase A consisted of a water solution containing 0.1% formic acid, whereas mobile phase B comprised acetonitrile with 0.1% formic acid. The flow rate was 0.4 mL/min, and the injection volume was 2 μL. The column temperature was sustained at 40°C. Gradient program: Phase B was begun at 5%, increased to 20% at 2.0 min, reached a maximum of 99% at 6.0 min and continued until the 7.5 min mark, then lowered to 5% at 7.6 min and continued to 10.0 min. This analysis was conducted by Metware Biotechnology Co., Ltd.
In the pre-processing stage, the data underwent unit variance scaling. Orthogonal partial least squares discriminant analysis was conducted using OPLSR, an analytical function within the MetaboAnalystR package of R. Metabolites were designated differentially expressed metabolites (DEMs) when their VIP values were above 1 and their p-values were below 0.05, as determined by Student’s t-test within the orthogonal partial least squares discriminant analysis (OPLS-DA) model. The expression patterns of DEMs were analyzed by clustering, with heatmaps drawn in the R package. Metabolic pathways were annotated for DEMs by utilizing the KEGG database. These analytical steps provided us with a comprehensive view of the metabolic effects of RY-A on the CCH rat model, revealing the underlying metabolic regulatory mechanisms.
2.9 Joint analysis of the transcriptome and metabolome
Based on the transcriptomic and metabolomic data, the KEGG signaling pathways in which the DEGs and DEMs were co-enriched were further analyzed. The Pearson correlation coefficients for comparisons between gene expression variations and metabolite alterations were computed using the cor function in the R program. Subsequently, relationships with an absolute Pearson correlation coefficient over 0.8 and a p-value below 0.05 were identified, and a nine-quadrant plot was constructed.
2.10 Oxidative stress kit assay
The subsequent steps were undertaken to assess the degree of oxidative stress in hippocampal tissue.
2.10.1 Reactive oxygen species level assay
Fifty milligrams of hippocampal tissue samples were mixed thoroughly with 1 mL of homogenization buffer A. Following sediment removal using centrifugation, the supernatant was obtained. Two hundred microliters of the supernatant and 2 µL of the DHE probe were put into a 96-well plate, thoroughly mixed, and incubated at 37°C for 30 min under light protection. The fluorescence intensity was measured by setting the FLIR’s excitation and emission wavelengths to 488–535 nm and 610 nm, respectively. After taking out 50 µL of the supernatant, 100 µL was used for protein quantification after 30-fold dilution with PBS. Reactive oxygen species (ROS) levels were expressed as the fluorescence intensity divided by milligrams of protein.
2.10.2 Detection of malondialdehyde, superoxide dismutase and glutathione peroxidase levels
We sampled 50 mg of hippocampal tissue and mixed it thoroughly with 1 mL of homogenization buffer A. The samples were centrifuged and the supernatant collected. The instructions that came with the malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GSH-Px) kits were followed. A thiobarbituric acid assay was used to measure MDA levels, the WST-8-based colorimetric reaction was applied to measure SOD activity, and the DTNB method was used to measure GSH-Px protein levels.
2.11 Western blot analysis
Western blot was employed to evaluate the proteins in rat hippocampal tissues linked to iron metabolism and the System Xc-/GSH/GPX4 pathway. Six rats in each group had their hippocampal tissues quickly frozen in liquid nitrogen and kept at −80°C after all animals were sacrificed. The hippocampal tissues were lysed using RIPA lysing solution (KGP702-100; KeyGEN Bio TECH, NanJing, China) containing PMSF (97064-898; Amresco, VWR International, OH, USA), and were thoroughly mixed by an electric homogenizer. The supernatant was obtained using centrifugation at 12,000 × g for 5 min at 4°C, and the protein content was assessed using the BCA Protein Quantification Kit (KGP902; KeyGEN Bio TECH).
Gel electrophoresis was conducted to transfer the proteins onto a PVDF membrane, which was subsequently sealed with a TBST solution containing 5% skim milk powder. After that, the following antibodies were used: transferrin receptor antibody (1:5000; ab269513), anti-SLC7A11 antibody (1:1000; ab307601), anti-β-actin antibody (1:1000; ab8227), goat anti-rabbit IgG H&L (HRP) (1:10000; ab6721), and rabbit anti-mouse IgG H&L (HRP) (1:10000; ab6728), all from Abcam; anti-ferroportin/SLC40A1 antibody (1:500; 26601-1-AP) from Proteintech; and anti-CD98/SLC3A2 antibody (1:200; sc-136139), anti-GPX-4 antibody (1:100; sc-166120), and anti-GSS antibody (1:100; sc-365863) from Santa Cruz Biotechnology. Subsequent to the initial incubation, a further incubation of 1 h at an ambient temperature was conducted utilizing the appropriate secondary antibodies. The software Image Pro Plus 6.0 was used to capture the optical density values of the protein bands. Then, the proteins’ relative expression levels were ascertained by dividing the target protein’s grayscale values by those of the internal reference protein.
2.12 Molecular docking
Molecular docking experiments were used in this study to explore at how the possible active chemicals in RY-A interacted with the main targets. Initially, the identifiers of the primary targets were retrieved from the UniProt database, and their three-dimensional structures were acquired from the Protein Data Bank (PDB, https://www.rcsb.org/). Concurrently, the three-dimensional structures of the prospective active chemicals in RY-A were acquired from the PubChem database and stored in SDF format. These structures underwent pre-processing with PyMOL software (https://pymol.org/2), which involved the elimination of water molecules and non-essential small-molecule ligands from the structures. Hydrogen atoms were included, and the charges were allocated to these structures via AutoDock Tools (https://autodocksuite.scripps.edu/adt/). The processed structures were then saved in PDBQT format to enable molecular docking simulations.
Molecular docking simulations were conducted utilizing Vina 2.0 software, designating the key target proteins as receptors and the prospective active chemicals in RY-A as ligands. Evaluating the binding energy allowed for the prediction of the interaction intensity between these active molecules and their targets. The analysis of binding energies showed that compounds with binding energies below −4.25 kcal/mol had possible binding activity, those with energies below −5.0 kcal/mol had stronger binding activity, and compounds with energies below −7.0 kcal/mol had considerable binding activity (Hsin et al., 2013). Upon completion of docking, the findings were visualized and analyzed in three dimensions with PyMOL software, while two-dimensional plots were produced using Discovery Studio 2020 Client software.
2.13 Statistical methods
Statistical analysis of the data in this study was performed using GraphPad Prism 9.0 software, and the results are expressed as the mean ± standard error of the mean. To examine the differences among the various experimental groups, one-way analysis of variance was employed. In this analysis, differences were deemed statistically significant when the p-value was below 0.05.
3 RESULTS
3.1 Improvements in spatial learning and memory ability in RY-A-treated CCH rats
CCH has been shown to cause impairments to of spatial memory ability (Yuan et al., 2019). This study assessed the possibility of RY-A enhancing the learning and memory capabilities of CCH rats using the Morris water maze test, and the experimental findings are illustrated in Figure 2. In the concealed platform assessment, the mean escape delay was documented for each cohort of rats during a 5-day duration. The findings indicated (Figures 2A, D) that the average escape delay across all groups diminished with training. The 2VO group exhibited a significantly prolonged mean escape latency relative to the Sham group, signifying their compromised learning and memory capabilities (P < 0.0001). Following RY-A therapy, rats in the low and high RY-A dosage groups exhibited markedly reduced escape latency in comparison to the 2VO group (0.48 g/kg RY-A: P < 0.0001; 0.96 g/kg RY-A: P < 0.0001), indicating RY-A substantially enhanced the rats’ learning and memory capabilities.
[image: Graph titled "Hidden platform trial" showing escape latency over five days for different groups: Sham, 2VO, 2VO plus RY-A (0.48 g/kg), and 2VO plus RY-A (0.96 g/kg). The Sham group consistently shows the shortest escape latency, while 2VO exhibits longer latency. RY-A treatment groups show improved latency over days. Two bar charts display probe trial data: B shows the time spent in the target quadrant, with a longer duration for the Sham group. C displays the number of platform crossings, with Sham group leading. D illustrates swim paths in circular diagrams, different patterns for each group.]FIGURE 2 | RY-A enhances the learning and memory capacities of CCH rats in the Morris water maze test. (A) Average escape latency for every rat group in the concealed platform experiment. (B) Each group’s swimming time during the probe trial in the quadrant containing the original platform. (C) The number of times throughout the probe experiment that each group crossed the initial platform. (D) Swim trajectory charts that are representative of each rat group. Data are expressed as mean ± SEM (n = 12). Compared to the Sham group, ****p < 0.0001; Compared to the 2VO group, ##p < 0.01, ####p < 0.0001. 2VO, 2-vessel occlusion; RY-A, Rubia yunnanensis alcohol extract.
During the probe test, all rats exhibited a tendency to swim in the quadrant where the initial platform was situated. Figures 2B, C illustrate that, after 33 days of chronic ischemia treatment, rats in the 2VO group exhibited a significant reduction in the time spent swimming in the original platform and the frequency of crossing the original platform compared to the Sham group (P < 0.001). These results highlight the detrimental effects of CCH on spatial memory capabilities. Conversely, RY-A therapy greatly reversed these changes. Rats in the treatment group spent more time swimming in the original platform quadrant (P < 0.0001) and crossed the original platform more often (0.96 g/kg RY-A: P < 0.01). These findings indicate that RY-A markedly enhanced spatial learning and memory impairments in CCH rats.
3.2 Effect of RY-A on increasing CBF and improving of neuronal morphology in hippocampal and cortical regions in CCH rats
The CBF of rats was measured in each group using a laser scattering technique to assess the effect of RY-A in CCH rats. As shown in Figures 3A, B, CBF was significantly lower in the 2VO group than the Sham group (p < 0.0001), suggesting that CCH resulted in reduced CBF. After RY-A treatment, CBF was significantly enhanced, with the most significant effect seen in the RY-A high-dose group (0.48 g/kg RY-A: p < 0.01; 0.96 g/kg RY-A: p < 0.0001), which suggests that RY-A is effective in ameliorating the reduction in CBF caused by CCH.
[image: Four panels display experimental results. Panel A shows two sets of images: the upper row with four similar images and the lower row with heat map variations. Panel B is a bar graph comparing four experimental groups. Panel C consists of sixteen microscopic images labeled CA1, CA3, DG, and Cortex, categorized into four columns, each representing different experimental conditions. Each column shows tissue staining variations.]FIGURE 3 | Effects of RY-A therapy on cortical, DG, CA1, CA3, and CBF neuronal morphology in CCH rats. (A, B) Effects of RY-A therapy on CBF in VaD rats (n = 3). (C) HE staining’s effects on the morphology of neurons in the DG, CA1, CA3, and cortical regions of the VaD rats (200 x, n = 6). Data are expressed as mean ± SEM. Compared to the Sham group, ****p < 0.0001; Compared to the 2VO group, ##p < 0.01, ####p < 0.0001. 2VO, 2-vessel occlusion; RY-A, Rubia yunnanensis alcohol extract.
Histological examination is a key method for assessing nerve cell damage and drug efficacy (Brun and Englund, 1986). Neuronal abnormalities in CA1, CA3, DG, and cortical areas of the hippocampal region are closely associated with spatial learning disabilities. Using HE staining, the loss of neurons in these regions was observed in the brain tissue of rats after modeling and the degree of recovery after RY-A treatment was recorded. As shown in Figure 3C, the 2VO group’s cerebral cortex and hippocampus had considerably lower numbers of neurons than those of the Sham group, along with larger cell gaps and a disorganized cell layout. Treatment with RY-A significantly improved these pathological changes and attenuated the CCH-induced neural tissue damage. This is consistent with the trends observed in the behavioral experiments. Therefore, the RY-A high-dose group and 2VO group were selected for subsequent transcriptomic and metabolomic studies. In addition, the above data suggest that RY-A has potential therapeutic effects on CCH-induced neurological damage and cognitive deficits by promoting CBF and improving neuronal morphology.
3.3 Identification of blood-entry compounds in RY-A using UHPLC-HRMS technique
A detailed analysis of the blood-entry compounds of RY-A was performed by UHPLC-HRMS. Figure 4 illustrates the base peak chromatogram of each group of samples, while Supplementary Table S1 lists our preliminary identification of 511 blood-entry compounds of RY-A, including 276 compounds identified in the positive ion mode and 240 compounds identified in the negative ion mode. It has been shown that triterpenoids and quinones are key active Rubia yunnanensis compounds against hyperlipidemia, which is one of the key pathological factors of CCH (Gao et al., 2014). Five quinones and triterpenoids were deduced from the literature review, and the known standards rhein (Liu et al., 2023a), emodin 8-glucoside (Wang et al., 2007), alisol A (Li et al., 2023), dihydrotanshinone (Wu et al., 2023), and corosolic acid (Zhang et al., 2024) are potential active compounds in RY-A with neuroprotective effects.
[image: Two panels, A and B, each display four line graphs showing relative abundance over time in minutes. The graphs in each panel are differentiated by line colors: black, red, green, and blue. Peaks and patterns vary across graphs, indicating changes and comparisons in data sets.]FIGURE 4 | Each group of samples’ base peak chromatograms (BPC) as determined by UHPLC-HRMS analysis. (A) Positive ion scan and (B) negative ion scan. Top to bottom, the chromatograms show the following: RY-A sample, blank group (2VO group) + RY-A sample, blank group, and RY-A high-dose group (administered group).
In order to verify the entry of these compounds into the blood, serum samples from the RY-A-administered group were further analyzed and compared using the retention time and MS/MS fragment information of the known standards. This step confirmed the accuracy of our UHPLC-HRMS results. Figure 5 demonstrates the specific extracted ion chromatograms and secondary mass spectra of these standards, which provide the material basis for the pharmacological effects of RY-A.
[image: Five panels labeled A to E display chromatograms with corresponding molecular structures and mass spectra data. Each panel contains two plots: a chromatogram on the left and a mass spectrum on the right. Structures shown are related to various compounds, such as ribose, glucose, arabinose, xylose, galactose, rhamnose, and glucuronic acid. Peaks and annotations indicate different retention times and mass-to-charge ratios for each compound.]FIGURE 5 | The administered group’s specific extracted ion chromatogram (XIC) and secondary mass spectra in comparison to established standards. (A) Rhein, (B) Alisol A, (C) Emodin 8-glucoside, (D) Dihydrotanshinone, (E) Corosolic acid.
3.4 DEGs screening results
In this study, a total of 50.2 Gb of raw data was obtained by transcriptome sequencing. The amount of sequencing data per sample ranged from 1.61 Gb to 2.33 Gb, of which 97.73%–98.16% met the Q20 standard, indicating high sequencing accuracy. In addition, 93.2%–94.37% of the data quality met the Q30 standard with an average GC content of 50.79%. By comparing the RY-A group with the 2VO group, DEGs were screened with a corrected p-value ≤0.05 and |log2 FC| ≥ 1 (Figure 6A). Using FPKM values, hierarchical clustering and Kmeans clustering analyses were performed on the DEGs to analyze differences in the gene expression patterns (Figures 6B, C). A total of 32 genes upregulated and 21 genes downregulated in expression were identified under RY-A treatment (Supplementary Table S2). Among them, ENSRNOG00000031607 gene expression was most significantly downregulated, whereas ENSRNOG00000065367 gene expression was most significantly upregulated, and their log2 FC values were −7.29 and 6.89, respectively.
[image: A composite image featuring three panels: A) a volcano plot showing gene expression with log2 fold change on the x-axis and negative log10 p-value on the y-axis, highlighting significant and non-significant data points; B) a heatmap illustrating gene expression levels across samples, with a color gradient from blue (low expression) to red (high expression), accompanied by a dendrogram; C) line graphs displaying expression trends for various gene clusters over time or conditions, each with different colored lines indicating distinct datasets or groupings.]FIGURE 6 | DEGs of RY-A and 2VO groups. (A) Volcano plot of DEGs. (B) Hierarchical clustering of DEGs. (C) Kmeans clustering of DEGs.
3.5 DEGs functional and pathway enrichment analysis results
The DEGs were also analyzed using GO and KEGG enrichment analyses. GO enrichment analysis classified the DEGs into three functional categories: biological process (BP), cellular component (CC), and molecular function (MF). Supplementary Table S3 lists the 1,027 BPs, 128 cellular components, and 183 molecular functions that were stronger in the 2VO group than the RY-A group. Most of the expressed genes were allocated to three groups: biological regulation (GO:0065007), control of BP (GO:0050789), and cellular process (GO:0009987) (Figure 7A; Supplementary Table S4). The 10 best categories in BP, CC, and MF were chosen for the bubble plot (Figure 7B), and genes were arranged in order of the Q-value (corrected p-value). The findings indicated that the majority of the genes were enriched in activities that included the negative regulation of cation transmembrane transport (GO:1904063), ion channel complex (GO:0034702), and metal ion transmembrane transporter activity (GO:0046873).
[image: A set of four data visualizations: A) Bar graph showing median mRNA expression across various tissues with varying heights and colors. B) Dot plot representing pathway enrichment data with dots' sizes and colors indicating different factors. C) Circular flow diagram illustrating relationships among different pathways with various colors. D) Dot plot depicting another set of pathway data with colored dots indicating different qualities and sizes representing counts. Each visualization is labeled A to D.]FIGURE 7 | GO and KEGG enrichment analysis of DEGs. (A) DEGs’ GO categorization histogram. (B) DEG GO enrichment scatter plot. (C) KEGG enrichment chord plot of DEGs. (D) DEGs in a KEGG-enriched scatter plot.
KEGG enrichment analysis revealed the three pathways most significantly altered between the RY-A group and the 2VO group: calcium signaling pathway (rno04020, p-value = 0.0079), TGF-beta signaling pathway (rno04350, p-value = 0.012), and one carbon pool by folate pathway (rno00670, p-value = 0.031) (Figure 7D). In addition, significant changes were observed in the pathways taurine and hypotaurine metabolism (rno00430, p-value = 0.038), histidine metabolism (rno00340, p-value = 0.043), and ferroptosis (rno04216, p-value = 0.044) (Supplementary Table S5). The chord plot demonstrates the nine pathways with the lowest p-values (Figure 7C), and the upregulated genes with the largest multiplicity of differences on these pathways were Trdn, Bmp5, Ptgfr, Thsd4, Ryr1, Fn1, and Inhca; while the downregulated genes were Chrna3 and RT1-CE16. These enrichment analyses suggested that these pathways and genes may be closely related to the pathogenesis of CCH and the therapeutic efficacy of RY-A.
3.6 Results of metabolomic analysis
Liquid chromatography-quadrupole time-of-flight mass spectrometry was utilized in this investigation to identify metabolites in the samples. The metabolites were measured in pre-processing via mass spectrometry peak extraction, calibration and annotated for metabolite identification, followed by quantitative analysis utilizing triple quadrupole mass spectrometry in multiple reaction monitoring mode. A total of 1,727 metabolites were identified, comprising 830 in the positive ion mode and 897 in the negative ion mode (616 in the T3 negative ion mode and 281 in the HILIC negative ion mode) (Figures 8A–C). The findings of principal component analysis showed that the two sample groups’ metabolites differed significantly (Figure 9A). The score plots and S-plots of the OPLS-DA models further validated the significant variations in metabolomics between the groups and the absence of outlier data points (Figures 9B, C).
[image: Three chromatograms labeled A, B, and C, depicting different data sets. Each graph shows multiple peaks across a range of retention times on the x-axis, with relative intensity on the y-axis. Distinct color lines represent different samples or compounds, with variations in peak height and distribution in each graph. The x-axis ranges from zero to ten for all chromatograms, while the y-axis differs slightly in scale.]FIGURE 8 | Extracted Ion Chromatogram (XIC) of MRM. (A) XIC of N. (B) XIC of P. (C) XIC of HN. Abbreviations: N, T3 negative ion mode; P, T3 positive ion mode; HN, HILIC negative ion mode.
[image: Panel A displays a 2D PCA plot distinguishing groups RV-A, ZVO, and GC with variance percentages. Panel B shows an OPLS-DA S-Plot highlighting influential variables. Panel C features scores from an OPLS-DA plot separating two groups. Panel D contains a heatmap visualizing relative metabolite concentrations across samples. Panel E is a volcano plot identifying key metabolites with significant changes. Panel F presents an enrichment analysis bubble plot showing pathways with significant metabolite involvement.]FIGURE 9 | Analysis of RY-A and 2VO groups’ DEMs. (A) Analysis of PCA. (B) The OPLS-DA S-Plot. (C) Plot of OPLS-DA Scores. (D) Clustering Heatmap of DEMs. (E) Volcano Plot of DEMs. (F) KEGG enrichment plot of DEMs.
Clustering analysis of 107 DEMs based on the Z-score values identified 41 metabolites with downregulated expression between the RY-A and 2VO groups, including L-fucose (VIP = 2.85, p = 0.000047), trolox (VIP = 2.84, p = 0.00092), and 3-(imidazol-4-yl) propionic acid (VIP = 2.81, p = 0.0071), and the upregulation of 66 metabolites, such as 12-oxoETE (VIP = 2.73, p = 0.012), GSH (VIP = 2.65, p = 0.023), and adrenic acid (AA, VIP = 1.96, p = 0.012) (Figures 9D, E). These DEMs were mostly engaged in ferroptosis (ko04216), glutathione metabolism (ko00480), fatty acid biosynthesis (ko00061), and unsaturated fatty acid biosynthesis (ko01040), among other BPs, according to the results of the KEGG enrichment studies (Figure 9F; Supplementary Table S6).
3.7 Results of transcriptome and metabolome integration analysis
In a comparison of the RY-A group and 2VO group, 53 DEGs and 107 DEMs were identified. Ferroptosis (ko04216), histidine metabolism (ko00340), and the cAMP signaling pathway (ko04024) were found to be co-enriched in the integration study of the two omics datasets, according to KEGG pathway analysis (Figures 10A–C). This implies that these routes could be the main mechanisms by which RY-A produces its pharmacological effects. Genes linked to the integration analysis, including RGD1310507 and Hcar1, showed considerably higher expression in the RY-A group, although Ftcd expression was significantly lower. Similarly, metabolites such as GSH, AA, 3-hydroxybutanoic acid, and [1-(5-phosphoribosyl) imidazol-4-yl] acetic acid were significantly increased in the RY-A group, whereas 3-(imidazol-4-yl) propionic acid 3-(imidazol-4-yl) propionic acid was significantly decreased. The results pertaining to the correlation analysis of these genes and metabolites are shown in Figure 10D.
[image: Panel A shows a bar graph comparing the number of metabolites or genes across three pathways for metabolome and transcriptome data. Panel B presents a bar graph illustrating statistical significance (-log10(P-value)) of pathways. Panel C is a scatter plot depicting the relationship between the rich factor and p-value, with markers indicating metabolome and transcriptome data. Panel D displays a scatter plot of log2(Fold Change) versus significance (-log10(P-value)), highlighting differentially expressed features in metabolome and transcriptome data with distinct colors.]FIGURE 10 | Integration analysis of the transcriptome and metabolome. (A) KEGG Enrichment Bar Plot. (B) KEGG Enrichment Column Plot. (C) KEGG Enrichment Bubble Plot. (D) Nine- quadrant Plot.
The ferroptosis pathway occupied first place among the co-enriched pathways, with a p-value of less than 0.05, suggesting that this pathway may be significantly altered by RY-A. In particular, GSH levels were significantly elevated in RY-A-containing serum, and GSH expression levels are closely related to oxidative stress. These data suggest that RY-A may act by regulating oxidative stress and the ferroptosis pathway.
3.8 Results of analyzing the effect of RY-A on oxidative stress related indices
A variety of kits were used to measure oxidative-stress-related markers, such as ROS, MDA, SOD, and GSH-Px, to see how well RY-A changes oxidative stress levels. We found that RY-A effectively stopped the production of pro-oxidant substances, such as ROS and MDA (Figures 11A, B), while greatly increasing the activity of antioxidant enzymes, such as SOD and GSH-Px (Figures 11C, D). Based on these indicators, the RY-A high-dose group demonstrated the best inhibitory effect. These results suggest that RY-A possesses notable antioxidant effects and is able to alleviate oxidative stress by enhancing the antioxidant defense system.
[image: Bar graphs show biochemical assay results of ROS, MDA, SOD, and GSH-Px across different treatments: Sham, 2VO, and 2VO treated with varying doses of RY-A. Graph A depicts ROS levels, B shows MDA content, C displays SOD activity, and D illustrates GSH-Px activity. Significant differences are indicated with asterisks and hashtags.]FIGURE 11 | Inhibition of oxidative stress by RY-A. (A) ROS fluorescence values for each group of rats. (B) MDA content of rats in each group. (C) SOD activity in each group of rats. (D) GSH-Px activity in each group of rats. Data are expressed as mean ± SEM (n = 6). Compared to the Sham group, ****p < 0.0001; Compared to the 2VO group, ##p < 0.01, ####p < 0.0001. 2VO, 2-vessel occlusion; RY-A, Rubia yunnanensis alcohol extract.
3.9 Western blot analysis for validation
The combined transcriptomic and metabolomic analysis showed that the ferroptosis pathway was significantly upregulated by RY-A treatment, and there is a close link between ferroptosis and CCH-induced VD (Fu et al., 2023). Thus, the presence of key proteins of the System Xc-/GSH/GPX4 pathway, including SLC7A11, SLC3A2, GSS, and GPX4, was validated by Western blot. These proteins play important roles in regulating oxidative stress and iron metabolism in cells.
One of the features of ferroptosis is an imbalance in the intracellular labile iron pool (LIP), which leads to an increase in unstable iron ions. The main regulatory proteins of LIP include transferrin receptor (TFRC) and ferritin (FPN). To verify whether RY-A can regulate ferroptosis and related pathways, the expression levels of TFRC, FPN, and System Xc-/GSH/GHX4 pathway proteins in the rat groups were determined. The experimental results showed that the 2VO procedure significantly increased TFRC (Figures 12A, B) and suppressed FPN expression (Figures 12A, C), SLC7A11 (Figures 12A, D), SLC3A2 (Figures 12A, E), GSS (Figures 12A, F), and GPX4 levels (Figures 12A, G), in contrast to the Sham group. After RY-A treatment, the expression of TFRC was suppressed, whereas the expression of FPN, SLC7A11, SLC3A2, GSS, and GPX4 was activated, suggesting that RY-A promoted LIP homeostasis and activated the System Xc-/GSH/GPX4 pathway. These findings confirmed the role of RY-A in the regulation of the ferroptosis pathway at the molecular level and provided strong evidence for RY-A’s capacity as a potential neuroprotective agent.
[image: Western blot results (A) show protein band intensity for TFRC, FPN, SLC7A11, SLC3A2, GSS, GPX4, and β-actin. Bar graphs (B-G) display relative protein expression levels: B for TFRC, C for FPN, D for SLC7A11, E for SLC3A2, F for GSS, G for GPX4, across various conditions including control, 2VO, and 2VO+RY-A at different dosages. The graphs indicate significant differences marked by asterisks between treated and control groups.]FIGURE 12 | Regulation of intracellular iron ion homeostasis and System Xc-/GSH/GHX4 pathway by RY-A. Expression of (A, B) TFRC, (A, C) FPN, (A, D) SLC7A11, (A, E) SLC3A2, (A, F) GSS, (A, G) GPX4 in rat hippocampal tissues was detected by Western blot. Data are expressed as mean ± SEM (n = 3). Compared to the Sham group, ****p < 0.0001; Compared to the 2VO group, ##p < 0.01, ####p < 0.0001. 2VO, 2-vessel occlusion; RY-A, Rubia yunnanensis alcohol extract.
3.10 Molecular docking analysis for validation
Lastly, this study explored the interactions between the potential active compounds in RY-A and ferroptosis-associated core target proteins using a molecular docking technique, and the relevant binding energy data are detailed in Supplementary Table S7. Dihydrotanshinone was found to have the strongest binding energies with FPN and SLC7A11 at −9.6 and −9.5 kcal/mol, respectively, suggesting that it may have high binding affinity. The binding energy of emodin 8-glucoside with TFRC and GSS followed closely at −9.5 kcal/mol. These results were visualized by two-dimensional and three-dimensional binding diagrams (Figure 13). In terms of intermolecular interactions, dihydrotanshinone partook in alkyl and Pi-alkyl interactions with ALA-69, ALA-62, LEU-66, ILE-512, and LEU-505 of FPN; and Pi-Pi stacked and amide-Pi stacked interactions with GLY-65 and PHE-508. Dihydrotanshinone partook in Pi-alkyl interactions with PRO-352 and TRP-128 of SLC7A11, Pi-Sigma and Pi-Pi stacked interactions with PHE-467, and a Pi-cation interaction with LYS-473. Whereas emodin 8-glucoside was involved in conventional hydrogen bond interactions with ASP-457, PHE-264, ASP-538, and LEU-566 of TFRC, Pi-anion interactions with ASP-562, and alkyl and Pi-alkyl interactions with LEU-489. Emodin 8-glucoside participated in conventional hydrogen bond interactions with ARG-125 and ASN-216 of GSS, van der Waals interactions with ALA-463, and amide-Pi stacked and Pi-alkyl interactions with ALA-462. These results suggest that these compounds inhibit oxidative stress and ferroptosis by interacting with specific amino acid residues of key target proteins, thereby modulating the System Xc-/GSH/GPX4 pathway and consequently attenuating the neurological damage and cognitive impairment in the CCH model (Figure 14).
[image: Illustrations of four protein-ligand complexes (A, B, C, D), each with a structural representation on the left, a zoomed-in surface interaction map in the middle, and a network diagram on the right. The structures display protein chains in red, with important residues and ligands highlighted. The surface maps show key interacting residues, with color coding for hydrophobic and hydrophilic regions. The network diagrams illustrate the interaction types, such as hydrogen bonds, emphasizing key residues and ligands. Each panel follows this layout, demonstrating detailed structural and interaction features.]FIGURE 13 | 2D and 3D binding diagrams of molecular docking. (A) Dihydrotanshinone binding to FPN; (B) Dihydrotanshinone binding to SLC7A11; (C) Emodin 8-glucoside binding to TFRC; (D) Emodin 8-glucoside binding to GSS.
[image: Diagram illustrating the process of ferroptosis, highlighting interactions among key components. Key elements include RYA, CCH, ROS, LIP, GSH, GPX4, and lipid-ROS, with arrows indicating the flow and influence between systems, such as System Xc-/GSH/GPX4 axis. The legend explains abbreviations used, such as alcohol extract (RYA), and includes structures like ferroptosis, mitochondria, and cellular systems.]FIGURE 14 | Overview of the mechanism of neuroprotective effects of RY-A in CCH rats. The protective effect of RY-A may be related to oxidative stress, labile iron pool, and regulation of the System Xc-/GSH/GPX4 pathway [By: Figdraw (www.figdraw.com)].
4 DISCUSSION
Rubia yunnanensis has a long history of use as an intervention in cardiovascular and cerebrovascular diseases, but its effects and mechanisms of action on CCH have not yet been reported. In the present study, it was demonstrated for the first time that RY-A has a therapeutic effect on CCH, as it ameliorated cortical and hippocampal neuronal damage and increased CBF, as well as improved spatial learning and memory ability in CCH rats. In the brain tissue of CCH rats, neuronal cells in the CA1, CA3, DG, and cortical regions were damaged to different degrees, and the morphology of these neuronal cells was improved after RY-A treatment. These observations were consistent with the results of the Morris water maze experiments, suggesting the ameliorative effect of RY-A on neuronal damage.
RY-A is a natural multi-component extract, thus the identification of its active compounds is challenging. Our previous work identified two compounds in RY-A, Rubia yunnanensis naphthoquinones A and Rubia yunnanensis quinone B, by HPLC analysis (Li et al., 2024). In this study, the UHPLC-HRMS technique was used to improve the specificity of the identification and characterize for the first time 511 blood-entry compounds of RY-A released into the blood (Supplementary Table S1). The reliability of these results was further verified by comparison with several standards, which included potentially active compounds such as rhein, emodin 8-glucoside, alisol A, dihydrotanshinone, and corosolic acid. Of these compounds, rhein has multiple anti-inflammatory, antioxidant, and anti-cancer effects. Reportedly, rhein is able to inhibit ferroptosis through the NRF2/SLC7A11/GPX4 signaling pathway, attenuate the damage caused by cerebral ischemia/reperfusion, and induce dose-dependent neuroprotective effects (Liu et al., 2023a). Emodin 8-glucoside has considerable antibacterial and anti-inflammatory activities. Wang et al. showed the protective effect of emodin 8-glucoside against ischemia-reperfusion-induced brain injury and glutamate-induced neuronal damage, as well as its high antioxidant properties (Wang et al., 2007). Alisol A was shown to lead to neurovascular protection in cerebral ischemic mice through the activation of the AKT/GSK3β signaling pathway; the compound attenuated the neurological deficits and cognitive deficits and inhibited IL-6 and IL-1β expression, in addition to promoting neuronal survival (Li et al., 2023). Wu et al. (2023) concluded that dihydrotanshinone is able to prevent ischemic stroke by activating Nrf2 and inhibiting ferroptosis. Their study revealed that dihydrotanshinone reduced ferroptosis through the activation of the Nrf2 signaling pathway, reduced the neurological damage in cerebral ischemic rats, and improved CBF and brain tissue microstructure. According to Zhang et al. (2024), corosolic acid can effectively protect the heart from cerebral ischemia-reperfusion injury in rat experiments. It functions by stifling oxidative stress and fostering mitochondrial autophagy, two processes intimately associated with ferroptosis. The effects of these compounds suggest that RY-A has the potential to treat cerebral ischemia.
In recent years, network pharmacology has provided a networked technical tool for research related to Traditional Chinese Medicine (Nam et al., 2024; Zhao et al., 2024). However, considering the limitations of incomplete databases and homogeneous substances, and the infeasibility of quantitative studies (Pohjala and Tammela, 2012; Luo et al., 2020), metabolomics and transcriptomics were selected in the present study to conduct a more reliable and quantitative analysis of the rat cortical tissues. The results more visually reflected the metabolites and genes that were significantly different before and after RY-A treatment. Between the two groups, a total of 53 DEGs and 107 DEMs were found in the current study. Transcriptomic analysis showed that, compared with 2VO group gene expression, most of the DEGs in the RY-A group were enriched in the calcium, TGF-beta, one carbon pool by folate, and ferroptosis signaling pathways. Calcium signaling is an important pathway that affects Ca2+ transport inside and outside neuronal cells and the normal physiological activities of neuronal cells. When excessive intracellular Ca2+ causes overloading, a series of Ca2+-dependent biochemical reactions, such as mitochondrial dysfunction, are induced, causing hypoxic neuronal injury and diminished memory and learning capacity (Tanovic and Alfaro, 2006). TGF-beta signaling is an important cytokine pathway associated with various pathological processes, incuding endothelial cell death, microglia activation, and neuronal loss. It also plays a role in tissue repair, which contributes to the improvement of vascular-related lesions and the enhancement of learning and memory abilities in patients with VD (Kandasamy et al., 2020). One carbon pool by folate pathway is associated with the biosynthesis of folic acid, a compound commonly used clinically as an adjunctive therapy for patients with dementia. This pathway exhibits neurotrophic effects and has been associated with CBF (Tu et al., 2023). Ferroptosis, a recently identified ferroptosis-dependent pathological process characterized by peroxidation and the inactivation of GSH and GPX4, has been shown to be induced by the CCH-mediated inactivation of System Xc-associated transporter proteins (Fu et al., 2023). Clearly, these pathways play key roles in neuronal function and tissue repair and are closely related to the pathophysiological process of CCH.
Our metabolomic analysis showed that, when compared to 2VO group expression, most of the DEMs in RY-A were enriched in fatty acid biosynthesis (ko00061), biosynthesis of unsaturated fatty acids (ko01040), ferroptosis (ko04216), and glutathione metabolism (ko00480). The role of fatty acids is like a double-edged sword, with the biosynthesis of fatty acids, especially unsaturated fatty acids, being one of the key causes of ferroptosis production (She et al., 2020). Thus, omega-3 polyunsaturated fatty acids for dietary use have been suggested as a non-medical alternative for improving brain function and dementia (Burckhardt et al., 2016). Furthermore, a study by Mukamal (2020) found that circulating levels of nonesterified fatty acids can contribute to the development of cardiovascular diseases and can be used as a preventive indicator f of cardiovascular disease in healthy populations. Glutathione metabolism maintains the normal immune system of the body; GSH is considered the most abundant antioxidant, and a decrease in its level marks the generation of oxidative stress (Detcheverry et al., 2023). In turn, activation of GPX4 prevents lipid peroxidation and ferroptosis while inhibiting tumor growth (Xu et al., 2021). These metabolites play important roles in brain cell function and oxidative stress, with the regulation of glutathione metabolism being critical for maintaining redox homeostasis.
In the integrated transcriptomics and metabolomics investigations, the ferroptosis pathway ranked first among the co-enriched pathways, and the level of GSH was significantly increased after RY-A treatment. GSH is strongly linked to the progression of several neurodegenerative disorders, including Alzheimer’s and Parkinson’s diseases, and is regarded as a potential therapeutic target (Aoyama, 2021; Shi et al., 2022). Our prior research showed the inhibitory impact of RY-A on the oxidative stress generated by oxygen-glucose deprivation/reoxygenation (OGD/R) in HT22 neural cells (Cheng et al., 2024). Our examination of the combined omics data suggested that RY-A may function by mitigating oxidative stress and ferroptosis.
The results of the oxidative stress-related kit assay showed that the antioxidant enzymes SOD and GSH-Px were inhibited and ROS and MDA levels were elevated in CCH rats compared to Sham rats. These indices were reversed by RY-A treatment of CCH rats compared to untreated CCH rats, with the results converging toward those of the Sham group and optimal effects seen in the high-dose RY-A group. The results were clear in suggesting that RY-A treatment inhibited the occurrence of oxidative stress.
An imbalance in intracellular LIP is one of the most important reasons for the emergence of ferroptosis, and two key ferric ion transport proteins that regulate the balance of the iron pool are TFRC and FPN (Rochette et al., 2015; Zheng and Conrad, 2020). The System Xc-/GSH/GHX4 pathway, an important pathway linking GSH to ferroptosis, has been shown to ameliorate the neuronal loss induced by cerebral ischemia-reperfusion injury in previous reports (Xu et al., 2023). The main proteins of System Xc- are SLC7A11 and SLC3A2 (Wu et al., 2024). Therefore, the effects of RY-A on the iron-metabolizing proteins within the System Xc-/GSH/GHX4 pathway were further explored. The results of Western blot experiments showed that the expression of TFRC was suppressed after RY-A treatment. The relevant literature demonstrates that TFRC is a signature protein for the uptake of ferric ions into cells, and inhibition of its expression prevents ferroptosis production (Xu et al., 2023). Furthermore, we found that RY-A activated the expression of FPN, which is considered to be a major intracellular iron storage protein. In addition, ferroptosis production involves the autophagic degradation of FPN, hence blocking its degradation could be used to resist ferroptosis (Chen et al., 2020). Our research additionally showed that giving rats RY-A increased the levels of SLC7A11, SLC3A2, GSS, and GPX4 proteins in the System Xc-/GSH/GHX4 pathway. SLC7A11 and SLC3A2 are the principal proteins of System Xc-, a cystine/glutamate reverse transporter essential for the cellular uptake of cystine. Cystine is subsequently reduced to cysteine, facilitating the synthesis of GSH (Ishii et al., 1992). Liu et al. (2019) showed that increasing the expression of SLC7A11 by inducing the expression of the deubiquitinating enzyme OTUB1 protected cells from ferroptosis. The expression of GSS was also activated by RY-A treatment in this study; GSS is a major synthase of GSH, and increasing the expression of GSH was observed to inhibit ferroptosis (Rochette et al., 2022). The dysfunction of GPX4, a glutathione peroxidase that degrades intracellular lipid peroxides into non-toxic alcohols, is considered a key feature of ferroptosis (Cao and Dixon, 2016; Chen et al., 2021). Research found that the occurrence of ferroptosis in mice was closely linked to the deletion of SLC7A11 and GPX4 expression, which further led to cognitive impairment and early embryonic death (Koppula et al., 2021).
Clearly, the above evidence supports our conjecture that RY-A inhibits oxidative stress, promotes intracellular LIP homeostasis and activates the System Xc-/GSH/GHX4 pathway.
However, there are several limitations to this study. Initially, the study primarily relied on animal models and was lacking clinical validation, and thus its translational application requires further confirmation. Additionally, although multiple active compounds in RY-A were identified, their relative contribution to the overall therapeutic effect remains unclear. Future research should aim to further clarify the roles and interactions of these compounds.
5 CONCLUSION
The potential therapeutic impact of RY-A on CCH and its mechanism was examined using an integrated approach combining serum pharmacochemistry, metabolomics, and transcriptomics, with verification through animal experiments. The findings of this provide a scientific foundation for the pharmacological effects of Rubia yunnanensis and offer novel perspectives on advanced preventive and treatment techniques for cerebral ischemia.
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Exploring the potential anti-senescence effects of soybean-derived peptide Soymetide in mice hippocampal neurons via the Wnt/β-catenin pathway
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Soybean-based foods enhance cognitive functions by influencing hippocampal mechanisms. These salutary effects have so far been attributed to isoflavones present in soybeans. Considering cellular senescence contributes to cognitive decline and that no specific soy-derived peptides are known for their potential to mitigate senescence, we examined the efficacy of a thirteen amino acid soy-derived peptide, Soymetide, on a doxorubicin-induced senescence mice model. Soymetide pretreatment lowered the senescence markers p53, p21 and p16, pro-inflammatory cytokines, and Senescence β-Galactosidase staining while enhancing the mature neuronal marker NeuN in the hippocampus. This anti-senescent effect was comparable with that of a well-known senolytic combination (dasatinib and quercetin). Research indicates that Wnt signaling influences cellular senescence, and our findings here demonstrate that doxorubicin decreased hippocampal Wnt3a, p-LRP6, Frizzled, Dishevelled, Axin1, and β-catenin levels and increased GSK-3β, while Soymetide mitigated these effects. Additionally, upon inhibition of the Wnt/β-catenin pathway, Soymetide’s ability to reduce senescence markers and restore NeuN expression was reduced. We validated the anti-senescence impact on hippocampal neurons by co-immunostaining Wnt/β-catenin and senescence indicators alongside NeuN in mice and assessed it in primary hippocampal neurons. Further examining the neuronal survival and functions revealed that Soymetide blocked the doxorubicin-induced loss in Nissl-stained surviving neurons and learning-memory performances, measured by Y-Maze and Passive Avoidance tests, which Wnt/β-catenin inhibitors could counteract. In conclusion, our study identifies a novel Wnt/β-catenin-linked mechanism of doxorubicin-induced senescence in the hippocampal neurons and demonstrates Soymetide’s effectiveness in reversing this process. Hence, this suggests Soymetide’s potential therapeutic application in addressing cognitive decline associated with cellular aging.
Keywords: Soymetide, senescence, doxorubicin, Wnt/β-catenin pathway, hippocampus, neuroprotection

INTRODUCTION
Cellular senescence, characterized by irreversible cell cycle arrest, is increasingly recognized for its role in hippocampal decline (Lin et al., 2021). Senescence affects hippocampal neurons by diminishing their functionality and plasticity, leading to a decline in cognitive abilities such as learning and memory (Miyamoto et al., 1986). The senescent neurons express markers like p53, p21, p16, and β-Galactosidase and morphological alterations (Mijit et al., 2020; Wang et al., 2024). This may promote the generation of senescence-associated secretory phenotype (SASP) cytokines, exacerbating neuroinflammation (Saito et al., 2021). Hence, while cellular senescence is a physiological process, its aberrant accumulation adversely affects neuronal health, causing age-associated hippocampal dysfunction (Piechota et al., 2016; Wissler Gerdes et al., 2020).
The Wnt signaling pathway, particularly involving Wnt3a, plays a crucial role in hippocampal neuronal processes and functions (Fortress and Frick, 2016; Arrazola et al., 2017). An activated Wnt pathway has been linked to enhanced neurogenesis and neuronal survival within the hippocampus (Inestrosa et al., 2004; Avila et al., 2010; Wei et al., 2012; Zhang et al., 2022a; Tao et al., 2023). Additionally, reduced Wnt3a expression or aberrant downstream signaling events may contribute to cognitive decline (Oliva et al., 2013; Palomer et al., 2019). Wnt3a interacts with cell-surface receptor Frizzled (Fz) and Low-density lipoprotein receptor-related protein 6 (LRP6), triggering downstream events involving Dishevelled (Dvl) and Axin1 (Huang and Klein, 2004; Garg and Bandyopadhyay, 2024). Notably, Glycogen Synthase Kinase-3β (GSK-3β) serves as a key player in the Wnt pathway, where an inhibited GSK-3β may lead to cytoplasmic accumulation of β-catenin, affecting hippocampal functions and neuronal health (Beurel et al., 2015; Li et al., 2024).
Emerging evidence suggests a link between the Wnt/β-catenin signaling pathway and cell senescence or aging in the brain (Jia et al., 2019; Chen et al., 2020). A dysregulated Wnt signaling associated with senescence involving morphological changes in brain cells, cell cycle alterations, β-Galactosidase staining, and decline in cognitive functions (Li et al., 2018; Swarbrick et al., 2019; Xiang et al., 2019; Zhang et al., 2019; Prud’homme et al., 2022). Cellular senescence demonstrated a connection with Wnt signaling in the hippocampus as well, involving the participation of altered Dickkopf-1 (a secreted inhibitor of β-catenin-dependent Wnt signaling), GSK-3β activation, β-catenin, along with neuronal loss and dysregulated expression of apoptosis-related proteins (Bayod et al., 2015). Hence, targeting Wnt pathway components and reducing senescence could hold promise as a therapeutic strategy for mitigating neurodegeneration and cognitive decline.
The beneficial effects of soy-based foods in mitigating cognitive decline are primarily attributed to phytoestrogen isoflavones (Kim, 2021). Although largely uncharacterized, research has shown promising outcomes in animal models of cognitive decline and behavioral deficits with soy protein isolates/peptide mixture (Dong et al., 2023; Zheng et al., 2023; Tamura et al., 2024). These protein isolates/peptide mixtures/soy food demonstrated protection against neuronal damage, promoted neurogenesis, regulated neurotransmitter synthesis and metabolism, increased neurotrophin signaling, induced anti-inflammatory and antioxidant effects in the brain, modulated neuronal apoptosis, and mitigated cognitive decline (Jeong et al., 2021; Dong et al., 2023; Zheng et al., 2023; Tamura et al., 2024). Human studies also indicate a lower risk of dementia and significant improvements in cognition and neurotrophin levels associated with consuming soy products (Hwang et al., 2019; Deng et al., 2023).
Building on this evidence, our study aims to investigate the therapeutic potential of a short-length soy-derived bioactive peptide, Soymetide (Schuler et al., 1982; Tsuruki et al., 2003) in preventing age-related senescence. Utilizing a doxorubicin-induced senescent mouse model, we explored the effects of Soymetide on the senescence markers in the hippocampus. We investigated the participation of the Wnt/β-catenin pathway in the process. Our study aimed to examine the anti-senescence and cognitive improvement capabilities, as well as the underlying mechanisms of Soymetide for potential therapeutic applications in senescence-related neurological disorders of which memory impairment is the dominant type. Through the investigation of these mechanisms, we seek to evaluate Soymetide’s efficacy in improving cognitive function and its therapeutic role in addressing age-related neurological conditions, especially those associated with memory deficits.
MATERIALS AND METHODS
Reagents, chemicals and antibodies
Doxorubicin hydrochloride (cat no. PHR1789), dasatinib (cat no. SML2589), quercetin (cat no. Q4951), β-Catenin/Tcf Inhibitor III, iCRT3 (cat no. 219332) and cresyl violet acetate (cat no. C5042) were bought from Sigma-Aldrich (St. Louis, Missouri). Human Dkk-1 Recombinant Protein (cat no. PHC9214) and Mouse ProcartaPlex Mix&Match 9-plex kit (cat no. PPX-09-MX2XAC3) were purchased from Thermo Fisher Scientific (Waltham, Massachusetts). Senescence β-Galactosidase Staining Kit (cat no. 9860) was purchased from Cell Signaling Technology (Danvers, Massachusetts). Polyvinylidene difluoride membrane (cat no. IPVH00010) and Immobilon Western Chemiluminescent HRP Substrate (cat no. WBKLS0500) were bought from MilliporeSigma (Burlington, Massachusetts). The prestained protein ladders (cat no. PG-PMT2922 and cat no. 786419) were procured from Genetix Biotech Asia Pvt Ltd. (New Delhi, India) and G-Biosciences (St. Louis, Missouri), respectively. Vectashield mounting medium with DAPI was purchased from Vector Laboratories (Newark, California). Mouse monoclonal p53 (cat no. 2524), rabbit polyclonal p21 (cat no. 64016), phospho-LRP6 (cat no. 2568), β-catenin (cat no. 9562), rabbit monoclonal NeuN (cat no. 24307), LRP6 (cat no. 3395), Dvl2 (cat no. 3224), Axin1 (cat no. 2087), GSK-3β (cat no. 12456) and TCF3/TCF7L1 (cat no. 2883) antibodies were purchased from Cell Signaling Technology. Rabbit polyclonal p16INK4a (cat no. PA5-20379) antibody was purchased from Thermo Fisher Scientific. Rabbit polyclonal Wnt3a (cat no. 09162), HRP-conjugated secondary anti-rabbit IgG (cat no. A0545), and anti-mouse IgG (cat no. A9044) antibodies were purchased from Sigma-Aldrich. Rabbit polyclonal Frizzled-7 (cat no. ab64636) antibody was purchased from Abcam (Cambridge, Massachusetts). Horseradish peroxidase (HRP)-conjugated mouse monoclonal β-actin (cat no. sc-47778) antibody was procured from Santa Cruz Biotechnology (Dallas, Texas). Mouse monoclonal NeuN (cat no. 66836-1-lg) and rabbit polyclonal NeuN (cat no. 26975-1-AP) antibodies were procured from Proteintech (Rosemond, Illinois). Alexa Fluor®546 goat anti-rabbit IgG (cat no. A11010), Alexa Fluor®488 goat anti-mouse IgG (cat no. A11001), Alexa Fluor®546 goat anti-mouse IgG (cat no. A11030) and Alexa Fluor®488 goat anti-rabbit IgG (cat no. A11008) were procured from Invitrogen (Carlsbad, California). In Situ Cell Death Detection Kit, Fluorescein (cat no. 11684795910) was purchased from Roche (Mannheim, Germany).
Peptide synthesis
Soymetide (Soym; MITLAIPVNKPGR) (Schuler et al., 1982; Tsuruki et al., 2003) was synthesized (98.27% purity (HPLC), −20°C storage in the dark) by GL Biochem Shanghai Ltd. (Shanghai, China). We designed the Scrambled peptide (Scr; MVNLGIPITKPAR), which was subsequently synthesized by GL Biochem Shanghai Ltd.
Animal treatments
C57BL/6 male mice were kept under a 12-h light/dark cycle condition with ad libitum availability of chow diet and R. O water. The treatment and assessment timeline of mice is as shown in Supplementary Material 1. To generate a senescence mice model, mice (≅ 22-25 gm) were intraperitoneally injected with doxorubicin hydrochloride (DOX; 1, 5 and 10 mg/kg in PBS), once a week for 4 weeks, closely following the reported protocol (Sun et al., 2022). To examine whether Soymetide had anti-senescence properties, it was once injected bilaterally (2 μL/min) into the hippocampus of mice through stereotaxic surgery (coordinates: AP −1.7, ML +1.6, DV −1.9 to bregma) (Sierra et al., 2015; Garg and Bandyopadhyay, 2024) at doses of 10, 50, and 100 μg/kg in PBS (4 µL), 7 days before the doxorubicin treatment. To specifically identify the effect of Soymetide, scrambled peptide (50 μg/kg in PBS) was given to the mice in the same method and schedule. A senolytic combination of dasatinib (D) (5 mg/kg) plus quercetin (Q) (50 mg/kg) (D + Q) (Wang et al., 2023) was orally administered to the doxorubicin-treated mice once a week for 4 weeks as a positive control. To assess the role of Wnt in the doxorubicin and Soymetide-induced effects, recombinant Dickkopf-1 (rDkk1) protein [200 ng in 2 µL sterile saline (Garg and Bandyopadhyay, 2024)] was injected into the hippocampus of Soymetide- and doxorubicin-treated mice through stereotaxic surgery, 7 days before the assessment. To assess the role of β-catenin, inhibitor of β-catenin responsive transcription-3 (iCRT3) protein [5 mg/kg in sterile saline with 5% DMSO (Sharma et al., 2017)] was injected intraperitoneally into the Soymetide- and doxorubicin-treated mice. Vehicle-only-treated sets were included for every treatment. Animal treatment and behavioral analyses were randomized to ensure an unbiased approach.
Western blotting
The hippocampal tissue was isolated from the mice brain, and the proteins (30–50 μg) were separated using SDS-PAGE (8%–15%) and transferred onto a PVDF membrane, as we reported (Garg and Bandyopadhyay, 2024). The blots were probed with p53, p21, p16, NeuN, Wnt3a, p-LRP6, LRP6, Fz, Dishevelled, Axin1, GSK-3β, β-catenin and TCF3 antibodies for overnight (1:1000 dilution; 4°C), and HRP-conjugated β-actin antibody (loading control) for 2 h (1:5000; room temperature). Except for the β-actin-probing, the blots were incubated with HRP-conjugated secondary antibody for 2 h (1:5000 dilution; room temperature) and developed using Immobilon Western Chemiluminescent HRP Substrate in Amersham Imager 600 (GE Healthcare Life Sciences, Pittsburgh, Pennsylvania). Relative protein levels were determined by densitometric quantification by applying the Quantity One software (Bio-Rad Laboratories, Hercules, California).
Cytokine multiplexing
Blood samples of mice were collected and serum was isolated (Pandey et al., 2022). The quantitative determination of cytokine levels in serum was performed using the Mouse ProcartaPlex Mix&Match 9-plex kit as per its manufacturer’s protocol. The cytokine levels were measured using Luminex MAGPIX® instrument (Bio-Rad Laboratories) and expressed as the mean Magnetic Fluorescence Intensity (MFI).
Senescence β-galactosidase staining
The whole brain was isolated from mice after transcardial perfusion with PBS, cryoprotected (on dry ice) in OCT and stored at −80°C (Das et al., 2016), and subsequently cut into 30-μm thick coronal sections using a cryomicrotome (Microm HM 520, Labcon, Germany). Following the manufacturer’s protocol of the Senescence β-Galactosidase staining kit, the sections were fixed (using the fixative solution) for 15 min at room temperature, stained with β-Galactosidase staining solution (pH 6.0) that contained 0.2% X-Gal, and incubated for 18 h at 37°C in a dry incubator (Sarkar et al., 2011). The sections were then mounted with 70% glycerol solution, and images of the hippocampus were captured under a 20× objective [Leica DMi1 microscope (Leica Microsystems, Wetzlar, Germany)]. The results were quantified using ImageJ software (Wayne Rasband, NIH).
Immunofluorescence
The whole brain was isolated from mice after perfusion with PFA (4%), cryoprotected, and 10-µm thick sections were prepared using a cryomicrotome, as previously described by us (Gupta et al., 2022). Sections were then probed with the Wnt3a, β-catenin, p53, p16, and NeuN primary antibodies overnight (1:250 dilution; 4°C), incubated with Alexa Fluor secondary antibodies for 2 h (1:500 dilution; room temperature), and mounted using VECTASHEILD anti-fade mounting media containing DAPI. Fluorescence photomicrography of the hippocampus was conducted in these sections under 20× objective (NIS-Elements software, Nikon Instech Co. Ltd., Kawasaki, Kanagawa, Japan), and the images were processed using the ImageJ software.
Nissl staining
Cryosections of 30-µm thickness were made and processed for Cresyl violet acetate staining following our previously described protocol (Mishra et al., 2021). Images of the hippocampus were captured in these sections with 20× and 40× objectives [Leica DMi1 microscope (Leica Microsystems)] and imported into the ImageJ software. The surviving neurons (%) were then manually counted from five different fields using the Cell Counter plugin.
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
Hippocampal neuronal apoptosis was assessed as reported earlier (Pandey et al., 2017). Briefly, 10-µm brain sections were treated with TdT and fluorescein-labeled dUTP, immunostained with anti-rabbit NeuN, and then mounted. The images of the hippocampus were captured (20×) and TUNEL-positive neurons were counted in five random areas using ImageJ, expressed as TUNEL-positive cells per 100 DAPI-stained nuclei.
Learning and memory assays
Mice were subjected to Y-maze and Passive Avoidance tests to assess learning and memory functions, as we previously reported (Pandey et al., 2020). For the Y-Maze test, the learning trials (training) were conducted on mice in a Y-Maze apparatus, where running to the unsafe arms (dark arms with foot shock) from the safe arm (bright and shock-free) was considered an error. The % number of errors (E) was calculated for learning trials. Further, the % Saving Memory was assessed in the Y-Maze apparatus at 24 h, 48 h, and 7th day post-learning, and calculated as (Etraining−Etest)×100/Etraining. During the Passive Avoidance test, mice were subjected to acquisition trials in a gated two-compartment apparatus. One compartment was bright and free of shocks, while the other was dark and delivered an electrical shock. After 24 h (R1), 48 h (R2), and 72 h (R3) of acquisition trials, three shock-free retention trials of 300 s each were conducted. The time taken by the mice to move from the bright to the dark compartment was considered as transfer latency time (TLT) for learning-memory performance.
Primary neuronal culture and treatments
Embryos were collected at embryonic day 16 (E−16), and the hippocampus was dissected in Hank’s Balanced Salt Solution (HBSS), followed by mechanical digestion in serum-free neurobasal media, as previously reported (Pandey et al., 2020). The suspension was digested using 0.05% trypsin-EDTA and incubated for 15 min at 37°C in a CO2 incubator, and treated with trypsin inhibitor to neutralize the effect of trypsin. The remaining suspension was centrifuged at 1500 rpm for 10 min and the pellet was suspended in the complete neurobasal medium containing N2 supplement (1%), B-27 supplement (2%), 2 mM L-glutamine, penicillin (100 units/mL), streptomycin (100 μg/mL) and amphotericin (0.25 μg/mL). Cells were plated on poly-L-lysine-coated 25 cm2 flask or 4-well culture plates and grown in a humidified incubator at 37°C with 5% CO2. Doxorubicin at 50 nM (Marques et al., 2020) was then added to the neurons for 18 h to induce senescence. For standardizing the treatment dose of Soymetide, neurons were pre-treated for 2 h with Soymetide at doses of 1, 10, and 100 nM followed by co-treatment with doxorubicin and assessed for the lowest dose affecting p53 levels (Supplementary Material 2). To analyze the role of Wnt and β-catenin, rDkk1 2.38 nM (Wei et al., 2019) and iCRT3 20 μM (Lee et al., 2013) were given to the cells, respectively, 2 h before the assessment time.
Protein extraction and western blotting (in vitro)
Primary neurons were first lysed with cell lysis reagent and Western blotting was carried out as above using the Wnt3a, β-catenin, p53, p16, NeuN and β-actin antibodies.
Senescence β-galactosidase staining (in vitro)
Primary hippocampal neurons were plated onto poly-L-lysine-coated chamber slides. Following the treatment and washing with PBS, fixation, and staining of the cells were performed as per the manufacturer’s protocol of the Senescence β-Galactosidase staining kit. Briefly, the cells were fixed in the fixative solution for 10–15 min at room temperature, washed with PBS, and incubated in a no CO2 incubator with the staining solution overnight at 37°C. 70% glycerol solution was used to mount the slides. Images of the cells were captured with a 40× objective [Leica DMi1 microscope (Leica Microsystems)].
Statistics
One-way ANOVA for comparisons involving a single parameter across multiple groups (Figures 1A–7C) or two-way ANOVA for multiple parameters and groups (Figures 7D, E), with subsequent Tukey’s posthoc tests for detailed comparisons, was conducted (GraphPad Software, Inc., San Diego, California).
[image: Western blot analysis showing protein expression levels of p53, p21, and p16 across different treatments. Panels A to C display results for p53, p21, and p16 with varying doses of DOX. Panels D to F compare these proteins in different treatment groups: Vehicle (V), DOX alone, and combinations with Soym or Seno. β-actin is used as a loading control. Quantitative bar graphs accompany each panel, indicating relative protein levels with statistical significance noted: * p<0.05, ** p<0.01, *** p<0.001.]FIGURE 1 | Soymetide prevents doxorubicin-induced senescence in the hippocampus of mice. Hippocampal tissues were isolated from vehicle (V), doxorubicin (DOX), Soymetide (Soym)+DOX and senolytic combination (Seno)+DOX-treated mice. (A–F) Representative Western blots and corresponding densitometry (relative to (Rel.) vehicle) of p53 (A, D), p21 (B, E), and p16 (C, F) normalized with β-actin in the hippocampal tissues. Data represent means ± Standard Error (SE) of three mice/group. ***p < 0.001, **p < 0.01 and *p < 0.05 compared to V. ###p < 0.001, ##p < 0.01 and #p < 0.05 compared to DOX.
RESULTS
Effect of Soymetide and doxorubicin on senescence markers in the hippocampus of mice
We conducted a screening study to investigate how different doses of doxorubicin (1 mg/kg, 5 mg/kg, and 10 mg/kg) affect senescence in the hippocampus of mice. Specifically, we measured the levels of senescence markers p53, p21 and p16. Our observation indicated that 1 mg/kg had no effect, while 5 mg/kg elevated the hippocampal p53 (Figure 1A), p21 (Figure 1B), and p16 (Figure 1C) levels, and 10 mg/kg was lethal (data not shown). Therefore, we continued our study using a 5 mg/kg dose of doxorubicin. Next, we investigated whether Soymetide pretreatment (10, 50, and 100 μg/kg) affected the doxorubicin-induced senescence in the hippocampus of mice. Our findings indicated that 10 μg/kg of Soymetide had no effect. However, doses of 50 and 100 μg/kg caused a reduction in the doxorubicin-induced hippocampal p53 (Figure 1D), p21 (Figure 1E) and p16 (Figure 1F) levels, which were comparable to that of a previously demonstrated senolytic combination, D + Q (referred to Seno in Figure) (Krzystyniak et al., 2022) (Figures 1D–F). (The scrambled peptide did not affect the doxorubicin-induced senescence in the hippocampus (Supplementary Material 3). We conducted further analysis of the other features of senescence. We found that doxorubicin increased the expression of SASP inflammatory factors, such as IL-1α, IL-1β and IL-6, while Soymetide (50 and 100 μg/kg) and senolytic combination, D + Q reduced SASP levels (Figure 2A). We proceeded with our study using 50 μg/kg of Soymetide, i.e., the lower dose of Soymetide showing anti-senescence activity.
[image: (A) Bar graphs display cytokine levels (IL-1α, IL-1β, IL-6) with mean MFI values under various conditions, showing statistical significance. (B) Western blot shows NeuN and β-actin expression levels, with a corresponding bar graph indicating relative fold change. (C) Senescence β-galactosidase staining images exhibit varying intensities, with a bar graph quantifying the relative intensity under different conditions.]FIGURE 2 | Soymetide prevents doxorubicin-induced rise in serum cytokine levels and hippocampal β-Galactosidase staining and the loss of hippocampal NeuN levels in mice. Serum was isolated from the blood of vehicle (V), doxorubicin (DOX), Soymetide (Soym)+DOX, and senolytic combination (Seno)+DOX-treated mice. (A) Representative densitometry of serum IL-1α, IL-1β and IL-6 levels. Hippocampal tissues and whole brain were isolated from vehicle (V), doxorubicin (DOX), and Soymetide (Soym)+DOX-treated mice. (B) Representative Western blots and corresponding densitometry (relative to vehicle) of NeuN normalized with β-actin in the hippocampal tissues. (C) Representative photomicrographs and corresponding bar graph (relative to vehicle) of Senescence β-Galactosidase-stained hippocampus. Scale bar: 100 µm. Data represent means ± SE of three mice/group. ***p < 0.001 and **p < 0.01 compared to V. ###p < 0.001, ##p < 0.01 and #p < 0.05 compared to DOX.
We further found that doxorubicin reduced the matured neuronal marker, NeuN (Figure 2B), and increased the Senescence β-Galactosidase staining in neurons (Figure 2C). These effects were inhibited by Soymetide (Figures 2B, C).
Effect of Soymetide and doxorubicin on Wnt pathway and its link with anti-senescence effects in the hippocampus
We explored the effects of doxorubicin on the Wnt pathway (known to participate in neuronal functioning (Garg and Bandyopadhyay, 2024) and its involvement in the anti-senescence activity induced by Soymetide. Our initial findings demonstrated a reduction in the levels of hippocampal Wnt3a (Figure 3A), along with decreases in Wnt receptors, p-LRP6 (Figure 3B) and Fz (Figure 3C), and Wnt pathway components, Dvl (Figure 3D) and Axin1 (Figure 3E), following administration of doxorubicin. This treatment caused an increase in GSK-3β levels (Figure 3F) and a decrease in β-catenin (Figure 3G). However, pre-treatment with Soymetide appeared to counteract these effects, suggesting a restoration of the Wnt/β-catenin pathway (Figures 3A–G). Upon investigating the interplay between the Wnt/β-catenin pathway components and anti-senescence mechanism, our findings demonstrated that blocking Wnt and β-catenin with rDkk1 and iCRT3, respectively, prevented the Soymetide-induced decreases in p53 (Figure 4A), p21 (Figure 4B) and p16 (Figure 4C) and Senescence β-Galactosidase staining (Figure 4D), and increase in NeuN levels (Figure 4E). These findings suggested the participation of the components of Wnt3a/β-catenin pathway in the senescence mechanism of the hippocampus, which Soymetide can inhibit.
[image: Groups of bar graphs with Western blot images show relative protein levels for Wnt3α, p-LRP6, Fz, Dvl, Axin1, GSK-3β, and β-catenin in various conditions: V, DOX, and Soyme DOX. Values are normalized to β-actin. Significant differences are indicated by asterisks and hashes.]FIGURE 3 | Soymetide inhibits doxorubicin-induced attenuation of hippocampal Wnt3a/β-catenin pathway in mice. Hippocampal tissues were isolated from vehicle (V), doxorubicin (DOX) and Soymetide (Soym)+DOX-treated mice. (A–G) Representative Western blots and corresponding densitometry (relative to vehicle) of Wnt3a (A), p-LRP6 (B), Frizzled (Fz) (C), Dishevelled (Dvl) (D), Axin1 (E), GSK-3β (F) and β-catenin (G) normalized with β-actin (A, C–G) or LRP6 (B) in the hippocampal tissues. Data represent means ± SE of three mice/group. ***p < 0.001, **p < 0.01 and *p < 0.05 compared to V. ###p < 0.001 and #p < 0.05 compared to DOX.
[image: Five panels (A-E) showing bar graphs and Western blot results. Each panel compares different treatments: V, DOX, Soyme+DOX, Soyme+DOX+rRb1KT, and Soyme+DOX+ICR35. Panel A with p53, B with p21, C with p16, and E with NeuN indicate relative protein levels, using β-actin as a control. Panel D displays senescence β-galactosidase staining images and corresponding intensity bar graph. Statistical significance is indicated by asterisks.]FIGURE 4 | The Soymetide-induced reduction in senescence markers and increase in NeuN levels are Wnt3a/β-catenin-dependent in the hippocampus of doxorubicin-treated mice. Hippocampal tissues and the whole brain were isolated from vehicle (V), doxorubicin (DOX), Soymetide (Soym)+DOX, Soym + DOX + rDkk1, and Soym + DOX + iCRT3-treated mice. (A–C, E) Representative Western blots and corresponding densitometry (relative to vehicle) of p53 (A), p21 (B), p16 (C) and NeuN (E) normalized with β-actin in the hippocampal tissues. (D) Representative photomicrographs and corresponding bar graph (relative to vehicle) of Senescence β-Galactosidase-stained hippocampus in brain sections. Scale bar: 100 µm. Data represent means ± SE of three mice/group. The quantification of the first three groups in (D) and (E) are based on the same data sets as in Figures 2B, C. ***p < 0.001 and **p < 0.01 compared to V. ###p < 0.001, ##p < 0.01 and #p < 0.05 compared to DOX. @@@p < 0.001, @@p < 0.01 and @p < 0.05 compared to Soym + DOX.
Effect of Soymetide and doxorubicin on senescence and Wnt signaling in the hippocampal neurons
We verified the involvement of Wnt3a/β-catenin signaling in the hippocampal neuronal senescence. Our co-immunolabeling experiment with NeuN revealed a decrease in Wnt3a (Figure 5A) and β-catenin (Figure 5B), and an increase in p53 (Figure 5C) and p16 (Figure 5D) in the hippocampal neurons of mice following doxorubicin treatment. However, these changes were counteracted by Soymetide (Figures 5A–D). Moreover, rDkk1 and iCRT3 inhibited the Soymetide-induced decrease in p53 (Figure 5C) and p16 (Figure 5D), thereby verifying that Soymetide exerts its anti-senescence effects by modulating the Wnt3a/β-catenin pathway in the hippocampal neurons.
[image: Panels A and B show immunofluorescence images of brain tissue with markers for Wnt3a or β-catenin, NeuN, and DAPI, along with a merged view. Panels C and D display images with markers for p53 or p16, NeuN, and DAPI, with merged views. Each panel includes a bar graph depicting relative expression levels under different treatments: V, DOX, Soyme-DOX, and combinations with inhibitors. Asterisks and hashes indicate statistical significance.]FIGURE 5 | Soymetide increases Wnt3a and β-catenin and decreases p53 and p16 levels in the hippocampal neurons of doxorubicin-treated mice. Fluorescence immunohistochemistry was performed on brain sections of vehicle (V), doxorubicin (DOX), Soymetide (Soym)+DOX, Soym + DOX + rDkk1 and Soym + DOX + iCRT3-treated mice. (A–D) Representative fluorescence photomicrographs of Wnt3a (A), β-catenin (B), p53 (C) and p16 (D) co-immunolabeled with NeuN and counter-stained with DAPI in the hippocampus of brain sections. Bar diagrams represent corresponding quantification relative to vehicle. Scale bar: 100 µm. Data represent means ± SE of three mice/group. ***p < 0.001 and **p < 0.01 compared to V. ###p < 0.001 and #p < 0.05 compared to DOX. @@@p < 0.001 compared to Soym + DOX.
We conducted in vitro validation of the anti-senescent mechanism of Soymetide (10 nM, Supplementary Material 2) in primary cultures of mouse hippocampal neurons. Consistent with the in vivo observations, our findings showed that doxorubicin treatment led to a decrease in the Wnt3a (Figure 6A) and β-catenin levels (Figure 6B), while elevating p53 (Figure 6C), p16 (Figure 6D) and Senescence β-Galactosidase staining (Figure 6E), and decreasing NeuN levels (Figure 6F). However, the doxorubicin-induced changes in Wnt3a , β-catenin and senescent markers were mitigated by Soymetide (Figures 6A–F). (The scrambled peptide failed to affect the doxorubicin-induced senescence (Supplementary Material 4). Additionally, these Soymetide-induced effects were blocked by rDkk1 and iCRT3 (Figures 6C–F). Hence, our findings verified the involvement of components of Wnt3a/β-catenin pathway in the hippocampal neuronal senescence and demonstrated the anti-senescence effect of Soymetide.
[image: Western blot images display protein expressions in various treatment groups: (A) Wnt3a, (B) β-catenin; (C) p53; (D) p16, showing differential expression levels across groups. (E) Senescence β-galactosidase staining and quantitative analysis exhibit variations in senescence activity. (F) NeuN expression analysis highlights differences between treatments. Graphs indicate relative quantification.]FIGURE 6 | Soymetide inhibits the doxorubicin-induced reduction in Wnt3a, β-catenin, and NeuN and the increase in senescence of primary mice hippocampal neurons. Primary hippocampal neurons treated with vehicle (V), doxorubicin (DOX), Soymetide (Soym)+DOX, Soym + DOX + rDkk1 and Soym + DOX + iCRT3 were harvested. (A–D, F) Representative Western blots and corresponding densitometry (relative to vehicle) of Wnt3a (A), β-catenin (B), p53 (C), p16 (D) and NeuN (F) normalized with β-actin in primary hippocampal neurons. (E) Representative photomicrographs and corresponding bar graph (relative to vehicle) of Senescence β-Galactosidase-stained primary hippocampal neurons. Scale bar: 20 µm. Data represent means ± SE of three independent experiments. ***p < 0.001, **p < 0.01 and *p < 0.05 compared to V. ###p < 0.001, ##p < 0.01 and #p < 0.05 compared to DOX. @@@p < 0.001 and @p < 0.05 compared to Soym + DOX.
Effect of Soymetide and doxorubicin on the hippocampal neuronal survival and learning-memory performance of mice
Wnt pathway and senescence are linked with neuronal survival and subsequent cognitive functions (Garg and Bandyopadhyay, 2024). Hence, we assessed the effect of doxorubicin and Soymetide on hippocampal Nissl staining for neuronal count, TUNEL staining for neuronal apoptosis, and learning-memory performance of mice. We found that doxorubicin led to a reduction in Nissl staining (Figure 7A) and increase in TUNEL positive neuronal apoptotic index (Figure 7B) in the hippocampus, indicating neuronal loss. However, Soymetide counteracted these effects (Figures 7A, B). Additionally, we observed that doxorubicin impaired learning and memory abilities, as demonstrated by an increased number of errors during learning trials (Figure 7C) and diminished memory retention in the Y-Maze test at various intervals post-learning (Figure 7D). Conversely, Soymetide treatment facilitated a notable improvement in these cognitive functions (Figures 7C, D). This was further supported by results from the Passive Avoidance test, where Soymetide enhanced the TLT across the retention trials in doxorubicin-treated mice (Figure 7E). The beneficial outcomes associated with Soymetide administration were counteracted by rDkk1 and iCRT3 (Figures 7A–E), suggesting that the neuroprotective and cognitive-enhancing effects of Soymetide are mediated through the components of the Wnt3a/β-catenin pathway.
[image: Panel (A) shows Nissl-stained brain sections with bar graph results for different treatment groups. Panel (B) displays fluorescent microscopy images of TUNEL, NeuN, DAPI staining, and a bar graph of cell counts. Panel (C) presents a bar graph of learning trials. Panel (D) contains Y-Maze test results for different time points in bar graph form. Panel (E) shows bar graph results of a passive avoidance test, comparing control and treatment groups.]FIGURE 7 | Soymetide protects against doxorubicin-induced hippocampal neuronal loss and learning-memory impairment via the Wnt/β-catenin pathway in mice. Brain sections were made from vehicle (V), doxorubicin (DOX), Soymetide (Soym)+DOX, Soym + DOX + rDkk1 and Soym + DOX + iCRT3-treated mice. (A) Upper panel-20x (with quantification, %) and lower panel-40x represent photomicrographs of Nissl-stained hippocampal neurons. Scale bar: 100 µm (20X) and 30 µm (40X). (B) Representative fluorescence photomicrographs of TUNEL, immunolabeled with NeuN and counter-stained with DAPI in the hippocampus. Bar diagrams represent corresponding quantification relative to the vehicle. Scale bar: 100 µm. Y -Maze and Passive Avoidance tests were performed in vehicle (V), doxorubicin (DOX), Soymetide (Soym)+ DOX, Soym + DOX + rDkk1 and Soym + DOX + iCRT3-treated mice. (C, D) Representative bar graphs for the number of errors (%) during learning trials (C) and the memory retained (% saving memory) at 24 h, 48 h and 7-day post-learning (D) in Y-Maze test. (E) Representative bar graphs for TLT for first (R1), second (R2), and third (R3) retention trials (24 h, 48 h, and 72 h, respectively) in Passive Avoidance test. Data represent means ± SE of three mice/group (A, B) and seven mice/group (C–E). ***p < 0.001 compared to V. ###p < 0.001 and #p < 0.05 compared to DOX. @@@p < 0.001 and @@p < 0.01 compared to Soym + DOX.
DISCUSSION
The current study unravels novel neuroprotective properties of Soymetide, with a specific focus on: 1. Reduction of senescence in the hippocampus, with effects comparable to a known senolytic combination (D + Q). 2. Beneficial impact involving the Wnt/β-catenin pathway. The reduction of key components in the Wnt3a/β-catenin pathway accelerates neuronal senescence. However, Soymetide’s ability to restore Wnt/β-catenin signaling helped counteract this senescence process. 3. Improvement in neuronal survival and enhancement of learning and memory functions. The study overall introduces a soy peptide that shows promise for improving hippocampal health and cognitive functions by targeting the interlinked senescence pathways and Wnt/β-catenin mechanism, offering a potential therapeutic approach against cognitive decline (Figure 8).
[image: Diagram illustrating the effect of Soymetide and Doxorubicin on cellular pathways. Soymetide affects the Wnt2a signaling pathway, involving proteins such as Fzd, LRP5/6, GSK-3β, Axin, and Dvl. This influences β-catenin, leading to altered senescence markers like p53, p21, p16, and β-galactosidase. The impact extends to changes in interleukin levels (IL-1α, IL-1β, IL-6) and results in increased hippocampal neuronal survival, affecting learning and memory functions.]FIGURE 8 | Schematic of the anti-senescent effect induced by Soymetide against doxorubicin treatment in hippocampal neurons and its positive impact on cognitive function. Soymetide prevents the reduction in Wnt3a and its related proteins (Fz, p-LRP-6, Dvl, and Axin1) caused by doxorubicin, and it counters the rise in GSK-3β and the reduction of β-catenin. This inhibits the increase in senescence markers such as p53, p21, p16, β- Galactosidase activity, and SASPs, as well as the decrease in neuronal survival and learning-memory functions. In summary, Soymetide exhibits anti-senescent effects, provides neuroprotection, and induces cognitive restoration by restoring the Wnt/β-catenin pathway.
Studies suggest that fermented soy food products like cheonggukjang and doenjang offer neuroprotection by inhibiting neuronal death, inflammation, and susceptibility to ischemic injury (Ko et al., 2019; Jeong et al., 2020; Jang et al., 2021). Nattō, a fermented whole soybean improves age-related cognitive decline and associated deregulated hippocampal neuronal signaling in senescence-accelerated mouse-prone eight mice (Zheng et al., 2023). Additionally, soy isoflavones (genistein and daidzein) and their metabolites (equol), and soyasaponin I (a triterpenoid compound) prevent neuronal apoptosis, promote neuroregeneration, synaptic plasticity, neurotransmission, and antioxidative effects (Ma et al., 2010; Hong et al., 2013; Lu et al., 2021; Shi et al., 2023). However, the soy-derived compounds may face limitations regarding their “drug-likeness” due to concerns about metabolic stability restricting potential therapeutic applications, as reported for phytochemicals (Sharan et al., 2009). Reports further indicate that soy peptides, VHVV and Tyr-Pro, enzymatic and fungal hydrolysates of soy proteins, respectively, maintain neuronal survival and reduce memory loss (Ju et al., 2019; Tanaka et al., 2020). However, while hydrolyzed proteins and peptides show promise as food and potential nutraceutical applications, standardizing them as therapeutic products may pose challenges. In this context, Soymetide, a well-characterized small/short soy-derived peptide can serve as a promising biologic/peptide drug, marking a considerable advancement in this field. Our findings identify Soymetide as a neuroprotectant that promotes a wide range of anti-senescent features in the hippocampal neurons, comparable with broad-target senolytic drugs (D + Q). The small peptide is proposed to hold potential for advancing peptide drug design and development, based on probable advantages such as improved absorption, enhanced cell targeting, reduced immunogenicity, and increased cost-effectiveness (Fosgerau and Hoffmann, 2015). These features may position Soymetide as a potential candidate for therapies aimed at anti-senescence and neuroprotection. Besides, this novel pro-cognitive role adds a notable new dimension to the functional profile of Soymetide, reported for immunostimulating and anti-cancer activities (Schuler et al., 1982; Tsuruki et al., 2003), offering fresh insights into its potential mechanism of action. The selected dose of 50 μg/kg of Soymetide was identified for its effective anti-senescence properties, offering a cost-effective alternative to the higher 100 μg/kg dose. While safety data was not specifically assessed in this study, the lower dose presents a promising approach that warrants further investigation to determine the best balance of safety and therapeutic benefits.
Prior studies show that eliminating p16-expressing senescent cells and lowering the p53 stress protein can prevent mild cognitive impairment, neuronal death, and synaptic issues (Bussian et al., 2018; Zhang et al., 2022b). This process minimizes p53-triggered p21 activation and DNA damage, averting cell cycle arrest and senescence (de Carne Trecesson et al., 2011; Tajima et al., 2019; Tufekci et al., 2021). Our research suggests that Soymetide influences these communications involving p16, p21, p53, and SASPs, leading to healthier neuronal expression, reduced cellular damage, and improved brain repair, benefiting the central nervous system (CNS). Specifically, regarding soy peptides, previous research has mainly focused on their roles in preventing and suppressing tumors by engaging pathways such as p53, p16, p21, and cytokines, and growth arrest and apoptosis in various cancer cells (Lin et al., 1998; Payton-Stewart et al., 2009). Studies in osteoblasts did show the involvement of p53/p21 pathway in bone development following soy peptide treatment (Zhang et al., 2014; Chen et al., 2015). However, the lack of research on the impact of soy peptides on the brain, specifically its anti-senescent effects on the hippocampus, underscores the importance and promise of our study on these soy-based peptides for future exploration.
Our research enriches the current understanding of senescence in the hippocampal neurons and extends upon earlier work (Bayod et al., 2015; Su et al., 2018), which showed a link between the upregulation of the Wnt pathway inhibitor, Dickkopf-1, and the perturbation of essential elements within the Wnt/β-catenin signaling cascade. Our findings further detail that the senescence process is associated with precise alterations in Wnt signaling markers in the hippocampal neurons, which correspond with an apparent decline in neuronal viability, as evidenced by a diminished reduction in Nissl bodies, along with NeuN expression. In a notable progression from past research (Fortress and Frick, 2016; Arredondo et al., 2020), which predominantly focused on the broader aspects of Wnt signaling, our study also identifies a decrease in both the Wnt ligands and its corresponding Frizzled receptor during senescence. Moreover, while prior reports only noted changes in Wnt signaling during hippocampal senescence (Bayod et al., 2015; Fortress and Frick, 2016), our investigation additionally sheds light on how these modifications in Wnt pathway actively played a key role in controlling neuronal senescence and the impact on its essential molecules, such as p53, p21, p16, SASP, β-Galactosidase, etc. Our research explicitly linked these observations with Soymetide treatment, demonstrating its restoration in the levels of the Wnt ligand and Frizzled receptor in the senescent neurons. Moreover, it unraveled that Soymetide’s anti-senescent effects are highly dependent on regulated Wnt signaling, demonstrated by the use of the Wnt antagonist rDkk1 and the β-catenin inhibitor iCRT3, which blocked the reduction of senescent markers in the hippocampal neurons. In this context, in terms of soy-based protein and Wnt signaling (as such), there have been several contradictory reports. On the one hand, soy proteins (predominantly genistein) reduced β-catenin signaling (via the participation of altered IGF-1 and E-cadherin production) leading to a decreased T-cell factor/lymphoid enhancer factor (TCF/LEF) activity and resulting prostate cancer cell growth, development of hepatocellular carcinoma, intestinal tumorigenesis, and proliferation in cancer cells (Liss et al., 2010; Mahmoud et al., 2014; Mercer et al., 2017). Other studies indicated that genistein and soy isoflavones enhanced Wnt/β-catenin signaling and led to osteoblast formation, improved bone health, and prevented non-alcoholic fatty liver disease (NAFLD) and pathological adiposity (Kim and Kang, 2012; Mannino et al., 2024). In line with the latter, results from our study demonstrated the neuroprotective effects of Soymetide through the enhancement of the components of the Wnt/β-catenin pathway, verifying a protective role of soy peptides in increasing Wnt/β-catenin pathway for normal cells as opposed to the tumorous and cancerous cells. As a supportive observation, Soymetide inhibits the reduction of Transcription Factor 3 (TCF3) levels caused by doxorubicin (Supplementary Material 5), which emphasize the involvement of the Wnt/β-catenin pathway. This effect could be linked to the regulation of p53, p21, p16, and β-galactosidase, laying the groundwork for future studies to investigate its mechanisms of action. Hence, it may be said that in terms of the Wnt pathway, the importance of our study for hippocampal neurons is two-fold. It offers new insights into the senescence pathway and emphasizes the potential of Soymetide in mitigating the adverse effects of senescence.
Research indicates that soy proteins, isoflavone extracts, and peptides can enhance cognitive performance in adults, postmenopausal women, and the aged by activating brain pathways such as Brain-Derived Neurotrophic Factor (BDNF)-Tropomyosin-related kinase receptor B (TrkB)/cAMP response element-binding protein (CREB) signaling, N-methyl-D-aspartate receptor (NMDAR)-calcium/calmodulin-dependent protein kinase II (CaMKII) cascade (NMDAR-CaMKII), as well as Phosphatidylinositol-3 Kinase (PI3K)/Akt signaling, and through antioxidant and cholinergic properties (Kreijkamp-Kaspers et al., 2004; Geller and Studee, 2006; Katayama et al., 2014; Unno and Konishi, 2015; Yoo et al., 2022; Zheng et al., 2023). Earlier individual studies have also shown a connection between Wnt/β-catenin signaling with the BDNF (TrkB)/CREB signaling, NMDAR-CaMKII, PI3K/Akt, antioxidant, and cholinergic properties (Arrazola et al., 2009; Sinha et al., 2015; Xu et al., 2015; Hu et al., 2019; Ishidori et al., 2022; Nachtigall et al., 2023; Lou et al., 2024). Hence, in continuation, our research highlights the importance of investigating the relationships between neurotrophins, neurotransmitters, antioxidants, and specific signaling pathways in Sometide-treated hippocampal neurons. Our work points to the need to explore Soymetide’s impact on aging, specifically concerning hippocampal Wnt signaling. Moreover, while our study demonstrated Soymetide’s anti-senescence effects when directly applied to the hippocampus, proving its potential to protect against neuronal aging, this method is infeasible for human use. Therefore, there is a need for further research to develop a brain-transportable Soymetide formulation for systemic administration.
Hence, our research suggests that Soymetide has the potential to diminish cellular senescence in hippocampal neurons, which may improve cognitive performance and maintain neuronal health through modulation of senescence markers. Additionally, we propose that Soymetide might possess anti-inflammatory properties through its impact on macrophages and monocytes, offering neuroprotection against age-related diseases. The observed reduction in serum pro-inflammatory cytokines suggests an immune modulation mechanism that warrants further exploration.
We recognize few limitations in this study. The primary focus has been on investigating the effectiveness of Soymetide as a single-agent treatment. Additionally, while the potential for immune modulation has not been thoroughly examined, and the use of combination therapies (pairing Soymetide with dasatinib or quercetin) has yet to be explored, these aspects are crucial for future research aimed at improving treatment efficacy and minimizing toxicity. Furthermore, it is vital to determine optimal dosages, study the pharmacokinetics of Soymetide in various biological settings, and develop more effective peptide variants through in vitro assays, with the goal of extending these findings to in vivo applications. These efforts will enhance our understanding and optimize the therapeutic outcomes when utilizing Soymetide.
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Background: Zingiber officinale Roscoe has been shown to possess analgesic properties. Zingerone (ZO), a bioactive compound derived from Zingiber officinale Roscoe, exhibits a range of pharmacological effects, including anti-inflammatory, anti-cancer, antioxidant, antibacterial, and anti-apoptotic activities. However, the analgesic properties of zingerone remain unclear.Methods: Complete Freund’s adjuvant (CFA) was administered to the left hind paw of C57BL/6 mice to induce a model of inflammatory pain. The analgesic effects of zingerone were assessed using the Von Frey and Hargreaves tests. In vivo fiber photometry and whole-cell patch clamp techniques were employed to investigate the potential mechanisms.Results: Both acute and long-term treatment with zingerone resulted in a significant increase in mechanical and thermal pain thresholds in mice experiencing CFA-induced inflammatory pain. Mechanical stimulation led to a pronounced increase in calcium levels within the anterior cingulate cortex (ACC) neurons of the inflammatory pain model, which was alleviated by zingerone administration. Furthermore, zingerone was found to modify synaptic transmission to ACC neurons and decrease their intrinsic excitability by prolonging the refractory period of these neurons.Conclusion: Zingerone demonstrates potential for alleviating CFA-induced inflammatory pain by reducing the intrinsic excitability of ACC neurons in a mouse model.Keywords: Zingiber officinale roscoe, analgesic, intrinsic excitability, complete Freund’s adjuvant (CFA), refractory period, electrophysiological, synaptic transmission
1 INTRODUCTION
Pain is defined as an aversive sensory and emotional experience that is linked to actual or potential damage to bodily tissues. It is recognized as the fifth vital sign in human health and represents a significant challenge of global health (Raja et al., 2020). Inflammatory pain represents the most prevalent form of pain observed in clinical practice (Barr et al., 2015). Inflammatory pain significantly impacts patients’ quality of life and their capacity to work. Furthermore, the progression of acute inflammatory pain to chronic pain is likely to impose a substantial economic burden on both the patients’ families and society at large (Patnaik et al., 2017).
The ACC plays a crucial role in the integration of nociceptive perception and emotional responses associated with chronic pain (Baliki and Apkarian, 2015; Bliss et al., 2016; Rainville et al., 1997). In chronic pain, the ACC is identified as the most significantly activated region within the brain (Bushnell et al., 2013). The suppression of neuronal activity in the ACC has been shown to induce analgesic effects in the context of inflammatory pain (Pan et al., 2022). In chronic pain, there exist presynaptic and postsynaptic forms of long-term potentiation in the neurons of the ACC. A reduction in such potentiation is associated with the manifestation of analgesic effects (Koga et al., 2015; Zhuo, 2014). The enhancement of intrinsic excitability observed in chronic pain conditions is characterized by an increased input-output gain, as well as a reduction in spike threshold and refractory period (Yang et al., 2018). Both synaptic plasticity and intrinsic excitability plasticity play crucial roles in the hyperactivity of ACC neurons associated with chronic pain.
Zingiber officinale Roscoe has been shown to possess analgesic properties (Kim et al., 2022a). Among the 400 compounds identified in Zingiber officinale Roscoe, the primary bioactive components include gingerols, shogaols, and paradols (Mao et al., 2019). Recent studies have highlighted the analgesic effects of specific sub-components, particularly [6]-Shogaol and [6]-Gingerol (Kim et al., 2022a). These compounds exert their pain-relieving properties primarily through their anti-inflammatory actions in brain regions and the colon (Santos et al., 2024; Özdemir et al., 2023). For instance, [6]-Shogaol has been shown to significantly alleviate oxaliplatin-induced cold allodynia and mechanical hyperalgesia by modulating the serotonin system in the spinal cord (Kim et al., 2022b). However, current research has predominantly focused on the spinal cord, while chronic pain is often closely associated with emotional responses mediated by central brain regions. Whether other sub-components of Z. officinale Roscoe and central brain regions, particularly the ACC, play a role in its analgesic effects remains to be elucidated. Further investigation into the involvement of central brain mechanisms could provide a more comprehensive understanding of their therapeutic potential.
Zingerone exhibits a range of pharmacological properties, including anti-inflammatory, anti-cancer, antioxidant, antibacterial, and anti-apoptotic effects (Choi et al., 2018; Mahomoodally et al., 2021). Recent research has demonstrated that zingerone influences the electrophysiological properties of neurons. Specifically, zingerone has been shown to inhibit the amplitude of sodium and calcium currents, thereby modulating the functional activities of mouse pituitary cell lines (GH3 cells) and hippocampal neurons (Lai et al., 2022). Zingerone has the capacity to inhibit the pacemaker potential in a concentration-dependent manner through the modulation of ATP-sensitive potassium channels in gastrointestinal interstitial cells of Cajal (ICCs) (Kim et al., 2018). Zingerone has been shown to have the capacity to inhibit neuronal excitability. However, its potential analgesic effects through modulation of the ACC neuronal excitability remain to be elucidated. To investigate this, we employed a mouse model of inflammatory pain induced by complete Freund’s adjuvant, utilizing a combination of pain behavior assessments, calcium imaging, and patch-clamp techniques to evaluate the impact of zingerone on inflammatory pain and to explore the underlying mechanisms involved.
2 METHOD
2.1 Animals
110 male C57BL/6 mice, aged between 6 and 8 weeks, were procured from Henan Scobes Biotechnology Co., Ltd. (License No.: SCXK 2020-0005). The mice were maintained under a controlled environment with a 12-h light/dark cycle, temperature regulated between 20 and 26°C, and humidity levels maintained at 50% ± 20%. They were provided with ad libitum access to food and water and were acclimatized for a minimum of 1 week prior to the commencement of experimental procedures. All animal experimentation protocols adhered to the guidelines established by the Laboratory Animal Ethics Committee of Bengbu Medical University.
2.2 Inflammatory pain model
To induce inflammatory pain, 20 μL of CFA was administered subcutaneously to the plantar surface of the left hind paw of 66 mice (Alotaibi et al., 2023; Zhou et al., 2021). The control group (26 mice) received an equivalent volume of normal saline instead of CFA. After the induction of inflammatory pain, the affected mice were randomly divided into several treatment groups: 6 mice did not receive saline injection and served as the CFA group (Figure 1A); 10 mice received a saline injection 3 days after CFA administration and were designated as the CFA + vehicle group (Figure 1D); 10 mice received daily saline injections and were also labeled as the CFA + vehicle group (Figure 2A); and 40 mice were assigned to the CFA + ZO group. Within the CFA + ZO group, 10 mice were administered each of the differing doses of zingerone (Mani et al., 2017; Chopra et al., 2023; Mehrzadi et al., 2021) (as shown in Figure 1D), while another 10 mice received daily intraperitoneal injections of 20 mg/kg zingerone for 14 days (as shown in Figure 2A). The vehicle group received saline injections as a control. All behavioral assessments were conducted by an investigator blinded to the treatment allocations to ensure unbiased results.
[image: Diagram displays experimental timelines and results from two studies using C57BL/6 mice. Panels A and D show timelines for treatments including CFA, e-VF/HT, and ZO IP. Panels B and C show graphs of mechanical withdrawal thresholds over time, contrasting control and CFA-treated groups. Panels E and F present bar graphs comparing paw withdrawal thresholds among different experimental groups. Statistical significance is indicated with asterisks.]FIGURE 1 | The acute administration of zingerone and its effects on hyperalgesia in a model of inflammatory pain induced by CFA. (A) The experimental timeline outlines the procedures employed in this study. (B) The paw withdrawal threshold (PWT) was assessed to evaluate mechanical allodynia following CFA injection (repeated measures two-way ANOVA with Bonferroni post hoc test, F (4,40) = 5.507, the p-value were calculated for the control and CFA groups on specified days). (C) The paw withdrawal latency (PWL) was measured to assess thermal hyperalgesia post-CFA administration (repeated measures two-way ANOVA with Bonferroni post hoc test, F (4,40) = 38.11, the p-values were calculated for the control and CFA groups on the specified days). (D) The timeline for evaluating the analgesic effects of zingerone is presented. (E) The PWT was utilized to assess the potential analgesic properties of zingerone in relation to mechanical allodynia (one-way ANOVA with Bonferroni post hoc test, F (4,45) = 35.16, P < 0.001). (F) The PWL was employed to evaluate the potential analgesic effects of zingerone on thermal hyperalgesia (one-way ANOVA with Bonferroni post hoc test, F (4,45) = 23.42, P < 0.001). All data are expressed as mean ± standard error of the mean (SEM). Statistical significance is indicated as *P < 0.05, **P < 0.01, and ***P < 0.001. The abbreviations used ns: not significant; i.p.: intraperitoneal injection; e-VF: electric Von Frey; HT: Hargreaves Test; Con: control; Veh: vehicle; ZO: zingerone.
[image: Timeline and data visualization of behavioral tests and results for control, CFA, and CFA + ZO groups. Tests include Electric Von Frey, Hargreaves, and Open Field. Graphs show measurements such as paw withdrawal threshold, latency, total distance, percentage of time in open areas, and open arm entries. Statistical significance denoted with asterisks.]FIGURE 2 | The prolonged administration of zingerone has been shown to mitigate chronic inflammatory pain and associated anxiety-like behaviors. (A) The experimental timeline is outlined. (B, C) The PWT was assessed to determine the long-term analgesic effects of zingerone on mechanical allodynia (one-way ANOVA with Bonferroni post hoc test, F (2,27) = 38.35, P < 0.001). (D, E) The PWL was evaluated to assess the long-term analgesic effects of zingerone on thermal hyperalgesia (one-way ANOVA with Bonferroni post hoc test, F (2,27) = 37.65, P < 0.001). (F) Locomotion patterns of mice subjected to control, CFA, and CFA combined with zingerone were recorded during an open field test. (G, H) Group data illustrating the total distance traveled (G, one-way ANOVA with Bonferroni post hoc test, F (2,27) = 1.696, P = 0.2) and the percentage of time spent in the center of the arena (H, one-way ANOVA with Bonferroni post hoc test, F (2,27) = 24.36, P < 0.001) during the open field test for the three experimental groups are presented. (I) Representative locomotion traces of mice injected with control, CFA, and CFA + zingerone in the elevated plus maze test are shown. (J, K) Group data reflecting the number of entries into the open arms (J, one-way ANOVA with Bonferroni post hoc test, F (2,27) = 11.22, P < 0.001) and the percentage of time spent in the open arms (K, one-way ANOVA with Bonferroni post hoc test, F (2,27) = 20.85, P < 0.001) during the elevated plus maze test for the three groups are provided. Data are expressed as mean ± SEM, with significance levels indicated as *P < 0.05, **P < 0.01, and ***P < 0.001. The abbreviations used ns: not significant; i.p.: intraperitoneal injection; e-VF: electric Von Frey; HT: Hargreaves Test; OFT: open field test; Con: control; Veh: vehicle; ZO: zingerone.
2.3 von Frey test
The von Frey test was utilized to evaluate mechanical allodynia by determining the paw withdrawal threshold in response to mechanical stimuli, employing von Frey filaments (Zhongshi, Beijing, China). Prior to testing, mice were acclimatized in transparent plastic chambers equipped with a wire mesh floor for a minimum duration of 30 min. During the assessment, the measuring filament was positioned to penetrate the mesh and contact the plantar surface of the hind paw, with the force being gradually increased until a withdrawal response was elicited from the mice.
2.4 Hargreaves test
The Hargreaves test was employed to assess hyperalgesia by measuring the paw withdrawal latency, defined as the interval between the initiation of a light beam and the subsequent withdrawal of the paw. Mice were acclimatized in a manner identical to that used in the von Frey test. The thermal radiation source (Zhongshi, Beijing, China) was positioned beneath the center of the paw until a withdrawal response was observed from the animal.
2.5 Open-field test
Prior to the commencement of testing, the mice underwent a habituation period of 1 hour within the testing environment. Subsequently, each mouse was positioned in the center of a chamber measuring 50 × 50 × 30 cm. The mice were carefully placed in the chamber and observed via a camera for 5 minutes. The time spent by each mouse in the central area, defined as a 30 × 30 cm square, as well as the total distance traveled by the mice within the open field arena, were recorded. Additionally, a 75% ethanol solution was utilized to sanitize the open field arena between each trial.
2.6 Elevated plus maze test
The elevated plus maze apparatus was positioned 50 cm above the ground. It comprised two open arms measuring 25 × 8 × 0.5 cm and two closed arms measuring 25 × 8 × 12 cm, all extending from a central platform of dimensions 8 × 8 cm. The closed arms were enclosed by transparent walls that were 12 cm in height, while the open arms featured a 0.5 cm ledge. Each mouse was introduced into the center of the maze, oriented towards a closed arm. A camera mounted above the maze recorded the mouse’s movements during a 5-min observation period. The duration of time spent by the mice in both the open and closed arms was subsequently quantified. The maze was sanitized with 75% ethanol between each trial to ensure cleanliness. All behavioral assessments were conducted using ANY-maze (stoelting, United States) software for analysis.
2.7 Fiber photometry
The mice were subjected to anesthesia using pentobarbital administered intraperitoneally at a dosage of 75 mg/kg (Wang et al., 2023) and subsequently positioned on a stereotaxic apparatus (RWD, China). AAV vectors (rAAV-hSyn-GCaMp6s-WPRE, BrainVTA) were injected unilaterally into the ACC at the following coordinates: anteroposterior (AP) +0.98 mm, mediolateral (ML) ±0.30 mm, and dorsoventral (DV) −1.70 mm, at a rate of 20 nL/min. A ferrule fiber-optic cannula with a core diameter of 200 μm (RWD, China) was implanted above the site of viral injection and affixed to the skull using dental cement. Three weeks post-implantation, a multi-channel fiber photometry system (R811/821, RWD, China) was employed to monitor changes in calcium signaling during von Frey filaments (NC12775-99, North Coast, United States) stimuli. The change in fluorescence, denoted as ΔF/F, was calculated using the formula (Fsignal - F0)/F0, with F0 representing the baseline fluorescence, utilizing the data analysis module of the OFRS software (RWD, China).
2.8 Immunohistochemistry staining
Mice that received AVV injections were euthanized using pentobarbital administered intraperitoneally at a dosage of 75 mg/kg. Following euthanasia, the animals were subjected to a sequential perfusion process involving normal saline followed by 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS, at pH 7.2-7.4). The brains were subsequently harvested and post-fixed in 4% PFA overnight at a temperature of 4°C. After post-fixation, the brains underwent cryoprotection in a 10%–30% sucrose solution in PBS for a duration of 3 days. Staining of the 20 µm sections of mouse brain was conducted using DAPI (P24000042957, biosharp). Imaging was performed utilizing eclipse software (Nikon) on a D-Eclipse-C1 confocal microscope (Nikon).
2.9 Acute ACC slice preparation
Following administration of isoflurane anesthesia, the mice were promptly decapitated, and their brains were swiftly excised and immersed in ice-cold artificial cerebrospinal fluid (ACSF) (Zheng et al., 2022; Shao et al., 2023; Zhang et al., 2021), which comprised the following components: NaCl (124 mM), Glucose (12.5 mM), NaHCO3 (24 mM), KCl (2.5 mM), NaH2PO4 (1.2 mM), CaCl2 (2 mM), MgCl2 (2 mM), and HEPES (5 mM), adjusted to a pH of 7.35–7.45 and an osmolality of 310–330 mOsm/L. 300 μm coronal brain slices containing the ACC, were prepared using a vibrating microtome (Leica VT1000S). The slices were then rapidly transferred to oxygen-saturated ACSF at 33°C for a 30-min incubation period, after which they were maintained at room temperature until recording commenced.
2.10 Whole-cell patch-clamp recordings
Brain slices were recorded within a submersion chamber (Warner RC-26 G) that was perfused with oxygenated ACSF at ambient temperature (22°C–25°C). Whole-cell patch clamp recordings were performed on layer II/III pyramidal neurons in the ACC using infrared differential interference contrast (IR-DIC) optics (Nikon FN1). All whole-cell recordings were executed with a Multiclamp 700B amplifier (Molecular Devices, CA, United States) and sampled at a frequency of 10 kHz using a Digidata 1550 interface (Molecular Devices, CA, United States). The action potentials and spontaneous excitatory postsynaptic currents (sEPSCs) of ACC pyramidal neurons were recorded using a solution composed of: HEPES (10 mM), K-gluconate (140 mM), phosphocreatine (5 mM), EGTA (0.5 mM), Mg-ATP (4 mM), TrisGTP (1 mM), and NaCl (4 mM) at pH 7.40 and an osmolality of 290 mOsm. sEPSCs were recorded at a holding potential of −70 mV in the presence of SR 95531 (10 µM), a GABAA receptor antagonist, within the ACSF. Additionally, spontaneous inhibitory postsynaptic currents (sIPSCs) of ACC pyramidal neurons were recorded using a solution containing: HEPES (10 mM), KCl (40 mM), K-gluconate (110 mM), phosphocreatine (5 mM), EGTA (0.5 mM), Mg-ATP (4 mM), TrisGTP (1 mM), and NaCl (4 mM) at pH 7.40 and an osmolality of 290 mOsm, also at −70 mV, in the presence of kynurenic acid (3 mM), an antagonist of ionotropic glutamate receptors, within the ACSF. Data analysis was conducted using Clampfit 10.7 software (Molecular Devices, CA, United States).
2.11 Statistical analysis
Statistical analyses and graphical representations were performed utilizing OriginPro 2019 (OriginLab Corporation, United States) and GraphPad Prism 8 (GraphPad Software, Inc., United States). Comparisons between two groups were executed using either paired or unpaired Student’s t-tests. For experiments involving multiple groups, after passed Shapiro-Wilk test, one-way or two-way analysis of variance (ANOVA) was employed, accompanied by Bonferroni or Tukey’s post hoc analyses. The data are presented as mean ± standard error of the mean (SEM), with differences deemed statistically significant at a threshold of *p < 0.05.
3 RESULT
3.1 Zingerone has been shown to mitigate inflammatory pain and associated anxiety-like behaviors
To establish a model of inflammatory pain in mice, CFA was administered via injection into the left hind paws (Figure 1A). Following the injection, mechanical allodynia (Figure 1B) and thermal hyperalgesia (Figure 1C) were observed, beginning 1 day post-injection and persisting for a minimum of 1 week. To assess the analgesic properties of zingerone on inflammatory pain, various doses of zingerone were administered intraperitoneally to the mice 3 days after the CFA injection (Figure 1D). A single administration of zingerone at doses of 10 mg/kg or 20 mg/kg led to a rapid reduction in both mechanical allodynia (Figure 1E) and thermal hyperalgesia (Figure 1F). To evaluate the long-term effects of zingerone (20 mg/kg), administration commenced 1 day post-CFA injection and continued for 14 days (Figure 2A). This treatment led to a significant decrease in both mechanical allodynia (Figure 2C) and thermal hyperalgesia (Figure 2E). Given that chronic pain can induce anxiety symptoms (Baliki and Apkarian, 2015), we further examined the impact of zingerone treatment on anxiety in CFA-injected mice. In the open field test, both control and CFA mice exhibited similar distances traveled (Figure 2G). However, CFA mice spent significantly less time in the center of the arena compared to control mice, a behavior that was reversed by zingerone treatment (Figure 2H). In the elevated plus maze test, CFA mice demonstrated reduced time spent in the open arms and infrequent entries into these areas compared to controls, with zingerone treatment also reversing this behavior (Figure 2J, K). Collectively, these findings indicate that zingerone effectively alleviates CFA-induced inflammatory pain and anxiety-like behaviors.
3.2 The neurons located in the ACC play a significant role in the analgesic effects of zingerone
The ACC plays a pivotal role in the perception of pain, with heightened neuronal activity in this region being closely associated with pain experiences (Pan et al., 2022). To assess the involvement of the ACC in the analgesic effects of zingerone, we conducted an investigation into the dynamics of neuronal activity within the ACC through fiber photometry recordings of calcium (Ca2+) signals (Figure 3A). An adeno-associated virus (AAV) encoding the fluorescent calcium indicator GCaMp6s (AAV-hSyn-GCaMP6s) was administered into the ACC of mice (Figure 3B). Three weeks post-injection, a notable increase in the fluorescence intensity of GCaMP6s-labeled neurons in the ACC was observed following stimulation of the ipsilateral hind limb using von Frey filaments in CFA mice. Following treatment with zingerone (20 mg/kg), this increase in fluorescence intensity was significantly diminished (Figures 3C–E). These findings indicate that zingerone treatment effectively mitigates alterations in neuronal activity within ACC neurons in a model of CFA-induced inflammatory pain.
[image: Diagram illustrating experimental setup and results. Panel A shows a schematic of the optogenetic setup with a photomultiplier tube, GFP filter, LED, and lens. Panel B displays a fluorescence image of the anterior cingulate cortex (ACC) labeled with GCaMP6s. Panel C includes a graph of GCaMP6s fluorescence over time, comparing different groups with shaded error bars. Panel D presents a heatmap of neuronal activity over time. Panel E shows a bar graph with statistical significance indicated by asterisks.]FIGURE 3 | Zingerone reduces neuronal activity linked to pain in the ACC. (A) A schematic representation of the real-time fiber photometry assay is provided. Image was created with BioRender.com, with permission. (B) A representative image illustrating the expression of AAV-hSyn-GCaMP6s in the ACC is shown, with a scale bar of 100 μm. (C, D) The average calcium activity (C, “-2” refers to 2 s prior to stimulation) and corresponding heat maps (D) depicting calcium signals in response to 0.07g von Frey stimuli in control, CFA and CFA + zingerone mice are presented. (E) Statistics on the change in mean Ca2+ fluorescence signal in mice following stimulation (analyzed by one-way ANOVA with Tukey’s post hoc test, F(2, 42) = 9.961, **P < 0.01, ***P < 0.001). All data are expressed as mean ± SEM, with a sample size of n = 3 mice in each group.
3.3 Zingerone modifies synaptic transmission within the ACC
To elucidate the mechanisms by which zingerone modulates the activity of the ACC neurons, we employed whole-cell patch clamp techniques to assess the synaptic inputs to these neuronal cells. Our findings indicate that zingerone (10 μM) administration (Lai et al., 2022) resulted in an increased frequency of excitatory postsynaptic currents (EPSCs) in ACC neurons (Figure 4A, B, control: 1.14 ± 0.09 Hz, ZO: 1.66 ± 0.16 Hz, 13 cells from three mice, paired T-test, P = 0.012), while the amplitude of EPSCs remained constant (Figure 4C, control: 9.21 ± 0.71 pA, ZO: 8.81 ± 0.65 pA, 13 cells from three mice, paired T-test, P = 0.32). Conversely, we observed a decrease in the frequency of inhibitory postsynaptic currents (IPSCs) following zingerone (10 μM) treatment (Figure 4D, E, control: 1.03 ± 0.06 Hz, ZO: 0.91 ± 0.09 Hz, 13 cells from three mice, paired T-test, P = 0.032), with the amplitude of IPSCs showing no significant change (Figure 4F, control: 11.86 ± 1.53 pA, ZO: 10.70 ± 1.19 pA, 13 cells from three mice, paired T-test, P = 0.21). These results suggest that zingerone has the capacity to modulate the frequency of both EPSCs and IPSCs in ACC neurons.
[image: Graphs showing excitatory and inhibitory postsynaptic currents (EPSCs and IPSCs) in the ACC. Panels A and D depict control and ZO conditions. Panels B and E present cumulative probability plots for frequency, while C and F show amplitude, with box plots indicating statistical significance.]FIGURE 4 | Zingerone modulates synaptic transmission in ACC neurons. (A) Representative traces of excitatory postsynaptic currents (EPSCs) recorded from ACC pyramidal neurons, both in the absence and presence of zingerone. (B) The cumulative frequency distribution and mean frequency of EPSCs in ACC pyramidal neurons are presented, comparing measurements taken prior to and following zingerone (10 μM) administration. (C) The cumulative amplitude distribution and mean amplitude of EPSCs in ACC pyramidal neurons are also analyzed before and after the application of zingerone. (D) Representative traces of inhibitory postsynaptic currents (IPSCs) are shown for ACC pyramidal neurons, recorded without and with zingerone. (E) The cumulative frequency distribution and mean frequency of IPSCs in ACC pyramidal neurons are evaluated before and after zingerone (10 μM) treatment. (F) The cumulative amplitude distribution and mean amplitude of IPSCs in ACC pyramidal neurons are assessed in relation to zingerone application.
3.4 Zingerone has been shown to prolong the refractory period and reduce the intrinsic excitability of neurons within the ACC
Neuronal intrinsic excitability plays a critical role in modulating neuronal activity. Consequently, we examined the impact of zingerone on the intrinsic excitability of ACC neurons. Our findings indicated a significant reduction in firing frequencies of ACC neurons in response to incrementally injected currents following zingerone (10 μM) perfusion (Figures 5A, B). Further analysis revealed that zingerone primarily prolonged the interval between the first and the second action potentials in response to 40 pA stimulation in ACC neurons (Figure 5C, control: 37.59 ± 4.21 ms, ZO: 62.18 ± 2.11 ms, 11 cells from five mice, paired T-test, P < 0.05). The refractory period, defined as the minimum interval between action potentials elicited by a specific testing stimulus, is a key determinant of neuronal firing rates. To further elucidate the effects of zingerone on the refractory period of ACC neurons, we varied the inter-pulse interval of depolarizing pulses. Our results demonstrated that zingerone (10 μM) significantly extended the refractory period of ACC neurons across various stimulus intensities (Figures 5D, E). These findings suggest that zingerone diminishes the intrinsic excitability of ACC neurons by prolonging their refractory period.
[image: Panel A shows voltage traces with distinct spiking patterns for control (black) and experimental (orange) groups. Panel B is a line graph comparing the number of spikes to stimuli intensity for both groups, with error bars indicating variability. Panel C is a scatter plot depicting ISI variability, where experimental data points shift above the control. Panel D consists of voltage traces and current pulses over time for both groups, illustrating temporal dynamics at three different durations. Panel E is a line graph displaying the relationship between depolarization time and refractory periods, with the experimental group showing different trends than the control.]FIGURE 5 | Zingerone has been shown to prolong the refractory period of action potentials and diminish the firing capacity of ACC neurons. (A) The representative firing patterns of neurons are depicted without zingerone (black, top) and with zingerone (orange, middle) in response to the stimulus waveform (black, bottom). (B) The application of zingerone (10 μM) resulted in a reduced gain in the input-output curve (repeated measures two-way ANOVA with Bonferroni post hoc test between groups, F (1, 320) = 53.3, P < 0.0001). (C) Furthermore, zingerone was found to increase the inter-spike interval (ISI) of ACC neurons (paired T-test, P < 0.05). (D) A comparison of the spike refractory periods of ACC neurons is illustrated, showing the absence of zingerone (black, top) versus its presence (orange, bottom). (E) Zingerone significantly decreased the spike refractory period in ACC pyramidal neurons (repeated measures two-way ANOVA with Bonferroni post hoc test between groups, F (1, 90) = 9.42, P = 0.003). Data are expressed as mean ± SEM, with significance levels indicated as *P < 0.05.
4 DISCUSSION
In the current investigation, we present novel findings indicating that zingerone exhibits analgesic effect in a model of inflammatory pain induced by CFA. This analgesic effect is attributed to zingerone’s modulation of synaptic transmission and the intrinsic excitability of neurons in the ACC (Figure 6).
[image: Illustration showing the effect of Zingerone from Zingiber on pain relief. At the top are two mice: one experiencing pain, the other relieved. A brain diagram highlights the anterior cingulate cortex (ACC) with neuron activity shown. Graphs depict spike frequency and refractory periods, comparing control (Con) and Zingerone (ZO) conditions.]FIGURE 6 | A schematic diagram of the zingerone alleviates inflammatory pain. Zingerone exhibits an analgesic effect in a mouse model of inflammatory pain by decreasing ACC neuronal intrinsic excitability through prolonging the refractory period of these neurons. Image was created with BioRender.com, with permission.
Given the issues of tolerance, dependence, and withdrawal symptoms associated with commonly used clinical opioid analgesics like morphine, researchers have been actively seeking safer alternatives for pain management (Badshah et al., 2024; Lane et al., 2004; Little et al., 2013). Recent findings indicate that the naturally bioactive compound zingerone exhibits analgesic effect on inflammatory pain. Notably, zingerone has been documented to mitigate the development of antinociceptive tolerance and physical dependence associated with morphine, potentially through its capacity to reduce oxidative stress (Molavinia et al., 2024). Zingerone demonstrates anti-epileptic and neuroprotective properties through its various pharmacological activities, which encompass anti-inflammatory, antioxidant, and anti-apoptotic effects (Rashid et al., 2021). In our model, the analgesic effect is observed 30 min following the administration of zingerone, even in the absence of anti-apoptotic and anti-inflammatory mechanisms.
The ACC is a pivotal area involved in the perception of nociception, and the activity of pyramidal neurons within the ACC is elevated in both acute and chronic pain (Koga et al., 2010; Shyu et al., 2008). In this study, we utilized fiber photometry to monitor the activity of ACC neurons prior to and following the administration of zingerone during mechanical pain stimuli. This advanced technology allows for the real-time recording of calcium dynamics within neuronal populations in the ACC of awake mice while nociceptive behavioral tests are being conducted (Legaria et al., 2022; Gunaydin et al., 2014). Utilizing advanced technology, we have determined that zingerone diminishes the activity of ACC neurons in response to stimuli. Our findings align with those of a previous study, which demonstrated that targeted inhibition of pyramidal neuron activity in the ACC through optogenetic methods led to a rapid and significant reduction in hypersensitivity (Kang et al., 2015).
The excitability of a neuron is influenced by both synaptic inputs and its intrinsic properties. Prior research has demonstrated that inflammatory pain increases excitatory synaptic transmission while simultaneously decreasing inhibitory synaptic transmission in neurons of the ACC (Zhao et al., 2006; Gong et al., 2010). A separate investigation has demonstrated that the heightened intrinsic excitability of pyramidal neurons in the ACC is associated with neuropathic pain (Yang et al., 2018). In the current investigation, we performed a comprehensive analysis of the impact of zingerone on synaptic transmission and the intrinsic excitability of pyramidal neurons in the ACC utilizing the whole-cell patch-clamp methodology. Our research indicates that zingerone enhances the frequency of glutamatergic spontaneous excitatory transmission in pyramidal neurons of the ACC. Our findings are consistent with that zingerone has the potential to augment glutamatergic spontaneous excitatory transmission in neurons located in the spinal substantia gelatinosa of rats (Yue et al., 2013). Furthermore, zingerone appears to decrease the frequency of GABAergic spontaneous inhibitory transmission. Notably, our in vivo calcium dynamics recordings reveal that zingerone significantly inhibits neuronal activity in the ACC. Consequently, we hypothesize that the analgesic properties of zingerone may be attributed to its influence on intrinsic neuronal excitability rather than on synaptic transmission.
Following the administration of zingerone, there is an observed increase in the refractory period of pyramidal neurons in the ACC. This suggests that zingerone may play a role in modulating the activity of voltage-gated sodium channels (VGSCs). Notably, two constituents of ginger extract, namely [6]-gingerol and [6]-shogaol, have also been shown to inhibit VGSCs and exhibit analgesic properties (Hitomi et al., 2017). The VGSC has consistently served as a focal point for the development of analgesic pharmaceuticals, particularly those targeting subtypes expressed within the peripheral nervous system, including NaV1.7, NaV1.8, and NaV1.9 (Goodwin and McMahon, 2021). A new selective inhibitor of NaV1.8, designated as VX-548, is presently in phase III clinical trials aimed at further assessing its safety and efficacy for the management of post-surgical pain (Kaye et al., 2024). Zingerone has the potential to function as a natural inhibitor of VGSC for the purpose of analgesia. However, additional research is required to substantiate this claim.
Emerging evidence indicates temporal specificity in Notch signaling activation during neuropathic pain progression. In rodent models of neuropathic pain, the Notch pathway shows transient activation in the ACC during the early phase (7 days post-surgery) (Duan et al., 2021). Paradoxically, recent pharmacological studies demonstrate that both zingerone and its structural analog acetyl zingerone upregulate Notch pathway components (NOTCH1 and MAML3) in dermal fibroblasts (Swindell et al., 2020), suggesting potential tissue-specific regulation of this pathway. The molecular mechanisms underlying ACC neuronal sensitization appear predominantly mediated through the MAPK signaling cascade (Lin et al., 2021; Xiao et al., 2021). This critical pathway exhibits three principal therapeutic targets - p38, ERK, and JNK kinases - whose pharmacological inhibition in both neuronal and glial populations produces significant antinociceptive effects across various pain models (Deng et al., 2025; Li et al., 2023; Sanna et al., 2015). Of particular relevance, zingerone demonstrates multimodal regulation of MAPK signaling: mechanistic studies reveal its capacity to suppress NF-κB activation through concurrent inhibition of ERK, p38, and JNK phosphorylation in inflammatory models (Kim et al., 2010). Further research is needed to elucidate the precise molecular interactions and downstream effects associated with these pathways.
5 LIMITATIONS OF THE STUDY
Despite the significance of our findings, this study has several limitations that should be acknowledged. First, the selection of the ACC as the focus was based on previous studies, but other brain regions, such as the ventrolateral periaqueductal gray (vPAG) (Liu et al., 2020; Baptista-de-Souza et al., 2020) and prelimbic cortex (PrL) (Gao et al., 2023; Wang et al., 2015), may also play a role in the antinociceptive effects of zingerone. Second, the conclusions drawn in this study are based solely on experiments conducted in male C57BL/6 mice. Given potential sex differences in pain processing and drug responses (Ram et al., 2021), the antinociceptive effects of zingerone in female mice, as well as in other animal models and humans, require further investigation. Third, the study lacks a detailed exploration of the molecular mechanisms underlying zingerone’s antinociceptive effects, as the analysis was limited to the cellular level. Elucidating the molecular mechanisms responsible for ACC neuronal hyperactivity could pave the way for the development of targeted therapies for chronic inflammatory pain.
6 CONCLUSION
The current investigation demonstrates that zingerone produces antinociceptive effects by inhibiting the activity of ACC neurons. The findings indicate that zingerone may represent a safe and promising therapeutic option for the treatment of migraines.
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Background: Spinal cord injury (SCI) significantly impairs individuals’ sensorimotor functions, hindering daily activities. Current therapeutic options often demonstrate limited efficacy and lead to undesirable side effects. Emerging research highlights the potential of anthocyanins, especially pelargonidin, which possess neuroprotective, anti-inflammatory, and antioxidant properties beneficial for neurological conditions.Purpose: This study sought to explore the impact of intrathecal administration of pelargonidin on the recovery of sensory-motor functions and associated disorders in a rat model of SCI through neuroprotective effects and regulating inflammatory/oxidative stress mediators.Materials and methods: In total, 35 male Wistar rats were divided into five groups: sham, SCI, and three treatment groups receiving different intrathecal concentrations of pelargonidin (1, 2, and 4 mM) once on day 0 after surgery/injury. Weight changes were assessed and behavioral analyses were done, including hot plate tests, acetone drop tests, von Frey tests, inclined plane tests, as well as Basso, Beattie, and Bresnahan (BBB) scores, weekly up to day 28 post-injury. On day 28, serum levels of nitrite, catalase, and glutathione as well as matrix metalloproteinase (MMP) assays and histological evaluations were done.Results and discussion: Pelargonidin significantly attenuated neuropathic pain, improved motor performance, and reduced weight loss in rats with SCI. Biochemical assays demonstrated increased serum catalase/glutathione level, and MMP2 activity, while decreased serum nitrite level and MMP9 activity. Histological analyses showed an enhancement in the number of motor neurons in the ventral horn of the spinal cord after treatment with pelargonidin, highlighting its neuroprotective and neurogenic effects.Conclusion: Pelargonidin makes substantial therapeutic benefits following SCI by accelerating sensorimotor recovery. This effect is likely due to its strong antioxidant, anti-inflammatory, and neuroprotective properties.Keywords: spinal cord injury, pelargonidin, motor activity, neuropathic pain, neuroinflammation, neuroprotection, oxidative stress
1 INTRODUCTION
Spinal cord injury (SCI) is a multifaceted medical condition that profoundly affects individuals’ healthcare systems. This condition results from spinal cord damage and can be triggered by both traumatic and non-traumatic events (Diop and Epstein, 2024). The World Health Organization (WHO) reports that the global incidence of SCI varies between 8 and 246 cases per million people each year (Kumar et al., 2018). Beyond the immediate physical consequences, SCI is associated with various secondary complications encompassing a cascade of biological events such as inflammation, oxidative stress, and neuronal apoptosis. These secondary processes can exacerbate initial damages, leading to further loss of function and complicating recovery efforts (Anjum et al., 2020).
Currently, available treatments for SCI are limited, primarily focusing on symptom management and the prevention of secondary complications. Surgical interventions can stabilize the spine or decompress neural structures, but they do not guarantee functional recovery. Pharmacological approaches, such as analgesics and anti-inflammatory medications, help manage pain but often come with adverse effects that complicate the clinical picture (Alvi et al., 2024). Notably, there is no Food and Drug Administration (FDA)-approved medication against SCI. While some studies suggested that high doses of methylprednisolone may offer neuroprotective benefits, many investigations indicated that this treatment may be ineffective in reducing neurological impairment and could even worsen spinal tissue injury, leading to severe side effects (Evaniew et al., 2015; Jeong et al., 2021). Consequently, there is a pressing need for innovative therapeutic strategies to enhance recovery and improve functional outcomes for individuals with SCI.
In recent years, there has been increasing interest in the potential of natural compounds, particularly those derived from plants, to provide neuroprotective benefits and improve recovery after SCI (Coyoy-Salgado et al., 2019; Abbaszadeh et al., 2020). Among these phytochemicals, anthocyanins are water-soluble pigments found in a variety of fruits, vegetables, and plants that have garnered attention for their therapeutic properties (Mohammadi Pour et al., 2019; S; Jaiswal et al., 2020; Chen et al., 2024). As a notable anthocyanin, pelargonidin is commonly found in strawberries, raspberries, and other red fruits. Research suggests that pelargonidin exhibits potent anti-inflammatory, antioxidant, and neuroprotective effects (Roghani et al., 2010; Sohanaki et al., 2016; Duarte et al., 2018), making it a promising candidate for addressing the oxidative stress and inflammation associated with SCI.
Oxidative stress significantly contributes to SCI by increasing reactive oxygen species (ROS) production, which worsens neuronal damage and triggers secondary injury mechanisms like apoptosis (programmed cell death) (Yu et al., 2023). As another dysregulated cross-talk pathway to oxidative stress and apoptosis, inflammation also plays a critical role in SCI complications leading to further complications (Chan, 2008). Therefore, the use of antioxidant/anti-inflammatory pelargonidin could provide a dual benefit in promoting sensory-motor recovery and protection of neural tissues.
This study sought to investigate the effects of pelargonidin on motor function recovery and neuropathic pain in a rat model of SCI through antioxidant, anti-inflammatory, and neuroprotective effects.
2 MATERIAL AND METHODS
2.1 Animals
In total, 35 adult male Wistar rats, weighing 230–250 g, were kept in a light/dark (12-h) cycle. This study was conducted following the guidelines of the animal care committee at Kermanshah University of Medical Sciences (IR.KUMS.AEC.1401.017). The rats were assigned to five groups at random: Sham (laminectomy with no injury then receiving 10 μL intrathecal distilled water), SCI (laminectomy + injury, then receiving 10 μL intrathecal distilled water), and three treatment groups receiving three doses (1, 2, and 4 mM) of pelargonidin (purchased from Sigma-Aldrich). Thirty minutes following the compression injury, the SCI group received an intrathecal injection of distilled water as a vehicle for sham and SCI groups, while the three pelargonidin groups were given 10 μL of pelargonidin at concentrations of 1, 2, and 4 mM.
2.1.1 Spinal cord injury
The rats were given a combination of ketamine/xylazine (80/10 mg/kg, intraperitoneal, purchased from Alfasan, Netherlands) to achieve deep anesthesia. A laminectomy was then carried out at the thoracic 8-9 (T8-T9) level a Micro Rongeur (Fine Science Tools, United States). Following the surgery, an aneurysm clamp made a force of 90 g (Aesculap, Tuttlingen, Germany) for 1 minute to induce severe SCI in the SCI and pelargonidin groups. After the surgical procedure, the tissue and skin were sutured. Daily administrations of cefazolin (40 mg/kg) and 2 mL of normal saline were provided, along with manual bladder massage, until normal bladder function was regained.
2.1.2 Intrathecal drug injection
For the intrathecal injection, a 25-G needle connected to a Hamilton syringe was utilized. The needle was inserted at a 45° angle into the subarachnoid space between the lumbar 6 (L6) and L5 vertebrae. The confirmation of needle placement in the subarachnoid space was based on the immediate lateral tail movement observed upon penetrating the ligamentum flavum. Once the needle was correctly positioned, a dosage of either pelargonidin or distilled water (10 μL) was gradually injected over 10 s. To prevent the backflow of medication, the syringe was left in place for an additional 10 s after the injection (Mestre et al., 1994).
2.2 Behavioral test
The animals underwent behavioral testing on day 0 and on days 7, 14, 21, and 28 post-surgeries. All behavioral assessments were conducted in a blinded manner.
2.2.1 Assessment of motor performance
The Basso, Beattie, and Bresnahan (BBB) locomotor rating scale was employed to evaluate locomotor recovery in rats following SCI. The scale ranges from 0 to 21, with 0 indicating no hindlimb movement and 21 representing normal, coordinated locomotion. The final score was calculated by averaging the scores of both hind paws (Abbaszadeh et al., 2018; Fakhri et al., 2022c).
In addition, the ability of rats to bear their body weight and maintain a standing position on an inclined surface serves as a critical metric for evaluating their recovery post-SCI. For this assessment, a wooden plane measuring 60 × 40 cm was employed, which could be inclined at angles from 0° (horizontal) to 60°. The maximum angle at which the rats were able to sustain their position for 5 s was recorded (Fakhri et al., 2018; Zhang et al., 2023).
2.2.2 Assessment of neuropathic pain; cold allodynia, heat hyperalgesia, and mechanical pain
Acetone was utilized to assess pain sensitivity and behavioral responses to cold stimuli, called cold allodynia. During the test, 0.1 mL of acetone was applied from a distance of 2 cm to assess the rats’ reactions, which were categorized and scored based on their hind paw withdrawal behavior. (0) no paw withdrawal, (1) the rat exhibited a startled reaction but did not withdraw its paw, (2) the rat slightly withdrew its paw in response to the cold sensation, (3) the rat withdrew its paw for an extended period, indicating discomfort, (4) the rat licked or flinched its paw, demonstrating a heightened sensitivity to the cold stimulus (Allchorne et al., 2005).
In the hot plate test, rats were positioned on a heated surface with a temperature of 50 ± 2°C. The duration until they displayed signs of discomfort, such as licking or biting their hind limbs, was measured and documented as the latency of paw withdrawal (PWL) (Xu et al., 2024).
Mechanical allodynia was evaluated using the von Frey test, which involved applying filaments exerting forces of 10, 15, 26, 60, and 100 g to the plantar surface of the rat’s paw. The application of each filament was repeated five times, with a brief 5-s interval separating each application. A positive response was defined as any nocifensive behavior, including hindpaw withdrawal, flinching, licking, or biting. To determine the allodynia threshold, the criterion required was a minimum of three positive responses out of the five applications (Alimoradian et al., 2024).
2.2.3 Weight change measurement
The weights of the rats were recorded every week. Weight changes for each group were calculated as follows:
[image: Weight difference is calculated by subtracting the weight on day zero from the weight on days seven, fourteen, twenty-one, and twenty-eight post-surgery.]
2.3 Zymography
On day 28 of the study, a gelatin zymography assay was performed to analyze the activity of MMP2 and MMP9. This technique utilized 7.5% SDS-PAGE gels that were copolymerized with 0.1% gelatin. Samples were collected from the aorta of rats, loaded onto the gels, and subjected to electrophoresis at a constant voltage of 150 V, which facilitates the separation of proteins based on size. The gels were washed with a buffer containing Triton X-100 (purchased from ACROS) and Tris-HCl (Tris Base purchased from Merck Company, Germany) to remove the SDS (purchased from Merck Company, Germany), allowing the gelatin to retain its structure for enzyme activity. The gels were then incubated for 18 h at 37°C in a buffer containing 10 mM CaCl2 (purchased from Merck Co, Germany), 0.15 M NaCl, and 0.02% NaN3 in 50 mM Tris-HCl (pH 7.5), which provided the necessary conditions for the MMPs to degrade the gelatin. At this stage, the gels were stained using Coomassie Blue (Sigma-Aldrich), a dye that binds to proteins, creating a blue background. The areas where enzymatic activity occurred, where the MMPs had degraded the gelatin, appeared as clear bands against this blue background. These clear bands indicate the presence and activity of MMP2 and MMP9. Finally, ImageJ software was used to quantify band intensity (Bagheri Bavandpouri et al., 2024).
2.4 Biochemical test
2.4.1 Catalase and glutathione activity assay
Catalase activity was determined using the Aebi method (Aebi, 1984). 20 μL of rat serum was incubated with 100 μL of a 65 mM hydrogen peroxide solution at 25°C for 4 min. The reaction was stopped with 100 μL of ammonium molybdate and measured at 405 nm using an ELISA reader.
Glutathione activity was assessed via Ellman’s method (Eyer and Podhradský, 1986). In this procedure, 20 μL of rat serum was added to the wells, followed by the addition of 50 μL of phosphate buffer at pH 7. Then, 40 μL of dithiobisnitrobenzoic acid (DTNB) was included, and the plate was incubated at 37°C for 10 min. The absorbance was subsequently read at 412 nm using an ELISA reader. Finally, the percentage difference in absorbance for both catalase and glutathione was calculated between the other groups and sham groups. 
2.4.2 Nitrite assay
Nitrite levels were assessed using the Griess reaction assay. To prepare the serum samples, protein removal was achieved by adding zinc sulfate, followed by centrifugation of the samples obtained from rats on day 28. The supernatant was then mixed with vanadium chloride solution at a 1:1 ratio. A Griess solution containing 2% sulfanilamide and 0.1% diamide dihydrochloride was added, and the samples were incubated at 37°C for 30 min. The resulting color was measured at 540 nm using a spectrophotometer, and nitrite concentration in the samples was determined by comparing the absorbance to that of a standard reference (Sun et al., 2003).
2.5 Histological analysis
On day 28, the animals were perfused with normal saline and 4% paraformaldehyde. Subsequently, a 1-cm segment of spinal cord tissue centered on the injury was excised. The spinal cord tissue was embedded in paraffin, sliced into 7-μm sections, and stained with hematoxylin and eosin (H&E). For lesion size, 4X magnification was used to calculate the ratio of damaged tissue to the total cross-sectional area from images taken across all study groups, expressing this ratio as a percentage relative to the sham group. This method enabled a detailed comparison of tissue damage among the experimental groups. For neuron counting, we captured images from the ventral horn region of the spinal cord tissue sections from each sample at 40X magnification. Using ImageJ software, we determined the average number of neurons in each section of the ventral horn across different groups and compared these numbers (Li et al., 2014).
2.6 Statistical analysis
GraphPad Prism, Version 8.0, was utilized for data analysis. The results are shown as mean ± SD. To compare the groups, a repeated measures one-way or two-way analysis of variance ANOVA was conducted, followed by Tukey’s or Bonferroni’s post hoc tests as appropriate. A significance threshold of p < 0.05 was established for all statistical evaluations.
3 RESULTS
3.1 Behavioral result
3.1.1 Pelargonidin significantly enhanced motor function in rats with SCI
We evaluated the motor performance of rats following SCI using the BBB scale and the inclined plane test. The sham group, which underwent a laminectomy without injury, consistently scored 21 on the BBB scale, indicating no functional deficits. In contrast, SCI rats exhibited significantly lower scores of 2 on the first day post-injury, which remained substantially below the sham group’s average score of approximately 8 until day 28 (p < 0.001). Importantly, treatment with pelargonidin at various doses led to significant improvements in motor function starting from day 1, compared to the SCI group (p < 0.001, Figure 1a).
[image: Two line graphs depict results from an experiment on rats after spinal cord injury (SCI) over 28 days. Graph (a) shows Basso Beattie Bresnahan (BBB) scores, with different lines for Sham, SCI, and polyethylene glycol (PD) treatments at various concentrations. Graph (b) displays the angle of inclined plane, following the same grouping. Both graphs show improved outcomes in PD-treated groups compared to SCI. Statistical significance is indicated with asterisks.]FIGURE 1 | The impact of pelargonidin on motor activity after SCI. BBB score (a), and inclined-plane (b) test. Data are expressed as mean ± SD (n = 7). The statistical analysis was done using repeated measures of two-way ANOVA. +++p < 0.001 vs. sham group; **p < 0.01, ***p < 0.001 vs. SCI group. SCI: spinal cord injury; PD: pelargonidin.
In terms of balance, the sham group was able to maintain their balance on an incline of up to 55°. However, the SCI group exhibited a significant decrease in their average angle of balance, dropping by about 25° (p < 0.001) compared to the sham group. Conversely, rats treated with pelargonidin showed considerable enhancements in balance from the first week, achieving angles between 30° and 40° (p < 0.001, Figure 1b).
3.1.2 Pelargonidin significantly alleviated neuropathic pain in rats with SCI
Throughout the 4 weeks, the sham group maintained typical sensitivity to cold pain stimuli, whereas the SCI group demonstrated marked hypersensitivity (p < 0.001). Treatment with various doses of pelargonidin, especially at 2 mM, resulted in a notable improvement in response to cold stimulation from the first week (p < 0.05, Figure 2a).
[image: Line graphs showing changes in mean values over days after surgery for five groups: Sham, SCI, PD 1xM, PD 1xM, and PD 4xM. Graph (a) shows Mean Foot Lifting, (b) displays Paw Withdrawal Latency, and (c) depicts Paw Withdrawal Threshold. There is a general trend of improvement in treated groups compared to SCI, with statistical significance indicated by asterisks. Comparison is made at various time points: Day 0, 7, 14, 21, and 28.]FIGURE 2 | The impact of pelargonidin on neuropathic pain after SCI. Acetone (a), hot plate (b), and von Frey (c) test. Data are expressed as mean ± SD (n = 7). The statistical analysis was done using repeated measures of two-way ANOVA. +++p < 0.001 vs. sham group; *p < 0.05, **p < 0.01, ***p < 0.001 vs. SCI group. SCI: spinal cord injury; PD: pelargonidin.
In the current study and during the hot plate test, rats in the sham group displayed a stable paw-licking latency across all testing days and no significant changes in pain perception or response. When rats experienced SCI, there was a marked decrease in their response threshold to thermal stimuli starting from day 7 of the study, meaning they were more sensitive to the thermal stimulus (p < 0.001). In the following, treatment with different doses of pelargonidin led to a significant decrease in sensitivity to thermal stimuli as evidenced by an increased paw-licking latency (p < 0.001, Figure 2b).
Also, the sham group demonstrated consistent responses to mechanical stimuli throughout the 28-day follow-up period, and they did not exhibit any significant changes in pain perception or withdrawal behavior. In contrast, rats in SCI groups showed a significant increase in sensitivity to mechanical stimuli, as indicated by a decrease in the paw withdrawal threshold (p < 0.001). Notably, administration of pelargonidin, particularly at a dose of 2 mM, effectively alleviated the sensitivity of the response to the stimulus and symptoms of mechanical allodynia beginning from day 7 post-treatment (p < 0.05, Figure 2c).
3.1.3 Pelargonidin effectively regulated weight changes in rats with SCI
Rats in the shame group displayed a normal weight gain pattern, indicating their physiological condition remained unchanged. In contrast, the SCI group experienced notable weight loss, underscoring the considerable effects of the injury on their overall health and metabolic function. Notably, the administration of different doses of pelargonidin resulted in a significant enhancement in weight gain for the injured animals (p < 0.001, Figure 3).
[image: Line graph showing body weight differences in grams over days after surgery (D7, D14, D21, D28) for five groups: Sham, SCI, PD 1mM, PD 2mM, and PD 4mM. The Sham group shows the highest weight gain, while the SCI group loses weight. The PD groups show varying intermediate gains. Statistical significance is noted with asterisks.]FIGURE 3 | Effects of pelargonidin on body weight changes after SCI. Data are expressed as mean ± SD (n = 7). The statistical analysis was done using repeated measures of two-way ANOVA. +++p < 0.001 vs. sham group; ***p < 0.05 vs. SCI group. SCI: spinal cord injury; PD: pelargonidin.
3.2 Pelargonidin modulated oxidative stress markers in rats with SCI
Our study findings revealed that compared to the sham group, SCI significantly reduced serum levels of glutathione (Figure 4a) and catalase (Figure 4b), key antioxidants, indicating increased oxidative stress (p < 0.001). Treatment with pelargonidin effectively restored these antioxidant levels (p < 0.05). In addition to the changes in antioxidant levels, SCI was associated with an increase in serum nitrite levels (Figure 4c), which can be indicative of heightened nitrite production and further oxidative stress. However, treatment with pelargonidin also resulted in a significant reduction of these elevated nitrite levels (p < 0.001).
[image: Bar graphs showing three different data sets analyzed:  a) SOD levels: Sham, SCI, and PD treatments (10mM, 20mM, 40mM), with SCI significantly lower than Sham and PD levels improving.  b) CAT levels: Sham, SCI, and PD treatments, with SCI lower than Sham and PD levels showing improvement.  c) Nitrite levels: Sham, SCI, and PD treatments, with SCI higher than Sham and PD marked reduction. The significance is indicated by asterisks.]FIGURE 4 | Effect of pelargonidin on changes of oxidative stress after SCI. Percentage of activity changes of glutathione (a), catalase (b), and level of nitrite (c). Data are expressed as mean ± SD. The statistical analysis was done using repeated measures of one-way ANOVA. +++p < 0.001 vs. sham group; **p < 0.001, ***p < 0.001 vs. SCI group. SCI: spinal cord injury; PD: pelargonidin.
3.3 Pelargonidin effectively modulated MMP levels in rats with SCI
After SCI, the analysis showed a significant reduction in MMP2 levels (p < 0.001, Figure 5a), indicating a potential loss of its protective anti-inflammatory function. Concurrently, MMP9 levels were significantly elevated (p < 0.001, Figure 5b), which could suggest a heightened inflammatory response and contribute to secondary injury processes. However, treatment with varying doses of pelargonidin, particularly at a concentration of 2 mM, resulted in a remarkable reversal of these trends. Pelargonidin administration not only restored MMP2 levels (p < 0.05) to more favorable values, enhancing its anti-inflammatory effect but also significantly lowered MMP9 levels (p < 0.05).
[image: Two bar graphs labeled 'a' and 'b' depict zymogram units for MMP2 and MMP9, respectively, alongside corresponding sample bands. Graph 'a' shows a significant decrease in MMP2 levels in SCI and PD-treated samples compared to sham. Graph 'b' indicates similar MMP9 levels across samples. Bars are labeled: Sham, SCI, PD 10 nM, PD 20 nM, PD 40 nM.]FIGURE 5 | Effects of pelargonidin on MMPs level after SCI. MMP2 (a) and MMP9 (b). Data are expressed as mean ± SD. The statistical analysis was done using repeated measures of one-way ANOVA. +p < 0.05, +++p < 0.001 vs. sham group; *p < 0.05, **p < 0.01 vs. SCI group; ^p < 0.05 vs. PD 2 mM group. SCI: spinal cord injury; PD: pelargonidin. MMP: Matrix metalloproteinase.
3.4 Pelargonidin mitigated histological alterations in rats with SCI
Following SCI, a significant amount of spinal cord tissue was damaged, with lesions occurring more frequently in the SCI group compared to the sham group (p < 0.001, Figure 6a). Histological analysis indicated specific characteristics of these lesions, including increased cavitation and neuronal loss. Treatment with pelargonidin, especially at a concentration of 2 mM, was associated with a reduction in both the severity and size of the lesions (p < 0.05).
[image: Microscopic images and bar graphs display the effects of different concentrations of PD on spinal cord injury (SCI). The top row of images shows tissue samples under various conditions: Sham, SCI, PD 1 mM, PD 2 mM, and PD 4 mM. Two bar graphs below depict lesion area percentages and neuron counts, showing changes across the same conditions. Lesion area is highest in SCI, while neuron count is lowest. Treatment with PD reduces lesion size and alters neuron count. Statistical significance is indicated by symbols.]FIGURE 6 | The impact of pelargonidin on the tissue change after SCI. Lesion area with 4X magnification (a) and the number of neurons with 40X magnification (b). Data are expressed as mean ± SD. The statistical analysis was done using repeated measures of two-way ANOVA. +++p < 0.001 vs. sham group; *p < 0.05, **p < 0.01 vs. SCI group. SCI: spinal cord injury; PD: pelargonidin.
Histopathological analysis demonstrated a substantial decrease of neurons in the spinal cord of the SCI group compared to the sham group (p < 0.001, Figure 6b). In contrast, the groups receiving pelargonidin, especially at the 2 mM dose, experienced a significant increase in spinal cord neuron counts (p < 0.01).
4 DISCUSSION
The current study showed that pelargonidin significantly improved motor function and alleviated neuropathic pain (e.g., cold allodynia, heat hyperalgesia, and mechanical pain). Mechanistically, pelargonidin increased the level of glutathione and catalase, as well as MMP2 activity while reducing MMP9 activity and nitrite levels. Additionally, pelargonidin supports motor neuron survival in the spinal cord’s ventral horn, protecting against secondary damage from oxidative stress/inflammation. In almost the whole experiments of the current study, the dose of 2 mM shows better results than 1 mM and 4 mM. Such a method of dose-responsiveness refers to a reverse u-shaped dose-response effectiveness and the concept of hormesis (Peper, 2009; Fakhri et al., 2020; Fakhri et al., 2022c).
The initial trauma of SCI initiates a complex cascade of biological responses that further complicate recovery. One of the key consequences of SCI is the increase in ROS, which occurs as a result of disrupted cellular homeostasis. This elevation in ROS can be attributed to several factors, including mitochondrial dysfunction, inflammatory responses, and the activation of various enzymatic pathways, these processes contribute to oxidative stress and exacerbate neuronal damage (Yu et al., 2023). Elevated ROS levels cause oxidative stress by disrupting the balance between ROS production and detoxification (Yuan et al., 2021). Oxidative stress poses a significant threat to cellular wellbeing by causing damage to essential cellular components such as lipids, proteins, and DNA and can further intensify neuronal injury (Khatri et al., 2018; Singh et al., 2019). SCI initiates an inflammatory response that activates resident immune cells and recruits peripheral immune cells, releasing pro-inflammatory cytokines and chemokines that enhance oxidative stress and neuronal damage (Freyermuth-Trujillo et al., 2022). The relationship between oxidative stress and inflammation is bidirectional. On one hand, oxidative stress can activate signaling pathways that enhance the inflammatory response, while on the other hand, inflammatory mediators can increase ROS production. The combined effects of oxidative stress and inflammation can lead to programmed cell death, or apoptosis, in neurons. This process is characterized by specific morphological and biochemical changes, ultimately resulting in neuronal loss (Zhang et al., 2012; Behl et al., 2021). These changes and loss can lead to impaired motor and sensory functions, as well as other complications associated with SCI (Anjum et al., 2020).
Understanding and targeting these mechanisms is crucial for developing potential therapeutic strategies aimed at mitigating oxidative stress and inflammation, promoting neuronal survival, and enhancing recovery after SCIs. In this study, we provided evidence for the neuroprotective effects of intrathecal injection of pelargonidin administered 30 min after SCI. Intrathecal delivery is commonly used in SCI research as it allows for the direct delivery of therapeutic agents into the cerebrospinal fluid (CSF) and removes pharmacokinetic limitations. This method ensures higher localized concentrations of the drug at the site of injury while reducing systemic side effects. Employing such a methodology of intrathecal administration paves the road for the identification of the real efficacy of therapeutic agents (without pharmacokinetic limitations) towards developing novel formulations and other routes of administration. Intrathecal drug administration is also particularly beneficial for compounds that have difficulty crossing the blood-brain barrier or require rapid action within the central nervous system (Vaquero et al., 2018; Hu et al., 2023). The choice of administering pelargonidin 30 min’ post-injury is based on the understanding of the pathophysiological processes occurring immediately after SCI. The initial phase of injury involves primary mechanical damage, followed by a secondary phase characterized by inflammatory responses, oxidative stress, and excitotoxicity, which can exacerbate neuronal damage. Early intervention during this critical window aims to mitigate these secondary injuries, potentially improving recovery outcomes (Anjum et al., 2020; Jeong et al., 2021). Research indicates that interventions initiated shortly after injury can significantly influence long-term functional recovery (Zu et al., 2014).
Pelargonidin, 3,5,7-trihydroxy-2-(4-hydroxyphenyl)-1-benzopyrylium, is part of a larger group of secondary metabolites known as anthocyanins, which are widely recognized for their antioxidant properties and potential health benefits (Li et al., 2022). In the current study, we have shown that pelargonidin plays both direct (suppressing serum nitrite) and indirect (increasing antioxidant agents, catalase, and glutathione) effects on the modulation of oxidative stress. Previous reports also showed that pelargonidin functions as a potent antioxidant by scavenging free radicals and reducing oxidative damage at the cellular level. Numerous studies supported this property, demonstrating its capacity to neutralize ROS, which effectively lowers oxidative stress within cells (Sharath Babu et al., 2017; Xu et al., 2018; Li et al., 2022). Beyond its direct antioxidant actions, pelargonidin has the potential to bolster the body’s natural antioxidant defenses by increasing the expression of endogenous antioxidant enzymes. A key player in this process is the Keap1/nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway, which mediates cellular responses to oxidative stress. By activating this pathway, pelargonidin facilitated the upregulation of protective enzymes, thereby enhancing overall cellular health. Research has shown that pelargonidin modulates gene expression within the Keap1/Nrf2 pathway and effectively mitigates citrinin-induced oxidative stress in HepG2 cells, highlighting its therapeutic potential in combating oxidative damage (Sharath Babu et al., 2017). This adaptive response can mitigate secondary injury in tissues affected by oxidative stress, thereby contributing to overall recovery. Our findings confirmed that pelargonidin indirectly modulates oxidative stress by acting as an antioxidant, as evidenced by the restoration of key antioxidant levels (glutathione and catalase) in the serum of SCI rats. Additionally, the observed decrease in serum nitrite levels after pelargonidin treatment reinforces its involvement in modulating oxidative stress. This is particularly noteworthy given the role of oxidative stress in exacerbating neuronal damage following SCI.
The neuroprotective effects of pelargonidin pass through a multifaceted approach that encompasses direct modulation of oxidative stress, reduction of inflammatory responses, and support for neuronal regeneration which all are interconnected. We have also previously shown a near interconnection between inflammation, oxidative stress, and apoptosis. This means that suppressing inflammation and oxidative stress could affect the apoptotic signaling pathways toward neuroprotection and neuronal regeneration (Fakhri et al., 2022a; Fakhri et al., 2022b). In line with our report, pelargonidin previously exhibited notable anti-inflammatory properties (Soleimani Asl et al., 2019; Henriques et al., 2020). MMP9 is often associated with increased inflammation and tissue damage, while MMP2 is linked to tissue remodeling and repair (Gravandi et al., 2024). Mechanical stimuli, ROS, and inflammatory mediators such as tumor necrosis factor-alpha can directly elevate MMP expression. MMP2 and MMP9 contribute to the breakdown of the blood-spinal cord barrier, increasing oxidative stress, demyelination, leukocyte trafficking, edema, and hemorrhage (Noble et al., 2002; Zhang et al., 2011). In injured tissue, MMP2 and MMP9 play a role in the inflammatory response by modulating the development of neuropathic pain. MMP9 is associated with microglia activation, while MMP2 is related to astrocyte activation (Schomberg et al., 2012). Our findings indicated that treatment with pelargonidin resulted in a notable modulation of MMPs, particularly the reduction of MMP9 and the restoration of MMP2 levels. The favorable shift in the balance of these MMPs suggested that pelargonidin may reduce the inflammatory response, thereby mitigating secondary injury processes that could hinder recovery.
Furthermore, a key finding of this study is the notable improvement in motor function and reduction of neuropathic pain in rats treated with pelargonidin. Supporting this, a study involving middle cerebral artery occlusion (MCAO) demonstrated that treatment with pelargonidin significantly improved neurological functions, as evidenced by reduced neurological severity scores compared to untreated MCAO rats (Fu et al., 2021). In models of diabetic neuropathy, pelargonidin treatment also led to a significant decrease in hyperalgesia, indicating its potential effectiveness in alleviating neuropathic pain associated with diabetes. Specifically, diabetic rats treated with pelargonidin showed improvements in both chemical and thermal hyperalgesia, which were linked to the compound’s antioxidant and anti-inflammatory properties, further underscoring its neuroprotective effects (Mirshekar et al., 2010). Also, studies have highlighted pelargonidin’s role in mitigating oxidative stress by reducing lipid peroxidation and enhancing the efficacy of endogenous antioxidant enzymes such as superoxide dismutase and catalase (Kowalczyk et al., 2024). In vitro studies have demonstrated that pelargonidin can inhibit the activation of nuclear factor kappa B (NF-κB), a key transcription factor involved in the inflammatory response. By modulating this pathway, pelargonidin can help reduce the expression of pro-inflammatory genes and enzymes such as inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) (Kowalczyk et al., 2024; Scarpa et al., 2024). On the other hand, in studies involving 6-hydroxydopamine (6-OHDA)-induced toxicity, pelargonidin administration was effective in preserving dopaminergic neurons and improving behavioral outcomes in rats (Roghani et al., 2010). Our findings also were aligned with the neuroprotective effects of pelargonidin. The positive correlation between pelargonidin treatment and neuronal count highlights the compound’s neuroprotective properties.
Weight loss following SCI is indicative of metabolic dysfunction and can complicate recovery (Gorgey et al., 2014). The notable weight recovery observed in pelargonidin-treated rats further emphasizes the compound’s positive influence on overall health post-SCI. In a model of metabolic syndrome induced by a high-fat diet, pelargonidin 3-glucoside (P3G) enriched strawberries were shown to reduce abdominal fat and body weight gain in rats. This effect was associated with improvements in cardiovascular and liver health, suggesting that pelargonidin can positively influence body composition and metabolic parameters (Ghattamaneni et al., 2020). Moreover, a separate study indicated that daily administration of pelargonidin to mice over a month did not result in weight loss compared to control groups. This finding suggests that pelargonidin may not negatively impact body weight during treatment, highlighting its potential safety for regular use without adverse effects on weight recovery (Lamson et al., 2022). In previous studies, we found that compounds with antioxidant properties can effectively promote weight recovery in rats after SCI (Fakhri et al., 2019; Fakhri et al., 2021).
At the level of histopathological results, we showed herein that SCI made neuronal loss in ventral horn of spinal cord, which are responsible for motor activity. In the current report, we also confirmed that SCI caused demyelination of spinal cord. We further showed that pelargonidin improved compression SCI-induced degeneration by increasing motor neuron survival in ventral horn, while decreasing lesion size of spinal cord.
5 CONCLUSION
In conclusion, pelargonidin offers notable advantages in various areas, such as motor function recovery, pain relief, and metabolic health, through a multifaceted approach that includes direct/indirect modulation of oxidative stress, reduction of inflammation, and promotion of neuronal regeneration. Further research is crucial to fully understand the specific mechanisms and highlights the need for more rigorous mechanistic studies (e.g., apoptotic and neurogenesis pathways) by which pelargonidin exerts its beneficial effects in the context of SCI. Evaluating the effects of multiple doses of pelargonidin and in different routes of administration for a long period (e.g., 56–84 days) would be also valuable in future works.
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No. of exp  Intervention of Con Intervention of exp  Duration

Cao and Guo (2012) | 29 35 Sophora flavescens + bisphosphonates | Bisphosphonates 8 weeks RCT
Chen et al. (2010) 38 40 Sophora flavescens + radiotherapy Radiotherapy 10 days RCT
Ge and Zhang (2011) | 44 45 Sophora flavescens + radiotherapy Radiotherapy | 8 weeks RCT
Ren et al. (2012) 46 46 Sophora flavescens + radiotherapy Radiotherapy 10 days RCT
Ren and Zheng (2011) ) 30 Sophora flavescens + radiotherapy Radiotherapy 2 weeks et

Wang and Pan (2011) | 29 Sophora flavescens + radiotherapy Radiotherapy 4 weeks RCT

Zhang and Zhu (2011) | 40 Sophora flavescens + radiotherapy Radiotherapy 4 weeks RCT
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Ingredient Family Quantity (g) Function

Paconia lactiflora Pall. [Paeoniaceae; Radix Paeoniae Alba] | Paconiaceae | Radix Paconiae Alba | 15 Nourishing blood, soothing the liver
Ligusticum chuanxiong Hort. [Apiaceae; Rhizoma Apiaceae Rhizoma Chuanxiong | 10 Promoting blood circulation, alleviating pain
Chuanxiong]

Dioscorea opposita Thunb. [Dioscoreaceae; Rhizoma Dioscoreaceae | Rhizoma Dioscoreae | 15 Strengthening spleen, nourishing kidney
Dioscoreae]

Poria cocos (Schw.) Wolf [Polyporaceae; Sclerotium Poriae | Polyporaceae | Sclerotium Poriae 10 Enhancing spleen function, dispelling
Cocos] Cocos dampness

Alisma orientale (Sam.) Juz. [Alismataceae; Rhizoma Alismataceae | Rhizoma Alismatis 10 Diuretic properties, reducing inflammation
Alismatis]

Paconia suffruticosa Andr. [Paconiaceae; Cortex Moutan] | Paconiaceae | Cortex Moutan 10

Clearing heat, promoting blood circulation
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Study No. of Con No. of Exp Intervention of Con Intervention of Exp Period Result

He 2020 (Hong, 2018) |54 54 Yulinzhu + regular treatment | regular treatment 12weeks  abedefg
Liois (Hong, 2019) ‘ 45 s Yulinzhu + regular treatment | regular treatment 3months  abcdefg

Li 2019 (Xueli, 2019) ‘ 52 52 Yulinzhu + regular treatment | regular treatment 3 months

Lou 2019 (Sun et al,, 2015) ‘ 37 37 Yulinzhu + regular treatment | regular treatment 3 months

Sun 2015 (Wei, 2019) 30 30 Yulinzhu + regular treatment | regular treatment 3months  a

Wei 2019 (Wuetal, 2017) | 30 30 Yulinzhu + regular treatment | regular treatment 3months  abcdefg

Note: (a) Total effective rate, (b) Ovulation rate, (c) Pregnancy rate, (d) Luteinizing hormone (LH), (¢) Follicle stimulation (FSH), (f) estradiol (E2), () testosterone (T).
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Study Composition Consistency Processing and extraction details reported Preparation method
‘ He 2020 Yes | Yes Standardized decoction
‘ Li 2018 [ ves ‘ Yes | Standardized decoction
‘ Li 2019 Yes ‘ Yes | Standardized decoction
‘ Lou 2019 Yes | yes E——
‘7 Sun 2015 Yes | Yes | Standardized decoction
Yes

‘ Wei 2019

| Yes

Standardized decoction
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q-PCR primer sequence ( se)

Actin Forward CGTTGACATCCGTAAAGACCTC

Reverse CCACCGATCCACACAGAGTAC

IL-1p Forward GCAACTGTTCCTGAACTCAACT

Reverse ATCTTTTGGGGTCCGTCAACT

TNF-a Forward GACGTGGAACTGGCAGAAGAG

Reverse TTGGTGGTTTGTGAGTGTGAG

HDACI Forward CAGACTCAGGGCACCAAGAGGAAA

Reverse GGGTGCCCTTGTCCATAATAGTAG

HDAC2 Forward AGACAAATCCAAGGACAATAGTGGT

Reverse CAAATTCAAGGGTTGCTGAGTTGT

HDAC3 Forward CAATCTCAGCATTCGAGGACATG

Reverse GCAACATTTCGGACAGTGTAGCC

HDAC8 Forward CAATCCGAAGGCAGTGGTT

Reverse GCCAGCTGCCACTGTAGG

Oligl Forward TCTTCCACCGCATCCCTTCT

Reverse CCGAGTAGGGTAGGATAACTTCG

Olig2 Forward TCCCCAGAACCCGATGATCTT

Reverse CGTGGACGAGGACACAGTC

TCF4 Forward CGAAAAGTTCCTCCGGGTTTG

Reverse CGTAGCCGGGCTGATTCAT

NKX22 Forward AAGCATTTCAAAACCGACGGA

Reverse CCTCAAATCCACAGATGACCAGA

D2 Forward ATGAAAGCCTTCAGTCCGGTG

Reverse AGCAGACTCATCGGGTCGT

D4 Forward CAGTGCGATATGAACGACTGC

Reverse GACTTTCTTGTTGGGCGGGAT

SOX17 Forward GATGCGGGATACGCCAGTG

Reverse 'CCACCACCTCGCCTTTCAC

SOX9 Forward ‘GAGCCGGATCTGAAGAGGGA

Reverse GCTTGACGTGTGGCTTGTTC

SOX10 Forward AGCCCAGGTGAAGACAGAGA

Reverse CCCCTCTAAGGTCGGGATAG
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ChlIP-gPCR primer sequences (mouse)

Oligl-#1 Forward GGTGTTCCAAGGAGCGATGT
Reverse CCCTGCCAGTGGGTGAGTT
Oligl-#2 Forward CCATCGGTGTTCGGACTTAC
Reverse GCCCAACTCCGCTTACTTTA
Olig2-#1 Forward TGAGGAGGCAGGAGATTAG
Reverse GGGTCATTGTTCCCATTT
Olig2-#2 Forward ATGGGCTCCACTTCCTCA
Reverse TCCCTCTATTGGGTTTCG
NKX22-#1 Forward TATCTGCCTTGGACTCGC
Reverse AAATTGCTTGGTCGCTAA
NKX22-#2 Forward TCTTTCCCTCCCACTTCT
Reverse CATAAACATCTGGCTTCAC
SOX17-#1 Forward CAGGGCAGTTGTGAGGGT
Reverse GAAAGCCAGGCTGAAGAT
SOX17-#2 Forward TCCAGGATTGAAAGGTGT
Reverse GAGGGAAGAGTTAGGAAGC
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